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The present volume deals with the chemistry of amidines and imidates 
and other imidic acid derivatives. Its presentation and general organization 
is on the same lines as those of the other volumes of the series, as described 
in the ‘Preface to the Series’ printed on the following pages. 

The plan of this volume included several more chapters than are actually 
appearing. Two of these, on ‘Cyclic Amidines’ and on ‘Amidoximes’ did 
not materialize, while a third one on ‘Imidoyl Halides’ has been cancelled 
since it was found that no significant development occurred in the field 
since the publication of Dr. R. Bonnett’s chapter on the same subject in 
the volume ‘The Chemistry of the Carbon-Nitrogen Dmble Bocd’ in 
1970. An additional chapter on ‘Imidines and Diamidides’ arrived too 
late for inclusion in the present volume and will go to press soon in a 
supplementary volume to the series on ‘The Chemistry of Double Bonded 
Groups ’. 

Jerusalem, February 1975 SAUL PATAI 
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The Chemistry of Functional Groups 
Preface t o  the series 

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

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

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

i X  



X Preface to the series 
The general plan of each volume includes the following main sections: 

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

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

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

(d) Chapters on the reactions, transformations and rearrangements 
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 reac- 
tions. Depending on the nature of each functional group treated, these 
special topics may include short monographs on related functional groups 
on which no separate volume is planned (e.g. a chapter on ‘Thioketones’ 
is included in the volume The Chemistry of the Carbonyl Group, and a 
chapter on ‘Ketenes’ is included in the volume The C/iemistry of Alkenes). 
In other cases, certain compounds, though containing only the functional 
group of the title, may have special features so as to be best treated in a 
separate chapter, as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage, 
or ‘Tetraaminoethylenes’ in The Chemistry of the Amino Group. 

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



Preface to the series xi 
The overall plan of the volumes in the series ‘The Chemistry of 

The Chemistry of Alkenes (published in two volumes) 
The Chemistry of the Carbonyl Group (published in two volumes) 
The Chemistry of the Ether Linkage (published) 
Tlie Chemistry of the Amino Group (published) 
The Chemistry of the Nitro and the Nitroso Group (published in two parts) 
Tlie Chemistry of Carboxylic Acids and Esters (published) 
The Chemistry of the Carbon-Nitrogen Double Bond (published) 
The Chemistry of the Cyan0 Group (published) 
The Chemistry of Amides (published) 
Tlie Chemistry of the Hydroxyl Group (published in two parts) 
Tlie Chemistry of the Azido Group (published) 
The Chemistry of AcyI Halides (published) 
Tlie Cliemistry of the Carbon-Halogen Bond (published in two parts) 
Tlie Chemistry of the Quinonoid Compounds (published in two parts) 
The Chemistry of the Thiol Group (published in two parts) 
The Chemistry of the Carbon-Carbon Triple Bond 
Tlie Chemistry of Amidines and Imidates (published) 
The Chemistry of the Hydrazo, Azo and Azoxy Groups (published in two 

The Chemisrry of the Cyanates and their Thio-derivatives (in preparation) 
The Chemistry of the Diazoniuni and Diazo Groups (in preparation) 
Supplementary Volumeon the Chemistry of Double-bonded Groups (in press) 
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 con- 

tinued¶ without the support of many persons. First and foremost among 
these is Dr. Arnold Weissberger, whose reassurance and trust encouraged 
me to tackle this task, and who continues to help and advise me. The 
efficient and patient cooperation of several staff-members of the Publisher 
also rendered me invaluable aid (but unfortunately their code of ethics 
does not allow me to thank them by name). Many of my friends and 
colleagues in Israel and overseas helped me in the solution of various 
major and  minor matters, and my thanks are due to all of them, especially 
to Professor Z .  Rappoport. Carrying out such a long-range project would 
be quite impossible without the non-professional but  none the less essential 
participation and partnership of my wife. 
The Hebrew University, SAUL PATAI 
Jerusalem, ISRAEL 

Functional Groups’ includes the titles listed below: 

par is) 
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1. INTRODUCTION 

The amidine group (1) is the nitrogen analogue of carboxylic acids and 
esters (2) which are reviewed in a previous volume of this series1. 

- 
N-RZ 

s? 
N- 

,- - .- 
N-R3 N- 
I 
R4 

I 
R4 

(1 a) (1 b) (2) 

I t  combines the properties of an azomethine-like C==N double bond2 with 
an amide-like C-N single bond3 with partial double bond character as 
indicated by the mesomeric form (lb). 

Amidines are strong bases. The protonation occurs on the imino nitro- 
gen4s5 leading to the symmetrical amidiniurn ion (3) which is stabilized 
by resonance as is the isoelectronic carboxyiate ion (4). 

H H 
I 

N-RZ 
He 
\ 

I 

Qe 
/- P L 

\@ \ \& 
N-R3 N-R3 G" \ 

I , 
/ 

N-RZ . R-c -. R-c R'-C R'-C 

I 
R4 R4 

(3) (4) 

In strong acidic media a second cation (5) is f ~ r r n e d ~ * ~ . *  which has a 
localized carbon nitrogen double bond whereas in strong alkaline solutions 



1. Aspects of amidines and imidic acid derivatives 
H 

3 

I 
R4 

I 
R4 

I 
R4 

an anion (6) may be obtained7. 

number and distribution of the substituents on the nitrogen atoms: 
The amidines may be classified into five general types depending on the 

(a). Unsubstituted 
NH 

// 
R-C 

(b). Monosubstituted 

(c). N,N'-Disubstituted 
NHR' 

/ 
R-C //N-R' -A 

\NHw \N R" 
R-C 

(d). N,N-Disubstituted 
NH 

R-< 
N-R' 
I 
R" 

(e). Trisubstituted 

//N-R' 
R-C 

\ 
N-R" 
I 
R "' 

Of these types, monosubstituted and disubstituted amidines (with different 
substituents on the nitrogen atoms) may exhibit tautomerism. Numerous 
attempts have been made to isolate the two tautomeric forms but ap- 
parently they have all f a i l e~ l~* '~ .  

Experimental results favouring the possibility of tautomerism are: 
( 1 )  A single amidine results from a reaction designed to prepare two 

tnutomeric forms ; 
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(2) The alkylation of a monoalkylated amidine yields only two pro- 

(3) The hydrolysis of N,N'-dialkylated amidines produces a mixture of 

(4) Spectroscopic evidence (see Section V.C). 
Besides tautomerism cis-trans isomerism with respect to the carbon- 

nitrogen double bond as well as rotational isomerism around the C--W 
single bond may occur in all types of the amidines listed. 

The preparation and the chemistry of amidines are reviewed by Shriner 
and NeumannIO. Some amidines are very useful drugs and their pharma- 
ceutical use has been summarized e l ~ e w h e r e ~ l - ~ ~ .  From the theoretical 
point of view the amidine group has received very little attention. 

Derivatives of imidic acid (7) are imidates (8) (also termed imino ethers, 
imido esters or imidic acid esters), thioimidates (9), imidoyl chlorides (lo), 
amidrazones (l l) ,  and imidines (12). 

ducts (the N,N'-dialkylated and the N,N-dialkylated amidine) ; 

amides and amines; 

N R' N R' 

SR"' ' CI 

// 
R-C\ 

// 
\ 

R-C 
NH HNR' 

R-C 
// 

R-C 
'OR" 

\ 
OH 

( 7 )  ( 8 )  (9) (10) 

NR' 
// 

R-C 

NR' NR' 
II  II 

R-C-N-C-R 

Imidic acid (7) is the tautomeric form of amides which is not observed 
in the free forrnI6. However, the derivatives (8) to (12) in which the iminole 
form is fixed by substitution (R" = alkyl or aryl, R' = H, alkyl or aryl) 
are well known. Imidates are monoacid bases whose preparation and 
chemistry has been reviewed by Roger and Neilson 17. 

I!. P H Y S I C O - C H E M I C A L  PROPERTIES 

A. Molecular Structure 
No structural determination has been performed on compounds which 

contain the unsubstituted amidine or amidinium group. In all cases 
investigated at  least one substituent is present which may take part in the 
n-system of the amidine or amidinium group thus altering the bond lengths 
by conjugation. 



I .  Aspects of amidines and imidic acid derivatives 

1. Amidines 
The best structural approach to an unsubstituted amidine in the crystal- 

line state is formamidoxime (13) The oxygen substituent on nitrogen 
does not affect greatly the x-system of the amidine group since the N-0 
x-bond order is negligibly sma1I2O. 

5 

H 
I 

t4 

N 
I 

/1*415(8) H 111.12 

The heavy atom skeleton of the formamidoxime molecule is completely 
planar showing a short C==N double bond (1-29 A) which is only slightly 
longer than a pure unconjugated C=N double bond (1.27 A)21. The C-N 
single bond distance (1.33 A) is appreciably shorter than a pure single bond 
(1-47 A)21*22, but it corresponds to the C-N distance in amides (average 
1-322 A) 22. 

The planarity, the elongation of the double bond and the shortening of 
the single bond reflect the effect of the amidine resonance in the x-system 
indicated by mesomeric structures (la) and (lb). 

The angles around the central carbon atom in (13) show an appreciable 
deviation from the expected value of 120" for a sp2-hybridized carbon 
atom which may be due to  the asymmetric substitution. In compounds 
(14) and (15) the angles are also unequal with large NCN angles of 127" 
and 131" respectively but the sizes of the other two angles are reversed 
in the two compounds. 

.. 
N H 3  

H 

I 

* In this section bond distances are in Angstrom units and standard de- 
viations with respect to the last digit are given in brackets. 
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NH, 

(1 5) 

In diamminebis(acetamidine) platinum(r1) chloride monohydrate (14) 23, 
which contains the planar amidine group asymmetrically complexed to a 
transition metal, the bond lengths are slightly shorter than in (13). The 
planar azobis(N-chloroformamidine) (15) 24 shows less accurately deter- 
mined bond lengths in agreement to those in (13) and (14). The averages 
of these determinations yield 1-280 8, and 1.326 8, for the C = N  double 
and C-N single bonds, respectively, in the amidine group. 

2. Amidinium Salts 
The structures of tetramethylformamidinium phosphonate (16) 25 

and tetramethylformamidiniumphosphonic anhydride (17) 26 both con- 
taining the amidinium group as an inner salt, were very accurately de- 
termined by X-ray diffraction. 

CH3 CH3 
I I 

N-CH3 

CH3 
I 

0 0 

P-0-P-c : e119.11" 

H3C- N H 3 C- IU- 

II II // 

1330(3) \ I I  
/ I 

N-CH3 
I 8 8 

119.62"e c- P-OH 

1 330(3) lge 
H3C-N HBC-N 

I 
CH3 CH3 

I 
CH3 

(1 6 )  (1 7 )  

The amidinium group is planar, showing two equivalent CN bonds of 
1.330 8, length but the N(CH& groups are twisted out of the amidinium 
plane by about 25". The angles around the central carbon atom are very 
close to 120". 

N,N'-Eis-(4ethoxyphenyl)acetamidiniurn bis-p-nitrophenyl phosphate 27 
contains in the cation (18) also two equivalent C-N bonds of 1-318 A 
which are shorter than those in (16) and (17). 

Both phenyl rings are twisted out of the plane of the amidine group. 
The one being trans to the methyl group is twisted by 57" whereas the 
other is rotated by 78" so that their resonance interaction with the 
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amidinium group is of minor importance. The C-CH, bond distance is 
shorter than in (14). 

H 
I 

(1 8 )  
In Table 1 , C-N bond distance of some compounds are collected which 

contain the amidinium group bearing a substituent X at the central carbon 
atom. This substituent may take part in the x-system of the amidinium 
group by means of a free electron pair as indicated by the resonance 
form (19c). 

(1 9a) (1 9b) (1 9c) 

The two C-N bond lengths of each of the compounds in Table 1 are 
not significantly different in their limit of error, therefore only the average 
value is given in Table 1 .  These distances average to 1.314 A in agreement 
with the CN distanc? of 1-318 A in (18). However, they are shorter than the 
1-330 A in (16) and (17) which may be elongated by the steric repulsion 
and twisting of the N(CH& groups. The cross-conjugation introduced 
by the resonance form (19c) leads to no measurable elongation of the C-N 
bond distance. It seems that 1.316 A is a good estimate of the C-N bond 
lengths in the unconjugated ainidinium group. In agreement with theoreti- 
cal predictions (see Section 111) this value is shorter than the amide-like 
C-N bond (1.326 A) in amidines. The NCN angle of the compounds in 
Table 1 is always close to the theoretical value of 120" but the other two 
NCX angles are usually different. 

0. Dipole Moments 

1. Amidines 
The dipole moments of amidines collected in Table 2 lie in the range 

from 2.2 to 3.4 D. The mesomeric moment of the amidine group 



TABLE 1. Structural parameters of compounds containing the amidinium structure as determined by X-ray diffraction 

Compound HzN, 
@'C-x 

.I/ HZN 

X Average CN- Standard NCN-Angle Reference 
bond length deviation (degrees) 

(A) u. io3(A) 

Uronium phosphate 
Uronium nitrate 

0-Methyluronium chloride 
Thiuronium nitrate 
S-Methylthiuronium sulphate 
S-Methylthiuronium p-chlorobenzoate 
Formamidinium disulphide dichloride 
Azidoformarnidinium chloride 
Guanidinium chloride 
Guanidinium aluminiumsulphate 
Guanidinium chromosulphate 

Mean 

OH 

OHb 
OH' 
OCH3 
SH 

OH" 

SCH, 
SCH3 
SSC( N Hz) f 
N3 
N Hz 
NH2 
NHz 

1.331 
1.313 
1.306 
1.308 
1 a309 
1 a307 
1.31 1 
1 a324 
1 a308 
1.308 
1 a323 
1.316 
1.320 

1.314 
- 

9 
1 
3 
3 

11 
5 
9 

12 
8 
4 
6 
7 
8 

120.2 
121.7 
121.7 
121.5 
123.8 
121.6 
122.5 
119.8 
122.5 
123.1 
119.7 
- 

28 
29 
30 
30 
31 
32 
33 
34 
35 
36 
37 
38 
38 

a Neutron diffraction. X-ray diffraction using Cu-radiation X-ray diffraction using Mo-radiation 
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(Me2N-C=N) was calculated39 to be 1.9 f 0-2 D. This value is between 
that of the amide group (Me,N-C=O) with 1-09 D and the thioamide 
group (Me2N-C=S) with 2-45 D43, indicating an intermediate degree of 
conjugation in the amidines. However, this sequence is not in agreement 
with the results of the measurements of the height of rotational barriers 
around the CN single bond (see Section VI,C). 

The dipole moment of N,N-dimethylbenzamidine (20) is assigned to 
the predominance of the E-configuration (2Ob) 44 in solution 41. 

H 

N-H N 

N(CH3)2 N(CH312 

I 
// // 

C6H5-C, 6H6-C, 

(20a) 2-isomer (20b) €-isomer 

The van der Waals radii show that in the E-form (20b) the amidine group 
may be planar but the phenyl group is then twisted with respect to this 
plane. This conclusion is reasonable since the energy of activation for 
rotation of the dimethylamino group is 18-2 kca l /m01~~ whereas the 
rotational barrier of the phenyl-carbon bond is assumed to be less than 
5 kcal/m01~~. In the 2-isomer (20a) the steric overcrowding of the N-H 
and N-CH3 groups forces the dimethylamino group to rotate out of 
the plane of the amidine group leading to an energetically unfavourable 
reduction of the amidine 7i-conjugation. 

2. lmidates 
The dipole moments of imidates shown in Table 3 are lower than those 

of amidines. For the MeO-C=N group a mesomeric moment of 1-4,D. 
was derived4* which is also lower than that of the amidines. This shows 
that the conjugation in the imidate group, as indicated by the resonance 
forms (21a) and (21b), is not so important as in the case of amidines, 

a 

(21 a) (21 b) 
although the conjugation shown favours a planar arrangement of .  the 
imidate group. 

For noncyclic imidates four planar configurations (22a)-(22d) are 
possible which result from cis-trans isomerism with respect to the G=N 
double bond ( E  and 2) and restricted rotation around the C-0 bond with 
partial double bond character. 

The vectorial analysis of the dipole moments of phenyl substituted 
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R2 R2 

N 
I 
N 

O - R ~  0 4 3  0 
I 

R3 

N-R2 
// 

R’-C Rl-C\ 
0 
I 
R3 

I 
//N-R2 

R’-C 
// 
\ \ \ 

R’-C 

(22~1) E, trans (22b) Z, trans (2212) €, cis (22d) Z, cis 

11 

imidates in comparison with their p-chloro derivatives showed, in agree- 
ment with the interpretation of dipole moments by Lumbroso 46*48, that 
generally the E,trans configuration (22a) is the dominant form of non- 
cyclic imidates in This result contradicts the interpretation 51 

of the nuclear magnetic resonance spectra of methyl acetimidates [(22): 
R1 = R3 = CH3, R2 = alkyl or phenyl] which have been explained by the 
exclusive predominance of the 2-form without clarifying the conformation 
with respect to the C-0 bond.* 

The n.m.r. spectrum of phenyl-N-methylacetimidate [(22): R1 = R2 = 
CH3, R3 = C,H,] showeds2 the presence of the E- and Z-form in the ratio 
2:1, supporting again the predominance of the E-isomer (22a). 

C. Basicity 

where round brackets denote activities. 
The basicity of amidines is measured by their pK, value (equation 1) 

(H+).(base) 
(bases -H) pKa = - log 

In Table 4 some characteristic pKa values of nitrogen bases are collected. 
I t  shows that unsubstituted amidines are stronger bases than aliphatic 
amines while imidates are weaker. Since protonation occurs at the lone 
pair of the sp2-hybridized imino nitrogen4s5 which due to its higher degree 
of s-character, is less basic than the lone pair of the sp3-hybridized nitro- 
gen of aliphatic amines, one might expect a decrease in basicity. The ob- 
served increase in basicity results from the complete delocalization of 
charge in the amidinium cation (23) and hence its stabilization. 

(23) 
The effect of phenyl-substitution at the imino nitrogen or amino nitro- 

gen on basicity (see Table 5 )  shows that protonation involves the imino 
nitrogen lone pair. 
* See ‘Note Added in Proof’ on p. 84. 



TABLE 3. Dipole moments of some imidates 

Compound Solvent 

NH Benzene 
Dioxane 
Dioxane 
Triethylamjne OC*& 

NCH, 

/ 
H,C-C, 

R-H Benzene 
R = C1 Benzene 

4 

H3c-c'0@R 

Dipole moment Reference 
(deb yes) 

? 
1 42 46 z pl: 

I= 

7 
op 

F 

2 

1 -44 46 
1.33 47 
1-51 48 

2.03 0.3 49 
2.86 k 0.2 49 

H3C-c Benzene 1.30 -+- 0-2 49 

Benzene 
Benzene 

1.27 k 0.4 
2.21 k 0.3 

49 
49 
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TABLE 5. Effect of phenyl-substitution on basicity in benzamidines 

- N --R' 
// 

Compound: CBH5-C" 
\ \-. 

N-R2 

P& Solvent Reference 

? 

(24) N,N-Di-n-butylbenzamidine: 

(25) N-n-Butyl-N-phenylbenzamidine: 
R1 =: H; R2 = n-Bu; R3 = C&, 

(26) N,N-Dimethyl-N'-phenylbenzamidinc: 

R' = H; R2 = R3 = n-Bu 

R' = CsHs; R2 = R3 = CHs 

i 

5. 
$ 
W 11.27 50% aqucous methanol 59 

10.40 50% aqueous methanol 59 

7-8 50% aqueous ethanol 61 
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The introduction of a phenyl group on the amino nitrogen in compound 
(25) causes a reduction in basicity by a factor of about 10 relative to (24). 
But the introduction of a phenyl group on the imino nitrogen in compound 
(26) reduces the basicity by a factor of about 1000. 

The reason for this drastic effect on basicity is that the imino phenyI 
group is not taking part in the x-system of the amidine since it is twisted 
with respect to this plane. Consequently, the phenyl-x-system is oriented 
so that it may overlap with the lone pair of the sp2-hybridized imino 
nitrogen which is therefore in (26) less available for protonation. This is 
comparable to the situation in aniline which is lo6 times less basic than 
methylamine (see Table 4). 

The same effect is shown in pK,-values of acetamidine and N,N'-diphenyl 
acetamidine (see Table 4) where the pK,-difference of 4.1 units is nearly 
the same as the sum (4.4 units) of amino and imino phenyl substitution in 
(25) and (26). 

N,N-Dialkyl substitution in N,N-di-n-butyl benzamidine (Table 4) 
shows only a slight effect on basicity as the protonation occurs on the 
remote N-nitrogen. N-Alkyl-monosubstitution in (28) and (29) of Table 
6 shows only a slight reduction in basicity relative to (27), by 0-3 units, 
whereas the N-phenyl-monosubstitution in (30) show? reduction in 
basicity by 3.1 units. This result may be well explained by the conclusion 
of P r e ~ o r s e k ~ ~  who found by inspection of infrared spectra that N-alkyl 
monosubstituted amidines exist mainly as tautomers (33) whereas N- 
phenyl substituted amidines exist as tautomers (34). 

i jH  
// 
L R-C 
NH -alkyl 

//N--phenyl 

\- 

(33) 

R-C 
N H z  
(34) 

In  the tautomeric form (33) of compounds (28) and (29) the alkyl group 
shows only a slight effect as the protonation occurs on the remote imino 
nitrogen. But in the tautomeric form (34) the twisted phenyl group affects 
the imino nitrogen lone pair directly by conjugation leading to the re- 
duction in basicity in (30). The electron donating p-ethoxy group reduces 
this conjugation and increases therefore the basicity in (31) whereas the 
electron attracting p-chloro substituent shows the reverse effect in (32) 
(see Table 6). 
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TABLE 6. pK.-Values of some substituted p-phenylbenzamidines (in 50% 
aqueous ethanol at 20°C)62. 

Compound PK, 

(27) p-Phenylbenzamidine 11-09 

(30) N-Phenyl-p-phenylbenzamidine 7.95 

(32) N-p-Chlorophenyl-p-phenylbenzamidine 7-74 

(28) N-n-Butyl-p-phenylbenzamidine 10.73 
(29) N-Cyclohexyl-p-phenylbenzamidine 10.76 

(31) N-p-Ethoxyphenyl-p-phenylbenzamidine 8-12 

111. T H E O R E T I C A L  C O N S I D E R A T I O N S  

A. Huckel Method 
The Huckel (HMO) method 64 of semiempirical calculations for x- 

electron systems is a crude quantum mechanical approximation 6 5 * 6 6 .  Due 
to the long list of neglects (neglect of electron spin, neglect of electron 
repulsion and electron correlation, neglect of a-electrons) and the empirical 
choice of integral parameters (neglect of overlap integrals, all Coulombic 
integrals for carbon equal and all resonance integrals 6 for carbon- 
carbon bonds equal) the HMO calculation adopts the character of a well 
defined model in which the 'theoretical' considerations of the x-electron 
properties refer not to  real molecules but to  models for these. This allows 
the calculation of model properties in a consistent manner, and the com- 
parison of these properties with experimental results may help to interpret 
trends in real molecules. 

For all of the following calculations we apply the o-x separation66, i.e. 
we assume a planar skeleton of localized a-bonds, constructed from over- 
lap of sp2-hybridized atomic orbitals, which are considered as a rigid 
nonpolarizable core building a field for a delocalized x-system which is 
obtained from overlapping p-orbitals that are perpendicular to the plane 
of the o-skeleton. The planarity of the amidine and amidinium group is 
confirmed by the experimental structural determinations (see Section 11, A) 
but the experimentally determined angles may deviate from the assumed 
theoretical value of 120" for @-hybrid orbitals. 

1. Amidinium cations 
In  amidinium cations the planar a-skeleton is formed by overlap of two 

@hybridized nitrogen atoms with a sp2-hybridized carbon atom. The 
x-system consists of three overlapping p-orbitals which contain four x- 
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electrons. According to mesomeric forms (35) the positive charge is equally 
distributed on both nitrogens. The x-electron system of (35) corresponds 

(35) (36) 

to the allylic anion type x-system (36) for which the result of a MMO- 
calculation 65 is given in Figure 1. 

There is obtained a bonding molecular orbital (MO), a nonbonding MO, 
and an antibonding MO containing, besides the nodal plane of the p -  
orbitals, no nodal plane, one nodal plane, and two nodal planes. Two 
elec.trons with antiparallel spin occupy the bonding MO and two the non- 
bonding MO leading to a Tc-bond energy of 2.828 /I. 

The x-electron density q, (equation 2) is 1-5 on the end atoms 
n 

n = number of MO’s = number of AO’s 
b, = occupation number of M O j  

cj ,  = coefficient of MO j at the centre p 

and 1.0 on the middle atom leading to a charge density 5, (equation 3) 
of -0-5 on both end atoms and zero on the middle atom. 

(3) 5lI = z, - 4, 

Z,  = nuclear charge of the atoni p (= 1 for atoms contributing one elec- 
tron to the x-system, and 2 for atoms contributing two electrons to the 
x-system) 

This result indicates that the negative charge is only and equally distri- 
buted on the two end atoms as indicated by the mesomeric forms (36). 

The x-bond order pUv (equation 4) is 0-707 for both bonds 

indicating that both x-bonds are equivalent. 
The change from the ally1 anion x-system to the amidinium cation 

system is performed by the replacement of the two end carbon atoms by 
two equivalent nitrogen atoms. In HMO theory the introduction of a 
heteroatorn X is represented by a change of the Coulombic integral ax 

(equation 5) and the bond integral pcx (equation 6). 
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\\+--I- 
EPt = 4 ct + 2.828 8; EP" = 2.828 /3 
41 = 43 = 1.500; 51 = 53 

pn =p23 = 0.707 

= -0.5 
92 = 1.000; 52 = 0.0 

FIGURE 1. Results of the HMO-calculation for the ally1 anion. 
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ax = ac + hxBcc ( 5 )  

Bcx = kcxBcc (6)  

A reasonable set of nitrogen parameters21* 65 for the amidinium x-system 
is given in equation (7). 

h=E_ = 2.0; kc=N@ = 1.1 (7) 
I 

The results of the HMO-calculation with these parameters are given in 
Figure 2. 

The introduction of the two equivalent electronegative nitrogen atoms 
lowers the x-electron energy of all three MO's. But the non-bonding MO 
remains still non-bonding as it has the energy value of the nitrogen atomic 
orbitals. The x-bond energy is now greater than that of the allyl anion 
indicating a greater degree of thermodynamic stability. The charge density 
shows that the positive charge is distributed over all three atoms with the 
highest degree of positive charge on the central carbon atom. This result 
is not indicated by the two mesomeric formulas (35), The x-bond order 
with 0.595 is lower than that of the allyl anion. 

2. Amidines 
In the amidine group the two nitrogens are no longer equivalent. One 

is contributing two x-electrons to the x-system, the other only one as is 
seen from mesomeric form (37a). 'This is reflected by different heteroatom- 

12  I 
C !?/ \@ 

I - 1  

C ' / \-3 
-! N- - -N N- 

(37a) (37b) 

parameters (equations 8) for the HMO calculation for the x-system. 

(8) 
h=i-,- = 0.8 kc=N = 1.1 
h-E- = 1-5 kc-N = 1.0 

I 

The results of the calculation are given in Figure 3. 
The x-bond energy with 2.895 B is very close to that of the allyl anion 

(2.828 P). The formerly non-bonding MO c2 is now intermediate in energy 
between the two different nitrogen atomic p-orbitals. The x-bond order 
indicates the non-equivalence of the two C-N bonds corresponding to 
the mesomeric form (37a). There is obtained one bond with a high double 
bond character ( p I 2  = 0.789) and a single bond with some double bond 
character ( p Z 3  = 0.520) which is lower than the x-bond order in the 
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amidinium group (p = 0-595). The x-electron charge distribution shows a 
negative partial charge for N1 in (37b), but the positive charge is distributed 
over the other two atoms with a higher value for C2. 

3. lmidic acid derivatives 
In imidic acid derivatives (38) the bonding situation is comparable to 

that of amidines as indicated by (38a) and (38b). They have the same asym- 
metric x-systems as amidines. 

I I 

The results of the HMO-Ti-electron calculation with the heteroatom 
 parameter^^^'^* (equation 9) are given in Table 7. 

h=E- = 0.8; 
h-+. = 1.5; 
1 1 4 -  = 2.1 ; 

kCEN = 1.1 
kC-N = 1.0 
kc4 = 1.0 I 

h-S- = 0-5; kc-s = 0.43 (9) 
h-a, = 2.0; kc-cl = 0.4 

k-E-E- = 0-8 
k=E-G- = 1.4 I I  

I 

In all cases we have a comparable distribution of MO’s, two bonding 
MO’s and one antibonding MO. The x-bond energy is decreasing in the 
series amidines > imidates > thioimidates > imidoyl chlorides, suggesting 
a lowering of thermodynamic stability in this order. In the same order the 
negative charge on the double bond nitrogen and the positive charge on 
the heteroatom X are decreasing indicating an increasingly better re- 
presentation of the ground state by the mesomeric form (38a). 

For amidrazones two tautomeric forms (39) and (40) are possible. 

1 
C 

I 
-/ \ - 

- I 1  I I 

C 4 \- - -N N-N- -N N-N- 

(39) (40) 

Table 8 shows the results of the HMO-calculation for both forms with 
the parameters of equation 9. For both isomers three bonding MO’s and 
one antibonding MO filled with six x-electrons are obtained. The x-bond 
energy is higher for the tautomer (40) indicating a higher degree of stability 
In this compound the charge distribution is more smoothed out. 



Y 

TABLE 7. Results of the HMO-calculation for imidic acid derivatives with the heteioatom parameters from equation 9. 

Compound 

* 

B 
% i Ej - a: cj1 cj2 cj3 ,hot, Enbond 41 42 q3 51 52 53 2 v) 

% 
21 

1 // \3 
-N - - X- Ol 

2. 

(B) (B> (8) C 

CL 

Imidates 

Thioimidates 

- I. 
x=o 1. 2.614 0.267 0.440 0.857 7.793 2.793 1.493 0.648 1.859 -0.493 0.352 0.141 

2 1.283 -0.821 -0.361 0.441 P, 

3 -0.996 0.503 -0.822 0.266 a 
3 

x=s 1 1.627 0.779 0.586 0.223 4.326 2.526 1.431 0.699 1.871 -0.431 0.301 0.121 
2 0,536 -0.329 0.079 0*94i 3: a 3 -0.863 0.533 -0.807 0.254 0 

Imidoyl x = c1 1 2.131 0.249 0.301 0.920 7.218 2.418 1.372 0.656 1.973 -0.372 0.344 0.027 $ 
a 
2 

chlorides 2 1.478 -0.790 -0.487 0.373 
3 -0.809 0.561 -0.820 0.117 

< 
a 3a are subtracted. f 

7 
a 
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TABLE 8. Results of the HMO-calculations for amidrazones. 

1 2.600 0.230 0.376 
2 1.547 -0.676 -0.459 ' /  \f 3 0.728 0.517 -0.034 -k! N-N- 4 -1.075 -0.472 0.804 

I 2  
C 

I I  
(39) 

12 1 2.840 0.247 0-331 

-N 3-N- 3 0.283 0.410 -00-499 
4 2 1-936 -0.839 -0.366 

I 4 -1.259 -0.258 0.713 
(40) 

0.726 0.528 9.750 2.950 
0.034 0.576 

-0.594 0.615 
-0.346 0.107 

0.630 0.658 10.119 3.319 
0.120 0.384 

-0.501 0.577 
-0.581 0.295 

1 2  1 1.555 0.707 1.761 1.977 -0.555 0.293 0.239 0.023 

(39) 

C 4 2  

l 4  

1 2  1 1.866 0.983 1.324 1.826 -0.134 0.017 -0.324 0.174 

-N i/ \ 3  E-s- 3 

(40) 

a 4a are subtracted. 

4. Calculation of bond lengths 
The x-bond orders are related to bond lengths. Comparing HMO 

x-bond orders, calculated with the heteroatom parameters (equations 9), 
with experimental bond lengths, the following empirical linear equations 
(10) have been determined by linear least squares methods : 

u = 0.030 
a = 0.022 
u = 0.021 
o = 0.025 

CN6' : dfiv = 1.478 - 0.236 ppv; 

CS6': d,, = 1.804 - 0*234p,,; 
NN6': dfiv = 1.437 - 0.179 p , , ;  

CO6': dfiv = 1-431 - 0.256 p,,,,; (10) 

where a = Standard deviation in A. 
In Table 9 the calculated x-bond orders and bond lengths predicted by 

means of equations (10) are collected. The agreement with experimental 



TABLE 9. HMO x-Bond orders and bond lengths 

Bond length References Compound Formula p v n-Bond order 
Pu Y duy(A) calc. duy(A) exp. 

Imines 

Amidinium 
cations 

Amidines 

Arnides 

Imidates 

Thioimidates 

Imidoyl- 
chlorides 

Amidrazones 

\' / C=N\ 

/ \ . . . . . . . . . . N-C-N 
(B 

/ I 12 1\ 

I' 

123 
- -/ 

,N=C-N 

I 2 
3/ 

-1 ' 
- 
O=C-N 

- 1- N=C-Z- 
/1 2 3 

-I- 
N=C-CI - I 

'I 2 3 

-11 / 
N=C-N-N 

'1234 - -\ 

\- I - -/ 
N-C=N-N 

/I 2 3 4\ 

12 

12 

12 
23 

12 
23 

12 
23 

12 
23 

12 
23 

12 
23 
34 

12 
23 
34 

0.940 

0.595 

0.789 
0.520 

0.827 
0.463 

0.828 
0.437 

0.861 
0.4 10 

0.919 
0.191 

0.759 
0.556 
0.074 

0.368 
0.829 
0.343 

1.256 

1.337 

I .292 
1.355 

1.219 
1.369 

1.282 
1,304 

1 *275 
1.708 

1.262 
- 

1.299 
1.347 
1.424 

1.391 
1.283 
1.377 

Y 

1.270 k 0.015 21 

? 
2 

1.316 Section 11, A, 2 x 

1.288 
1.334 

1.235 +_ 0.005 
1.333 2 0.005 

Section 11, 

22 
22 
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data, as far as available, is satisfactory. The deviations are generally less 
than the standard deviations given for the equations (10). 

The C=N double bond length is decreasing in the order: amidinium 
cations > amidines > amidrazones > imidates > thioimidates > imidoyl 
chlorides > imines. The C-N single bond length decreases in the order 
amides > amidines > amidinium cations. 

5. Effect of phenyl substitution on amidines 
The x-bond energies of phenyl-substituted planar amidines listed in 

Table 10 may only be compared directly for systems of equal size. The 
prediction is that the isomer (41) of phenylformamidine is more stable than 
benzamidine and the isomer (42). This agrees with the experimental result63 
that N-phenyl amidines occur as the tautomeric form (41). However, in 
the real molecules the phenyl group is likely to be twisted out of the plane 
of the amidine group leading to additional overlap with the sp2-hybridized 
nitrogen lone pair (see Section 11, C ) .  In this case the a-x-separation may 
not be applied, but the prediction of x-bond energy for the hypothetical 
planar molecules (41) and (42) agrees with experimental findings. For 
N-phenylbenzamidine the tautomeric form (43) is predicted to be more 
stable than (44). Again the real molecule is probably not planar. 

The comparison of x-systems of different size may be possible by means 
of the properties conjugation energy per phenyl substituent (C/k)  or specific 
x-bond energy70 (E,bond/N). (C/k)  predicts a decrease in stability from 
N-phenylbenzamidine (43) through phenylformamidine (41) and benz- 
amidine to N,N'-diphenylbenzamidine whereas the specific Ti-bond energy 
predicts an increase in stability with increasing size of the x-system. 

B. Parker-Purr-Pople Method 
The Pariser-Parr-Pople method 71-73 (PPP method) is a semi-empirical 

self-consistent field calculation for 5;-electrons which considers the inter- 
electronic repulsion explicitly. The principles of the PPP method are 
given in several text b o ~ k ~ ~ ~ - ~ ~  therefore here only the most important 
equations are given. 

The PPP method as a x-electron method also makes use of the a-x- 
separation (see Section 111, A). The wave function Y for the ground state 
of a closed shell molecule with N T;-electrons built from N p-orbitals and 
leading to N MO's 4 / ' j  is written as a normalized Slater determinant 
(equation 1 1 ) .  

= [(N)!1-1'2 det . . . 
#N/2(N - - 1)#N/2(N)p(N)} 

= 1#1$1#2$2 . . . #N/2$N/2[ (1 1) 



1. Aspects of amidines and imidic acid derivatives 29 

The MO’s # j  are constructed from a linear combination of N atomic 
p-orbitals v, (equation 12). 

The LCAO-MO coefficients c,, are determined by solution of a set of 
secular equations (1  3). 

5 Cj1Juv = E j  5 CjUSUV (v = 1 ,2 .  . . N )  (1 3) 
u = l  lL=1 

By use of the zero-differential-overlap approximation the overlap integrals 
S,, are neglected unless ,u = v in which case they are equal to unity. All 
two-electron integrals (equation 14) which depend on the overlapping of 
charge distributions of different atomic orbitals are neglected. 

(14) 
e2 

71 2 
JJ v?(1)vA(1) - ~ E ( ~ ) P u ( ~ )  d71 d72 = 8 p h  Ysv 

In equation (14) a,,, is the Kronecker delta (equals 1 for p = X and 0 for 
p # A)  and y,, represents the Coulomb electronic repulsion of an electron 
in the AOv, and an electron in vV (equation 15). 

Yuv = JJ v3l)vu(1) vV(2)vm dT1 d72 (1 5)  
V12 

The matrix elements F,, of the secular equations (1 3) in the zero-differen- 
tial-overlap approximation are given by equations (16) and (17). 

N 

Fu, = VlI + fquyllll + 2 (4v - Z V ) Y , V  (1  6) 
V ( # U )  

- f P U V Y U V  
(p,v nonbonded) 

These equations contain the empirical parameters: 

17, = valence state ionization potential 
ylrU = one-centre Coulomb repulsion integrals 
yuv = two-centre Coulomb repulsion integrals 
$y = I pEHcorecpv d7 = Coulomb integral 

which may be determined from experimental properties. The x-electron 
densities q,, and the x-bond orders puv have the same definition as in the 
HMO-theory, equations (2) and (4), respectively. As the matrix elements 
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TABLE 10. x-Bond energies of phenyl substituted amidines 

Amidine Formula EPa(/3) Conjugation C EF4/Nb 

9 
(pj energya (I4 

c (8) 
X lu: 

Formamidine 2.895 0.965 3 -. 3 
NH m Benzami d i ne 

Q-CY 1 1 *275 0.380 0.380 1-253 8 
\- 

NIi2 

11.285 0.390 0.390 1.254 
qg) (41) 

Phenylforrnamidine 

HC4 \- 

// NH 11.241 0.346 0.346 1 ~249 

NH2 
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(16) and (17) in equation (13) depend on an initial choice of coefficients 
cj,, the secular equations (1 3) must be solved by an iterative procedure. As 
starting coefficients one takes those of a HMO calculation. 

The one-centre Coulomb repulsion integrals yuu are taken as the dif- 
ference between the valence state ionization energy and the electron 
affinity71. The two-centre Coulomb repulsion integrals yuv are approxi- 
mated by Mataga’s formula (equation 18)77 

14-397 
28-794 

Y u u  + Y v v  

Y u v  = 
r u v  + 

in dependence of the interatomic distance ruv. The empirical parameters 78 
used for the calculations are collected in Table 1 1. 

In Table 12 the results of the PPP calculations with the parameters of 
Table 11 are given. By Koopmans’ theorema1 the negative value of the 
SCF-molecular orbital energies c j  is equal to the ionization energy for 
removal of one electron out of theoccupied MO. The calculated ionization 
energy of the highest occupied MO is increasing in the series: 

ally1 anion < benzamidine < thioimidate < amidine < imidate < 
(1 -855 eV) (9.609 eV) ( 1  0.787 eV) (10.849 eV) (1 1 -486 eV) 

amide < imine 
(1  1-79 1 eV) (1 2-200 eV) 

The total x-electron energy is not obtained simply as a sum of the doubly 
occupied SCF molecular orbital energies e j ,  since this procedure would 
count the electronic repulsion twice, but by means of expressions 73 (1 9). 

Symbols: H,, = U,; HIlv = BUY; Fuv see equations (16) and (17) 
The values of the LCAO-coefficients cju are altered by the PPP calcula- 

tion relative to those of the HMO-calculation, but the symmetry properties 
of the MO’s stay the same. The 5;-electron densities q,, are changed in 
such a way that the charge distribution is smoothed out. In all imidic 
acid derivatives the middle carbon atom is bearing a positive charge which 
is smaller than that given by the HMO calculations. The ;r-bond orders 
puv are altered as usual in SCF-calculations so that the bonds with high 
double bond character increase their bond orders and those with single 
bond character decrease their values with respect to that of the HMO 
calculation. 



TABLE 1 I. Empirical parameters for PPP calculations 78,79 
v, 

Atom Valence state uu (ev) Yuu (ev) Bond p;”:’” (eV) Eond distances (A) 

tr tr tr ?T 11.16 11.13 c-c - 2.32 1.397 C 
N tr2tr tr T (=N-) 14.12 12.34 C=N - 2.55 1.290 

- 

N+ tr tr tr T (-N--) 28.59 1643 C-”’ - 2.32 1.334 
H 

0 tr2tr2tr x (=Q) 17.70 15.23 C=O - 2.60 1.235 
O+ tr2tr tr rr (-7j-> 33.90 18.60 C* - 2.32 1.304 
S’ tr2tr tr T (-$-) 22.88 I 1.90 C-s - 1.50 I .708 

D 
3 
a 



TABI.E 12. Rcsults of PPP calculations for amidines and related compounds" 

Compound Formula j q(eV) cju Total 911 Pu v 3: - x-electron m: 

5. 
ct 1 cj2 172 q3 PI2 Pa3 3 energy (ev) QI 

op, 
Iniine ' */ 

/N=C \ 
1 - 12.200 0,778 
2 - 1.217 -0.628 

1 Am idi ne 
2HNC 

-c\ 

1 - 6.005 0.492 
2 - 1.855 -0.707 
3 5.906 -0.508 

1 -14.595 0.278 
2 - 10.849 0.763 
3 - 0,582 -0.584 

4 
0.628 -27.645 1.21 I 0.789 0.978 
0.778 

0.718 0,492 -56.624 1.484 1,032 1.484 0.707 0.707 
0.0 0.707 
0.69f.5 -0.508 

0.483 0.831 -96.232 1.318 0.810 1.872 0.901 0.390 
0.415 -0,496 
0.772 -0.253 



TABLE 12 (continued) 

Benzamidine ' 5 - 9.609 0.605 0.223 -0.187 -146.833 1.332 0.826 1.881 0.852 0.369 
N- 

@y 3y- - 
Imidate I 1 - 17.060 0.131 0.324 0.937 -77.769 1.281 0.934 1.931 0.934 0.289 k 2 - 11.486 0.789 0.538 -0.296 2 

3 - 0.811 -0.600 0.778 -0.186 % 
% 

2 HN- 

30- 

3s- P) 

3 

\ -C 

0 
Th i o i ni i da te 1 - 12.875 0.506 0.556 0.659 -61.988 1.268 0,936 1.929 0.936 0.291 2. 

!J 
2 p- 2 - 10.787 -0,614 -0.303 0.728 e 3 
\ 3 - 0.876 -0.605 0.774 -0.188 -C 

1 -14.961 0.361 0.496 0.789 -73.193 1.454 0.692 1.854 0.845 0.438 
2 - 11.791 0.772 0.314 -0.552 

-C \ 3 - 0.780 -0.522 0,809 -0.271 

Amide '0 
2) 

E 

P. 
4 Calculations were performed with the program QCPE 71.2 by J. E. Bloor and B. R. Gilsonao on a CDC 3300 computer at the a 

D 
37- nY 

a 

'Zcntrum fur Datenverarbeitung' of the University of Tubingen. h. 
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1. Aspects of amidines and imidic acid derivatives 37 

In Table 13 the calculated dipole moments are compared with experi- 
mental values (see Section 11, B) as far as available. The agreement is 
not too good, because in the PPP x-electron theory the effect of 3-bond 
moments is completely neglected, but the order of magnitude of experi- 
mental dipole monents is predicted correctly. 

IV. E L E C T R O N I C  SPECTRA 

A. Amidines and Amidinium Salts 

The unconjugated amidine group should give rise to a n -> x* and a 
x -+ x* transition in the ultraviolet or vacuum ultraviolet region of the 
absorption spectrum. However, free acetamidine dissolved in water or 
methanol shows no absorption maximum above 200 nme4 (see Figure 4). 
The reported maxima of acetamidine obtained by dissolving an acetamidine 
hydrochloride in aqueous sodium hydroxide solution at 224 nm (c = 
4000)85 or 219 nm ( E  = 1100)86 could not be reproducede4. So the weak 
IZ -L ~ i *  transition is not observable and falls probably like the ~i -> z* 
transition into the vacuum ultraviolet range below 200 nm. The PPP 
calculation with the parameters of Table I 1  for the singlet transition 
energies of amidine with inclusion of configuration interaction (CI) predicts 
the lowest 5c -+ x* transition to occur at 179 nm with an oscillator strength 
of 0-527 (see Table 14). 
N-p-Chlorophenylacetamidine shows an absorption band at 236 nm 

with E = S10085 (see Table 15). This band corresponds to the high in- 
tensity, short wave-length band of p -ch l~ roan i l ine~~  (290 nm, E = 1700 
and 239 nm, E = 8500) and the probable occurrence of a low intensity 
band around 290 nm in the substituted acetamidine may have been over- 
looked. The similarity of the spectrum of the amidine derivative to that of 
p-chloroaniline suggests that the N-phenyl substituent is not taking part 
in the conjugation of the amidine x-system since it is twisted out of the 
plane of the amidine group leading to aniline-like overlapping of the 
phenyl-=-system with the sp2-hybridized nitrogen lone pair of electrons. 

On protonation the band is shifted hypsochromically to 228 nm and 
lowered in intensity ( E  = 7000), an effect which is also observed with N -  
phenyl-substituted formamidinesgl. Benzamidine shows two transitions 
in the ultraviolet region (see Table 15 and Figure 4), a weak band at 268 nm 
( e  = 810) and a stronger band at 228 nni ( E  = 13,800). The spectrum 
closely resembles that of benzoic acidg2 (273 nm, E = 970 and 230 nm 
E = 11,600). The weak band corresponds to the weak cc-band ('Alg - 
'BZu)  and the strong band to the p-band (lA1,, -+ I l l l u )  of benzenes3. 
The PPP calculation with inclusion of C1 predicts also two ;i+ ;i* 
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FIGURE 4. Ultraviolet spectra of amidines and  amidinium hydrochlorides 
in methanole4 : (-) benzamidine; (----) benzamidinium hydrochloride 
(containing 1.8 mol water of crystallization); (----) acetamidine; (. . . -) 

acetamidinium hydrochloride. 



TABLE 14. x -+ x* Transition energies calculated by use of PPP theory 
L 

Compound Triplet Singlet transition fb Experimental Reference 9 

0, 
transition energiesa absorption maximaC B m energiesa 

s 
Ef: Amidine 2.428 511 6.926 55860 179 0.527 3 

(2.611) (475) (7.037) (56760) (176) 2 
84 3 

(3.000) (5.300) (42750) (234) a 

(ev) (nm) (eV) (cm-') (nrn) (nm) 

Imine 2.365 524 8.069 65080 153.5 0.544 170(8000) 87 2. 
P, 

s Benzamidine 4 --> 6 1.915 4.501 36300 275 0.007 268 (970) 

5-+6 5.093 41080 245 0.571 228( 13800) 84 3 Ef: 

i5 

0 
s 0 

a 

(5.167) (41680) (240) 
Imidate 2.44 1 508 7.580 61 140 164 0.554 

Thioimidate 6.322 5 1000 196 0.343 

Arnide 2.730 464 7.3 16 59000 169.5 0.472 181 88 

(2.509) (494) (7.630) (61540) (162.5) 

(6.476) (52230) (191.5) $. 
2 
I: 

(7.419) (59840) (167) T' 

a Calculated by use of configuration interaction (CI) between all single excited structures. Values without CI in brackets. 
Oscillator strength. 
Molar extinction coefficient in brackets. 

w 
W 



TABLE 15. Ultraviolet absorption maxima of amidines and amidinium salts 
P 
0 

Compound Solvent Amidine Solvent Amidinium hydrochloride Reference 
Amax 'ma, Amsx Emax 

(nm) (nm> 

N-p-Chloro- 

Benza mi d i ne 
phenylacetamidine 

N- A ryl-substituted 
benzamiclines: 
Phenyl 

p-Chlorophenyl 
p-Bromophenyl 
p-Iodophenyl 

p-Tolyl 

p- Ni trophenyl 

nz-N i trophen yl 

N,N'- Dinryl- 
substit rited 
formnmidines: 
Diphenyl 
Di( p-n- bu toxy 
phenyl) 

Water 
Water 

Methanol 

50% 
aqueous 
ethanol 

Benzene 

Benzene 
Dioxane 
Cyclohexane 

236 
268 
229 
268 
228 

236 
270 
260 
234 
236 
220sh 
324 
230sh 
260 
224sh 

284 

296 
294 
29 1 

8100 Water 228 
810 Water - 

9100 228 
960 Methanol 269 

13800 228 

14300 
11800 
I6800 
16400 
18300 

8200 

16800 

- 

- 

- 

19500 

24500 
27400 
24800 

7000 85 
86 

8500 
820 84 

13600 

- 

89 

89 

90 

90 
90 
90 
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transitions (see Table 14), a weak one at 275 nm, f = 0.007 and a strong 
band at 245 nm, f = 0.571. The first band corresponds to the transition 
from the occupied fourth MO to the lowest empty M O  6 which is shifted 
bathochromically by consideration of C1, whereas the second transition 
from the highest occupied M O  5 to the lowest empty MO 6 is shifted 
hypsochromically by CI. The n --f x* transition is not observed as it is 
probably obscured by the rc -> x* transitions. 

Surprisingly benzamidinium hydrochloride shows practically the same 
absorption spectrum as the free base (see Table 15 and Figure 4). This is 
contrary to the finding in the case of N-phenyl-substituted amidines 
indicating the importance of conjugation of the sp2-nitrogen lone pair, on 
which protonation occurs, with the twisted phenyl group. This is not 
possible in the benzamidine case although the phenyl ring may also be 
twisted out of the plane of the amidine group. 

N-Aryl-substituted benzamidines (see Table 15) show one or two ab- 
sorption bands between 300 and 220 nni. Contrary to  the statement of 
SevEik 89 these spectra are not analogous to the corresponding N-benzyl- 
idene anilines which show generally three strong bands (i.e. benzyl- 
idine-aniline94*95 hmax[nm] ( E ) .  310 (8200); 256 (16,000); 212 (18,000)). 

N,N’-Diarylformamidines (Table 15) show a strong band about 284 nm, 
E = 19,500 which may be due t o  the conjugation of both phenyl rings 
through the amidine rc-system. Substituents in the benzene rings cause a 
bathochromic shift of this band while twisting of the benzene rings out 
of the amidine plane by introduction of ortho-substituents results in a 
hypsochromic shifts”. The spectra are analogous to those of the corre- 
sponding triazenesS7. 

0. Imidates 
The PPP calculation predicts for the unconjugated imidate group a 

i~ -> x* transition at 164 nm (see Table 14). In agreement with this pre- 
diction a series of imidates derived from aliphatic acetylene carbonic acids 
show no absorption maximum above 205 nm (see Table 16). Extension 
of the conjugation by a phenyl substituent leads to  the two absorption 
bands of monosubstituted benzenes, a weak band a t  290 nm, E = 1300 
and a strong band at 260 nm, E = 26,300. Methylbenzimidate shows also 
the two absorption bands of monosubstituted benzene derivatives, now 
at 270 nm, E = 900 and 230 nm, E = 12,600. This spectrum closely 
resembles that of benzamidine (see Table 15) and that of benzarnidel6 
(270 nm, E = 900 and 228 nm, E = 9100) but is different from that of 
N,N-dimethylbenzamide 16, 98* 99. The conclusion 98, loo that benzamide 
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1. Aspects of amidines and imidic acid derivatives 43 

therefore exists in solution mainly in the iminol form (46) was shown by 
Grob and Fischer"j not to be conclusive, since N,N-disubstituted benz- 
amides show abnormal light absorption because of steric interference of 
ortho-hydrogens with the N-alkyl substituents leading to non-planarity 

OH 
/ 

0 
// 

C,H,--C, , CSHS-C 

NHz \NH 
(45) (46) 

of the x-system. In ethyl N-arylformimidates the long wavelength absorp- 
tion band is only recognized as a shoulder; the shorter wavelength band 
lies around 250 nm. 

Summarizing these results one may state that neither the unconjugated 
amidine nor the unconjugated imidate group leads to  an  observable 
absorption band in the ultraviolet region of the absorption spectrum. 
Phenyl substitution leads to  two bands, a weak long wavelength band and 
a strong shorter wavelength band characteristic of monosubstituted 
benzene derivatives, but showing no specific absorption due to the amidine 
or  imidate group. 

V. INFRARED AND R A M A N  SPECTRA 

A. Spectral Data for Simple Amidines 

1. Aeetamidine 
Free acetamidine was prepared as a colourless oil by Davies and 

Parsons101 who determined its infrared spectrurn1O2 and assigned 16 of 
the 24 normal vibrations which are listed in Table 17. 

The planar molecule has Cs-symmetry, i.e. all vibrations are both 
infrared and Raman active. The spectrum shows the vibrations charac- 
teristic for an unsubstituted amidine. Its NH vibrations are broadened 
by intermolecular association. The  imine NH vibration is assigned at 
3429 c m -  ', while the asymmetric and symmetric NH, group vibrations 
occur a t  3330 cm - and 3226 cm -I, respectively. The NH, deformation 
vibration at 1608 cm-l  is higher for the amine group than that of the imine 
group a t  1460 cm-'. The C=N double bond vibration occurs a t  1650 cm-' 
whereas the CN single bond vibration is located a t  1192 cm-'. There is no 
strong coupling between these vibrations; but the latter seems to be 
coupled with the N H  deformation vibration of the imine group. 
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TABLE 17. Infrared frequency assignments of liquid acetaniidine lo2 (Fre- 
quencies in cm-', relative intensities in brackets; v = valence vibration; 6 = in 
plane deformation vibration; r = in plane rocking vibration; t = twisting 
vibration; w = out of plane wagging vibration; a = antisymmetric vibration; 

s = symmetric vibration.) 

Frequency Assignment 

3429 (9) 
3330 (9) 
3226 (9) 
1650 (7) 
1608 (7) 
1460 (3) 
1429 (3) 
1368 (2) 
1192 (5) 
1124 (1) 
1044 (1) 

862 (3) 
1002 (1) 

450 

2. Acetamidinium cation 
The infrared spectra of the acetamidinium cation both with the chloride 

and in salts with complex anions of the type [MCls12- as well as the 
spectrum of the deuterated cation were assigned in terms of normal vibra- 
tions assuming C,,-symmetry by Mecke and Kutzelnigglo2 who im- 
proved the assignments given by Davies and Parsons lo'. 

The 27 normal vibrations listed in Table 18 show clearly that the pro- 
tonation occurs on the imino nitrogen leading to a symmetrical structure 
for the amidinium cation with C,,-symmetry if one assumes free rotation 
of the methyl group. The NH, valence vibrations occur at 3417cm-I 
and 3368 cm-l  in the hexachloroplatinate. They are lowered in the chloride 
to  3220 cm-l  and 3080 cm-l  due to  hydrogen bonding to  the anion. On 
deuteration the vibrations are split into the four theoretically-expected 
vibrations and shifted t o  2560 cm-l,  2531 cm-l  and 2425 cm-l ,  2397 
cm-l,  respectively. 

The planar NH, deformation vibrations are found in the hexachloro- 
platinate a t  1667 cm-' and 1555 c m - l  and are shifted on deuteration to 
1176 cm-l .  The C-N valence vibrations are now strongly coupled leading 
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to an asymmetrical vibration at  1690cm-1 and a symmetrical one at 
1520 cm-l. But the shift on deuteration shows that they are also coupled 
with the NH, deformation vibrations. The C-C valence vibration occurs 
at 880 cm-'. 

3. Force constants calculation for the  acetamidinium cation 
The calculation of force constants of a valence force field including 

interactions of molecular frequencies is a problem which in general has 
no unique solution. Therefore a number of different potential functions, 
all of which are in agreement with the observed molecular frequencies 
have been calculated by means of an analog computer by Mecke and 
coworkers Io5. 

The geometry assumed for the amidinium cation is given in Figure 5 .  
The C-N bond distance used was longer than the 1.316 A derived in 
Section 11, A, 2, which may affect the calculation. 

C 

N N 

FIGURE 5. Coordinates of the heavy atoms of the planar acetamidinium 
cation. (From Beckmann, Gutjahr and Mecke, Spectrochim. Acta, 20, 1295 

(1964), with permission.) 

The six skeletal normal vibrations for a planar molecule of the type 
X Y Z ,  with C2,-symmetry are shown in Figure 6 together with the corre- 
sponding wave numbers for the acetamidinium cation lo3. In Table 19 four 
sets out of 26 calculated sets are given which seem to reflect best the 
bonding situation. The C-C single bond force constant is about 4.5 
mdyn/A, whereas the C N  force constant with 9.1 mdyn/A is rather close 
to the value of 10.6 mdyn/A for a pure G = N  double bond106. It is in- 
teresting to note that the resistance to angle deformation is greater for the 
NCN angle(f,) than for the CCN angle(&). 



TABLE 18. Frequency assignment of the acetamidinium cation in different salts in Iiostaflon oil and NujoPo3. (Band 

Q positions in crn-l, relative intensities in brackets, sh = shoulder.) 

V, Irreducible Assignment C1- 
representationn Rarnanlo4 

(as. soh) 

z 

% 

Anion [PtC1,I2 - w: 
(with deuterated 

3 c1- [ Pt Cle]Z - cation) 
4 

1 A1 vNHz 3370 (1) 3220 (10) 5417 (9) 2560 (9) 
3080 (10) 3368 (10) 2425 (6) 2 vNHz 3256 (1) 

4 6NHz ? 1667 (sh) 1176 (4) 
5 wCN 1519 (5) 1511 (6) 1520 (6) 1499 (7) 
6 6CH3 1378 (3) 1378 (8) 1379 (7) 1381 (6) 

8 wcc 880 (10) 880 (0) 876 (1) 829 (3) 
9 A 534 (4) 535 (5) 540 (4) 480 (5) 

inactive 

3 vCH, 2880 (4) ? ? 

7 6NHz 1155 (6) 1145 (2) 1200 (4) 943 (3) 

I 
inactive 
I 

inactive 
10 A2 rNH2 ? 
11 rNHz ? 
12 7CH3 ? 



TABLE 18 (continued) 
~~~~~ ~~ 

3220 (10) 3417 (9) 2531 (10) 
14 vNHz 3256 (1) 3080 (10) 3368 (10) 2397 (10) 
15 vCH, 2998 (3) ! 
16 wCN 1687 (10) 1690 (10) 1642 (10) C-L 

18 SCH3 1444 (2) 1425 (5) 1411 (6) 1412 (5) > 
943 (3)? B 2 1020 (0) 1020 (0) 

% 21 A 445 (2) 445 (3) 450 (2) ? 
510 (2)? w 

22 B2 vCH3 2998 (3) ? 2950 (0) 2950 (0) 2. !& 
24 YCH3 1057 (2) 1053 (1) 1050 (3) 8 

450 (8) a 
27 YNHZ ? ? ? ? 

13 BI vNH~ 3370 (1) 

2950 (0) 2950 (0) 

17 6NHz 1568 (1.5) 1587 (1) 1555 (1) 1176 (4) 

19 pNH2 1094 (4) 1105 (3) 1081 (3) 
20 pCH3 1028 (3) 1026 (1) 

3 

Dl 
1 

23 SCH3 1444 (2) 1425 (5) 1411 (6) 1412 (5) 

25 r 706 (2)? ? 720 (0)? 621 (5) 
26 YNH, ? 720 (8) 610 (8) 

z : g 

2. 
5. 

a Point group Czv; A1, AZ, B1, Bz = irreducible representations; A = symmetric and B = antisymmetric with respect to Cz-axis, p, 

Ec: v = valence vibration to hydrogen; w = valence vibration between heavy atoms; 6 = in plane deformation vibration; p = rocking a 
0 Al, Bl and Bz are i.r. and Raman active, Az is only Raman active. 

vibration; I' = out of plane deformation vibration; A L- planar skeleton deformation vibration. 

8 
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Vibration type: vl(n-) v2(u) v 3 ( 4  Y 

Irreducible 

Wave 
numbers : 878 1683 1515 460 530 700 

representation: Al Bl A1 Bl A1 B2 

FIGURE 6. The 6 skeletal normal vibrations of a molecule of the type X Y Z z  
with C,,-symmetry and the corresponding wave numbers for acetamidinium 
cation. (From Beckmann, Gutjahr and Mecke, Spectrochim. Acta,  20, 1295 

(1964), with permission.) 

B. C=N Double Bond Vibrations 

1. Amidines 
The C==N valence vibrations of amidines of different structural types 

are collected in Table 20. The double bond vibrations fall all in the range 
from 1658 c m - l  to 1582 cm-l.  They are lower than the C=N vibration 
of unconjugated imines (i.e. n-propylidene propylimine: 1679 cm-I in 

The C=N vibrations in C-phenyl-substituted amidines are generally 
lower than those of the corresponding C-alkyl-substituted compounds, 
which is in agreement with the calculated lowering of HMO ic-bond orders, 
for example: pCZN (amidine) = 0.789 and pCEN (benzamidine) = 0.727. 

The C=N double-bond vibration is strongly affected by molecular 
association, especially in the case of N-monosubstituted and N , N ' -  
disubstituted amidines. Therefore it is necessary to state the experimental 
conditions and to compare only the frequencies observed in the non- 
associated state lo9. N,N-Disubstituted amidines always absorb at  lower 
frequencies than the corresponding N-monosubstituted derivativesG3. 

c c1 4108). 

2. lmidic Acid Derivatives 
The C=N double bond vibration in nonconjugated imidates (see Table 

21) lies in the range from 1670 t o  1646 cm-' which is close to the value 
of unconjugated imines. This indicates, in agreement with the high value 
of the HMO x-bond order of 0.828, that resonance between the structures 
(47) and (48) is not so important as in the case of amidines. As usual, 



TABLE 19. Force constants of a valence force field for the acetamidinium cation105 

in 
B 2 
v) 

fr I; fa 

m - 9.10 1.158 0.8 1 0.358 0.9 - 0.389 -0.217 0.618 2 4.520 
9.10 1.306 0.8 1 0.723 0.9 4.277 

0.618 a 4.801 9.10 1.157 0.8 1 0.233 0.9 - 0.584 - 0.217 
4.587 9.10 1 a284 0.8 1 0,569 0.9 - 0.584 -0.435 0.6 18 0 

I. 
- 0.389 - 0.435 0.618 

-. I. 
,. 

f. = CN bond force constant; /s = CC bond forcc constant; fe, fo and f, = angle deformation force constants; fis and 
fss = bond-bond interaction force constants; Je and La = bond angle interaction force constants (compare Figure 5). All 

6 
a 

z 
2 

constants are ir? mdyn/A except fe and fu which are in mdyn-A. 8. < 

< -. 

P 
v) 



v, 
0 

R2 

I 

in the infrared spectrum. YN TABLE 20. C=N Valence vibrations (cm-l) of amidines R1-C 

N-R3 
(Values in brackets arc Raman spectral data) \ 

I 
R4 

Type of compounds R1 = CH3 Reference R1 = Phenyl Reference ? 
X 
3 
s 

m: 
(a) Unsubstituted 

(b) Monosu bst i t uted 
-. R2 = R3 = R4 = H 1650 (liq.) 102 1630 (KBr) 84 2 

R2 = R4 = H; R3 = CH, 16 15 (CHC13)’ 63 1612 (CHC13) 63 
R3 = R4 = H; R2 = CsH5 1640 (CHC13)I’ 63 - 

(c) N,N’-Disubstituted 

R3 = H; R2 = R4 = CH3 1658 (CHC13)‘ 108 

108 

110 

1655sh 
{ 1635 }(cHC13) 

1620 (CHC13) 
{(1636))(CHC13) (1621) 111 109 (1 652) R3 = H; R2 = C6H5; R4 = CH3 

R3 = H; R2 = R4 = CeHs 63 1630 (KBr) 112 

113 113 
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TABLE 21. C=N Valence vibrations (cm-’) of imidic acid derivatives 

Functional Unconjugated Monoconjugated Diconjugated 
group 

- 
N-CH2CHzCeHs NH /N-Ca& 

\ 
flN- // // CaHs-C Ca H 13-C~c-C 

\ 
-C \- 0- H-c\oQb-O\ OCzHs OCH, 

CH. 
/ 

0-CH, 
1646(CHC13)”‘ 16211a 1 565(CCi4)108 

1663(CHC13)lo8 

NH 

OR 

// 
NH 

OR’ 

// 
\ \ 

CaHs-C R-C 

1655-1652(Rarnan)11~ 1653-1648(Rarnan)115 
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1 67O1la 1650118 

N- 

- s- 
// 
\- 

-C 
/N-CH, 

CBHS-C, 
S-CH, 

1622(CHCI,)”‘ 

7-CH2 ceHs-c~-iHz 
\ 
S-CHz 

I H3C-C 
\S-CH2 

1 6401 l’ 1613”’ 

I 607(CHC13)’14 1 S80(CHCl3)”‘ 



1. Aspects of amidines and imidic acid derivatives 53 

conjugation lowers the vibration frequency except in the case of the di- 
conjugated methyl N-phenylbenzimidate108. Quarternization raises the 
frequency of the C = N  double bond. 

8 
N- 

/- 

- - 

-c 
”- 

\e 

(47) (48) 

F o r  thioimidates the values of the C=N vibrations are lower than in the 
corresponding imidates contrary to  the prediction by HMO x-bond order 
which is higher (0.862) for the thioimidate. PPP calculations give practi- 
cally the same x-bond orders for both compounds (imidate: 0.934 and 
thioirnidate: 0.936) so that the difference in the C-N vibration frequency 
does not necessarily reflect a difference in x-electronic structure. I t  may 
also be caused by the effect of the greater mass of the sulphur atom on the 
skeletal vibration. 

Quarternization of the nitrogen leads now to a reduction of the C=N 
vibration frequency indicating the important contribution of the meso- 
meric structure (50) to  the ground state. 

-C 
\- 

9- Q- 

CH3 
I (31 

\- \@ 

CH3 

N-CGH5 
H N - ~ ~ H S  L / 

C6H5-C , C6Hs-C 
- S-CH3 - S-CH3 
(49) (50) 

C. Tautomerism 
N-Monosubstituted and N, N’-disubstituted amidines may show 

tautomerism as indicated in  Section 1 .  The infrared spectra of both 
types of compounds have been thoroughly inspected and interpreted by 
PrevorSek 63*118. 

1. N-Monosubstituted amidines 
N-Phenylamidines show two N H  bands 63 appearing near 3500 and 

3400 cm-l .  The observed frequencies are in close agreement with those 
found for the asymmetrical and symmetrical valence vibrations in form- 
amide119 a t  3533 and 341 1 cm-l ,  respectively, which indicates that N -  
phenylaniidines contain a terminal amino group, ix .  almost exclusive 
dominance of the tautomeric structure (52). 

Additional evidence for the presence of a terminal amino group is the 
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appearance of a band near 1600 cn1-l. This band moves to  lower fre- 
quencies in solution and is reduced greatly in intensity or disappears fully 
in deuterated species, indicating that this mode involves deformation of 

(51) (52)  

hydrogen atoms. The bending vibration of terminal NH, groups in a large 
number of compounds occurs in this region of the spectrumllg whereas 
the deformation vibrations of =NH and -NH-R groups generally are 
found at  lower frequencies. 

In N-mono-alkyl substituted amidines three bands are observed in the 
region of the N H  bond-stretching vibrationG3. One band at  3510 cm-l is 
very weak, while the other two bands near 3450 and 3310 cm-I  are much 
stronger. The band at  3450 cm-' is assigned to the NH stretching vibra- 
tion of a secondary amino group, whereas that a t  3310 cm-l  corresponds 
to the NH-valence vibration of an imino group. The weak band a t  
3510 cm-l  is assigned to  the asymmetric stretching vibration of a primary 
amino group. 

The conclusion derived from infrared spectra is that N-alkylamidines 
exist in chloroform solution as a tautomeric mixture of forms (53) and (54) 
with predominance of the tautomer (53). The occurrence of a weak 

,NH2 

\\ 
R-C 

YNH 
R-C 

\ 
N-R' N-R' 
I 

H 

(53) (54) 

band at 1640 cm-I  and a strong band at 1615 cm-', both corresponding 
to C==N double bond vibrations is in agreement with this interpretation. 

recorded the infrared spectra of trichloro- 
and trifluoroacetamidines. They concluded that that these exist in non- 
polar solvents only in the iinino form (53) irrespective of the presence 
of a N-alkyl or N-aryl substituent. But a reassignment of these data by 
Moritz122 showed that in all cases these compounds exist as a mixture of 
the imino (53) and the amino tautomer (54), with N-alkyl substituted 
compounds preferring the imino form (53) and N-aryl substituted deri- 
vatives occurring predominantly in  the amino form (54). This is in agree- 
ment with the results of P r e v ~ r S e k ~ ~ , ~ ~ ~  stated above. 

Grivas and Taurins l Z o *  



1. Aspects of amidines and imidic acid derivatives 55 

2. M,N'-Disubstituted amidines 
The infrared spectra of N,N'-disubstituted amidines show, in dilute 

chloroform solutions, two bands i n  the NH-stretching vibration 
r e g i ~ n ~ ~ ~ l l ~  near 3450 and 3380 cm-l .  The high frequency band is always 
stronger and its position changes little whereas the low frequency band 
varies in intensity and frequency depending o n  the substituents on the 
nitrogen atoms. It is strongest with amidines having identical substituents 
on the nitrogen atoms and diminishes in intensity if one of the sub- 
stituents is replaced by a more or less'electronegative substituent. The 
region of the C=N double bond vibration shows also two bands at about 
1655 and 1633 cm-l ,  but sometimes only one asymmetric band. The rela- 
tive intensities of these double bands do not depend on the concentration, 
so that the possibility is eliminated that the lower frequency bands are due 
to  an  associated form. Therefore there are either two forms of the monomer 
or a single form responsible for the doubling of vibration bands in the 
N H  and C==N region. Consequently the following possibilities of two 
forms of the monomer may be discussed : 

(a) Cis-trans isomerism with respect to the C=N double bond leading 
to the pairs of compounds (55) and (56) or (57) and (58). 

I 

//N-R' 
N 

.- R-C 
N-R" N-R" 

- // 
R-C 

\ \ 

I 
H 

(53) 

I 

(54) 

H 

R'  
I 

// 
\ \ 

N //"-"' 
R-C R-C 

N-H N-H 
I I 
R" R" 

(57) (58) 

However, the activation energy of isomerization around the C=N double 
bond is estimated to  be too high for the existence of an equilibrium be- 
tween the cis and trans forms at room temperature. 
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(b) Rotational isomerism with respect to the C-N single bond which 
has considerable double bond character, leading to the pairs of isomers 
(55) and (57) o r  (56) and (58). The occurrence of form (56) seems to be 
quite unlikely because of steric strain involved with the bulky aromatic 
substituents (R' = R" = phenyl o r  naphthyl). The isomerisni between 
(55) and (57) was suggested by Shigorin and Syrkin1l3 to be responsible 
for the observed doubling of vibration bands. Such rotational isomerism 
has been observed also with secondary amideslZ3 but in this case the 
splitting of the NH bands is about 30 cm-', i.e. smaller than that of the 
amidines (about 70 cm-l )  and no splitting of the C=O double bond vibra- 
tion is observed. 

(c) Tautomerism between forms (59) and (60) cannot explain the 
doubling of bands, since identical configurations result when the sub- 
stituents on  nitrogen are equivalent. PrevorSek 63 suggested a tautomerism 

R' 
I 

R' 
I 

k- 
(59) (60) 

between form (61) and (62) which involves formal rotational isomerism of 
both the single and the double bonds, but the proton transfer would 
occur without change of the spatial positions of the substituents. At 
the moment no decision is possible whether explanation b or c is to be 
preferred. 

R' R' 

D. Molecular Association 
Liquid acetamidine shows very broad N H  vibration bands in its 

infrared spectrum in the range between 3500 and 3200cm-1 which are 
broadened by molecular association through hydrogen bonds lo2. However, 
no model is suggested for the network of hydrogen bonds. The Raman 
spectrum of N,N'-diethylacetamidine shows a strong dependence of its 
C=N-vibration on the s o l ~ e n t ~ ~ ~ . ' ~ ~ .  I n  dioxane solution, a band is 
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observed at 1675 cm-I which is shifted in hexane to 1592 cm-l. The band 
observed in dioxane is assigned to the free amidine molecule (probably 
hydrogen bonded to a dioxane molecule). In hexane, a solvent of low 
dielectric constant, one assumes the formation of dimeric associates (63). 

CH3 I / 

I CH3 

C2H5 C2H5 

N C<H5 /N-H-----N=C 
I 

C Z H 5  

N-H------- I 
/ \ 

,N=C CzH5 N-H--- 
\ 

\C-C H 
/ 

/ 
HSC-C' 

C2H5 

\ N-------H-N 

I I 
C Z H 5  CZH5 

(63) (64) 

In the liquid state three bands are observed. The strongest band at 
1635 cm-I is assigned to molecular associates of type (64). The other two 
weak bands are attributed to the free form and the dimeric form (63). In 
the infrared spectrum the wave numbers are slightly higher at 1685, 1640 
and 1595 cm-'. For N,N'-diphenylformamidine in benzene solution the 
formation of cyclic dimers of type (63) was also suggested IZ4. The mole- 
cular weight determination in dependence of the concentration shows in 
benzene at 6°C a degree of association up to 1.5. Association is lower, but 
still appreciable in naphthalene solution a t  S O T  125. The sterically hindered 
N,N'-di-o-chlorophenyl- and N,N'-di-o-tolyl-formamidines are not asso- 
ciated under these conditions lz5* 126. A series of N,N'-diary1 substituted 
acetamidines and benzamidines exhibit weak molecular associations in 
naphthalene at 80°C as indicated by their molecular weight vs. con- 
centration curves127. These curves show clearly no association for tri- 
substituted amidines demonstrating that the molecular association is due 
to hydrogen bonding. 

Solid N,N'-diphenylacetamidine in KBr pellets shows a broad NH 
vibration band from 3350 down to 2500 cm-I with maxima around 3250 
and 3050cm-I. This was taken to indicate the formation of a cyclic 
dimeric structure of type (63)II2. No association was observed in the case 
of N,N'-diphenylbenzamidines which was explained by the steric over- 
crowding of the bulky phenyl groups allowing no hydrogen bonding. 

VI. NUCLEAR MAGNETIC RESQNANCIE SPECTRA 

A. Proton Magnetic Resonance Spectra 
Chemical shift data of the IH-n.m.r. spectra of formamidines are 

collected in Tabie 22. The formyl hydrogen signal occurs in the range 
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between T = 2-39 and 2-87 p.p.m., a t  higher field than in dimethyl- 
formamide (1-98 p.p.m.) or in methyl formate (1-92 p.p.m.). This value is 
shifted to lower field (T = 1-57 - 2-57) on protonation to formamidinium 
salts. 

The amide-like dimethylamino group gives at room temperature rise t o  
one signal around 7.2 p.p.m. at slightly higher field than in dimethyl- 
formamide. In  deuterated benzene at  room temperature the signal is 
broadened and occurs sometimes, in dependence on ring substituents, as 
a doublet130. In  chloroform solution splitting is observed on cooling131 
indicating the magnetic nonequivalence of the two methyl groups due to 
restricted rotation around the amide-like CN bond. 

In  the corresponding amidinium salts in D,O the signals of the dimethyl- 
amino group are shifted to lower field and occur always as a doublet due 
to restricted rotation already at  room temperature. 

The n.m.r. data of acetamidines and their salts are given in Table 23. The 
C-methyl group leads to a signal in the range from T = 7.90 to 8-16 p.p.m. 
which is shifted on protonation to  lower field (7.69 p.p.m.). The protons 
of the N-methyl group absorb around 7.2 p.p.m. For N,N-dimethylacet- 
amidine in chloroform solution this signal was not split in to  a doublet on 
cooling to -40°C indicating still rapid rotation around the C-N bond 13'. 
On protonation the signal is shifted to lower field and split into a doublet 
a t  room temperature. Due to the higher HMO x-bond order of amidinium 
salts ( p  = 0.595) relative to amidines (0.520), in the salts the rotation is 
already restricted a t  room temperature. N,N-Dimethyl-N'-aryl-substituted 
acetamidines 135 show the splitting of N-methyl signals in deuteroacetone 
solution in the temperature range from - 30 to - 60°C. 

B. Geometrical Isomerism of Amidines and Amidinium Cations 

I .  Cis-trans isomerism of amidines 
All structural types of amidines may show cis-trans isomerism with re- 

spect to the C=N double bond. But in no  case was experimental evidence 
obtainable for the simultaneous occurrence of both forms 135. 

R' 

I 
R" 

I 
R" 

(65) Z-form (66) €-form 
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As in the case of a l d i m i n e ~ l ~ ~  in the lH-nm.r .  spectra of N,N-dimethyl- 
N'-arylacetamidines (67) (from 65 o r  66 with R = R" = R'" = CH,; 
R' = aryl) no splitting of the C-methyl group signal in dependence on 
temperature was observed 135, indicating the absence of a temperature- 
dependent isomerization between (65) and (66). Only the freezing of 
rotation around the C-N bond may be seen on  cooling. Whether (65) or 
(66) is the predominant and more stable form depends on  the nature and 
of the steric requirement of the various substituents. The structural 
determination of formamidoxime and azo-bis(N-chlorofor-amidine) 
(see Section 11, A) proves that these compounds exist in the 2-form (63). 
The same structure was suggested for N-aryl trichloroacetamidines122. 
However, dipole moment measurements of N,N-dimethylbenzamidine 
have been interpreted to show the occurrence of the E-form (66) with the 
phenyl ring twistsd out of the plane of the amidine group41. The same con- 
figuration was also assigned 135 to the compounds (47). 

2. Rotational isomerism with respect to the C--N single bond 
The C-N single bond in amidines and amidinium salts has appreciable 

double bond character so that rotation around this bond is restricted. But 
since the energy of activation for this' rotation (i.e. in N,N-dimethyl- 
benzamidine 18.2 kcal /m01~~) is below '23 kcal/mol no  isolation of the 
corresponding isomers is possible 137* 139. 

a. N-AIkyl-substituted ainidines and corresponding salts. N-Ethyl- and 
N-benzyl-trichloroacetamidine show in the infrared spectrum the absorp- 
tion bands of the primary amino group due t o  tautomer (68) and also a 
double absorption for the NH group of tautomer (69) which was attributed 
to  the occurrence of the rotational isomeric forms (69a) and (69b)lz2. 

,NHZ 
CI3C-C 

N-R 
\ 

NH NH 
4 // 

I 

(694 (69b) 

CI&-c c13c-c 
\ \ 

N-H N-R 

R H 
I 

Models show that isomer (69b) is less sterically hindered. 
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TABLE 24. Distribution of cis-trans isomers of N-methylacetamidinium salts 

in solution13e. 

Compound So hen t (70a) ( 7 0 ~  

For N-methylacetamidinium chloride and nitrate the isomer distribu- 
tion between the cis- and trans-forms (70a) and (70b) as determined by 
n.m.r. is given in Table 24. The 2-configuration (70a) 
is favoured very much over the €-isomer (70b), probably as the resu!t of 
steric repulsion between the cis-methyl groups in (70b). 

H H 
I 

N-H 
I 

N-H 
// x" 7 A H3C-C '@ <- ?- X" 

/* 
H3C-C 

y-CH3 N-H 
I 

A 
(70a) Z-isomer 

I 

CH3 
(70b) €-isomer 

b. N,N'- Disubsiiiuied acetamiditiiwn cations. In amidinium salts both 
CN bonds have equal HMO x-bond order, the value (0.595) being inter- 
mediate between that of the C=N double bond (0-789) and that of the 
amide-like single bond (0.520) of amidines. Consequently, on salt forma- 
tion, the barrier of rotation around the C N  bond is raised in amidinium 
cations whereas the activation energy of cis-irans isomerization of ami- 
dines, assuming a rotation mechanism, is lowered making both isomeriza- 
tion processes undistinguishable in the cation. In proton n.m.r. spectra 
of certain N,N'-disubstituted formamidinium trifluoroacetates in tri- 
fluoroacetic acid signals of both the €,€-isomer (71) and E,Z-isomer (72) 
in different ratios are observed 139. 

The signals of the protons Ha to He can be assigned on the basis of line 
shape and coupling constants. (e.g. J I f H b  2 JI1cHe 14c.p.s., J I l d I l c  2 
6 c.P.s.; Ha, H" and Hd are doublets broadened by quadrupole coupling; 
Hb is a triplet and He is a quartet.) Steric interaction between the 2-aryl 
and NH' groups in (72) will force the aryl ring to  orient so that H" lies 
above the aryl-r; system. Accordingly, H" shows an  upfield shift of about 
1 p.p.m. relative to the Ha resonance because of the ring anisotropy. 

Integration of appropriate n.m.r. signals provides a ready measure of 
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(71 ) €,€-isomer (72)  E,Z-isomer 

the equilibrium concentrations of (71) and (72). In the case of R = r-Bu 
the large steric requirements of the t-butyl group force it to take up  the 
E-position in all cases. The N,W-di-r-butylformamidiniuin cation exists 
exclusively in the E,E-form of type (71). 

The equilibrium constants collected in Table 25 show a striking aryl 
substituent effect. In  the case of the synimetrically substituted salts 
( K ) ,  the E,Z-form (72) is favoured by a n  entropy factor which is not 
present in the N-aryl-N'-butyl formamidinium salts (K') .  Nevertheless the 
substituent effect is similar in both series. Electron donating groups as 
well as ortko substituents favouring non-planarity stabilize the non-planar 
E,Z-structure (72). The coplanar E,E-structure (71) is stabilized by elec- 
tron-attracting substituents. These results are contrary to  predictions of 
resonance theory which lead t o  the conclusion that the coplanar form (71) 
should be stabilized by electron-donating substituents as for example 
the para-methoxy group. The possibility of an attractive N-H"-T;-in- 
teraction in the non-planar form (72) is discarded as in the N-2,6-di- 
methylaryl-N'-t-butylformamidiniuni salts the equilibrium is essentially 
independent of substituent effects in the 4-position. It appears likely that the 
E,Z-configuration (72) is stabilized by favourable dipolar  interaction^'^'. 
The equilibrium constants for mefa- and para-substituted N-aryl form- 
amidinium cations are correlated by a Hammett plot which yields p-values 
of -0.75 (r  = 0.917) and  -0-83 (r = 0.989) for the N,N'-diarylform- 
amidinium ( K )  and the N-t-butyl-N'-arylformamidinium cations (KO, 
respectively. 

C. Rotational Barriers 
The substituents on the singly bound nitrogen in amidines and related 

compounds are magnetically nonequivalent. Therefore the measurement 
of temperature dependence of n.m.r. spectra aliows the determination 



TAm 25. Equilibrium constants' for cis-(ram isomerization for N,N'-diar.ylformamidinium (K = - (72) R = aryl) and 

N-aryl-N'-t-butylforman7idiniuin trifluoroacetates 133 (K' = - K = t-B~i) 

(71 1' 
(72) 
(71)' 

Subs t i t ueii t (X) K K' 

€1 
3-Acetyl 
4-AcctyI 
3-Trifluoromethyl 
4-Trifluoro~net hyl 
3-Chloro 
4-Chloro 

1 -00 
0.65 
0.25 
0.65 
0.40 
0.65 
0.85 

0.48 
0.28 
0.09 
0.25 
0.20 
0.38 
0.32 

P 
Substituent (X) K K' 

4- Met hoxy 
2- Methyl 
3- Methyl 
4- R4et hy l 
2,4-Dimetliyl 
2,6-Dirnethyl 
2,4,5-Triinethyl 

1 a90 3: 1 a00 n): 
2.50 2.20 3 -. 

1.40 0.68 3 - 
1.10 0-62 3 

3 *O 2. I 

lasgcb 2.4 
largeh - 

a N.1n.r. spectra of 10 mol-% solute in trifluoroacetic acid were dctermined with a Vnrian A-60 instrunieiit at 38 2"Cfor the diary1 
scries and with a HA-60 instrument for the N-aryl-N'-i-butyl series. Fqulibriiini constants arc estimated to be accuratc to 50.02 units 
for the aryl, t-butyl series and 40.10 units for thc diary1 series. 

No E,E-isomcr (71) could bc detected (K 2 20). 
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of coalescence temperature and activation energy parameters for rotation 
around the C--N single bond. For unsubstituted acetamidinium chloride 
in DMSO the activation energy lies in the range from 9 to  25 kcal/mol 133. 

1. N,N-Dimethyl-substituted amidines 
In compounds of type (73) the activation energy for rotation of the 

dimethylamino group should be related either to the x-bond order as a 
ground state property or to the loss of =-electron energy 4Ex (equation 20) 

2 X = S, 0, NHZ, 8 NR’ (73) 
R-C, 

N(CH3)2 

which is a measure of the energy of the transition state in which the 

AEn = ~ ; r . R C X N I I Z  - ( ~ x , , , , ,  + 2%) (20) 
dimethylamino group is rotated by 90 degrees out of the molecular plane 
allowing no Ti-electron interaction between the two parts of the functional 
group. The HMO properties calculated by Sandstroni 142 are collected in 
Table 26. 

TABLE 26. HMO-Properties of compounds of type (73) 142. 

X 

AE-l 
(in p units-see equation 

P C N  20) 

S 0.455 0.636 

i%H2 0.484 0.632 
0 0.422 0.532 
NR 0.363 0.449 

The difference in T;-electron energy predicts for the height of the ro- 

tational barrier the sequence S > NH2 > 0 > N R  for compounds of 
type (73). The experimental results summarized in Table 27 confirm the 
predicted sequence. The calculated HMO sc-bond order is lower for the 
thioamide than for the amidinium group in contrast to experimental 
findings, so that this ground state property is not so well suited for com- 
parison with experimental activation energies. But both properties as 
well as the experimental data show that the rotational barrier is higher in 
amidinium cations than in amidines. 

o 



TABLE 27. Activation parameters" for rotation around CN-bonds with partial double bond character 

Compound R= Solvent TC Eil log A bGt AHt AS Ref. 
("C) (kcal/mol) (kcal/mol) (kcal/mol) (e.u.) 

S H neat 27.9 13.6 27-3 
R-C, / CD3 DMSO-de 25.9 k 0.9 14.6 _+ 0.5 23.4 25.3 k 0.9 +6-3 2.1 

'N(cH:,)~ 

0 H neat 119 20-5 +- 0.2 12.7 21.0 19.9 4 0.2 -1.7 
CD3 DMSO-de 20.3 5 0.3 14.1 k 0.2 18.5 19.7 ,C 0.3 t4.1 0.8 // 

K-C \ 
N(CHda 

17.6 

/- N H2 CH3, 
R-C<( X" X = C1 Formarnide 19.6 -t 1.0 12.7 Ic_ 0.5 19.0 

N(CH& CD39 
x = c1 DMSO-dfj 22.8 L- 0.7 13.5 k 0.4 21.8 22.2 i- 0.7 +1*4 5 1.9 
CD3, 
X = NO3 DMSO-rl, 21.3 0.3 12.7 f 0.2 21.5 20.7 & 0.3 -2.6 _+ 0.7 

140 
138 

141 
138 0 

132 

138 

138 

AH* - T, = coalesccnce temperature. T 
Ea + log A; AG' = -2.303 HTlog log k, = -- 2303RT ; A114 = I?=- RT; AP = 

[kTl 
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2. frisubstituted amidines 
The free energies of activation for rotation around the C-N single 

bond in trisubstituted amidines collected in Table 28 lie in the range from 
11 to 16 kcal/mol. N'-r-Butyl-N,N-dimethyl formamidine has a lower value 
than the corresponding N'-aryl-derivatives in which the free energy of 
activation is raised by electron attracting s u b s t i t u e n t ~ ~ ~ ~ .  The same sub- 
stituent effect is observed with N'-aryl-substituted benzamid ine~ l~~  
showing the dependence on the increase in x-bond order as indicated by 
the mesomeric forms (74a) to (74c). 

0 
t)' 

++ R-C ?/ 

/ 

/ a-(1T)=y :. R-C /- ygp::e ,O, t+ R-C // 
\@ \- \ @  

N-R' N-R' N-R' 
I 
R' 

I I 
R' R' 

(74a) (74b) (74c) 

The activation parameters for N'-p-nitrophenyl-N,N-dimethyl form- 
amidine are quite different in chloroform and benzene solution. The 
relatively large enthalpy as well as the large positive entropy of activation 
in benzene solution indicate that the solvent may stabilize the ground state 
by some specific interaction (possibly with the nitro group) which is relaxed 
in the transition state130*131. 

In trisubstituted benzamidinium cations 143 the free energy of activation 
for rotation is raised to 20.4 kcal/mol, as against 12-13 kcal/mol in the 
corresponding amidines. A possible example of the existence of stable 
rotational isomers was reported by R a i s ~ n ~ ~ ~ ,  who found that N,N,N'- 
trimethyl-N'-phenylbenzamidinium iodide could be obtained in two states 
with distinct melting points. But as the n.m.r. spectra of both forms are 
identical, this must be a case of crystalline m o d i f i c a t i o n ~ ~ ~ ~ .  The barrier of 
rotation about the C-N(CH3)2 bond is 14.2 kcal/mol which is raised with 
carboxylic acids as solvent, probably as a result of differences in associa- 
tion or  solvation. 

D. Heteronuclear Magnetic Resonance 

1. Carbon-I3 nuclear magnetic resonance spectra 
The 13C-n.m.r. spectra collected in Table 29 show that the central 

carbon atom in amidinium cations resonates at higher field than in the 
corresponding amides or carboxylic acids. Connected carbon atoms are 
also shifted in the same direction, In benzamidine the central carhnn a-tom 



TABLE 28. Activation parameters for rotation around CN bonds in trisubstituted amidines 

Compound R Solvent T, E, log A AG' AH+ AS* Ref. 
("C) (kcal/mol) (kcal/mol) (kcal/mol) (e.u.) 

~ ~ ~~ 

R t-Bu Toluene-& 13.020.7 13.6 11*9f0*6 12.420.7 1.622'8 129 
I t-Bu Pyridine-d5 - 48 I 1 *O f 0.7 12.5 12.4 k 0.8 10.8 f 0.7 - 5.4 & 2.7 129 

N 4-Nitro - 
phenyl CHCI3 10.9 15.9f0.3 10*3+0.7 -20f3 131 

z 4-Nitro - 0): 
phenyl Benzene 22.8 15.220.6 22.221.0 f2123 131 2 

N(CH312 4-Tolyl CHCI, 12.7 14.1 20.2 12.1 f0.3 -82 1 131 5' 
4-Tolyl Benzene 13.2 13.9f0.2 12.6k1.3 -423 131 2 

// 

\ 
H-C 

4-Methoxy- 
phenyl Acetone-de - 60 

4-Tolyl Acetone-& - 55 
4-Phenyl Acetone-& - 53 
4-Chloro- 

phenyl Acetone-d, - 45 
4-Acetyl- 
phenyl Acetone-dG -41 

4-Nitro- 
phenyl Acetone-& - 33 

11.3 
11.6 
1 1 a65 

12.1 

12.4 

12.8 

135 
135 
135 

135 

135 

135 



TABLE 28 (continued) 

R Benzyl CHZCIZ 

N 
Benzyl, 
Hydro- 
chloride PhN02 

Phenyl CHZCl2 
Phenyl, 

I 

// 

\ 
CGHS-C 

Hydro- 
chloride PhNOz 

N(CH3)2 

Benzoyl PhCl 
Benzene- 
sulphonyl PhCl 

Diphenoxy- 
phosphoryl PhCl 

R 

N I 
// 

\ 
C6H5-C 

N(i-Pr)a 

Phenyl CDCI, 
4-Nitro- CDCI, 
phenyl 

- 40 

130 
- 16 

135 20.8 
8 15.2 

70 16.4 

83 17.6 

- 13.9 
10.1 

12.0 143 

20.4 
13.0 

143 y 
143 > 

13 20.4 20.0 143 
45 

45 

45 

s 

nl 
3 
a 

E: 12.6 12.6 3- 0.8 c.0 144 Et: 
13.9 13.33- 1.0 c.0 144 

.. 
6 



TABLE 28 (continued) 

Compound R Solvent Tc E, log A AG' AH* ASt Ref. 
("C) (kcal/mol) (kcal/mol) (kcal/mol) (e.u.) 

or '0 

Phenyl, 

Phenyl, 
X = H CDCI, 

X = OCH3 CDCI, 

4-Nitro - 
phew], 

phenyl, 

X = H CDC13 
4-Methoxy - 

X = H CDCI, 

X=J CHzClz 
X=J C F3 COOI-I 8 
X=J HCOOH 
X = BF4 CHzC12 

-21.9 

- 30.4 

- 4.8 

- 17.0 

I 
63 
54 
31 

12.1 

11.7 

13.1 

12.3 

14.2 
17.8 
17.5 
15.6 

n 
z 11f2 144 5' 
4 

12.3f 1.2 c.0 144 

09 8.9 ? 0.6 

17.7 f 1.7 17f6 144 

16.2f 1.2 15f5 144 

143 
143 
143 
143 



TABLE 29. '3C-Nuclear magnetic resonance spectra of amidines and related compounds 
~ - -- ~-~ ~~ 

Chemical shift4 rclativc to TMS (p.p.m.) 

C' C2 Cortho Cmeta Cwra 

Reference Compound Solvent 
--- 

I 
HCOOH 

M L-0 0 eN Fq 
1 

1 

21 

21 

21 

21 

HCOKH, 

HC(N 112)z@Cle 

H3C--COOH 

H3C-COOeNHY 

H3C--COl\jHZ 

HoC -C(N H&@Cle 

166.3 

171.4 

167.6 

157.3 

177.2 

181.7 

178.1 

168.5 

174.9 

166-2 

164.6 

21.1 

24.0 

22.3 

18.6 

146 

146 

147 

84" 

I46 

146 

147 

84" 

130.6 130.0 128.5 133.6 148 

127.1 128.4 127.5 134.4 84a 

126.9 128.5 124.3 140.4 84" 

~ ._ ~__ 

a Thc I3C-n.ni.r. spectra have becn obtained by a Britker HFX 90 spectrometer operating at 22.62 MNz. The accumulation of spectral 
was performed with the time-average instrument of the Fabri-Tek Company and the Fourier-transformation with a PDP 8-1 computer 
of thc Digital Company. As internal standard and lock signal TMS was used in CDCL solution and 1,4-dioxane in DaO solution. The 
temperature of the measurements was 27°C. 
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FIGURE 7. 13C-n.m.r. spectrum of benzamidine hydrochloride in D,OB+. 

absorbs at  higher field than in the benzamidinium cation, the spectrum of 
which is shown in Figure 7. The assignments of the peaks are given in Table 
29. There is an  uncertainty regarding the assignment of the absorption 
of the single C-atoms C2 and CP"'" which might be reversed. The assign- 
ment chosen gives agreement with that of benzoic acid 148. 

2. 15N-H Coupling constants. 
The isotope 15N has no nuclear quadrupole moment and a nuclear 

spin of 1/2 which leads to spin-spin coupling with adjacent hydrogen 
atoms. The l"N-C--H coupling through a sp3-hybridized carbon atom 
is small (only 0.6 C.P.S. in [15N]benzalmethylamine149) but the 15N=C-H 
coupling through a sp2-hybridized carbon atom is larger. In N,N-dimethyl- 
15N'-phenylformaniidine 150 (75) the coupling constant is 2.4 c.P.s., 
whereas in [l5N]benzaIaniline1~" the corresponding coupling constant is 
3.8 & 0.1 C.P.S. Large 15N-C-H coupling constants around 8.4c.p.s. 
have been observed in 15N, 15N-dimethyl-N-arylformamidines (76). 
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J ~ ~ N = c - H ~  = 2 . 4  0 .1  CPS 

J I ~ N - c H , ~  = 0 
Hu-C / "* 

\ 
N-CH, 
I 

CH38 

(75 )  

Substitution by the electron-donating p-methoxy group (76b) does not 
affect the magnitude of the 15N-C-H coupling constant, but the elec- 
tron attracting p-nitro group (76c) leads to a decrease of the doupling 
constant. The comparison of JlBNCH in f0rrnamides~"-~"(15-19 C.P.S. 
with that of formamidines (7.5-8.4 c.P.s.) indicates that the magnitude of 
15N spin coupling with a neighbouring proton on a sp2 hybridized cc- 
carbon atom varies directly with the electronegativity of the atom linked 
to carbon through a double bond I 5 O .  

VII. MASS SPECTRA 

The mass spectrum of N,N-dimethyl-N'-phenyl formamidine 154.165 

presented in Figure 8 shows an intense molecular ion M +  peak and also a 
significant [M-l]+ peak. Deuterium labelling demonstrated that one of 
the ortho hydrogen atoms of the phenyl group is lost. The fragmentation 

(Scheme 1) explains this fact by the formation of benzimidazo- 
lium ions (77). 

Both the [M-HI + and the [M-CH,] + ion may lose an HCN molecule 
forming ions of mass 120 and 106, respectively. 15N-labelling 
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100, 

M.148 70 eV 

147 

77 

104 
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90 

m/e - 
FIGURE 8. Mass spectrum of N,N-dimethyl-N'-phenyl formamidine lS5. 
(From Griitzmacher and Kuschel, Org. Muss Specroinetry, 3, 605 (1970), with 

permission .) 

that exclusively the N-atom of the amino group is removed from the 
[M-HI+ ion. This is understandable since in this ion an H C N  molecule 
is already preformed. In  the [M-CH,]+ ion, whose structure is not known 
precisely, either the nitrogen of the imino group or the nitrogen of the 
amino group may be eliminated. This was explained by a migration of 
the methyl group in the [M-CH,]+ ion before the loss of HCNlS4. 
However deuterium labelling shows that a part of the ions with in/e = 106 
are formed not only by elimination of HCN from the [M-CH,]' ion 
but also by elimination of CH,CN from the [M-H]+ ion (78) which is 
formed by methyl group migration 155. 

T h e  mechanism of  the cyclization reaction leading to the [M-HI+ 
ion was further investigated by a s:udy of the effect of substituents at the 
phenyl group on  the appearance potential and the intensity of the [M-HI+ 
ion as well as on  the ionization potential of the molecular ions. 

The  intensity of the [M-HI+ ions is reduced by p-hydroxy and p -  
methoxy substituents and to a lesser extent by p-methyl and p-chloro 
groups. An increase in intensity is only observed with iu-carbomethoxy, 
n7-acetyl and in-chloro substituents whereas other substituents show only a 
slight change in intensity. The appearance potential is only slightly affected 
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x-complex (79) 

0 -complex (80) I-.. 

[M-H]+ (77) 
SCHEME 2. Cyclization to producc [M-HI+ ions in the mass spectrum of 
N,N-dimethyl-N'-phenylformamidine. (From Griitzmacher and Kuschel. 

Org. Muss Spectrometry, 3, 605 (1970), with permission.) 

by different substituents. This substituent efl-ect is explained by the pro- 
posed cyclization mechanism as depicted in Scheme 2. The cyclization 
starts with the formation of a x-complex (79) which presumes the presence 
of a positive charge centred at the amino nitrogen. However, electron 
donating substituents in the para position favour electron distributions 
with the positive charge centred in the aromatic part of the molecule as 
indicated by the resonance forms (Slb) and (SIC). Therefore these sub- 
stituents restrict the formation of the Tc-complex and lead to a reduction of 
the intensity of the [M-HI + ion. 

In the second step a o-complex (SO) is formed which is similar to the 
c-complex of electrophilic aromatic substitution but in this case the positive 
charge remains outside the aromatic ring, so that the appearance poten- 
tials are only slightly changed by different substituents. The hydrogen is 



1. Aspects of amidines and imidic acid derivatives 79 

(81 c) 

lost from (78) by homolytic bond scission which is also not very much 
influenced by polar substituent effects. 

The increase in intensity of the [M-HI' ion with m-carbomethoxy, 
m-acetyl and nz-chloro substituents is due to the ability of these groups to 
accept the radical electron in the mesomeric form (80b) which may lead 
to easy abstraction of the hydrogen atom to yield (82). 

\CH - g> CH A 

N(CH3)2 

[MI'+ - q:/ 
N(CH3)Z 

C C 
R/ \o\ \ R' :O; 

(Boa) (80b) 

- H' [M-ti] + 

c .  
R' 'OH 
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Note added in proof (See page  11) 
determined the E : Z  

ratio of four noncyclic imidates (21c-21f) in carbontetrachloride and 
deuteromethanol solution using the spin-spin coupling constants between 
C- and N-methylprotons a n d  lanthanide shift reagents in lH-n.ni.r. 
spectra. 

The  results, summarized in  Table 30, show clearly the predominance of' 
€-forms (22a or 22c) in bo th  solvents indicating that  the conclusions of 
Moriarty and coworkers51 a r e  incorrect. Additional measurenient of the  
dipole moment of niethyl-A'-niethylacetiniidate (21c) in CCI, a t  20°C 
yielded 1.14 If: 0.08 D which is i n  good agreement with a calculated value 
o f  1.04 D for the dipole moment  of the E, traits-form (22a) for compound 
(21c) and with the general rule stated by Exner and Schindler". 

In a recent publication Walter and coworkcrs 

TABLE 30. N.m.r. spectroscopic determination of the percentage of 
E-diastereomers of iniidatcs (22a or 230) 

in CCI, in  CD30D 

( 2 1 ~ ) :  R' = R2 = R3 = CH, I00 95 
(21d): R1 = R3 = CH3; R" = C2H5 100 95 
( 2 1 ~ ) :  R' = R2 = CH3; R3 = COH, 69 56 
(21f): R' = /-Bu; R2 = R3 = CH3 87 71 
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1. INTRODUCTION 

Imidic acids (la) are the tautomeric forms of carboxamides (lb). Although 
the free acids are not known (discussed later), their esters, i.e. the alkyl 
and aryl imidates (2); their amides, the amidincs (3a and 3b); their halides, 
better known as imidoyl halides (4); their hydrazides, the amidrazones 
(5a and So); and their hydroxyamides, the amidoximes (6a and 6b) and 
the N,N-bis-imidoacylamines, the imidines (7) are well known and  shall 
be treated in this book according to their relalive importance. 

OH 0 
/ // 

\ ,!-OH -. 
R-C L R-C 

\NH -. NH2 

(1 a) (1 b) (1 c )  

//N-R2 
NHR2 

/ 
OR2 

/ 
R1-C R‘-C R1-C 

\ 
\N H \NH -. NH2 
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We prefer using Barton’s’ definition for structure as a summary of our 
knowledge on constitution, configuration and conformation. The consti- 
tution, i.e. t h e  sequence of how atoms are linked together, is rather un-  
ambiguous in the field of imidates. For example, methyl acetimidate formed 
from acetonitrile upon the acid-catalysed addition of methanol, could 
hardly be other than 2 (R‘ = R3 = CH,), the way leading to it being 
indicativc. A more delicate question was the kind and nature of bonds, 
C-N single vs C=N double bond in some imidic acid derivatives being 
the most debated. That is why we are limiting main heading I1 to  the 
discussion of tautomeric equilibria in some of the classes where such 
a phenomenon is possible: (la) + (lb) and (lc) + (Id), (3a) + (3b), 
(5a) + (5b), (6a) + (6b), (7a) (7b) + (7c), etc., while a soniewhat different 
sort of tautomerization appears in iniidoyl halides and the irnidates. 

II. CONSTITUTION: TAUTOMERISM OF IMlDlC 
ACID DERIVATIVES 

A. lmidic Acids 
The question as to whether amides exist as amides (lb) or as imidols 

(la),  lactinis (lc) or lactams (Id) was on the wrong track for decades, 
mostly due to three factors: (a) the way in which U.V. spectroscopy was 
applied in a formal way in analogies, (b) conclusions drawn from relative 
yields of products derived from chemical reactions of individual tautomers, 
and (c) lack of modern methods. This problem has been adequately dealt 
with in this series2* and in Wheland’s monograph I. Without questioning 
Hantzsch’s5 and Raniart-Lucas’6 basic contributions to amide-imidol 
and lactam-lactim tautomerisms by U.V. studies, Grob and Fischer7 made 
i t  clear that the amide (and lactam) forms prevail over the imidic forms 
l c  and Id. Steric inhibition of resonance in a number of simple aroyl 
amides (8) causes spectral changes that were previously interpreted 5* 
as evidence in favour of the imidic acid form. 

Ph\ / CH3 

o/c-N\CH, 

(8 )  

B. Alkyl and Aryl lmidotes 
Alkyl and aryl imidates, known since Pinner*, d o  not exhibit a similar 

tautomerism. Their 0 -> N rearrangement, discovered by Chapman, shall 
be dealt with in McCarty’s chapterg in this volume. However, there are 
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a few caseslO*ll where with an  a-cyano group, enamine-like ketene- 
aminohemiacetal tautomers (9 + 10) have been detected by i.r. and 
p.m.r. spectroscopy, in solvents like DMSO. The amount of the enamine 
tautomer varies with solvent and  temperature in systems 11 +' 12. 

L 
H-C-C R CN I ' dNH 'OR . N C  ' c=c ,NH2 'OR R = m J  1 

H H  
(1 0 )  (1 5%) 

\,\\" 

(9) (85%) 

C02CH3 

OEt ,OEt 
NC-C=C I /  -A 

I "-Ph \N-Ph 
NC-C-C 

I H 

C. Amidines 
The tautomerism of amidines has been most extensively studied, there- 

fore we shall discuss it in detail. Amidines of general structure 13 can be 
divided into five classes-unsubstituted, monosubstituted, symmetrical, 
or unsymmetrical disubstituted, and trisubstituted amidines-depending 
on which or  all of the R1 through R4 groups are H ,  alkyl or aryl, or 

(1 3) 

cycloalkyl. The cons~irictions of all types of amidines are unequivocally 
determined by one of the major synthetic routes: (1) ammonolysis or 
aminolysis of imidic esters; (2) addition of ammonia or of (primary or 
secondary) amines onto nitrilcs, and ( 3 )  conversion of aniidcs into K- 

chloroimidates and subsequent ammonolysis or aminolysis. All these 
methods are dealt with in chapters of this volume, see also reference books 
Houben-Weyl", Rodd, and a review by Rogers and Neilson13. No ap- 
preciable amount of work has been done by X-ray crystallography, the only 
case reported1" being the N,N'-bis(4-ethoxyphenyl)acetamidinium ion 
which showed protonation at the iniino nitrogen. 

The reaching of a tautonieric equilibrium is cither acid- or base-catalysed. 
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As it has been known since Pymac's early work15*16 two tautomeric 
amidines are interconverted either directly or by protonation and sub- 
sequent deprotonation. For example, 14 and 15 are in a tautomeric 
e q u i l i b r i ~ m l ~ . ~ ~ .  The conjugate acid 16 and base 17 are stabilized by 
resonance. 

H N RZ-y-C-R' 
+:I 

(1 6 )  

HN-R3 

+PI - - H +  

H 

+H+ \ +  

The rate constant for tautomerisni KT results from the equilibrium 
constants K, - K4 for protonation and deprotonation, i.e. from the acidity 
constants. 

Consequently, KT depends on the relative acidities and basicities of 
tautomers 14 and 15. Since (free) enthalpy of protonation and deprotona- 
tion, 

AG = R T l n  K, 

the tautomer which has the lower energy will prevail in the equilibrium 
and if the acidity constants K, were known, the concentration of the same 
could be calculated. However, KT is strongly solvent dependent since 
equations for K,  through K ,  contain activities and iiot concentrations. 

Relative acidities and basicitieslg of tautomers 14 and 15 (also of 18 and 
19) depend o n  relative electronegativities of substituents R2 and R3 since 
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they give upon protonation the same resonance-stabilized cations and  
upon deprotonation (except for N,N’-trisubstituted amidines) the same 
anions are formed. 

+ + 
I 4H2cH2NH3 . . N,\ dcH2cH2NH3 ,NH 

C 

H 

H N y N  

I I 
H 

(1 8 )  (7 9) 

Trisubstituted amidines do not have any possibility for tautomerization, 
and only contributions by dipolar resonance hybrids can be detected by 
n.m.r. measurements which would reveal restricted rotation around the 
C-N bond. This is particularly so in the protonated N,N-disubstit-dted 
amidinium ion where one can predict that 20 rather than 21 would be the 
more stable cation. N.m.r. data would indicate lower field chemical shifts 

R’ 
/ 

NH2-C 
II 

R’ 
+ /  

H2N=C 
I 
N x -  

/ \  
+r;j X -  

(20)  (21 1 
R2/ ‘R3 R2 R ’  

in 20 for protons in R2 and R3 than in 21. 1.r. and n.m.r. spectra would 
clarify whether an N +H, or a basic NH, group is present. Other aniidines 
present different situations, in consequence of the character of the R 
groups. 

No general statements are warranted as to the KT unless all constitu- 
tional factors were considered. For  example, 2-aminopyridines by  analogy 
with aminoarenes, were often regarded as being prevalently in the 
‘aromatic’ form as against the ‘semiquinonoid’ tautomer, a-pyridoneimide. 
Both can be regarded as N-substituted amidines. Inductive and mesomeric 
effects of the N-substituents shall determine the position of the equilibrium, 
via the relative basicity these factors lend to the two nitrogens. Substituent 
R1 on carbon seems to have little i f  any effect”. For example, in benz- 
aniidines 22 and 23 (R1 = CsH3) the phenyl ring is forced out of the 
anlidine plane, therefore, it has no mesomeric effect2I. Thus groups R2 
and R3 determine relative basicities of the nitrogen, and hence also k,. 

The effect of groups R2 and R3 can be parallel or competitive. Taking 
hydrogen as R3 one may more easily determine the effect of the character 
of R2 upon the equilibrium between ‘amino’ 22 and ‘imino’ 23 forms. 
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d -  a +  
RZ-N=C-Rl RZ-N--C-R ' 

(22a. 23a : R3 = H) 
(22b, 23b: R3 = OH) 

- H ' S A  
6- \ 

R3 

(d 
H' 'R3 

(22) (23) 

The acidic center is always the single-bonded amino-N, that bears in all 
(but trisubstituted) amidines one hydrogen atom and has no 6 +  charge. 
The basic center is therefore the double-bonded imine nitrogen with a 
partial negative charge. Increase in electronic density by substitution of 
the amino-nitrogen shall hence diminish the acidity of one tautomeric 
form while decrease leads to  stronger acidity. On the other hand, basicity 
of one tautomeric form shall be increased upon substitution causing an  
increase in electron density at the imine nitrogen, and shall decrease upon 
decrease of electron density. A R2-substituent having a - I  effect which 
diminishes the electron density on nitrogen should give preponderance 
to the 'amino-tautomer' 22. Accordingly, amidoximes", (R3 = OH) 
exist in the hydroxylamine tautonieric from 22b. A group R2 with a + M  
effect that should have an opposite effect will not influence the equilibrium 
since the amidine system is unable to take up more electrons. The + I  
effect of the R2 group should then give preference to  the imide form 23 
and this is indeed the case in most N-alkylamidinesZ2, while recent dipole 
moment studies have also shown that N-~henylamidines prevail in thc 
amino form 22. Tn the latter case there is, however, the resonance between 
N-phenyl and  the N-C bond as an additional factor. 

D. N-Trisubstituted Arnidinium Salts 
N-Trisubstituted amidines do not display tautomerism. However, once 

protonated the location and shift of that proton may be significant and 
can be proven. The hydrobromide of compound 25, prepared from N- 
benzoylpiperidine i:iu the bronioiminium 23 bromide 24 and 3-chloroaniline 
could exist in either form 25a. 25b. or 25c. It  actually proved to  be a uniform 
compoundz4. The equilibrium between 25b and 25c was expected to be 
shifted towards 25b in view of the much weaker basicity of the aryl-sub- 
stituted amine nitrogen. For the same reason one would not expect the 

-NH-lone electrons in 25a to be involved in resonance with the N +=C 

double bond as indicated by  dotted arrows in 25a. Rather, based on pre- 
vious studies one might have expected 25b to  be more resonance-stabilized 
than 25a. 1.r. studies revealed neither =N + H (nor -N H )  absorption 

\ 
/ 
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0 II 
C B  
/ \  

Br Ph 
r 

m-H2NCsH.Cl 
____t 

. -  

i,) 
I 
c \; 

Ph 
H 

bands in the 1350-2750 cm-’ region while significant -NH absorption 
was found2‘ at 3350 cm-l  which is only compatible with 25a. 

The NH resonance appeared at 6 12-27 (HN += usually appears around 
14.0) while in the N-phenyl derivative i t  is a t  6 10.20. The strong de- 
shielding of H,,, and H(s, methylene protons (6 4.35 and 3-40) is due to an 
adjacent quaternary nitrogen, i n  addition to  being deshielded by a cis- 
placed amino group at H(2, and deshielded on H(6, by a cis-phenyl group. 
All this fits with 25a as the preponderant tautorner. 

A series of iminium-type aniidinium bromides with methyl group(s) 
a t  C,,, and/or C,,,, different N’-aryl and N’-alkyl groups, showed very 
similar spectral characteristics consistent with structure 25a. 

E. Arylsulfonylamidines 
Several attempts havc been made to isolate the tautonieric forms of 

a ry 1 s u I fo n y 1 am id in es. The c 1 aim t h c p h cn y 1 s u 1 fo n y la m id in es 
26a,b,c (x-forms) and their iniide tautomers 27a,b,c (?-forms) werc isolated 
and the a-form converted into p- was latcr First, U.V. 
spectra were taken and the constitution assignments suggested to be re- 
versedz6. Lately, it was that the products described earlier were 
not pure and the separation led to 26c (or 27c) and 4-acetamidobenzene- 
sulfonamide, a by-product i n  the synthesis of the sulfonylarnidine 26. 

that 
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Furthermore, N-(3-chlorophenylsuIfonyl)-acetamidine (28) and N-(3- 
clilorophenylsulfonyl)-[N'-'5N]acetaniidine were prepared to ascertain 
the N-atoms involved in the C-N bond. 

(26) (27)  

X = (a) NOz,(b) NH,, (c) NHAc 

Compound 26 gave an i.r.-spectrum with a vmaS 1650cm-1 which 
disappeared on deuteration. This band was assigned to the amino-internal 
deformation mode since other bands (C-C, C-N) were not affected by 
deuteration and the deformation mode of imides is very weak. This 
supported the 'amino form' 26, (analogoils to 22). The 15N-derivative 
was prepared with I5N at the terminal position. Thus the quadrupole 
associated with 14N was eliminated, also l4NN--H coupling was produced 
which enabled distinction of the amino and imino forms. The IH spectrum 
of the imino form should show only one of the broad resonances split 
intc, a doublet while both signals should show coupling in the amino form. 
Indeed, both protons are coupled in the 15N-derivative to the I'N atom 
(--I = l/2), giving rise to doublets JN--H z 93 Hz; each doublet being 
further split by geminal coupling JNa z 2.4 Hz. This suggests that 26 is 
an  equilibrium mixture of the two geometrical isomers of the amino 
form with some imine, but the predominant tautonier is best representedz7 
as a resonance hybrid of 28a and 2%. 

F. Amidrazones 
Aniidrazones are expected to  show an effect opposite t o  amidines, i.e. 

preference of tautomer 30 since the amino nitrogen (which stand here for 
Rz  in our general formulae 22 + 23) has a degree of hybridization with a 
smaller s-contribution than an sp3 carbon. Meanwhile, both nitrogen atoms 
in the aniidine system have sp2-hybrid orbitals and are therefore more 
electronegative than Rz. 
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For N-thioacyl, N-sulfonyl, and for heterocyclic derivatives of arnidines 
we shall refer to Schwenker’s review articleL7. 

H 2 N-N=C-R ’ HZN-NH-C-R’ 
I I1 
N 

H’ ‘R3 
N, 

R3 

G. N -Halogenoamidines 
N-Halogenoamidines (31a + 31b) (and guanidines) were spectroscopi- 

cally (n.m.r.) studiedz8 in view of the difficulty of analysing N H  signals 

CH,-N-C-Ph CH,-N=C-Ph 
I 

(31 a) (31 b) 

because of quadrupole coupling association and exchange effects in the 
amidines proper. Usually there were no NH-CH couplings observed 
whi!e in the N-halogeno derivatives this could be done. Since 31 is a weak 
base the exchange rate is low. 

The N-methyl signal appeared at  6 2-82 (in CDC13) and 2.68 (DMSO- 
d6) as a doublet ( J  5.0 and 5.5, respectively) in the N-chloroamidine and 
at 6 2.85 in the bronioamidine which proves that 31a was the predominant 
tautomer, in contrast with a m i d o x i m e ~ l ~ .  

N H-X 
I I1 
H N-X 

X = CI, Br 

H. lmidoyl Halides 
N-[4-Nitrobenzyl]benzimidoyl chloride (32) and 4-nitro-N-benzyl- 

benzimidoyl chloride (38) give29 a 92:s equilibrium mixture in the 
presence of triethylamine in benzene. 1.r. spectroscopy was used for analy- 
sis upon hydrolysis of 32 and 38 to  the amides. 

~ ~ 6 ~ 4 ~ ~ 2 - p  

AC, N - - C H ~ - - C ~ H ~ N O Z - ~  
Ph-CH2-N // Ph-C 

\ 
CI 

(32) (38) 

Isomeric or-chloroazomethines 34 and 35 were assumed as intermediates 
for this base-catalysed tautomerization and the following complete scheme 
was suggested. 

In view of the easy d i ~ s o c i a t i o n ~ ~  of imidoyl halides into nitrilium salts it 
seems likely that loss of halogen precedes the loss of proton leading to the 
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H - 
/ 

\ 

+ H +  
32 7 ,=’ - PhCH-N=C 

\ --Hf 
Ar I 

CI CIA Ar 
+ H +  

H 
I - CI Ph 

\-/ ~ - - H +  \ 
Ph 

-H+ + 
38 C-==N-C -+ C=N-C-Ar F==I2 Ph-C=N=C-Ar 

H/ - H +  

(37) 

I 
H’ CI 

\Ar +ti+ I 
H 

I 
H 

CI - 
(35) 

Ar = 4-nitrophenyl 

diarylidene ammonium salt 35. Therefore, 34 and 36 are not inter- 
mediates but rather the nitrilium ions 39 and 40. Intermediate 35 could be 
detected by 2,4-DNPH which gave equal amounts of the benzaldehyde 
and 4-nitrobenzaldehyde dinitrophenylhydrazones. There was no 
tautomerization observed in the absence of triethylamine, which is a n  
indication that somewhere, either at 32 and 38 or at 39 and 40 deprotona- 
tion had to occur. Therefore, 33,34,36, and 37 are not necessarily involved 
in the process (see scheme below). 

H -cI- + + /  

\ +a- . Ph-C=N=C 
Ph\ 

CI/ 
C=N-CH2Ar I Ph-C=N-CH,-Ar ~ 

H/ Ar 

+a- + 
Ph C H ,-N=C-Ar .L Ph-C H 2- N SC-Ar  

I - CI - 
61 

(38) 

Tn the absence of triethylamine, amidrazones were obtained with 2,4- 
DNPH, no appreciable degree of tautomerization occurred. The only 
argument in favour of the cc-chloroazomethines was that the equilibrium 
mixture from 32 gave, upon neutralization of the base and treatment with 
2,4-DNPH, 9.5”/;; and 7.6% of the two arylhydrazones, similarly to imidoyl 
chloride 38 (9.7 and 7.7%, respectively). This, however, points as the 
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authors also admit, either to  the iminium ion 35 or to the a-chloro- 
azomethines-of which we prefer the first alternative. 
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111. CONFIGURATION OF IMlDlC ACID DERIVATIVES 

A. Arnidines 
The first valid proof for geometrical isomerism in amidines was pro- 

duced quite recently. The condensation of methyl benzothiazole-2- 
iminocarboxylate 30 with a-aminoacetic esters gave two amidines 41 and 
42 in which the ‘amino tautomer’ was stabilized by hydrogen bonding to  

CHR-COOR’ 
I 

(41) (anti) (42a) (svn) 

R = H, CH2CH(CH3)2, CH2Ph 
R ’  = H, CZH,, (CH3)ZC 

a heterocyclic nitrogen. Therefore, no significant amount of the corre- 
sponding ‘imino’ tautoiners were present to complicate the picture. 

However, there was another enol-keto tautomerisni that overlapped in 
the enolate-ammonium zwitterion 42b in neutral medium. At room 

temperature the anzi-isomer 41 prevailed while in boiling methanol the 
syn-enols 42b were exclusively formed. The latter are easily cyclized to 
imidazolones 43, while the free carboxylate-enols (42b, R1 = H) are not. 
Another important feature is that 41 (R1 = alkyl) is optically active while 
42b is inactive. 1.r. spectra of the amino tautomers 41 and 42 were expected 

to show v,, ( C=N-) close to 1640 c m - l ;  6 (NH,) 1510-1520 cm-I;  
\ 
/ 
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vaS WZN) and vs (NHJ at  2400 and 3300 cm-l ,  respectively. In  the enolized 
syn NH2 enols there are two bands, around 2740 and 2580 cm-l,  charac- 
teristic of v ~ + ~ ~ .  Tn the anti -NH, isomers, on the contrary, the vc.o is 
around 1730 cm-I and vs (NH,) and v,, (NH,) a t  3260 and 3390 cm-l.  

The n.m.r. spectra of the anti (NH,) amidines (R = alkyl o r  benzyl) 
show the methine proton u- to  the carboxyl group, as expected around 
S 4.00-5.00, while in the syn NH2 enols (42b) this was absent and five 
exchangeable protons were indicated (for N’H, and two OH’S) in the 
carboxyl and four such protons in the S 5.00 region for the ester. 

All these facts together with an extensive U.V. spectrai study proved that 
syn-anti geometrical isomers of an amidine were indeed isolated30. 

A more recent studyz4 refers to geometrical isomerism of a trisubstituted 
amidinium salt 45. A similar case has already been discussed from the 
point of view of tautomerism: N,N-pentamethylene-N’-chlorophenyl- 
benzamidinium bromide (25). Compound 45 is the wmethyl derivative 
of 25 which was made from I-benzoyl-2-methylpiperidine uia the ben- 
ziminiumZ3 bromide 44. The tribromides of 44, formed as the mixture of 

geometrical isomers around the C=N bond, were separated by 

fractional crystallization. The major product was then reduced with ethy- 
lene (or cyclohexene) to  Ihe nionobromide. Configurational assignment 
was made based upon strong deshielding by bromine of the 2-methyl in 
one isomer and shielding by a neighbouring phenyl group in the other. 
The major product proved to be the syn (Br/CH,) isomer of 44. Upon the 
action of 3-chloroaniline a stereoisomeric mixture of 45-hydrobromides 
has formed, probably via a n  addition-elimination process, the transition 

state of which allowed free rotation around the C=N- bond. Although 

three tautomeric forms, analogous to 25a, 25b, and 25c were possible, 
only ajiti-NH/CH, 45 and its syn-isomer in a 68: 32 ration were detected 
by 250 MHz n.m.r. spectroscopy. The approach to the prevalent tautomeric 
form was similar to that of 25 except that in 45 two very similar n.m.r. 
curvcs were obtained with slight shift of the major signals, all of which 
have been identified by double irradiation. Thus upon irradiation of the 
2-methyl doublet at S 1-32 a multiplet at 3.96 partially collapsed, indicating 
H(l). Similarly, irradiation of the minor doublet and S 1-65 resulted in 
simplification of the pattern of  thc C,,, methine proton at 6 5.60. Inversely, 
the higher intensity Hc6) methylene resonated at S 4-88, the lower one at 
8 3.40. These differences of chemical shifts are so significant that they 

\ + /  

/ \  

\ 
/ 
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allowed correct configurational assignments to  be made. Upon deprotona- 
tion only N,N’-trisubstituted amidine 46 was formed which, upon re- 
protonation, gave a different composition of the geometrical isomers than 
the one observed during their formation from the stereochemically pure 
x-bromoiminium salt 44. 

C=N-Ar 
Ph’ 

(46) 

- -  

NC/ NC/ 
I 

*+ Ph 

\ 
Ph NH-Ar 

Br-  
(syn-45 )  

Br- 
(anti-45) / 

x =  Br3-,  Br- 
Ar = 3-chlorophenyl 

1 x -  
Ph 

(anti-44) 

The axial postion of the 2-methyl group was not rigorously proven; it 
was based on analogies with related allylic compounds and on the relatively 
low-field resonance of the H(2) methine. Complete separation of s y ~  and 
anti-45-hydrobromides has not yet been achieved *. 

B. Geometrical Isomerism in lmidates 
A review by M ~ C a r t y ~ ~  has covered the literature concerning sjw-mifi 

isomerism of iniidate derivatives up to 1969. However, since that time 
several papers investigating geonietrical isomerism of O-methyl imidates 
and S-methyl thioimidates have appeared. 

Moriarty and c o - w o r k e r ~ ~ ~  have observed the n.m.r. spectra of a series 
* Syii and miti refer here to CH-CH3 to C-Ph. 
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TABLE 1. Chemical shifts for proton resonance in cyclic O-methyl i m i d a t e ~ ~ ~ .  
Reprinted with perniission froni R. M. Moriarty and co-workers, J .  Atner.  
Clrem. Soc., 92, 6360 (1970). Copyright by the American Chemical Socicty. 

Ring size 

5 
6 
7 
9 

11 
12 
13 
16 

3.72 
3.50 
3.48 
3.52 
3.54 
3.5 1 
3.52 
3-51 

3.57 
3.40 2-17 
3-41 2-36 
3-41 2.32 
3.40 2-27 
3.28 2.22 
3.25 2.20 
3 -20 2.2 1 

of cyclic O-methyl imidates (Table 1) from ring size five to  16, as well as 
of four open chain derivatives, i.e. N-methylacetimidate (47a), N-phenyl- 
acetimidate (47b), N-ethylacetimidate (47c) and X-n-butylacetimidate 

(a, R = CH,) 
D (b, R = C6H5) CH3 

‘ k N  
(c,  R = C2H5) 
(d, R = n-C,Hg) 

CH30 ’ ‘R 

(47) 

(474 (Table 2). Models indicate that the five-, six-, and seven-membered 
rings are restricted to the syri configuration (48), while for larger rings 
there is a possibiIity of incorporating the artri-imino group (49). 

(48) (49) 

In comparing the 1i.m.r. spectra of imidates 47a and 47b (Table 2) one 
observes a downfield shift of 0.23 p.p.m. for the OCH, signal in (b) relative 
to (a), while the position of the OCH, resonance is shifted by only 0.02 
p.p.m. The authors suggest that the shift results from the deshielding 
effect of the phenyl group in the anti* configuration. The n.m.r. spectra 
of imidatcs 47a and 47b are invariant over a temperature range of - 100 

* In all cases sytz and c i n f i  refers to the relative position of the CCH3 and the 
N-R groups. 
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TABLE 2. Chemical shifts for proton resonance in open chain irnidates (47),,. 
Reprinted with permission from R. M .  bloriarty and co-workers, J .  Aiiier. 
Clicm. Soc., 92, 6360 ( 1  970). Copyright by the American Chemical Society. 

Compound N.m.r. signals, S 

to + 120°C. This could indicate either a high barrier to inversion (> 23 
kcal/mol) and configurationally stable anti diastereomers for compounds 
47a,b,c and d, or a low barrier- with a large thermodynamic preference for 
the anti-form. 

Evidence in favour of a high barrier in these 0-mcthyl imidates came 
from a study3" of the tcmperatur-e-dcpendent n.1n.r. spectra of thcir 
conjugate acids. At room temperature in 100% sulphuric acid N-methyl- 
acetimidate (47a) is converted completely to the protonated form with 
.INHCH3 equal to 5 Hz. Upon heating at 80°C a gradual doubling of the 
OCH,, CCH3, and each coupled NHCH3 resonance occurrcd. Equilibrium 
was established after heating at 80°C for 90 h. These rcsults indicate that 
in the protonated form the stabilities of the anti and sjv7 form had reversed. 
While the anti is the exclusive form for imidate 47a, the ratio of the 
anti (50) and SJVI (Sl)  forms of the conjugate acid is 1 :2. Similarly for 
imidate 47b the ratio of the conjugate acids is anti:syn, 1 : 3. 

CH3, H +  CH3\ / H CH3\ /CH3 

C H 3 0  CH, C H 3 0  \CH, CH,O H 
,C=N - ,C=N' /C=N + 

\ \ 

(50, ant i )  (50,  anti) (51, svn) 

The authors interpLeted the apparent high barrier to inversiori at 
nitrogen in these compounds as resulting from interorbital electron re- 
pulsion between the nonbonding electrons on oxygen and the electrons 
localized in  a p orbital on nitrogen in the transition state for the sp2 
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sp Z .sp2 inversion process. Protonation relieves this interaction and rota- 
tional equilibrium of the conjugate acid yields isomers in which relative 
stabilities are chiefly dzpendent upon steric interaction. 

Table 1 indicates that in the cyclic series the CH,-N=C resonances 
undergo a transition between ring size 1 I and 12. The signal goes from a 
constant value of around 6 3-40 in 11- and smaller membered rings to 
S 3-28 in the 12-, 6 3.25 in the 13- and F 3.20 in the 16-membered rings. 
Significantly, the CH,-N=C resonance in the open chain N-ethyl- 
acetimidate (47c) and N-n-butylacetimidate (47d) appears at S 3-17 and 
3.14, respectively. Since the open chain imidates possess the arzri con- 
figuration the transition of the CH,-N=C signal in the cyclic series 
indicates a change from the syn (51) to the arzti (50) form in the 12-, 13-, 
and 16-membered rings. Similarly to the open chain derivatives the cyclic 
imidates did not show any temperature dependence in the 1i.m.r. from 
- 100 to + 120°C. 

When the cyclic compounds of 5-9 membered rings were heated at 
80°C for 90 h no  equilibration was observed. This agrees with a syrz from 
for both the imidate and conjugate acid. However, the 11-, 13-, and 16- 
membered systems did undergo equilibration and the anri:syn ratios 
were found to be 1 : 1, 1 : 2, and 1 : 1.5, respectively. These results indicate 
an anti-configuration for the free imidate for the 13- and 16-membered 
rings, which upon protonation goes to a mixture of the predominant sy17 
conjugate acids. The 11-membered ring is of syn configuration in the 
imidate form while when protonated the syn and anti forms are of about 
equal energy. 

The assumption that interorbital repulsion is the governing factor in 
destabilizing the syn form of the 0-methyl imidates was supported by the 
observation of the existence of interconverting diastereomers in the S- 
methyl thioimidate series 34. The coulombic repulsion in the S-methyl 
thioimidates is less than in the @methyl imidates partly because of the 
greatcr length of the sulfur-carbon bond relative to the oxygen-carbon 
bond which increases the distance over which the interaction takes place. 

The n.m.r. data for the cyclic thioimidates used in this study and the 
open-chain thioimidates 52 and 53 are given in Table 3. The syrz con- 
figuration must exist purely for steric reasons in the 5- to 9-membered 
rings and this is revealed by a sharp singlet in their n.m.r. spectra for the 
S-CH, proton (Table 3). In  the 10-membered ring a new peak appears 
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TABLE 3. Chemical shifts for cyclic and open-chain S-methyl imidates3'. 

N.m.r. signal, S 

Ring size SCH3 C=N-CHZ N=C-CH:! 
sYn anti 

3-58 2-40 7 2.16 - 
8 2.1 8 3.63 2.37 

10 2.15 2.35 3.60 2-48 
11 2-21 2.38 3.45 2-45 
12 2.17 2-38 3-44 2.48 
13 2.20 2.38 3.43 2.47 
16 2.20 2-40 3-36 2.50 

- 

Compound SCH3 C=N-CH2 NrC-CH3 
syrt anti or N=C-CH2CH3 

52 2-22 2.40 3.30 3.42 2.27 2.49 
2.20 2-30 53 2.28 2.45 3.30 

downfield due to 10% of the presumably ariti isomer. Isomer ratios for 
the cyclic and linear S-methyl thioimidates are given in Table 5. The 
activation parameters for the exchange between the cyclic syit and anti 
diastereomers were determined using the W1,2 method35 and are found in 
Table 4. 

/-- 

SYn anti 

TABLE 4. Activation parameters for cyclic and linear S-met..y 
(at 352.3 IC)34 

i m i dates 

Ring size AG*(kcal/mol) AH*( kcal/mol) AS*(e.u.) 

11 18.8 17.9 - 2.6 
12 21.2 21.2 + 3.8 
13 19.0 19.0 + 0-3 
16 21-7 21.7 + 3.6 

Compound 
53 19.4 19.4 - 2-2 
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TABLE 5. Isomer ratio for cyclic and linear S-methyl imidates3< 

Ratio of conjugate acids Ratio of free imidates 

Ring size sYn anti sYn anti 

100 0 
100 0 

10 90 10 90 10 
11 80 20 20 80 
12 30 70 25 75 
13 35 65 2s 75 
16 50 50 50 50 

7 100 - 
9 100 - 

Compound 
- - 52 45 55 

53 55 45 50 50  

The behavior of the conjugate acids of the S-methyl thioiniidates was 
also investigated. The similarity in the sjw:anfi ratio of the free thioimidate 
and conjugate acid (Table 5 )  may indicate that steric effects are the 
dominant factor in determining the diastereomeric ratios in the free 
thioimidates in contrast to the behavior of the U-methyl imidates. 

C. lmidoyl Halides and a-Halogenoiminium Salts 
Geometrical isomerism about the carbon-nitrogen double bond in 

irnidoyl halides has not yet been extensively investigated. This may be 
attributed to the fact that imidoyl halides are difficult to handle, for they 

X 
/ 

X 
/ 

R'-C R'-C 
N-R2 \N 
\ 

/ 
R2 X = F, CI, Br 

z ( m i ; )  E (SYf l )  

are readily hydrolysed to  the corresponding amides upon exposure to 
atmospheric moisture. There are two different conventions for assigning 
configurations to imidoyl halides: Terms 2 and E refer to  proximity or 
remoteness of the N-substituted R2 considering the sequence rule and the 
halogen atom while anti and syir indicate the steric relationship of the 
nitrogen substituent versus the carbon substituent. 

I t  was reported that the addition of fluorine to benzylidene-1-butylarnine 
(54) at -78°C afforded36 a crude mixture of fluoramine (55) and the anti 
imidoyl fluoride (56a). Although anti imidoyl fluoride (56a) could not be 
isolated, its structure was itlferred from spectra of the crude mixture of it 
and fluorarnine ($5) (Table 6) .  On standing, exposed to giass or silicagel, 
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TABLE 6. Spectral data of imidoyl fluorides 56a and 56bS6. Reprinted with 
permission from R. F. Merritt and F. A. Johnson, J.  Org. Clzenz., 32, 416 

(1967). Copyright by the American Chemical Society. 

vFC = N, cm-I 1686 1718 
aa + 67.0 (singlet) + 39.0 (singlet) 
60 1-50 (doublet, J = 1 c.P.s.) 1 a40 (singlet) 

a @ = p.p.m. from internal CC13F. 
6 = p.p.m. f rom internal standard TMS (10% solutions in  CDC13). 

the fluoramine (55) loses fliuorine to  form the syn-imidoyl fluoride (56b, 
spectral properties in Table 6). 

C H  CsH5\ 5\ 

\ 

(54) (55 )  (56a) 

C=N-C(CH,)s Fz C,H,CFZNFC(CH3)3 + ,C=N 

F C(CH313 
/ 

H 

C6H5\ /c ( c H 3) 3 

C=N 
/ 

F 

(56b) 

This is the only report of the characterization of stable, separated syn-anti 
isomers of a noncyclic imidoyl halide. R e p ~ r t e d l y ~ ~ ,  the reaction of 1- 
pentene with benzonitrile in the presence of hydrogen fluoride gave a 
mixture of s y i  and ailti N-2-pentylbenzimidoyl fluoride (57a and 57b). The 
fluorine n.m.r. spectra showed two singlet peaks of equal intensity which 
indicates a 1 :1 mixture of the two forms. No imidoyl chloride has been 
separated into stable svn-anti forms and no geometrical isomerism has 

Ph 
\ 

C=N 
/ \  

Ph CH(CH3)CH2CHzCH, 
\ /  

C=N 
F/ F CH (CH3)CHZCHzCH3 

(57a) (57b) 
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been detected thus far for imidoyl bromides. The configuration of the 
carbon-nitrogen double bond has been determined for many classes of 
compounds even though the two stereoisomers have not been isolated32. 
This has been the case for iniidoyl chlorides. Based on dipolc moment 
data3’ it has been reported that N-(p-nitropheny1)-p-nitrobenzimidoyl 
chloride (58) exists only in the anti form. The dipole moments calculated 
for both forms of imidoyl chloride (58) are shown below. The dipole 
moment measured in bcnzene was found to be 1.20 5 0.5 D, a value which 
ccrrelated very well with the anti form. 

CI 
c’\ d’ \ 

q$=NQ 
NO2 6-” NO2 N 0 2  

p = 1.40 
(anti- 58) 

p = 5.90 
( S Y ~ - 5 8 )  

A more recent of the dipole moments of aromatic imidoyl 
chlorides also indicate that they exist in the anti (or 2) configuration. The 
dipole moments for the Z- and E-configurations of six aromatic imidoyl 
chlorides (Table 7 )  were calculated by vector addition of bond moments 
and compared with the measured values. The calculated moments are 
consistent with the Z-configuration, a conclusion that was also supported 

TABLE 7. Dipole moments of sonic imidoyl chlorides in benzene at 2S3C3’. 
Reprinted with permission from A. Dondoni and 0. Exner, J .  Chin. Soc. 

Ycrkin 11, 1908 (1972). 

Conipound Measured p/D Calculated CLID 

z E 

PhC( CI)=N Ph 1.16 1.19 1-95 
p-CIC6 H qC( CI)=NPh 0.25 0.41 0.62 
p-OzNC6H ,C(CI)=NPh 3.34 3.31 2.68 
Ph(Cl)=N-(CH2)3CH3 0.54 0.89 2.18 

0.70 0.92 p-ClCGH .IC( CI)=N (C H 2)3C H3 0.96 
3.78 3.61 2.60 p-02NCGH .~C(CI)ZN(CH~)~CH~ 
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by a graphical method of analysis. The dipole moments of those com- 
pounds which are below 1 debye are less reliable because of the uncer- 
tainties in correction for atomic polarization and in the value of molar 
refraction. 

Hence the aiifi configuration has been proven for aromatic imidoyl 
chlorides, which seems to be of general validity since aliphatic and aro- 
matic a1dimines4O are preferentially also present in the same configuration. 
The stability of the Z-form seems to be controlled by strong steric repul- 
sion which disfavors the E-form. 

Although the anti-configuration predominates there is some evidence 
that in imidoyl chloridcs an equilibrium exists between the syn and aiiti 
forms. I t  was reported that the n.m.r. spectrum of N-methylbenzimidoyl 
chloride (59) in SO, solution gave a broad singlet a t  6 2.95 at -20°C that 
split into two singlets at 2-92 and 3.02 at -50°C. This was attributed4' 
to the 'freezing out' of the sjm and miti isomers 59a and 59b. This ob- 
servation also indicates that the energy barrier for the interconversion of 

C=N /c=rd 
Ph 

CI CH3 

/CH3 \ 
Ph 
\ 
/ \ 

CI 
(59a) (59 b) 

isomers 59a and 59b is lower than would be expected based o n  an analogy 
with similar systems. One explanation suggested recently23 is a rapid 
dissociation of one of the geometrically isomeric imidoyl halides into the 
nitrilium halide (60) and recombination of the ions into either the syn o r  
arzii configuration. No indication for the existence of geometrical isomers 

Ph\ 
Ph R 

R /C=N\ 
\C=N/ Ph-Cfh-R 

X/ X -  X 

(60)  

at the C=N bond was found in the n.m.r. spectrum of N-methylbenzinii- 
doyl bromide (61) at -85"C, in toluene-&. This may be due either to 

Ph + 
C= N*** C H 3 Ph-C=N-CH3 

-0SOZF 

\ 
/ 

Br 
(61 1 (62)  

preferential formation of one of the geometrical isomers, or to a rapid 
sjn-anti interconversion, or to coincidental overlap of the chemical shifts 
of both isomers.. However, the n.m.r. spectrum of imidoyl bromide 61 
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was identical to that of N-methylbenzonitrilium fluorosulfate (62, 
S,, 4.1) in SO, at -29°C. This indicates that in SOz, a highly polar 
solvent, imidoyl bromide 61 tends t o  be completely dissociated. In 
acetonitrile-d3 nitrilium salt 62 and imidoyl bromide 61 show very 
digerent N-Me signals (6 3-95 and 3.50, respectively). 

Further evidence for the equilibrium between nitrilium halides and 
imidoyl halides was provided 23 by the reaction of N-methylbenzimidoyl 
chloride (59) and bromide (61) with methyl fluorosulfate. The reaction 
gave rise to  three products; N,N-dimethyl-a-halobenziminium fluoro- 
sulfate (63) and N-methylbenzonitrilium fluorosulfatc (62) in addition 
to the methyl halide. N-Methylbenzimidoyl chloride (59) gave 33% N- 
alkylation and  67% nitrilium salt formation while N-methylbenzimidoyl 
bromide gave 20 and  SO%, respectively. The methylation of halide in 

Ph CH3 

\ 
X CH3 

- O S 0 2 F  

\ + /  + C=N-CH3 + 2 C H 3 0 S 0 2 F  ,C=N + P h C z N - C H ,  + CH3X Ph\ 

x/ - 0 S 0 2 F  
(59, x = CI) 
(61, X = Br) (63) (62) 

preference to alkylation was explained by an imidoyl halide-nitrilium 
halide equilibrium in which the halide ion is rapidly methylated and the 
equilibrium is shifted towards the nitrilium salt. 

Ph\ + 

X /  X -  
C=N-CH3 Ph-C-N-CH, 

CH30S02F 

CH3 

X CH3 
(63) 

-OSO2F 

J 
Ph\ + /  

/C=N 
\ 

CH30SO2F \ 

Alternately, attack of Magic Methyl upon the halogen in 59 o r  61 
cannot be ruled o u t  either. The resulting intermediate dialkyl halo- 
iniinium ion (64) could break down t o  give the nitrilium salt 62 and methyl 
halide. 

a +  a -  
* CH3--- -OS02F + 

Ph-C=N-CHj + CHjX L' 
H,C-N=C 

'.j* \ p h  -0S02F 
(64) (62) 
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The expected N-methylation of the weakly basic imidoyl halide 61 
to the fluorosulfate 63 varies with the clectronegativity of the N-sub- 
stitucnt of the imidoyl halide. 

In summary, sytt-anti isomers of imidoyl fluorides have been detected 
at  room temperature. One example of an imidoyl chloride, N-methyl- 
benzimidoyl chloride, has been reported t o  separate into syn-anti forms 
at - 50°C in sulfur dioxide, while for iniidoyl bromidcs no geometrical 
isomers have thus far been detected. This trend follows the tendency of 
halides to  ionize and  lends some support to  the of inversion 
at  nitrogen uia an  imidoyl halide-nitriliuni halide equilibrium. 

cr-Haloiminium salts can be regarded as quaternary salts derived from 
cr-haloimidates. The first cases of the occurrence of geometrical isomers 
were recently r e p ~ r t e d ~ ~ . ~ ~  and are dealt with in a different context in 
this chapter, since a-bromoiminium bromides have been intermediates 
for geometrical isomers of certain amidinium salts, e.g. 45. It may be 
added that syiz and anti isomers of these monobromides as well as of 
tribromides tend to  equilibrate rapidly at a measurable rate in solution, 
possibly via the genlinal u.p-dibromoalkyldialkylamines 65. This change 
has been monitored by n.m.r., although no appreciable life-time of 65 
could be ~ubs tan t ia ted?~.  Kinetic data have not yet been reported. 

II 
C B r -  

/ \  
Br Ph 

I 
Br-C-Br 

I 
Ph 

I1 
C B r -  

Ph’ ‘Br 

(syn-45) ( 6 5 )  (anti-45) 

IV. CONFORMATION O F  IMlDlC ACID DERIVATIVES 

A. Restricted Rotation in Arnidines 
The existence of conformational isomers due to restricted rotation 

around the C--N bond in amides has been extensively i n ~ e s t i g a t e d ~ ~ .  
However, similar restricted rotation in amidine systems has attracted 
considerably less attention. As in amides, hindered rotation has been 
attributcd to thc partial double bond character of thc C-N R1R2 bond, 
for which structure 68 is responsible. Recently n.m.r. spectroscopy has 
been used t o  determine the barrier to rotation between 66 and 67. Although 
the period of rotation at room temperature is relatively short (in most 
cases) on  the n.m.r. scale at lower temperatures it is long, resulting in 
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separate signals for the otherwise equivalent N-substituents R1 and R2. 
It is not within the scope of this review to discuss in detail the application 
of n.ni.r. to chemical rate processes; several extensive reviews have ap- 
peared on this subject 4 4 * 4 5 .  

- 
R-C=N-R R-C=N-R R-C-N-R 

I L I II N N + - - - - - + N  

(66) (67) (68) 

R1 / \  R2 R2 / \  R 1  RI’+\R2 

1. Restricted rotation in benzamidines 

The barriers to rotation about the C-N 
/ 
\ 

bond that have been reported 

for benzamidine derivatives are listed in Tables 8 and 9. 
In  1968 rotational barriers were reported.I6 for a series of N,N-dimethyl- 

benzamidines (69) in which the N’-substituent was H(a), COPh(b), 
SO,Ph(c), and PO(OPh),(d). The values were 18.2, 15.2, 16.4, and 17.6 
kcaljmol, respectively (Table 8). The authors observed a loose correlation 
between the hcight (magnitude) of the rotational barrier and the electro- 

R Type 69 
H a 

b 
S02Ph C 

N(CH3)2 PO(OPh), d 

N-R 
/ COPh 

Ph-C\ 

negativity of the N’-substituent. Electron attracting groups should in- 
crease the barrier by giving more importance to the zwitterionic structure 
70 that increases the double bond character of the C--N(CH& bond. 
The value obtained f-or N,N-dimethylbenzamidine (69a) was corrected by 

0 
N-R 

/ 
Ph-C 

//N-R 

\ \\@ 
Ph-C 

N(CH312 N(CHd2 

(70) 

3 kcal/mol (making it 15.2 kcal/mol) because of the effects of hydrogen 
bonding. Based on the relatively small differences in the rotational barriers 
of benzamidines 698-d it was concluded that the electronegativity of the 
N‘-substituent had little effect on the rotational barrier. 

Other authors47 did not agree that the electronegative influence o f a  SO2 
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group (i.e., in benzamidine 69c) was negligible. They suggested that the 
phenyl group of N,N-dimethyl-N’-benzenesulfonylbenzaniidine (71) 
caused considerable steric crowding in the planar state (71a), which would 
raise its energy, and therefore diminish the barrier to rotation. To support 

n 

their theory the authors prepared as a cyclic analogue 5-(N,N-dimethyl- 
amino)-1,3,4-oxathiazole-3,3-dioxide (72) and N,N-dimethyl-N’-chloro- 
methanesu!fonyl formamidine (73) and reported their rotational barriers 

to be 17-9 and 23-3 kcal/mol, respectively. Steric influences on the rota- 
tional barrier are reduced to a minimum in amidine 72; thus, the observed 
barrier indicates the presence of a partial double bond between the ring 
and the dimethylamino group, presumably due to the electronegativity 
of the ring SOz group. I t  was argued further that since n o  barrier could 
be determined for N,N-dimethyla~etamidine~~, while NJ-dimethy1-N’- 
p-tolyl- and p-nitrophenylformamidine gave barriers of 14.1 and 15.4 
kcal/mol, r e s p e ~ t i v e l y ~ ~ ,  the barrier to rotation is dependent on the 
electronegativjty of the N’-substituent, a t  least when no severe steric 
interactions are possible. For N,N-dimethyl-A”-chloromethanesulfonyl- 
formamidine (73), in which steric interactions of the dimethylamino group 
are insignificant 50, Jakobsen and Senningq7 obtained the highest rotational 
barrier that has been measured so far in any amidine system (23.3 kcal/ 
mol). 

McKennis and Smith5I reported that the n.m.r. spectra of N,N-di- 
methylbenzamidines (69) bearing an N’-phenyl- (e), N’-benzyl- (f), 
”-ethyl- (g) and N’-t-butyl- (h) showed singlets for the N-methyl protons 
at ambient temperatures. At lower temperatures, however, the spectra 
of benzamidines 69e, 69f, and 69g showed two singlets of equal intensity 
for these protons. The rotational barriers about the C-N(CH,), bond 
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in  amidines (69e) and (69f) were determined by an n.m.r. approximate 
method to be 13 and 12 kcal/mol, respectively (see Table 8). 

(69) 

The barriers to  rotation in amidines 69e and 69f are of special interest 
with respect to  the fact that the barrier in N,N-dimethylbenzamidine (69a) 
(18.2 kcal/mol) is not much smaller than that of N,N-dimethy1-N'- 
benzenesulfonylbenzaiiiidine (69c), even after a correction for the esti- 
mated contribution of H-bonding. As already mentioned Jakobsen and 
S e n ~ ~ i n g ~ ~  have suggested that this may not be due to insensitivity to 
electronic effects, as originally reported by Schwenker and Rosswag", 
but to  steric effects resulting from the vastly different space requirements 
of the H and PhS02 groups. McKennis and Sniith5I compared the rota- 
tional barrier for N,N-dimethyl-N'-benzylbenzaniidine (69f) (12 kcal/mol) 
to that re po i t ed for N N- d i met h y I- Af '-benzenes u 1 fo n y 1 be n za in  i d i ne (69c) 
(16.4 kcal/niol). The spatial requirement of a benzyl group is much 
closcr to that of the benzenesult'onyl or bcnzoyl group than to hydrogen, 
but the electronic effects are much different. The suggestion was made that 
the small difference in the rotational barrier between amidines (69f) and 
(69c) confirms that the influence of electronic factors is not large. The lack 
of n.1n.r. evidence for restricted rotation in benzamidine (69f) may be due 
to the rather small value for the magnetic nonequivalence of the methyl 
groups. 

Rappoport and Ta-ShniaS2 observed the temperature-dependent 
n.m.r. spectra of benzamidines 74-80 in deuteriochloroform (Table 9). 
At room temperature the n.m.r. spectrum showed only one doublet and 
one septet for the two isopropyl groups of benzamidines 74 and 75. On 
cooling, the doublet first broadened, then separated into two singlets 
below the coalescence temperature (Table 9), and then gave two sharp 
doublets. The broad singlet of the x-niethylene protons of the piperidine 
ring of amidines 76-79 broadened at room temperature and separated 
into two broad singlets on  cooling. 

Therefore, it seemed as if  the transformation of the two magnetically 
nonequivalent slkyl groups at low temperature to two equivalent groups 
at higher temperature may be due either to (a) syn-nrrti isonierization 
(equation I )  or (b) to restricted rotation around the carbon-nitrogen single 
bond (equation 2). The conclusion that the only barrier observed was 



114 G .  Fodor and B. A. Phillips 

~ - X C ~ H ~ C = N C G H ~ Y - / J  
I 
NRR’ 

(74) X = Y = H, R = R’ = 
(75) X = H , Y  = NO2, R = R‘ = CH(CH3)2 
(16) X = Y = H, 

CH(CH3)z 

R R ’  = (CH,), 
(77) X = CH30,  Y = H, RR’ = (CH,), 

(79) X = H, Y = CH30, RR’  = (CH,), 
(78) X = H, Y = NO2, RR‘ = (CH2)5 

(80) X = Y = H, R = Ph, R‘ = CH3 

R2N\ Ar’ R2N 
,C=N ’ A ‘  - C=N 

/ \  
Ar Ar Ar‘ 

Ar Ar 
\ 

C=N-Ar‘ C= N-Ar ’ \ 

that indicated by equation 2 was based on the following: 
(a) I n  all systems the two magnetically different species observed at low 

temperatures were in a 1 :1 ratio. This would bc expected for equation 2 
since the R groups in all the amidines used are identical (except for amidine 
80 for which no barrier was observed). However, it is highly improbable 
that for all the compounds the syi and miti isomers would have equal 
energies. 

(b) No  change in the niethoxyl signal was observed in cooling for ben- 
zamidines 77 and 79, as expected from equation 2. Such change was ob- 
served, however, for the syn-atiti isomerization of N-arylketimines 53. 

(c) The values obtained for the rotational barrier, 12-14 kcal/mol, are 
in the range obtained for similar amidine 

(d) Since structure 81a is responsible for the barrier to rotation, the 
barrier height should be raised by electron-attracting Ar’ groups, while it 

54.  
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X CH3* 
II / 

TABLE 10. Rotational barriers56 for CsH5-c-N 
\ 
\ 
CH3B 

Compound N-CH3 n.m.r. signal T,("C) Solvent E,,, (kcal/mol) 

82 (X = S) 2.73 3.30 83 CsHsCl 15.4 
83 (X = Se) 2.64 3-29 107.5 CsHsC1 21.1 

' The n.m.r. signals are reportcd at a iemperature of 35 "C. 

should be lowered by electron-donating aryl groups due to the contribu- 
tion of structure 81b. However, both the lateral shift and rotation mecha- 
n i s m ~ ~ ~  for sy/i-anti isomerization show a positive p value (1*5-2*2)55 for 
substituents on the nitrogen and a positive, but lower p value (0-1-0-35)32 
for substituents on  the carbon. The increase in AG in changing the N'- 
phenyL(74) to N'-p-nitrophenyl-(75) ( p  = -1.5 for the pair (74)(75) 
at -3O"C), and the decrease in AG on changing the C-phenyl-(76) to C-p- 
methoxyphenyl (77) ( p  = -1.35 for the pair (76)(77) a t  -30°C) fits 
only equation 2 *. 

In trifluoroacetic acid at  30°C amidine 74 shows a pair of methyl 
doublets (A, = 51 Hz) and two methine septets (Av = 31 Hz). No spectral 
change was observed upon heating to  65°C. The barrier for internal rota- 
tion in acidic solvents is apparently much higher than in CDCI,. This 
behavior is anticipated by the mechanism proposed by Rappoport and 
Ta-Shma5' if the amidine is protonated on the negatively charged nitrogen 
atom of @la). 

Only benzamidine 80 showed no temperature-dependent spectra down 
to -70°C. This can be attributed to a greater free energy difference than 
2 kcal/mol between the two conformers enabling only the thermo- 
dynamically more stable conformer t o  be observed, or to a rotational 
barrier either too high or too low to be measured by the n.ni.r. technique. 

Schwenker and Rosswags6* 17b reported barriers to  rotation about the 

C-N bond for the sulfur and selenium analogues of dimethyl- 

benzamidines, 82 and 83, respectively. These barriers and other pertinent 
data are found in Table 10. 

* Data were not divided by 2.3 in the original publication. The corrected 
data should be as in this  text. The authors are indebted to Dr. Z. Rappoport 
for this information. 

/ 
\ 
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2. Restricted rotation in formamidines 
The barriers to  rotation that have been reported for formamidine 

derivatives are listed in Table 13. 
Marsh and examined the n.m.r. spectra of a number of 

N '-a r y l-N,N-d i met h y 1 fo r in a m id i n es (84) i 11 dc u t er i oc h I o ro fo r In and deu- 
terated benzene. These authors recognized a striking difference in the 

G .  Fodor and B. .4. Phillips 

(a, Ar = C6H5) 
(b, Ar = p-CH,0C,H4) 
(C, Ar = p-NCC,H,) 

H 
/ 

\ (d, Ar = p-CIC6H4) 

(84) (f, Ar = p-&NCsH,) 

Ar-N=C 

(e, Ar = p-CHsC6Hd) N ( C H 3 ) Z  

appearance of the N-methyl resonances in these two solvents. Table 11 
lists some of the compounds studied along with pertinent n.ni.r. data. 

In deuteriochloroform the N-methyl signals of all the formamidines (84) 
appeared as a six-proton sharp singlet. However, in deuterated benzene 
the N-methyl protons were usually represented by a broad singlet. In 
addition, the appearance of the N-methyl peak was strongly affected by 
substituents in the N'-phenyl group. When electron withdrawing groups 
were present, as in formamidines (84c) and (84f) the N-methyl groups 
showed two distinct singlets in deuterated benzene (Table I]), while with 
electron donating groups, e.g. formamidines (84b and 84e) the deuterated 

TABLE 11. Chemical shifts for the N-methyl protons for some formamidines 
of the Ar-N=CHN(CH3)2 typea (84)57 

Type 84 Ar Solvent Chemical shift (T) 

C6D6 
CDC13 

7.50b 
7-17 
7-50 
7.19 

7.05 
7.53b 
74.24 
7.46 
7.10 

6.09 

7.68, 7.40b 

7-70,7-37 

All chemical shifts relative to TMS. 
Broadened. 
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benzene spectra differed wry little from that obtained in deuteriochloro- 
form. The resolution of the N-methyl peaks in deuterated benzene was 
also strongly temperature dependent. For example, at 59°C N’-(p-chloro- 
pheny1)-N,N-dimethylformamidine (84d) showed a sharp N-methyl singlet 
et 7.64 T. Upon cooling +0-10°C this peak broadened and split into two 
singlets at  7.50 and 8.01 r.  

The authors attributed this combination of solvent and substituent 
effect to the formation of a complex between benzene and the formamidine 
derivatives. The observed temperature dependence of the spectra in ben- 
zene was considered as reflecting the stability of the complex. 

Shortly after that paper57 appeared Bertelli and Gerig49 reported that 
the chemical shift phenomenon observed by the former authors was not 
due to solvent complexation but rather to restricted rotation about the 
C-N(CH,), bond. The n.m.r. spectra of N’-(p-nitroplieny1)-N,N-di- 
methylformamidine (84f) at various temperatures (Figure 1 )  exhibited a 
typical coalescence sequence in both benzene and chloroform, a fact that 
was attributed to the equilibrium 85 4* 86. The barrier to rotation arises 

(2) (1) 

(86) (87) 

from additional n-bonding due to dipolar coctributors such as 87 in the 
ground state. The n.ni.r. spectra of N’-(p-toly1)-N,N-dimethylformamidine 
(84e) at various temperatures exhibited curves essentially identical to 
those shown in Figure 1 ,  except that the coalescence temperatures ars 
lower. The barriers to rotation for formamidines 84e and 84f along with 
pertinent n.m.r. data are given in Table 13. 

Although Marsh and Goodman 57 were partially correct in assigning 
some unusual benzene-substrate complexes in some cases, they seem to 
have overlooked the fact that different solvents affect the relative chemical 
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7 0  "C  A 

Benzene as  solvent 

FIGURE 1.  N.m.r. coalescence spectra for the N-methyl signals of N'-(p- 
nitropheny1)-N,N-dimethylformamidine (84f). 

shifts which change the AV term in the rate expression and thus the co- 
alescence temperature. Therefore, in the n.m.r. spectrum of formamidines 
(84f) in chloroform solution, Av is small enough that the coalescence tem- 
perature is below ambient. However, in benzene solution the AV term is 
large, the coalescence temperature is above ambient and the methyl sig- 
nals are resolved. 

Harris and Wellman 54 were the first to measure successfully the activa- 
tion parameters for hindered rotation in a trialkylated formamidine, 
namely N'-1-butyl-N,N'-diniethylformamidine (84g). The nuclear magnetic 
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TABLE 12. Kinetic data for the exchange process, 88 z 8954 

Toluene-& Pyrid i ne-& 

T W )  k T ( K )  k 

248.7 
241.5 
238.5 
233.0 
227.5 
225.5 
220.7 

125.0 
78.9 
42.8 
23.4 
13.9 
7.3 
5.2 

247.5 
244.0 
241.5 
236.0 
235.5 
233.0 
230.5 
229.5 
225.0 
223.5 
221.0 
21 6.0 
21 2.0 

~~ 

111.0 
64.6 
52.7 
44.9 
31.2 
37.5 
15.9 
15.5 
9.0 
7.2 
6.4 
3 *7 
2.4 

resonance method was used to determine the barrier to rotation, 88 2 89 
in toluene-d, and pyridine-d,. In both solvents the n.m.r. signal of the 

t-BU t-BU 
\ \N :o 

t-BU 

i N: \ - H-C’ HN : - / 
\ H-C - H-C 

\ 
\N-CH~ (1)  N-CH, (2) 4--CH3 

I I 
CH3 (2) CH3 (1) CH, 

(88) (89) (90) 

N-methyl protons was found to be temperature dependent. Kinetic data 
for the exchange process 88 s 89 fo: both solvents are found in Table 
12. The low free energy of activation for this equilibrium (Table 13) 
implies that there is less double bond character of the C-N(CH& bond, 
arising from electron delocalization (see structure 90) than in other similar 
systems. The small entropies of activation that were observed (1.6 e.u. ? 
2-8 in toluene-d, and -5.4 f 2.7 in pyridine-d,) d o  not indicate any un- 
usual solvent-solute interaction as has been previously suggested. 

3. Restricted rotation in amidinium salts 
a. Benzamidiiniutn salts. Reccntly McKennis and Smith reported that 

the ambient temperature n.m.r. spectra of benzamidinium salts (91a-91e) 
showed two equally intense signals for the N-methyl protons (Table 14). 
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(a, R = Ph, x = CI) 
(b, R = CHZPh, X = CI) 
( C ,  R = CzH5, X = CI) 
(d, R = C(CH3)3, X = I) 

. HX 
4N-R 
\ 

(91 1 

Ph-C 

N(CHd2 
(e, R = CPh3, X = I) 

These signals were not due to N H  coupling resulting from protonation 
on the sp3 nitrogen since the two signals presented in deuterium oxide. A 
similar behavior was observed for the hydrochloride salts of some N,N- 
dimethyl-N’-arylformamidines 57.  Assuming free rotation about the 
C-N(CH& bond these absorptions could arise from an equal mixture 
of the two geometric isomers 92 and 93. However, an increase in the size 
of R should increase the amount of isomer 92 relative to 93. Furthermore 

(92) (93) 

differences in the chemical shifts of the R groups that might be expected 
based on the existence of isomers 92 and 93 were not observed. 

The preceding observations were accounted for by restricted rotation 
about the C-N(CH,)2 bond. The barriers for benzamidinium salts 91a, 
91b, and 91d were determined by the variable-temperature n.m.r. technique 
to be 20.4, 20.1, and 19.7 kcal/mol, respectively (Table 14). The authors 
attributed the small effect of the N’-substituent to the predominance of 
steric effects. 

A tentative assignment of the position of the methyl groups (endo 94a, 
exo 94b) in the protonated aniidines was made on the basis of the n.m.r. 
spectrum of N-benzyl-N-methyl-N’-phenylbenzamidinium chloride (94). 

Ph Ph 
I I 

CH,Ph CH3 

(944 (94b) 

The ambient temperature spectrum of the salt in deuteriochloroform 
showed the existence of two rotational isomers in the ratio of 3-8:1. The 
rotamer in  lower concentration possesses the higher field methyl signal and 
the lower field benzyl signal. Assuming that this  rotamer has the bulkier 
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group (CH,Ph) in the endo position (94b) then the high and low field 
geminal N-methyl signals for the protonated amidines can be assigned to 
the exo- and endomethyl groups, respectively (Table 14). 

When an  amidine is yrotonated, both nitrogens can share the positive 
charge and would be expected to do so if a planar configuration was 
possible. If the protonated nitrogen possesses a substantial charge the 
rotational barrier for the C-NHR bond should increase proportionally 
to the magnitude of the share. McKennis and Smith reported5I that in 
none of the ambient temperature spectra of the protonated benzamidines 
was there evidence for the existence of the two possible rotational isomers 
95a and 95b. Even when the N-substituents were larger than the N,-sub- 
stituents, as in N,N-dibenzyl-N’-methylbenzamidinium chloride, two peaks 
were observed for the N-substituents and only one for the N’-substituent. 

R 
I 

H 
I 
N\ P I 3  

Ph-C + 

I I 

FN\H 

‘;.N, R k.N, R 
Ph-C,+ 

The importance of steric effects upon the conformation of amidinium 
derivatives was demonstrated by examining the low temperature n.m.r. 
spectra of N,N,N’,N’-tetrasubstituted amidinium salts 96-98. Restricted 

N (CH3)CHzPh 4 A, 
Y. Y. 

N (CH3) CH 2Ph N(CH2Ph)z 

N(CH312 N(CH3)2 N(CH312 
(96) (97) (98) 

rotation about the C-N(CH,), bond was observed in each compound 
(benzamidinium salt 96 gave a rotational barrier of 15.5 kcal mol, Table 
15) by the nonequivalence of the N-methyl signals. However, hindered 
rotation about the C-NR, bond was not observed even down to -50°C. 
This could be due to either a substantially lower barrier to rotation about 
the C-NR, bor,d rather than about the C-N(CH,), bond, corresponding. 
to  localization of the charge mainly on the nitrogen of the C-N(CH3)2 
bond, or a higher barrier that fixes the molecule in conformation 95a or 
9Sb, exclusively. Space filling models indicate that the 2 isomer (95b) is 
sterically more crowded than the E isomer (95a). Therefore, if charge 
delocalization is important, isomer 95a would be expected to predominate. 

RaisonSE reported that N,N,N‘-trimethyl-N’-phenylbenzamidinium 

(= 
Ph-Ck: I -  Ph-C: + I - H-C, + I -  
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TABLE 15. Rotational barriers for some quaternary aniidinium salts51. 
Reprinted with permission froni J .  S. McKennis and P. Smi th ,  J .  Oig. Chcwz., 

37, 41 73 ( 1  972). Copyright by the American Chemical Society. 
~ ~ ~ ~ ~~ 

Compound Av (Hz) T c  ("(3 AG(kcal/rnol) Solvent 

99a 15 1 14.2 CH2Ci2 
99a 9 ? 17.8 CF3CTZH 
99a 6 54 17.5 HCOZH 
99b 17 31 15.6 CHzClz 
96 23 31 15.5 CH2CIz 
97 - > 40 - CH2C12 

iodide (99a) could be obtained in two forms, with distinct melting points. 
McKennis and Smith studied51 the n.m.r. spectra of the benzamidinium 
iodide (99a) and tetrafluoroborate (99b). At ambient temperatures two 
N-CH, absorptions were observed in the ratio 2:1, while at lower 

N (CHB) Ph 4 (99a, X = I) 
(99b, X = BF,,) 

Ph-C,: X -  
N ( C H J ) ~  

temperatures the absorption due to thc geminal N-methyl protons split 
into two broad peaks (ratio ca. 1 :1) but the "-methyl peak remained a 
singlet (slightly broadened) down to - 50°C. The rotational barrers de- 
termined for salt 99a, in several solvents, and 99b are given in Table 15. 
These results indicate that the two form of N,N,N'-trimethyl-N'-phenyl- 
benzamidinium iodide (99) obtained by Raison must have been different 
crystalline modifications, rather than different rotamers. 

b. Formanzidiniiiin salts. Relatively little has been done in the area of 
restricted rotation in formamidinium salts. As previously mentioned 
McKennis and Smiths1 observed restricted rotation about the C-N(CH,), 
bond in N,N,N'-trimethyl-N'-benzylformamidinium iodide (98). In 1964 
Ranft and Dahne59 reported the temperature-dependcnt n.m.r. spectra 
of forniamidinium salts 100a-100d in deuteriochloroform and concluded 
that rotation about the C=N double bond in these compounds is hindered. 
For example, at ambient temperatures the n.1ii.r. spectrum of N,N,N'-  

(1 OOa) (1 OOb) (I OOC) (1 QQd) 
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tetrameihylformamidiniuni perchlorate (100a) showed one singlet for the 
N-methyl protons. Upon cooling to - 20°C this singlet gradualiy 
broadened and split into two singlets of equal intensity. Using these data 
the authors calculated the barrier to  rotation in formamidinium salt lOOa 
to  be 17-5 k 1-5 kcal/mol. 

Marsh and Goodman57 reported that the room teinperaturc n.m.r. 
spectra of formaniidinium hydrochlorides of type 101 showed the N- 
methyl protons as two sharp singlets of approximately equal intensity. 

H\ H\  
C-NH-Ar 

CI - 
/ ‘c=N-A~ 

N *HCI NiC H 3) 2 

c H <+‘c H 
(701 1 (1 02)  

The authors attributed this t o  the existence of the salt in solution with the 
positive charge concentrated on the dimethylamino nitrogen (102), 
making the two methyl groups nonequivalent because of the expected 
cis-imns isomerism. 

It  should. however, be pointed out that the observations made by Marsh 
and Goodman57 are also consistent with the exclusive existence of con- 
formation 103a or 103b. Due to steric interactions between the endo methyl 
atid aryl groups of isomer 103b it  would be expected that the isomer 103a 

Ar H 

i I 

(1 03a) (103b) 
CH3 CH3 

which is less stericalIy crowded will predominate. Therefore, if charge 
delocalization is important the two N-methyl absorptions in the n.m.r. 
may be due to the exclusive existence of conformational isomer 103a. 

I t  w‘;is reported j4 that protonation of N,N-disubstituted formamidines 
(Table 16) i n  trifludroacetic acid yields a conjugatc acid which can exist 
in either a trans-(l04a) or ci‘S-(lOJb) configuraiion. The n.1ii.r. spectra of 
these formamidincs gave distinguishable signals for protons H, through 
H,. Although no chemical shifts were reported those protons were assigiicd 
on the basis of line shape and coupling constants (e.g., JIIaHb z JllcH, z 
14, 2 6 Hz;  H,, lit. and Hd are doublets broadened by quadrupole 
coupling, I-I, is a triplet and H, is a quartet). Steric interaction between 
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for N,N'-diaryl- TABLE 16. Cis-traits equilibrium constantsa ( K  = 

formamidinium and N-aryl-N'-1-butylformamidiniuni trifluoroacetates (type 
105)"4 

G. Fodor and B. A. Phillips 

[trans] 

Substituent 
(XI 

H 5 =NCH( CH3)3 
I! + 

H 1 a00 0-48 
3-Acetyl 0.65 0.28 
4-Acetyl 0.25 0.09 
3-Trifluoromethyl 0.65 0.25 

3-Chloro 0.65 0.38 
4-Chloro 0.85 0.32 

4-Trifluoromethyl 0.40 0.20 

4- Methoxy 1 a 9 0  1 -00 
2-Met hyl 2-50 2-20 

2,CDimethyl 3.0 2.1 
2,6-Dimethyl 2 20b - 

3-Methyl 1.10 0.62 
4-Methyl 1 -40 0.68 

2,4,5-Trimethyl 2 200 2.4 

=N.m.r. spectra of 10% sohte  in TFA at 38 k 2°C. 
In these cases no trans-isomer could be detected. 

H, and the endo aryl group i n  isoiner 104b causes the aryl moiety to 
orient in a way tha t  H, lies directly over the aryl =-system. Consequently 
H, is shielded and  the signal shows an  upfield shift of about  1 p.p.m. 

R 
I 

N-Ha & 
Hb-C + k. 

x aN-Ha CF3C02-  

- (1 04a) 

R 
I 
N-H, d' 

He--C. + CFSC02- 
Y. 

H* "Q 
X 

(104b) 

R =  or -C(CH3)3 

X 
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Integration provided a measure of the concentration of the rotational 
isomers 104a and 104b. The results, which are summarized in Table 16, 
show a significant aryl-substituent effect upon the equilibrium. The 
equilibrium constants for ineta- and para-substituted compounds can be 
correlated by a Hammett plot which gives p-values of -0.75 and -0.83 
for the aryl and r-butyl series, respectively. Electron donating groups were 
found to stabilize the cis-configuration. This is illustrated in the methyl 
substituted arylformamidinium salts which show an increase in the cis- 
isomer as the number of methyl groups increase (Table 16). The authors 
state that this substituent dependence eliminates a simple steric effect, 
a conclusion which is supported by the fact that the conjugate acid of 
N,N’-di-t-butylformamidine exists wholly in the trans-configuration in 
TFA. 

Harris and Wellman54 concluded that because of the polar nature of the 
substituents about the partial carbon-nitrogen double bond it appears 
likely that the cis-configuration is stabilized by favorable dipolar inter- 
actions, however, the exact cause of the preferred cis-orientation was not 
revealed. 

c. Acetamidiniuni salts. In 1963 Hammond and Neuman 6o observed 
hindered rotation in amidinium salts 106. The n.m.r. spectra of salts 

(1 07) 
(a, R = H, X = CI) 
(b, R = H, X = NO3) 
(c, R = CH3, X = CI) 

106a, 106b aild 107 in anhydroas DMSO (Table 17) showed two nitrogen 
proton signals in thc ratio of 1 : l .  The authors attributed this t o  restricted 
rotation due to partial double bond character resulting in magnetically 
nonequivalent endo (H,) and cxo (Hb) protons. The single N-H proton 
signal observed for amidinium salt 108 (Table 17) is consistent with the 
above interpretation since the nitrogen protons are restricted to  the ex3 

Hb 
I 

Hb 

N-Ha 
I 

/N--Ha / 

\ N-Ha %-Ha 
R-C R-C 

I 
Hb 

I 
Hb 
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TABLE 17. N.m.r. results for some aniidiniuni ions (106-108) at 30°CG0. 
Reprinted with permission from G .  S. Hammond and R. C. Neuman, Jr., J .  

P h j ~ .  C h i n . ,  67, 1655 (1963). Copyright by the  American Chemical Society. 

Compound Solvent 

106a 
106b 
106c 
106c 
106c 
106c 
107 
108 

DMSO 
DMSO 
DMSO 
H z 0  
14% HzS04 
60% DzS04 
DMSO 
DMSO 

8.84 
8.84 
9.23 

7-1 

8-87 

- 

- 

9.35 
9.35 

10-!3 

7.6 

9.13 
10.12 

- 

- 

- 
2.86; 2-94" 
2-96; 3-12" 
2-99; 3.13" 
3.07; 3-23" 

Doublet. 

(HJ positions. Based on the similarity of the chemical shifts of the exo 
protons of amidinium salts 106c and 108 (Table 17) the authors tentatively 
assigned the lower field N-H signal to the exo protons and the higher 
field N-H signal to the endo N-H protons. 

The N-H signals of acetamidinium chloride (106a) in DMSO were 
found to be temperature dependent. The two signals observed at 30°C 
(6 8.84 and 9.35) slowly coalesced to one broad singlet upon heating to 
above 103°C. 

The initial signals (37°C) give a transverse relaxation time, T2 2 0-03 
sec while the final signal ( 1  15°C) gives T, r 0.31 scc. Using these T2 data 
E, = 9 2 2 kcal and 25 k 8 kcal mo1-I were found. Since T2 probably 
decreases i n  some regular manner with increase in temperature, the true 
activation parameters lie somewhere between these extreme values. Al- 
though the barrier of rotation is not known with adequate precision the 
value is within the same range as those of amides (7-1 8 kcal/mol). 

There are three possible conformations for N,N'-di methylacetamidiniuni 
chloride (109a, 109b, and L09c). Hammond and Neuman60 suggest that 

H CH3 
I 

CH3-C: + CI - CH3-C: + CI - CH3-C. + CI - 

I 
/r. 

\;. \;. \;. 
I I 
H CH3 

(1 09a) (I 09b) (1 0%) 

N-H 

H 

N-CH, N-CH3 
I 

N-H N-CH3 N-H 
I 

CH3 

the n.m.r. of this compound in several solvents (Table 17) indicates that 
conformation 109a is the only detectable form present in solution. I n  
each solvent two separate N-CH, peaks of equal area are observed. In 
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X 

TABLE 18. Rotational barriers for CH,C-N(CH& in f ~ r m a r n i d e ~ ~ .  Reprinted 
with permission from R. C .  Neuman, Jr. and V. Jonas, J .  Phys. Cliern., 75, 

3532 (1971). Copyright by the  American Chemical Society. 

I1 

Compound X E, (kcal/mol) 

Dimet hylthioacetamide S 43.7 2 5-6 
Dimethylacetamide 0 24.7 zk 0.8 
Dimethylacetamidiniuni chloride NHZ 19.6 k 1.0 
Dimethylacetamidine NH a 

a Not measurable. 

DMSO and 14% H2S04, in which two N--H peaks of equal area are 
observed, each N-CH, signal is split into a doublet ( J  = 5 Hz). The 
magnitude of this coupling constant implies that splitting of the N-CH, 
signal is due to a proton on the same nitrogen atom. The spectra could also 
be interpreted as arising from equal mixtures of conforniations 109b and 
109c, however, models indicate considerable steric interaction between the 
endo methyl groups of 109b. 

The barrier to rotation about the central C-N bond i n  N,N-dimethyl- 
acetamidiniuni chloride has been determined 4 8  and compared to  the 
analogous thioamide and amide (Table 18). It was not possible to determine 
a rotational barrier for N,N-dimethylacetamidine because the N-CH3 
protons gave rise to  only one signal while cooling to -40°C in chloroform. 
The  authors suggested that the lack of nonequivalent methyl groups in 
N,N-dimethylacetamidine is duc to rapid rotation about the C-N(CH,), 
bond. These results indicate that the contribution of the dipolar canonical 
form 110 to the ground state of these compounds appears to  increase in 
the order N < 0 < S. 

Neuman and Young48 also suggested that values of J(13CH3) might 
reflect the relative rotational barrier for these systems, however, in a late 
publication 61 Neuman and Jonas demonstrated that such a general 
correlation is not valid. 

A comparison of the rotational barriers for compounds 111-113a in 
DMSO was made by Neuman and Jonas 61. These deuterated compounds 
were synthesized i n  order to  obtain relatively symmetric N(CH& n.m.r. 
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TABLE 19. Activation parameters for C-N rotation in CD,C(X)N(CH,), in 
D M S O - C I ~ ~ ~ .  Reprinted with permission from R. C .  Neuman, Jr. and V. Jonas, 
J.  Phys. Chem., 75, 3532 (1971). Copyright by the American Chemical Society. 

Compound El3 AF* (25°C) A H *  A S  * 
(kcal/mol) (kcal/mol) (kcal/mol) (e.u.) 

111 (X = 0) 20.3 f 0.3 18.5 19.7 f 0.3 3-4.1 jz 0.8 
112 (X = S )  25.9 t- 0.9 23.4 25.3 i- 0.9 f 6 - 3  f 2.1 

113b (X = NHZCI-) 22.8 f 0.7 21.8 22.2 f 0-7 f 1.4 +_ 1.9 
113a (X = NI12+NO; 21.3 f 0.3 21.5 20.7 i- 0.3 -2.6 k 0.7 

signals amenable t o  analyses using the total line shape equation of 
Gutowsky and Holm62. Table 19 summarizes the results. The values 
obtained were compared with the results of molecular orbital  calculation^^^ 
and  solvation effects were also discussed. 

( l l ? , X  = 0) 
(112,X = S )  X CH3 

D3C CH3 

\C-N/ 
/ \  (113a. X = NH2+N03- )  

(113b. X = NH,+CI-) 

These authors also synthesized N-methylacetamidinium chloride (114, 
X = NH,+Cl-) and nitrate (114, X = NH,INO;) and determined the 
isomer distribution between 114a and 114b in different solvents. These 
data are compared with those obtained for the analogous amide (114, 
X = 0) and thioamide (114, X = S). In all cases the N-CH, signals 

(114a) (114b) 

corresponding to 114a and 114b can be identified with the isomer by the 
substantially greater C-CH,, N-CH3 spin-coupling observed in the 
trans configuration 114a. The similarity in isomer distribution (Table 20) 
for  the various X groups suggests that the potential steric interaction 
between the endo H and CH, groups of the amidinium salts (114, X = 
NH,+CI -, NH,f NO;) is relatively unimportant. 

4. Restricted rotation in amidoximes 
Cramcr and DeRyke65a have recently succeeded for the first time in 

determining the barrier to rotation in an amidoximc derivative. Table 21 
gives the rotational barriers for 2,2'-iminobis(acetamidoxin~c) 1 1 5 ,  
abbreviated IBO. and its Ni(1r) 115b and Zn(i1) 115c complexes. The 
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X 
I I  

TABLE 20. Isomer distribution for the compounds CH3CNHCH3 (114a and 
114b) in solutionG1. Reprinted with permission from R. C .  Neuman, Jr. and 
V. Jonas, J .  Phys. Clietn., 75, 3532 (1971). Copyright by the American 

Chemical Society. 

X Solvent 114a (%) 114b (%) Reference 

0 H 2 0  97 3 64 
S CC1.I 97 3 64 

C6H6 97 3 64 
NH; C1- D20 96 4 61 
NH,+NO, DzO 96 4 61 

DMSO-rlr, 97 3 61 

crystal structures of the Ni(11) and CU(II) complexes 115b and 115c of acet- 
amidoxime have shown that the C-NH2 bond length is comparable to  
many amides. The barrier to  rotation about the C-NH2 bond of IBO 
(10.5 kcal/mol) is among the lowest ever reported for an  amide or an 
amidine. This low barrier is consistent with the failure of Neuman and 

to observe magnetic nonequivalence of the methyl groups in 
N,N-dimethylacetamidine as low as - 40°C. 

NH2 
I 

CH 2C- N-0  H 
/ 

CH,C=N-OH 
N\ 

I 
NH2 

(115a) 

Coordination of either Zn2' or Ni2+ causes the rotational barrier to 
increase by about 1 kcal/rnol (Table 21) or about 10%. This increase in the 
barrier of IBO is comparable to that observed in other systems. For 
example, Gore and co-workersG5b reported that coordination of BF, with 

TABLE 21. Rotational barriers for amidoxin1es"j". Reproduccd by permission 
of the National Kcsearch Council of Canada from the Cciiiatlinti Jolrriml of 

Cf i~mis t ry ,  51, 892-895 ( 1  973) .  

Compound Solvent Av (Hz) Tc ("C) AG* 
(kcal/niol) 

115, IBO DMF 25 k I -60 +- 2 10.5 k 0.3 
115b, Zn(IB0)2(N03)2 McOH 15 * 1 -47 5 2 11.5 k 0.3 
115c, Ni(IBO)2(N0,)2 DMSO 3000 k 300 + 17 ? 2 11.8 C 0.4 
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N,N-dimethylformamide increased the barrier to 21.9 kcal/mol from 20.9. 
The authors concluded that coordination of a Lewis acid at site X favors 
structure 116, causing a n  increase in the double bond character of the 
C--NH2 bond, and consequently increasing the rotational barrier. 

R 
Ha\ / 

\x \ 

R 
/N=C 

Ha\ / 
N-C 

H b  H b  X -  

(1 16) 

6. Conformation of Irnidic Esters 
Alkyl carboxylates and their sulfur analogs show generally a rather 

rigid antiperiplanar conformation. Planarity is due to  resonance within 
the ester function. lniidate esters being closely related to esters, similar 
conformational preference was expected. However, an additional geo- 
metrical isomerism can overlap i n  iniidatcs depending on the optimum 
conformation of the substituent on the nitrogen. As a consequence, four 
possible distinctly different ccnforniations are to be considered in imidic 
esters, i.e. an anti-periplanar (ap) and a syn-periplanar (sp) conformation 
within the E and Z forms6G. Other authors prefer the anti-cis, anti-trans, 
syrz-cis. syn-frans convention previously used. Z refers to proximity of 
OR3 and R2 on nitrogen while anti-periplanar and syn-periplannr indicate 
the OR3/R1 conformation; E means sterically remote OR3 and R2 groups. 
The anti-syn, cis-trans combination seems, however, less confusing, 
since both terms, syn and cis, refer to the same substituent. Syn and anti 

RZ 

/ 

0 
\ \ 

/ 

\ 
N /N-R2 

R’-C, R’-C 
//N-R2 

N 
R; 

‘ 0  

E ap z aP E SP z SP 

( a d  (sc) (a t )  ( s t )  

means geometrical configuration of the OR3 group and the substituent 
on nitrogen (RZ) while cis and rims indicate the conformation of R3 on 
the oxygen with reference to  R2, the nitrogen substituent. 

One recent study by Lumbroso and Berth6? dealt with N-unsubstituted 
imidates (R2 = H). Dipole moments have been measured in  benzene and 
calculated for different conformers, see Table 22. Ethyl acetimidate seems 
to  be preferentially in the syn-cis (sc) and/or i r i  the anti-cis (ac) conforma- 
tion. The latter is preferable to (sc) since there is an attraction between the 
C-ethyl group and the nitrogen atom, while there is no such force operating 
between the methyl and N-H(-N). Thc Me---H distance (of the ethyl 

/ 

R’-C / 
\ 

0 - ~ 3  

R’-C 
0 - ~ 3  

R3 R3 
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2. Aspects and properties of imidic acid derivatives 135 

group) for the (sc) conformer being 0.9 A,  i.e. less than the van der Waals 
distance. Siniilar considerations hold true for ethyl benzimidate and for 4- 
propoxybenzimidate (120) while ethyl-4-nitrobenzimidate (119) seems to 
be closest to the s~vi-rram (sI.) conformation. 

A somewhat more complete dipole moment and molecular refraction 
study including a number of N-substituted imidates has recently been pub- 
lished by Exner and SchindlerG0 (Table 23). h4easurements were made in 
benzene. 

The configuration and the conformation of the cyclic oxazolines (126- 
128) being rigid Z ap (sc), may serve as reference. However, the calculated 
and the observed dipole moments arc widely dil‘fercnt (by 0.4 D). The semi- 
rigid lactim ethers 129 and 130 have definite € (anri) configuration at the 
C=-N bond and their favorable coniormation seem5 to be one with R3 
anti to  the N-substituent, based o n  close p values. 

Comparison of Tables 22 and 23 gives a similar picture of the con- 
formations of ethyl and the methyl imidates 117a and 117b. l t  also indi- 
cates that, at least in benzene solution, E ap (anti-cis) conformation is 
generally valid for simple N-substituted alkyl and aryl imidates, irrespec- 
tive of the alkyl or aryl substituent R’ on carbon. 

1. Conformation and reactivity of the imidates 
There is still some controversy concerning the preferred conformation 

of i m ida t es . Their N ,  N-d i su bs t it u t ed der i va t i ves have at least u n a in b i gu o u s 
and rigid geometry around the -C=N +- bond, hence: their conforma- 
tion, i.e. the orientation ofthep-orbital of oxygen is more easily ascertained 
as the only variable. A verj  recent work69 has pointed out that conformers 
(133a and (133b) of imidate salts react stereospecifically in hydrolysis. 

0 

Nf 

R’ ‘R x-  
i 0 
OH \ I I  

R”-C-OR’ + R ~ N H  

(1 33a) (1 33b) 
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In  those compounds two identical R groups are attached to  the iminium 
nitrogen ; therefore, no configurational problems arise. As depicted in the 
Scheme I, 133a gives conformer P34a of the tetrahedral ortho acid amide- 
intermediate, in which the two new lone-pair orbitals on the oxygen of the 
OR1 group and the nitrogen are both oriented anti-pcriplanar to the 
C-OH bond. There, the oxygens of the hydroxyl and of the GR1 group 
each possess an orbital oriented anti-periplanar to  the C-N bond so the 
cleavage of the C-N bond is possible by an orbital-assisted mechanism 
leading to an ester and a secondary amine. The nitrogen does not have an 
orbital anti-periplanar to the C-OR‘ bond thus breaking of the C-OR1 
bond as a higher energy process will not occur. I n  consequence, the trans 
(R’/R”) conformer should give specifically 134a that, in turn, should be 
decomposed in one direction, as indicated in the Scheme 1 ,  to  the ester. 

(1 33a) 
H 

(I 34a) 

SCHEME 1 

On the other hand, attack of hydroxide ion upon the cis (R‘”“) con- 
former (133b) of the iniidate is expected io produce conformer 134b of 
the intermediate. Here there is no nitrogen orbital periplanar to the 
C-OR1 bond and no OR1 oxygen orbital mti-pcriplanar to the C-N 
bond. As a consequencc this conformer is not supposed to react unless 
rotating into conformer 134a, which as stated previously, shall break down 
to an ester and a secondary aniine. Alternatively, rotamer 134c would 
have both at the nitrogen and at  the OH an orbital anti-periplanar to the 
C-OR1 bond, hence it should immediately collapse into an amide and 
an  alcohol (Scheme 2). 

This means that the cis-imidate salt 133b can be hydrolysed by base 
either to  the ester or into the amide depending on the ratio of ‘new’ con- 
formers 134a and 134c. The assumptioil was checked with the conforma- 
tionally rigid cyclic iniidate salt 135 which upon hydrolysis with base (in 
MeCN, 20”C, 2 niin) gave 95% aminoester (136) and 5% of the hydroxy- 
amide 137. After 30 min 0 --> N acyl migration of 135 took place 
quantitatively to 136. Similarly, the oxazoliniuni salt 138 gave, upon 
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(133b) (1 34b) (1 34c) 

R 
I R" 

\C/'\R + R'OH 
I I  
0 

(1 34a) 

I 
hydrolysis with sodium carbonate, exclusively the aminoester (139) 
which at higher pH rearranged to the hydroxyainide (140). The intermediate 
(141) has two factors that determine selective cleavage of the C-N bond: 
the orbital orientation that the 1.3-diaxial interaction between the pseudo- 
axial R1 and the OH groups. Turning to the non rigid systems, c.g. 142, 
variation of bulkiness of R" caused significant shift in the ester:aniide 
ratio (Table 24). 

One expects a steric repulsion between methyl and the 0-ethyl group in 
the cis-conformer (142b) and between the ethyl and R-groups in the nnti- 
conformer (142a). Increase in  bulkiness of R should hence result in a 
relatively lower population of 142b and this is reflected by product 
analysis (Table 24). 
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(1 39) 

R\ /O R O  
C 

N+  
/ \  

\ / \  

II BF4- II BF4- N+ 

c C2H5 

H3C/ ‘CH, H3C CH3 

(1 42a) (142b) 

TABLE 24. Basic hydrolysis of imidate salts, type 14269. 
Reproduced by permission of the National Research 
Council of Canada  from the Cntiudim Jourtinl of 

C h e / t ~ i ~ t r y ,  51, 1665-1669 (1973). 

R % Ester‘ % Amide’ 

50 
81 
5 0” 

> 98 
> 98 

50 
19 
50b 

Yields were estimated by p.rn.r. spectroscopy analysis. 
Yields wcrc estimatcd by V.P.C. analysis. 
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V. C H I R O P T I C A L  PROPERTIES O F  AMIDINES 

The application of ORD t o  configurational studies of amidines has been 
limited to the hydrochloride salts of some a-hydroxy derivatives (143 and 
144), their transition metal complexes, and some cyclic derivatives. The 
open-chain amidines were prepared by the Pinner synthesis8* 13* 70-74 

139 

and resolved via the mandelic acid salts73-77. It was not possible to isolate 
a noncyclic optically active amidine base from its hydrochloride, although 
in several instances the (&)-bases were stable when pure73. 

I n  order t o  determine the absolute configuration of any of the amidinium 
chlorides, reference compounds of known absolute configuration were 
needed. This was achieved in the case of (-)-mandelamidinium chloride 
(145) by synthesis from amygdalin, which also yields D-( - )-mandelic 

CHsCH(0H)-C 
\ 

H 
(1 47) 

acid on hydrolysis indicating that the (-)-amidinium chloride also has 
the D-configuration 78. (+)-Lactamidinium chloride (146) has the D-con- 
figuration as it can be converted into the D-( +)-benzimidazole (147)79. 
I n  addition, hydrolysis of the (-)-amidiniuni chlorides (148. R=CH3 
o r  CH3CH,-) yields the corresponding (-)-acids (149) which belong to 
the ~ - s e r i e s ~ " . ~ "  and has an R configuration according to the Cahn-lngold- 
Prelog convcntion. Thus the (-)-amidinium chlorides belong to  the D-series 
also. 

+ ( a )  O H -  
PhCR(OH)C=NH2Cl- + PhCR(0H)COOH 

(b) H I 
NH2 

(1 48) (1 49) 



140 

A. Optical Rotatory Dispersion of Open-Chain a-Hydroxyamidines 
With the reference configurations established, Emerson and co-workers *l 

observed the optical rotatory dispersion curves of a series of a-hydroxy- 
acids related to  mandelic acid and the corresponding amidinium chlorides. 
The D-a-hydroxy-acids gave a positive Cotton effect related to the carboxyl 
,I--" ,. 
obtained by conversion of the acids into their morpholine-thiourea deriva- 
tivess2. 

The major extrema observed in  the O R D  measurements of amidinium 
chlorides derived from mandelic and related acids (150-164) are given in 
Table 25 while the U.V. data are given in Table 26. The O R D  curves of the 
various amidinium chlorides were examined in methanol and water but 
the results were somewhat irregular and made further correlations diffi- 
cult. For example, in water D-( -)-mandelamidinium chloride (148) gave 
a trough at 233 nm ([TI" = -2860) but the full Cotton effect curve could 
not be measured. Similar results were obtained for (-)-o-chloro- (160) 

G. Fodor and B. A. Phillips 

absorption band a t  c. 205 nm. Full  Cotton-effect curves could be 

and (-)-o-bromomandelamidinium chloride (161) (-2490 tr, 227 nm; 
-2230 tr, 233 nin in water, respectively), see Table 25. 'L'he first extremum 
of the Cotton efrect, when it can be reached, is a t  about 220 nm, corre- 
sponding to an absorption band for the H2NC==N+H2 group at 190- 
200 nm; however, this region is complicated by the presence of phenyl 
absorptions. Curves measured in methanol showed similar tendencies but 
water is preferred as it is more transparent in the 200 nm region. 

Since some ORD curves for the amidinium chlorides are not as definitely 
positive or negative as those of the corresponding acids, assignment of 
configuration by chemical evidence (hydrolysis) is in some cases preferable 
to  the O R D  evidence. By comparison with curves of compounds of known 
configuration the majority of amidinium chlorides described in Table 25 
which have cegative curves were assigned the D- or R- configurations1. 
When the aromatic ring in these amidinium salts bears an alkoxy-sub- 
stituent the O R D  curves increase in complexity and in addition to  the low 
wavelength extrema an extremum in the aromatic absorption region 
(250-285 nni) is observed (Figure 2). Since the U.V. spectrum of this region 
for the series of aliphatic a-hydroxyamidinium chlorides (165, R = Me, 
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2oc 

PI* 

1 oc 

5c 

+ 
0 

100 300 
- t  (nm) 

FIGURE 2. The ORD curves of A, (+)-o-rnethoxy-(155); B, ( +)-o-ethoxy- 
(156) ; D, (+)-p-rnethoxy-('159), and E, (+)-p-ethoxyrnandelamidiniurn 
chloride (158), along with the parent ( +)-mandelamidinium chloride (1451, 
C, run in methanol. Reproduced with permission from D. G .  Neilson, Optical 
Rotatory Dispersion of Alpha-hydroxy Arnidincs and their Transition Metal 
Complexes in Some Newcr Physical Methods of Structural Chemistry 

Symposia Proceedings, 1967, p. 186. Unired Trade J'ress Ltd. 

Et, wPr, iso-Fr) is featureless84, these extrema must be attr ibuted to 
optically active aromatic  absorption bands. 

H 
I + 

I I  
R--C--C=NH2CI - 

OH NH2 

(1 65)  

T h e  ORD datas1 for lactamidinium chloride (146)76 as well as P-aryl- 
substituted derivatives 166 a n d  167 (Table 27), are not directly comparable 
with amidiniuni chlorides in which the aryl group is in the a-position 
(Figure 3). The introduction of a phenyl group into the lactamidinium 
systems, either in the 0: or (3-position, causes a reversal of the sign of  
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FIGURE 3. The ORD curves of A, (+)-u-benzyllactamidiniuni chloride (166); 
B, ( +)-atrolactamidinium chloride (150); C, ( -)-lactamidinium chloride 
(146) and D, (-)-mandelamidinium chloride (145) run in water. Reproduced 
with permission from D. G .  Neilson, Optical Rotatory Dispersion of Alpha- 
hydroxy Aniidines and their Transition Metal Complexes in Some Newer 
Physical Methods of Structural Chemistry Symposia Proceedings, 1967, p. 186. 

United Trade Press Ltd. 

rotation for compounds of related configuration. No Cotton effect was 
observed for (-)-lactamidinium chloride above 217 nm although the 
authors postulate that it is likely, from the plain curve obtained, to be 
positive for the D-isomer. 

H 
I @ 

HO--C-C=NHZ CI- H CH2Ph 
9 I @ I AH2 

HO--C-C=NHz CI- Ph-C-H 
I 
I I  

(1 46) (1 66) (1 67) 

HO-C-C=NHz CI- 
I I  I 

HSC NH2 CH3 H3C NHz 

B. Optical Rotatory Dispersion of Meta l  Complexes 
It has been known that the copper complexes of 7.-amino acidss5 and 

a-hydroxy acidss6 give Cotton effect curves in the visible region that could 
be used for the correlation of configuration of the parent acids. I t  is also 
known that cr-hydroxy amidines from complexes with transition metals, and 
in particular that copper complexes have a broad absorption band of low 
extension coefficient ( E  < 50) in thc visible r a ~ i g e ~ ~ * ~ ~ .  Ncilson and Peters71 
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suggested that complexes derived from optically active cc-hydroxy amidines 
might prove useful in assigning configurations to  those amidines which 
could not be correlated by chemical means. 

The ORD curves of the copper complexes of a-hydroxy a m i d i n e ~ ~ ~ * ~ ~  
of type 168 were found to  show significant features in the 590 and 220 nm 
region, and a few have extrema at  270 nm (Table 28). The sign of the 
Cotton effect at c. 590 nni is positive for complexes derived from the 

(1 68) 

D-series of amidines and negative for the L-series (see Figure 4). This 
affords a useful method for the determination of the absolute configura- 
tion of arnidines particularly since measurements of the ORD curves of 
the parent compounds do not always give a clear answer as to their 
configuration. The ORD curves of the copper complexes permitted that 
D-configuration be assigned to (-)-Zmethoxy-, 2-ethoxy-, 2-chloro-, 
2-bromo-, 4-methoxy-, 4-ethoxy-, 3-ethoxy7 and 2,4-dichloromandel- 
amidinium chlorides which could not be correlated chemically uia the 
parent acids owing to  their susceptibility t o  base catalysed racemization. 
The copper complex of D-( +)-lactamidinium chloride prepared it? sitzi 
gave a positive Cotton effect (pk z 620 nm; t r  470 nm) and also 
illustrated the greater value of the ORD curves of the copper complexes 
over that of the parent amidines for the correlation of configuration81. 

The ORD curves of the nickel complcx of D-( -)-o-bromornandel- 
amidiniumchloride( +98 pk, 568 nm; -270 tr, 435 nm) was also 
The mconfiguration was again associated with a positivc Cotton efl-ect i n  
the visible region; however, the nickcl coinplexcs were in some cases diffi- 
cult to synthesize and thereforc are less useful than the copper analogues. 

The behavior of thesc coniplexcs in the 270 niii region (a feature that 
can probably be ascribed to a d --> d transition of copperB8) appears at 
first sight to be more complex than that at the longer wavelengths. The 
2-chloro-, 2-bromo-, and 2,4-dichloroniandelamidine copper complexes 
(Table 28) all show distinct extrenia in the 270 n m  region, whereas in the 
case of the 2- or 3-ethoxy- or 4-methoxyamidine copper complexcs no 
extrema are observed. However, in these latter compounds, the amidine 
ligands themselves exhibit Cotton effect curves in the 270 n m  region (Table 
25) which are in the opposite sense to those derived from the copper transi- 
tion. Emerson and co-workers8' suggested that i n  the alkoxyamidine 
copper complexes the opposing Cotton effects cancel each other resulting 
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- lD E 

in no observable extrema in the 270 nm region. Support for this may be 
drawn from the CD curves (Figure 5)  of o-ethoxymandelamidinium 
chloride and its copper complex (Figure 6). Since the halogen substituted 
ligands are featureless in the 270 nm region, as expected no cancelling 
effect is observed. 
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I d  600 (nrn) 

FIGURE 5. CD curves of the copper(11) complex of D-( -)-o-ethoxymandelami- 
dinium chloride (A  and B) and of t h e  parent D-( -)-amidinium chloride (C) .  
Reproduced with permission from D. G. Neilson, Optical Rotatory Dispersion 
of Alpha-hydroxy Amidines and their Transition Metal Complexes in Some 
Newer Physical Methods of Structural Chemistry Symposia Proceedings, 

1967, p. 186. United Trade Press Ltd. 

Difference curves were plotted over the 200400 nm region by sub- 
tracting twice the ORD curve of the amidinium chloride from the ORD 
curve of the copper complex (Figure 6). This led to a positive Cotton effect 
a t  2.70 nm for complexes derived from the D-series of amidinium chlorides. 
The authors pointed out, however, that this is an approximation, since 
there is no guarantee that the contribution to  the O R D  due to the ligand 
amidine is exactly matched by that of the complex. 

1501 

FIGURE 6. ORD difference curves (in methanol) calculated for the copper(1r) 
complexcs of (A ) ,  L-( + )-o-ethoxy-; (B).  L-( +)-o-bromo-; (C), D-( -)-o- 
chloro-; and (D), L)-( - 1-o-niethoxymandelaniidinium chloride. 
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C. Optical  Rotatory Dispersion of Cyclic a-H ydroxyamidines 
The amidine functional group also appears in heterocyclic systems 

such as imidazolines and pyrimidines. Neilson and 78 pre- 
pared a series of optically active 2-y.-hydroxyalkyimidazolines (169-173) 

R = MeCH(0H)  (1 69) 
PhCH(0H) (1 70) 

N PhCEt(0H) (1 72) 
R-C!] \ PhCMe(0H (1 71 1 

H PhCH2CMe(OH) (173) 

and plotted their ORD curves. In the range studied (400-250 nm) all gave 
plain curves with a niolecular rotation less than 1000" a t  300 nm. It was 
noted, however, that a marked shift in rotation occurred on  going Tiom 
neutral to acid media (Table 29). There is a positive shift in rotation on 
protonation of the imidazole nucleus when the configuration at the a- 
hydroxy- centre is known to be L. This has been used by Ewing and 
hreilson 77 to assign the L-configuration to (+)-2-a-benzyl-a-hydroxy- 
ethy1)imidazoline (173), its ( +)-ainidiniuni chloride, and its hydrolysis 
product (+)-a-benzyl-lactic acid. Dirkx and de Boers0 have reported 
similar results for the closely related ephedrines which show a positive 
shift of the O R D  curves on going from acid to neutral conditions when the 
absolute configuration at the x-centre is R. In addition L-a-amino acids 
show a positive shift on p r ~ t o n a t i o n ~ ~ * ~ ~ .  

TABLE 29. Shift in rotation of some 2-a-hydroxyalkyliniidazolines at 5461 8, 
on changing from neutral to acid mediaT7.'*. Reprinted with perniission from 
D. F. Ewing and D. G. Neilson, J .  C h ~ t n .  Soc., 770 (1965); D. G .  Neilson, 

D. A. V. Peters, and L. H .  Roach, J .  Cfwtm SOC., 2272 (1962). 

Compound [a10 (Solvent) [a]" (Solvent) + HC1 
~~~~ 

~-(171) + 119.2 (EtOH) -24.6 (EtOHJ 
~-(172) + 105.6 (EtOH) -27.1 (EtOH) 
D-( 173) -44.6 (MeOH) - 56.4 (MeOH) 

Kadin and coworkers s3 have prepared an optically active compound in 
which the aniidine group is part of an aromatic system. (-)-Benzimidazole 
174, which from the configuration of its precursor belongs to  the D-series, 
exhibits a series of extrema in its ORD curve (-3430 tr, 286 nm;  + 13,200 
pk, 256 nm; -43,600 tr, 227 nm). Further work will have to  be done in 
this area, however, before any comment on these extrema can be made. 

0 
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PhCH(0H)-C 
\ 

H 

(1 74) 

The preparation and resolution of four 2-(a-hydroxybenzyI)-l,4,5,6- 
tetrahydropyrimidines (175-178) has been reported by Neilson and co- 

R R' 

175 Br H 

@$:c<> 176 177 CI OMe H H 
178 H Me H R 

workersg4. (-)-Tetrahydropyrimidine 178 exhibited a positive shift of 
the O R D  curve on going from neutral t o  acid media. The L-configuration 
was therefore assigned to the (+)-hydrochloride of tetrahydropyrimidine 
178. This configuration was confirmed by the ORD curve of the copper 
complex derived in situ from the (+)-hydrochloride of 178 which gave a 
negative Cotton effect in the visible region (- 690 try 654 nm; + 1180 pk, 
483 nm). 

The O R D  curves of the hydrochloride salts of tetrahydropyrimidines 
175-178 were plain positive over the region examined (down t o  235 nm). 
The ORD curves of the hydrochloride of tetrahydropyrimidines 175 and 
176, which paralleled those of the S - ( + )  amidinium chlorides 160 and 
161 absorbed too strongly to be examined below c.  235nm, in which 
region a Cotton effect might well be expected. Although the o-methy- 
oxytetrahydropyrimidine (177) hydrochloride absorbed too strongly 
below c. 280 nm, the (+)-form ol' 177 as its (-)-mandelate was trans- 
parent, and gave an intense Cotton effect (a  = 52-3) in the 270 n m  region 
(+2230 pk, 285 nm; - 3000 try 256 nm). 

A similar result was observed for the amidrazone hydrochlorides 179 
and 180 which gave plain curves down to 285 nm at  which point light 

absorption was too great to permit further e x a m i n a t i ~ n ~ ~ .  However, the 
( +)-o-methoxyamidrazone-( - )-niandelate derivative gave a Cotton effect 
(a  = 3- 116) in the aromatic region (+ 4260 pk, 283 nm; - 7390 try 263 nm). 
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INTRODU@TION 

Despite the great biological importance of the C=N group as a struc- 
tural unit, the physico-chemical data available are considerably less than 
for the analogous C=O and C==C groups. Data pertaining to the chemical 
determination of amidine and imidic acid derivatives are sparse. This may 
be a result of the relatively unimportant role that these compounds play 
in  industrial processes. At  the present time they have little application in 
the pharmaceutical, polymer or plastics industries although they have not 
remained exempt from study. 

Interest has been stimulated in imidates because of their re!atively 
easy conversion into substituted triazinesl. which are potentially useful 
in that they afford preparative mutes to  dyestuffs, whitening agents, resins, 
pesticides, surface active agents and medicines3. 

Amidines may be quantitatively estimated by chemical means'. The 
compound is treated with 25 cm3 0.lM-iodine to precipitate iodamidines. 

+ H I  
HN1 NH 

+ 12 R-C 
/ 
\ \ 

R-C 

NH2 N H2 

The solution is made alkaline and the solid separated by filtration. The 
amount of iodine in the filtrate is determined by acidifying an aliquot of 
filtrate and titrating the liberated iodine with O.S~-sodiurn thiosulphate. 

In an alternative method' the amidine is precipitated as mercuriamidine 
by means of 25 cm3 0 . 1 ~  buffered mercury(1r) acetate. After filtration 

N-HgOOCCH, 

+ CH3COOH 
// 
\ 

+ Hg(OOCCH3)Z A R-C 
HNH 

R-C 
\ 

NH2 NHz 

the excess mercury ions are determined by titrating a n  aliquot of filtrate 
with 0 .02~~amrnon ium thiocyanate. 

A new qualitative reaction for the identification of amidoximes consists 
in precipitation of the complex ions formed between iron(r1r) and the 
amidoxime with potassium thiocyanate or ammonium thiocyanate as a 
dark brown, sparingly soluble compound in water. The reaction is stated 
t o  be specific for amidoximes and may be applied to mixtures containing 
amidoximes, phenols, nitrites and cyanhydrins. 

The above groups of compounds apart, the other compounds of this 
chapter are poorly served by quantitative methods. The Kjeldahl estima- 
tion of nitrogen may be employed although this method is not without the 
disadvantage that total nitrogen may be extremely difficult t o  liberate 
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and estimate. The estimation of chloride ion by precipitation as silver 
chloride has been employed for imidate hydrochlorides6. However, two 
major difficulties were the complete elimination of occluded hydrochloric 
acid from the crystalline material and the inherent instability of the hydro- 
chloride. 

The general chemistry of amidoximes7, amidrazones*, f o r m a z a n ~ ~ ,  
imidateslO, and imidoyl halidesll is very well reviewed, but the amount of 
physico-chemical data contained in these reviews is relatively small. 

I t  is extremely important in studies of amidrazones that the literature 
is very carefully scrutinized '. In several instances the term hydrazidine 
has been employed in the literature to  describe compounds which are 
amidrazones12* 13. The nomenclature employed here follows reference 8. 

It may also be relevant to the relative unimportance attached to the 
compounds considered in this chapter that the literature does not contain 
references to reviews of specific physico-chemical methods, e.g. infrared 
or n.m.r. spectra. The relevant data have to be gleaned from the original 
literature and in this context this chapter does not give a totally compre- 
hensive coverage. It should be obvious to the reader that the literature 
cited is mainly from the last 10-12 years. Because of the lack of review 
articles of specific methods the reader will find references to earlier work, 
where they exist, in the references cited. 

It should also be noted that certain physico-chemical methods, in 
particular all aspects of chromatography, have not been applied with any 
enthusiasm to the subject matter of this chapter. 

I I .  AMlDlNES 

A. Infrared and Raman Spectra 
The infrared spectra of amidines have been a fertile source of study for 

many years. Before the advent of the widespread use of nuclear magnetic 
resonance (n.m.r.) techniques infrared spectroscopy was the predominant 
instrumental method for characterization purposes. 

The first thorough study of the structure of simple amidines by infra- 
red methods was performed upon acetamidine and its hydrochloride salt 12. 

The study attempted to resolve unambiguously the structure of amidines 
by a complete assignment of the spectrum for pure liquid acetamidine and 
for its hydrochloride as a solid. The Raman effect for acetamidine hydro- 
chloride which had been recorded several years previously l3 was also 
used in the assignment. As a result of the study it was suggested that the 
nitrogen valencies in acetamidine were approximately planar and that a 
similar situation existed in the acetamidinium ion. 
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Whilst study of the simplest niember of any series of compounds is of 
the greatest value, for characterization purposes it is the systematic study 
of many molecules of similar structure which allows tables of infrared 
group wavenumbers to  be formulated. To this end several studies of 
amidines have been made. N,N'-Disubstituted amidines have been studied 
by several workers. One study1"" was devoted to a study of amidines 
of the type CH&( :NR)NHR' where R a n d  R' were phenyl (substituted and 
unsubstituted) and naphthyl. The results are summarized in Table 1. 

It  was also notedl4*l5 that replacement by deuterium of the hydrogen 
atoms attached to  nitrogen affected four bands in the 1500-1200cm-1 
region. This was interpreted as indicating coupling between nitrogen 
hydrogen vibrational modes and the heavy atom skeleton. 

A series of N-alkyl-N'-phenylbenzamidines have also been studied 16. 

The findings were very much in line with those observed in Table 1.  The 
solution data were recorded for approximately 0 . 0 2 ~  solutions in carbon 
tetrachloride for all the molecules studied and some were also examined in 
ch!oroform solution (0 .06~) .  Very little change in the wavenumbers of the 
v(N-H) modes were observed upon changing solvent. The values fall 
in the ranges 3463-3438 and 3408-3370 cm-l.  The u(C=N) mode value 
was recorded as a 0 . 0 6 ~  solution in chlorofarni. The mode fell in the 
range 1627-1620cm-1 for the seven molecules for which values were 
recorded. 

The infrared spectra of 13 N-substituted trichloroacetaniidines as pure 
liquids or solids have been recorded17. The spectra of the majority of these 
compounds were also recorded as solutions in tetrachloroethylene. In 
solution, the v(N-H) mode was recorded in the range 3520-3455 c m - l  
and the v(=N-H) mode in the range 3415-3350 cm-'. The v(C==N) 
mode lay between 1672 and 1593 cm-'  showing little sensitivity to 
changes in phase. The nitrogen-hydrogen bending mode of the amino 
group was observed as  a very strong absorption i n  the range 1627-1510 
c m - l  which was displaced by 1-5 cni- l  upon dilution. This was taken as 
indicative that the mode was thc NH deformation (or aniidine I I  mode). 
Other assignments were made but their usage for characterization purposes 
is not particularly definitive. 

N,N'-Diphenylbenzamidine and N,N'-diphenylacetamidine have been 
studied by infrared spectroscopic methods and an assignment made of the 
spectrals. The former compound exhibited a weak N-H stretching mode 
band lying between 3400 and 3200 cni- '  with a maximum at approxi- 
mately 3310 cni-'. The latter compound possessed a totally different N-H 
stretching band in that it lay between 3350 and 2500 c m - l  with two maxima 
at 3250 and 3050 c m - l .  By comparison with the infrared spectra of 
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TABLE 1. The infrared wavenumbcrs for a series of N,fv-'-disubstituted 
amidines of the form CH3C( :NR)NHR' 

Chloroform Compound v(N---H) Deuterated 
R R' Solid solid solution 

R1 

R2 

R3 

R4 

R5 
R" 

Rl 

R2 

R3 

R4 

R5 

R" 

R' 

R3 

R3 
R5 

R' 

R1 

R1 

R3 

R3 

R5 

3245 
3205 
3105 
3236 
3184 
3012 
3278 
3205 
3105 
3290 
3246 
3236 
31 15 
3400 
341 2 

v(C=N) 
1628 

1628 

1636 
I628 
1636 
1631 
1644 
1628 
1647 
1620 

3448 3390 
23 14 

3448 3370 
2300 

3448 3390 
2304 

3446 - 
2358 

2518 
2518 

1618 

1618 
1610 
1615 
1605 
1615 
1600 
1639 
1623 
1639 
1615 

3448 3378 
3448 3378 

1655 
1633 (sh) 
1652 

1647 

1647 

ri: 

1655 
1620 

carboxylic acid dimers i t  was concluded that N,N'-diphenylacetamidine 
existed as a mixture of predominantly strongly hydrogen-bonded cyclic 
dimer and a lesser amount of weakly hydrogen-bonded polymer associa- 
tion, whereas N,N'-diphenylbenzamidine existed solely as the weakly 
hydrogen-bonded polymeric association and no dimer formation. 

The v(C=N) and 6(NH,+) modes have been studied in a series of 
amidines and guanidines and their hydrochlorides 91. The shift of the 
v(C=N) mode in the salts from its position near 1660 c m - l  was attributed 



162 W. H. Prichard 

to the interaction of the mode with an in-plane deformation, 6(NH,+), and 
was studied as a function of the nature of the group attached to  the carbon 
atom bearing the imino group. 

In contrast to some of the observations recorded above it has been stated 
that the effects of molecular association are particularly marked for the 
v(C==N) mode in the spectra of N,N‘-disubstituted amidinesZ0. In a Raman 
effect study of diethyl acetamidine it was noted2’ that the position of the 
v(C==N) mode absorptions depended not only on the physical state of the 
molecules but also on the solvent if studied in solution. In dioxan a 
Raman shift was observed at 1675 cm-l  whereas in n-hexane the shift was 
observed at 1592 crn-l. In the liquid state three shifts were observed, the 
strongest being at 1635 cm - l .  

It  was further noted in N,N’-diarylsubstituted amidines that when the 
carbon nitrogen double bond is conjugated to a benzene ring the shifts 
observed for chloroform solutions occur as doublets (separation 7-13 
cm-I  lying between 1660 and 1635 cm-I. The presence of syn and anti 
isomers has been suggested to  account for their existence. 

In the case of N,N,N’-trisubstituted amidinesZ1 the v(C=N) is observed 
as a Raman shift between 1633 and 1613 cni-l  when the carbon-nitrogen 
double bond is conjugated to a benzene ring. 

It should be noted that care should be exercised when making direct 
comparisons between Raman and infrared vibrational data especially 
if elements of symmetry exist within the molecular systems being considered. 

B. Ultraviolet and Visible Spectra 
Ultraviolet and visible spectroscopy has been used, not so much for 

characterization purposes, as for studying the influence of various sub- 
stituents upon the basicity of amidines. 

Statistical analysis was applied to  the straight lines obtained from a 
function of the spectrophotonietric titration dataz2. An equation of the 
form 

where A is the observed absorbance, was used. pM was the independent 
variable and the pK evaluaed from the intercept on the abscissa. 

The equation was applied to amidines which have pK values in the 
range 11-12. Photometric methods were also employed in an  investigation 
of the pK values of a series of A’-monosubstituted benzaniidinesZ3. It was 
observed that the basicity depended on the nature and position of the 
substituent and that the pK values were related to the Haminett o values. 

I n  a :nure detailed study of protonated cations using electronic, fluor- 
escence and infrared spectroscopic techniquesz4 evidence has been 
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presented for the existence of cyclic amidine structures for singly pro- 
tonated (at the heterocyclic nitrogen atom) species derived from 
2-aminoquinoline and 4-aminoquinaldine. Evidence is presented to demon- 
strate that these molecules have protonated amidine electronic structures 
in the ground and lowest excited electronic singlet states. 

C. Nuclear Magnetic Resonance Spectra 
Nuclear magnetic resonance (n.m.r.) studies have been mainly con- 

cerned with amidine salts. This arises principally from the ease with which 
salts may be examined by the n.ni.r. technique even though solvent effects 
may present problems. In one such study of amidine it was con- 
cluded that rotation about the C-N bonds was restricted. The dashed 
line is used here and subsequently to denote delocalization of electrons 

R 
\ 

N-H 
L+ 

/N-R 

CH3 -C: X -  \. 
H 

(1 1 
across the bond. Molecules of the type 1 where R is methyl and X is 
chlorine were concluded to exist in the configuration indicated with mag- 
netically non-equivalent pairs of hydrogen and methyl groups and with 
nitrogen atoms which differed in chemical reactivity. 

The presence of magnetically non-equivalent pairs of hydrogen atoms 
and methyl groups was concluded from the non-simultaneous collapse of 
the two N-CH, doublets, a t  intermediate concentrations of sulphuric acid. 
The high field doublet was observed to  collapse at lower acidities than the 
low field doublet, indicating that the basicities of the two nitrogen atoms 
were different. 

I t  was further suggested that in media of high acidity hydrogen exchange 
involved the formation of a second conjugate acid and decreased the 
residence time of N-H protons in unique spin states. Finally the lifetimes 
of the second conjugate acid became long enough to cause magnetic equiv- 
alence of the N-CH, groups, by rotation aboui C-N'NH,CH, bond. 

The exchange reactions of protons attached to nitrogen in amidinium 
ions formed in dilute hydrochloric acid and various water-sulphuric acid 
mixtures have been studiedz6. Since the exchange rate is inversely pro- 
portional to the [ H + ]  and independent of [AH+]  it was concluded that 
the dominant tnechanism involved reaction with hydroxyl ions. The 
mechanism was different in strong acids. 

An examination of unsubstituted and symmetrically substituted 
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amidinium salts in solution in dimethyl sulphoxide and water again sug- 
gested that rotation about the carbon-nitrogen bonds was hinderedz7. 
The barrier to rotation about the carbon-nitrogen partial double bonds in 
acetamidine hydrochloride in dimethyl sulphoxide solution were esti- 
mated. The value was expected to lie between 9 k 2 and 25 k 8 kcal mo1-I 
(36 k 8 and 100 i- 32 kJ mol-I). Although the barrier was imprecisely 
known the value was similar to that in amides (7-18 kcal mol-l, 30-75 
kJmol-l). I t  was further concluded that the barrier would be higher in 
amidinium ions due to the greater double bond character associated with 
an amidinium C-N bond. 

The barrier to rotation in N,N-dimethyl acetamidii~ium-d~ chloride 
and nitrate has also been studiedz8. 

The temperature dependence of rotation about the carbon-nitrogen 
bond in substituted N,N-dimethylformamidines has been investigatedz9. 
The rotational barrier was attributed t o  the zwitteiionic structure 2. 

Q 
R-N-C-R’ 

II 
N@ 

/ \  
CH3 CH3 

(2) 

The resonance absorption due to the two methyl groups was a single1 a t  
room temperature. The coalescence temperature was concluded to lie 
below ambient temperature in dilute solution in chloroform. N,N-Di- 
methyl-benzamidine (3), N,N-dimethyl-N-(0,O-dimethyl thiophosphory1)- 
benza m id i n e (4) and t h i o p h 0s p h o ry 1)- 
benzamidine (5 )  were also studiedz9. The two methyl groups of 4 and 5 
exhibited non-equivalence at room temperature i n  both aromatic and 
non-aromatic solvents whereas in 3 the resonance was a singlet in chloro- 
form and benzene at room temperature. Since 4 and 5 possess the P-N=C 
moiety it was suggested that the methyl group doublet could be attributed 
to the presence of syn and ariti isomers. 

N ,  N- Dime t h y I form am id i n es of the type ( X) C H 4-N =C H N (C H 3 )  

and A”-aralkyl-N,N-dimethyl formamidine, CBH,(CH2),N : CH .N(CH3), 

N ,  N-d i ni e t h y I - (0, S-d i met h y 1 

N 
/ \  

CH3 CH3 

N 
/ \  

CH, CH3 

(3) (5) 
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were studied and it was observed30 that the spectra of all the hydro- 
chlorides in D20 exhibited the N(CH3)2 group resonance as two sharp 
singlets of approximately equal intensity. I t  was concluded that the non- 
equivalence existed because of cis/trans isomerism. In deuterochlorofornl 
solution the N(CH,), resonance of all the formamidines (as free bases) 
appeared as a six-hydrogen sharp singlet. However, i n  hexadeuterobenzene 
the resonance appeared as a broad singlet the appearance of which was 
markedly dependent on the substituerit in the N‘-phenyl group. With a 
nitro or cyano group in the para position two distinct singlets were ob- 
served, whereas with good electron donating groups in the para position 
of the phenyl group the spectra difTered little from those observed in 
deuterochloroform. 

In  an examination of nitrogen-15 labelled N,N,N‘-trisubstituted arnidines 
by proton magnetic resonance31 the existence of long range nuclear spin- 
spin interaction between the nitrogen-15 and the hydrogen atoms has 
been demonstrated. Nitrogen- I5 studies have also been made o n  N,N- 
d i met h y 1- N- p he n y I fo r ni a in id i n e 37. which de in o n s t ra t ed that the s i ngle t 
observed at  7 2.69 became a doublet with J = 2.4 & 0.1 H z  for the 
15N=C-H coupling constant. 

D. M a s s  Spectra 
The mass spectrum of N.N-dimethyl-N‘-phenylformamidine has been 

examined33 and a large peak due to the [M-H]+ion observed. As 
demonstrated by deuterium labelling, one of the ortho hydrogen atoms 
of the phenyl ring was lost. The same result had been observed for the 
corresponding fragmentation of thiofornianilide. The mechanism was 
explained by the formation of benzimidazoliuni ions (a). The effects of 
substituents at the benzene ring were also examined. 

The  proposed mechanism is outlined in Scheme I .  
Detailed information has been obtained from the mass-spectra of 

N,N,N’-trisubstitutcd rlniidines under electron impact, nitrogen-I 5 and 
deuterium labelling31. 

E. Chromatography 
Amidines have not  been extensively investigated by chromatographic 

techniques and  consequently few studies arc worth more than passing 
interest. A method of characterizing aniidines as their picrates by the th in  
layer technique has been described 3.1. An interesting series of cxperinicnts35 
has demonstrated the separation of some i\’.l,n’,/V‘-trifluoroamidincs by 
liquid column chromatography. The explosion hazard was reduced by 
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IHCN 

SCHEME 1 

using inert solvents and separations were achieved o n  macro and micro- 
scales by percolating a 2 4 %  (w/w) solution of the fluoronitrogen mixture 
in an inert fluorochemical over a bed of silica gel. Elution was achieved 
with the solvent and 65% trifluoroacetic acid in the inert fluorocarbon. 
The separated fractions were subsequently analysed by gas chromatog- 
raphy. 

111. AMIDOXIMES 

A. Infrared Spectra 

Infrared spectroscopy has  been the most frequently employed technique 
for investigating the amidoxime structure. An early and thorough in- 
vestigation of f o r m a m i d ~ x i m e ~ ~  resolved the previously held supposition 
that the molecule existed as a tautomeric mixture of the two forms 

N - O H  
4 /. 

\. Y- 

N H - O H  
H-C:‘ H-CI 

N H  NH2 
(6 )  (7 )  

Examination of the compound as a melt and dissolved in carbon tetra- 
chloride or  in methyl cyanide revealed that the molecule possessed ex- 
clusively the amino structure. Strong evidence was afforded for this 
structure by the appearance of a strong band at 1618 cm- I  in the crystal- 
line state which moved to 1572 cm- l  in methyl cyanide solution. Deutera- 
tion of labile hydrogen atoms greatly reduced the intensity of this band 
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indicating that the band arose principally from the motions of the amino 
hydrogen atoms. 

For structural determinations by infrared spectroscopy the amidoximes 
p o s s : ~  the hydroxyl group which is attached to the carbon-nitrogen 
double bond and the amino group. All three groups give rise t o  charac- 
teristic infrared absorptions. It should be carefully noted, however, that 
the hydroxyl and amino groups are subject to extensive hydrogen bonding 
which shifts the absorptions by up to 200cm-l .  Formamidoxime36 in 
the solid state has its v(OH) at  3410 cm-l,  and a t  3628 cm-l  as a dilute 
solution in carbon tetrachloride. The v(NH,) bands are observed at 3300 
and 3254 cm-I  in the solid and  at 3530 and 3424 cm-l  respectively in 
dilute solution in  carbon tetrachloride. I t  should be noted carefully that 
the choice of solvent is critical (the v(NH,) absorptions appear at 3496 
and 3397 cm-I  in solution in methyl cyanide) and also that the solvents 
employed must be rigorously purified and dried. The  interaction of func- 
tional groups with solvents is outside the scope of this discussion, but 
excellent review articles are available37. 

The carbon-nitrogen double bond is not as sensitive to changes of 
phase. 

Although not directly relevant to a study of amidoximes it should be 
noted that in an  examination of the association of oximes3* the predomi- 
nant species was stated to  tc; a dimer or trimer. I t  was also recorded that 
shifts as great as approximately 500 cm-l  occurred, between the mono- 
meric and associated species, for the v(0H) mode. 

An examination of 3-amino amidoximes 39 showed that the compounds 
existed in a chelated form in solution in carbon tetrachloride and that the 
molecules were less basic than the simple amidoximes. Whereas simple 
amidoximes showed three bands near 3620, 3515 and 3410cm-l, the 
3-amino amidoximes gave very complex absorptions in the 3600-3300 
c m - l  region. Spectra of solutions in carbon tetrachloride or carbon 
tetrachloride/chloroforni (4%) mixtures exhibited a v(0H) near 3610 cm-l.  
I t  was suggested that the molecules existed in the equilibrium 

.. 
(8 )  (9) 

O x a m i d ~ x i r n e ~ ~  has been examined by infrared and n.m.r. methods and 
assigned the diaminoglyoxime structure. Other studies of amidoximes 
have been niade41*42*43. From one such study44 it was concluded that 
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amidoximcs possessed the RC(NH,)=NOH structure. The limited 
solubility of the amidoximes examined necessitated the use of cells of 
length between 2.5 and 7 cm for solutions in carbon tetrachloride. The 
v(0H) was observed near 3615 cm-I  which is close to the value observed 
for monomeric phenols. The positions of the v(NH,) bands (Table 2) 
were near to the values observed for amides. The intensity of the bands 
was also stated to be close to that of amides and slightly greater than that 
of arylamines. 

TABLE 2. The hydroxyl and amino stretching mode bands* in some 
amidoximes 44  

Compound v ( O J 3  vas(NHd V*(NH,) 

Forrnamidoxime 
Acetamidoxime 
Propionamidoxirne 
Butanamidoxirne 
Benzam idox i me 

3620 - - 
3610 3516 3412 
3620 3516 3410 
3610 3510 3400 
361 5 3515 3410 

* All values recorded as very dilute solutions in carbon tetrachloride. 

The v(C=N) mode has not been so extensively exanlined presumably 
because of the very definite character of the modes discused above. One 
study of amidoxinies4z suggested that the strong band near I660 cm-I  
(solid state) was due to the v(C=N) mode. Tn an examination of com- 
pounds containing the carbon-nitrogen double bond45 by Raman effect 
studies it was observed that the shift for the u(C=N) mode occurred be- 
tween 1663 and 1623 for oximes. This is somewhat below the value 
observed for f o r m a n i i d ~ x i n i c ~ ~ ,  1672 cm-l  in solution in methyl cyanide 
but it should be noted that thc first member of any series is slightly atypical. 

B. Nuclear Magnetic and Electron Spin Resonance Spectra 
N.m.r. spectroscopy has been applied to determine the structure of 

o x a m i d ~ x i m e ~ ~ .  Amidoximes of the type 10 have been studied in benzene 
solution for cheniical shifts, solvent shifts and for correlations with respect 

C6H5\ 

C=NOH 
I 



3. Detection and determination of imidic acid derivatives 169 

to their configurations46. Analyses of this type are rendered a little difficult 
in that the resonances of hydrogen atoms attached to nitrogen may be 
very broad and the positions of the hydroxyl and nitrogen protons are 
extremely sensitive to the solvent employed. 

In the study of molecules of the family given above i t  was observed 
that the resonance signals for the N-phenyl protons always occurred at  
higher field than the C,H., protons, for solutions in carbon disulphide. 
The N-phenyl protons always gave a multiplet centred near T 3.1, whereas 
the C6HA pro!ons occurred as a singlet (unresolved multiplet) when 
Y = H and as a multiplet when Y = CH, o r  C2H5, all very near T 2.6. 
These observations were interpreted as reflecting a change in the stero- 
chemical form of the amidoxiniesfrom a cis-position of the two phenyl rings 
when Y = H to a frans position for derivatives where Y = CH, or  C2H,. 
In this latter case it was further suggested that the conjugation of the 
C,H., ring with the C=N bond was more effective and caused the splitting 
of the C,H, protons. 

The solvent shifts of the C6H, protons induced by benzene are para- 
magnetic for the oriho protons ( A  - 20 Hz downfield) and diamagnetic 
for the ineta and ptrra protons ( A  - 15 Hz upfield from the position in 
solution in carbon disulphide). The behaviour of the complexed benzene 
on the N-phenyl protons is analogous but the shifts are smaller. 

A particularly interesting study of the amidoxime structure has been 
reported 47. Amidoximes which may exhibit geometrical isomerism and 
tautomerism appear to exist from physical measurements, in  the SJW- 
hydroxyniino form 11, which is stabilized by intramolecular hydrogen 
bonding. 

R - C - N ~ H ~  C ~ H ~ - C = N ~ H  C,jHs-C- N'H-CGHS 
I II 

C H 3-N ' -0 H "-OH 
I1 
".-OH 
(11) (1 2) (1 3) 

However, analogues of N-alkyldroxylamines must exist in the imino 
form 12. The three compounds 11-13 are amphoteric but in water and 
aqueous alcohol they behave as bases. 

By flow techniques strong electron spin resonance (e.s.r.) signals were 
obtained by oxidizing the free bases with potassium ferricyanide in 0 . 1 ~ -  
sodium hydroxide solution. The e.s.r. spectra were symmetrical and since 
they did not change on variation of the flow rate were concluded to be the 
immediately fornicd radical ions of the aniidoximes themselves. The spectra 
were all of the same type having 18 lines of approximately equal intensity 
except when obvious overlapping occurred between four pairs of lines 
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towards the centre of the spectrum. The pattern indicated the interaction 
of the odd electron with two nonequivalent nitrogen atoms and one hydro- 
gen atom as in 14 and 15. The suggested syn-structure was supported by 

R-C=N'H R-C=NZH - 

"-0- N' -0. 
. I > II 

(1 4) (1 5 )  
the fact that the radical from phenylacetamidoxime, CsH5CH2- 
C(NH,)=NOH shewed no further splitting due to the methylene group. 
The measured splitting constants for six radicals were determined, the 
values ranged from 8.05-7-55 and 3-53-3-10 Oe for the nitrogen atoms and 
5-88-5- 13 for the hydrogen. 

The larger value was zssigned to the nitrogen atom (N1) of the oxyimino 
group partly because this nitrogen is nearer to the oxy radical centre 
N1-0, but more particularly because the assignment accords with the 
spectrum obtained by oxidation of 12 in alkaline solution. 

IV. AMIDRAZONES 

A. Miscellaneous Data 

pounds 
Optical rotatory dispersion (0.r.d.) measurements made on the com- 

o -RC6Ha. CH(OH) * C . (NHZ)=NHNHCsHs + X - 
(1 6 )  

(R = H or CH30,  X = Cl) which exhibited plain Cotton effect curves 
down to 285 nmR. However, the (+) amidrazone( -)mandelate 

O-CH3OC6HdCH (OH)C(NH2)=NHNHCGH5+CGH,CH(OH)COO- 

exhibited a Cotton effect curve of high amplitude probably due to the 
presence of the various aromatic chromophores8. 

Molecular orbital  calculation^^^ have indicated that pK values and 
coupling activities of vinylogous amidrazones and light stabilities of the 
resulting dyes were related to the electron densities on the nitrogen atom 
of the amidrazones. 

B. Infrared Spectra 
Data pertaining to the amidrazone structure are few. A combined 

infrared and n.ni.r. spectroscopic study of N1,N1-disubstituted and 
N1,N1,N3-trisubstituted a m i d r a ~ o n e s ~ ~  showed that these compounds 
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exist only in the amidrazone configuration 18 with an intramolecular 
hydrogen bond 19 and no contribution from 17. 

N3.HR4 ’N; 
R4  

(1 7) (1 8 )  (1 9) 

The study embraced a wide range of amidrazones. For amidrazones 
with R’, R2 and R3 alkyl and aryl and R4 = H (D) two bands were ob- 
served in the ranges 3493-3475 c m - l  and 3424-3375 cm-l  for dilute 
solutions in carbon tetrachloride. Moreover, when R1 = H or C6H5 and 
R2, R3 and R4 were alkyl and aryl two bands were again observed in most 
instances lying in the ranges 3475-3410 and 3395-3297 cm-l,  also for 
dilute solutions in carbon tetrachloride. The band in the lower wavenumber 
region was of considerable breadth indicating the presence of hydrogen 
bonding. 

In  an earlier study5’ amidrazone salts were prepared. It was observed 
that with R1 = C6H5 and with R2 = C,H, and R3 = CH3 that the free 
base was stable and soluble in organic solvents. The infrared spectra of 
solutions of the free bases in carbon tetrachloride showed two bands of 
approximately equal intensity at 3490 and 3380 cm-l. These results were 
confirmed by studying the 100 M H z  n.m.r. spectrum which possessed a 
resonance a t  T 4.78 (from TMS) and which integrated at  two protons. 
When the spectrum was recorded after shaking the sample with D,O the 
T 4-78 resonance disappeared. 

In  a study primarily concerned with imidate systems the spectra of a 
number of amidrazones were recorded for comparison purposese9. It 
was observed that molecules of the type C6H,C(NH2)=”(CH3)CsH5 
in the solid state possessed a very intense asymmetrical band in the 
infrared spectrum between 1600 and 1595 c m - l  and an intense band at  
1575cm-l. In  the v(NH) region of the infrared spectrum for the solid 
state four bands were observed near 3460 and 3355 c m - l  which were of 
almost equal intensity and two more intense bands near 3400 and 3300 
cm - l .  In dilute solutions in carbon tetrachloride only absorptions corre- 
sponding to a free NH,  group were observed at  3500 and 3375 cm-l.  

In the spectra of the picrate and hydrochloride salts a large broad peak 
typical of salts was observed. The v(C-N+) mode moved to hid7er 
wavenumber ( 1  665-1650 cm-l )  than those observed for the free base. 

The preparation of perfluoroalkylamidrazones has been reported ’O. 
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Elemental analyses and the neutralization equivalent of the hydrochloride 
confirmed the compound and the molecular weight. Infrared spectroscopy 
yielded considerable information but did not lead to the differentiation 
between the tautomers 20 and 21. 

NH NH2 I/ 

(20)  (21 1 
For unsubstituted amidrazones three bands were recorded in the 

3500-3100 cm-1 regiong0. In the 1700-1600 cm-'  region two absorption 
bands were noted. The band lying in the range 1690-1670 cm- '  was 
assigned to  the v(C=N) mode and that in the range 1660-1655 cm-I  to 
the S(NH,). No indication was given but it is suspected that the data refer 
to the pure compound. Deuteration studies would obviously confirm any 
suspected ambiguities in the assignment. 

I 
R ..C=N* N H 2 R,-C.NH*NH;! 

C. Nuclear M a p e t i c  Resonance Spectra 
The n.m.r. spectra of many amidrazones were also recorded during the 

study mentioned p r e v i o ~ s l y ~ ~ .  When R' = H and R', R2 and R3 are aryl 
in structure 18 a two proton resonance was observed in the n.m.r. spectrum 
in the range T 5.3-4-6 p.p.m. from TMS. In those systems where R1 = H 
or C6H, and R2, R3 and R4 were alkyl or aryl a single proton resonance 
was observed in the range T 4.3-2-1 with the majority of the values lying 
a t  the lower end of the range. 

The syntheses of silyl amidrazones and hydrazidines from alkyl-o-(tri- 
methylsilyl) alkaneimidates and I ,  I-dialkylhydrazines have been reportedlg. 
The infrared spectra of o-(trimethylsilyl) alkanamide dialkylhydrazones 
(silyl amidrazones) of the structure (CH,),Si(CH,),C(NH,)=NN R where 
R = CH3, C2H, and C4H9 and n = 2, and R = CH, and I? = 3 con- 
tained absorption bands due to the v(NH,) modes 3330-3150 cm-', 
the v(CH,-N) group at  2770cm-' and two absorptions a t  1650 and 
1610 cm-I  due to the overlapping v(C=N) and 6(NH2) bands. The infra- 
red spectra were recorded for suspensions of solid material in mincral oil. 
The butyramide dimethylhydrazone contained a resonance at T 5.07 
attributed to the two hydrogen atoms attached to nitrogen. 

V. FORMAZANS 

A. Miscellaneous Data 
The acid-base properties of several substituted formazans .of the 

benzimidazole series have been exaniincd"'. Studies of pH changes showed 
that formazaiis exist in three forms, cationic, anionic and neutral (pH 5.0- 
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9-5).  p K  values for 1,5-dibenzimidrazoyl formazans are in the 8.4-10.5 
range for the acid ionization form and 4.0-50 for the basic ionization form. 
The dependence of the acid-base properties of formazans is explained as 
being dependent upon the molecular configuration. 

H 

R =  iH5 

Simple L.C.A.0.-M.O. methods have been used to calculate models of 
substituted 1,5-diphenylformazans 62. Experimental and calculated dipole 
moments were compared and discussed i n  relation to  the structure of 
compound 26. 

B. Infrared and Ramon Spectra 
Infrared spectroscopy has been useds3 to study the red and yellow 

formazans of the type 26. Solid and dilute solutions in carbon tetrachloride 
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of yellow formazans, structure 27, show, in most cases, a strong u(N-H) 
band in the range 3500-3300cm-1. The u(N-H) of the red formazans, 
structure 28 is very weak ( E  less than 1 I mol-l cm-l)  and is only observed 

in solution with very long path lengths and in the region 3500-3000 cm-l.  
N,N’-Diphenyl-C-(2,6-dimethoxyphenyl)-formazan in solution in carbon 
tetrachloride had a band at  3315 cm-l,  E 65 I mol-r cm-l,  v(N-D) = 
2465 cm-l. In  C-ethoxycarbonyl-N,N’-diphenyl formazan it was observed 
that the intramolecular N-H---N hydrogen bond was opened by iight 
absorption and gave rise to a new intramolecular N-H---0 hydrogen 
bond. 

The infrared spectra of substituted triphenyl formazans 5 4  i n  solution in 
chloroform or  in the solid state exhibit no v(N-H) absorption bands in 
the 3400-3100 c m - l  region. This is taken as being indicative of the forma- 
tion of chelate structures. The bands lying in the range 1445-1440 c m - l  
were assigned to the nitrogen-nitrogen double bond because of the 
similarity to azo dyes. The v(C=N) mode was assigned to the band between 
1517 and 1510 cm-I. 

Using the methods of group theory the number of vibrations for all 
possible types of symmetry have been determined for diphenyl formazan 
and its nickel complex55. The infrared spectra and Raman effect of ten 
formazans were measured in the solid state (potassium bromide disc) and 
as solutions in carbon tetrachloride. Formazans in solution were concluded 
not to possess CZv symmetry and the degree of conjugation in the for- 
mazans decreased in carbon tetrachloride solution as compared with the 
solid. 

C .  Ultraviolet and Visible Spectra 
An extremely comprehensive coverage of the literature to  1954 of the 

ultraviolet and visible region spectra of formazans and tetrazolium salts 
is given in reference 9. 

Protonation of p-RCGH4N=NCR1=NNH C6H4R2-p, (29) in sulphuric 
acid solution shifted the ultraviolet spectrum maximum by 125-250 nm to 
longer wavelengths as compared to the spectrum of 29 in alcohol”. When 
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substituents of different electronic nature were introduced into the phenyl 
nucleus the values of A,,, for unsymmetrical formazans in alcohol and 
sulphuric acid solutions were not equal to the arithmetic mean of the 
values of A,,, of the two corresponding symmetrically substituted 
compounds. 

The stable chelate ring has been given as the reason for the deep colour 
of formazans 54. Formazans were recorded as possessing absorption bands 
between 255-270 nm and 298-310 nm, which were absent in the case of 
triphenyl formazans with a nitro group in the three phenyl groups, and 
having no  absorption bands in the visible region. I t  was also observed 
that solutions in polar nitrobenzene or non-polar benzene exhibited no sol- 
vatochromy (that is they were the same colour). The long wavelength 
bands were most sensitive to  the effects of substituents. 

Microspectrophotometric determinations of formazans from the 
reaction of neotetrazolium chloride (30) with isolated chick embryo 
kidney have been studied at  530 nm over a wide range of p H  and tempera- 
ture 57, 

D. Nuclear Magnetic Resonance Spectra 
The n.m.r. spectrum of the red form of formazans exhibited a resonance 

attributed to  the nitrogen-hydrogen group at  low field, approximately 
T 14 from TMSS3. When R = 2,6-dimethoxyphenyl, methyl, phenyl, 
4-methoxyphenyl, t-butyl- and ethoxycarbonyl in structure 26 above, the 
proton attached to nitrogen resonated a t  T 9-68, 10.22, 14.54, 14-00, 13.69 
and 14-67 respectively, from TMS all measurements in dimethyl sulph- 
oxide-d, solution. 

In sugar and non-sugar f o r m a z a n ~ ~ ~  the nitrogen-hydrogen resonates 
at very low field. I t  was observed at T 15.4 for triphenyl formazan and at  
T 15.9 for acetyl formazan both measurements as solutions in deutero- 
chloroform, resonances from TMS. The n.m.r. spectrum of penta-0- 
acetyl-D-galactose-diphenyl formazan was markedly different when a 
nitrogen-15 atom was substituted in the a1 position. 

Instead of a single peak as observed in the nitrogen-14 compound, a 
doublet with J = 46.5 Hz was observed. This was interpreted as indicating 
rapid tautomerism in sugar formazans. 
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E. Chromatography 
The application of chromatographic techniques to the determination 

of formazans is mainly in biological and histological chemistry. Formazans 
of nitroblue tetrazolium 31 and tetranitroblue tetrazolium 32 are insoluble 
in common solvents at room temperatures. The most practical way of 
obtaining formazans for t.1.c. has been as spotting tetrazolium 
salts onto chromatographic plates and reducing the spots in situ. Ammo- 
nium sulphide is satisfactory for the reduction when dropped onto the 
tetrazolium salt on the plates. The plates were warmed, when the am- 
monium sulphide evaporated off quickly and left no residue. The conditions 
of the tetrazolium reduction determine the nature of the reaction product. 
The majority of formazan products of nitroblue tetrazolium and tetra- 
nitroblue tetrazolium gave R, values of zero but even with solvents a t  the 
polar end of the eluotropic series it was impossib!? t o  get these formazans 
to run on silica gel or  alumina. 

An alternative method involves the quantitative elution of nitroblue 
formazan from tissue sections which is subsequently measured spectro- 
photometrically60. 

N R2 R; N / / \ /  \ / \  
Rs-C N N C-R; 

I I I I 
(31) and (32) N N=N -Rs-R3'-N= 

+ + 
CI - C I  - 

31, Nitroblue tetrazolium p-NO2C6H4 -C6H3(OCH2)- C6H5 
32, Tetranitoblue p-NOzCsH4 -C6H3(OCH3)- p-NOzC6H4 

tetrazolium 

VI. H Y D R A Z I D I N E S  ( H Y D R A Z I D E - H Y D R A Z O N E S  O R  
D l H Y  DWOFBRMAZANS) 

Literature pertaining to  the hydrazidine structure is extremely sparse. 
As mentioned in the section dealing with amidrazones the syntheses of 

silyl amidrazones and hydrazidines have been reported l9. If one molecular 
proportion of an alkyl w-(trimethylsily1)-alkaneimidate and two o r  more 
(instead of one) molecular proportions of the dialkylhydrazine are reacted 
in the presence of a catalyst (an ammonium salt) the corresponding 
hydrazidine is formed. 

The infrared spectra of the 2',2'-dialkyl-o-(trimethylsilyl)-alkanohydra- 
zide dia1kylhydrazonesL9 contained strong absorption peaks correspond- 
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NH 

// 
(CH3)3Si(CH2)nC, + 2NH2.NR; ----+ 

OR 

/"R; 
(CH3)3Si(CH2),C, +NH3 + R - O H  

NH*NR; 

R = C2H5, iso-C3H,, C,H,; R' = CH3, C2H5 ; n = 2.3. 

ing to  the stretching vibrations of N H  (3230 cm-'1, CH3-N (2770 cm-') 
and C=N (1630 cm-'), all spectra recorded as thin films of pure liquid. 
These values are at considerable variance with those recorded above even 
allowing for possible phase changes, and would suggest that more evidence 
from other sources is required before unambiguous assignments could 
be made. 

The p.m.r. spectrum of 2',2',-dimethyl-4-(trimethylsilyl)-butyrohydra- 
zide dimethylhydrazone l9 contains five resonances. The resonance with a 
chemical shift of 6 6-45 ( T  3.55) was attributed to the proton attached 
to nitrogen. The resonance attributed to the methyl groups attached to 
nitrogen 6 2-27 ( T  7.73) were similar to the value observed for the 
amidrazone 6 2-18 ( T  7-82). 

VII. IMIDATES 

A. Miscellaneous Data 
Aliphatic and aromatic imidates are very prone to decomposition, 

especially in the presence of moisture. I t  is the products of these hydrolyses 
which are the most likely contaminants in any iinidate system. It is there- 
fore relevant that the factors influencing such decompositions are under- 
stood. In one such studyG1 the influence of the aryl substituent, pH, 
temperature, general acid base catalysts and solvent polarity on the kinetics 
of hydrolysis of ethyl N-arylformimidates and ethyl N-arylacetimidates 
were examined in water and aqueous diosan solutions to determine the 
mechanism of formation and breakdown of the intermediates involved in 
iniidate hydrolysis. This information is in turn relevant to the mechanisms 
of important acyl transfer reactions. 

Another investigation of the imidate formation mechanism G2 involved 
the detection of some formimidate esters and the measurement of their 
rates of formation using n.m.r. techniques. The results for the rate 
measurement for methyl formimidate at -10°C (263 K) were the most 
complete and showed a close proportionality to  the hydrogen cyanide 
concentration. 
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Imidate-enamine tautomerism 33a has been the subject of many 
studies. A recent report 63 describes several experiments conducted upon a 
number cf complex imidates 33b 

I I  
H,N-C=C-CN 

I t  
HN=C-CH-CN 

iminonitrile enaminonitrile 

(33a) 

(33b) 

The n.m.r. spectra of solutions in dimethyl sulphoxide showed 15% 
enamine and  85% imidate whereas for solutions in dimethyl formamide 
the proportions were 36% enamine and 64% imidate. 

In the ultraviolet difference spectra of solutions of 33b in methanol 
the characteristic enamine c h r o n i o p h ~ r e ~ ~  (253 nm, E = 6630) was ob- 
served. In the presence of acid the absorption disappeared while one at  
226 nm, originally E = 7200 was enhanced. 

The thermal behaviour of cellulose trichloroacetimidate has been 
investigated by differential thermal, dynamic thermogravimetric and iso- 
thermal thermogravimetric analyses 65.  Kinetic data were calculated from 
the curves and explanations of the observed transitions and their relation- 
ship to imidate hydrolysis were discussed. 

B. Infrared and Raman Spectra 
Spectroscopy in the infrared region for the study of the imidate system 

has a very early history. Several workers have attempted to study the very 
simple aliphatic imidate systems. A study of methyl acetimidate and its 
hydrochloride 66 was curtailed by the fairly rapid decomposition of the 
materials being studied. The study did reveal that the v (C=N)  mode was 
almost unaffected upon dilution, occurring in the pure liquid and as dilute 
solution in carbon tetrachloride at 1660 and 1661 cm-1 respectively. 
However, the vapour phase showed a doublet at 1682 and 1668 cm-l. 
The v(C=N+) mode in methyl acetimidate hydrochloride was assigned to a 
band at  1649cm-1 (mull in Nujol). The observation led the authclrs to  
conclude that the more ionic the C=N bond became, the lower was the 
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value of the stretching mode wavenumber. This observation was supported 
by  studies of hydrochlorides of compounds containing the carbon- 
nitrogen double bond 13. 

The hydrochlorides of methyl formimidate and methyl acetimidate 
have been studied as solutions in concentrated hydrochloric acid by their 
Raman effect (j7. The hydrolysis was sufficiently slow t o  allow the measure- 
ments to be made. It was concluded that the structure of the alkyl formimi- 
date hydrochlorides, given as RO.  CHCl . N H .  CH(OR)NH2, HCI could 
not be reconciled with their infrared spectra. Two strong bands were 
observed in the 1750-1600cm-L region. Replacement of R = H by 
R = CH, lowered the band near 1720 c m - l  slightly (1720 to 1708 cm-l) 
and that near 1675 cm-l  substantially (1678 to 1623 cm-I). Examination 
by  the Raman effect of solutions indicated that the 10% reaction time for 
the hydrolysis in concentrated hydrochloric acid at  20°C (293 K) and - 25% 
cation concentration (estimated by weighing successive precipitates of 
ammonium chloride) was -20 h for methyl acetimidate. This result 
paralleled the findings for the methyl benzimidate cation 68 .  

I n  infrared spectroscopy the imidate system is characterizedGG by the 
absorptions due to  the =NH and C=N stretching modes, the former 
near 3330 cm-', the latter near 1650 cm-'. 

Several studies have been devoted to the effects of different solvent 
environments upon the v(N-H) wavenumber. In one such study69 
ethyl butyrimidate, benzimidate and phenylacetimidate were examined in 
a diverse range of solvents. The values observed for the solutes varied by 
as much as 60 cm-I  from the values observed in hexane. The largest shifts 
t o  low wavenumbers were observed for the highly polar solvents pyridine 
and dimethyl sulphoxide. The situation was complicated by the observa- 
tion of a double peak for ethyl phenylacetimidate. It is well established that 
this molecule is not very stable and rearranges slightly upon distillation 70. 

A further complication arises because the product of the rearrangement is 
N-ethyl phenylacetamide which has an identical molecular formula and  
one N-H group (albeit sp3 hybridized). Great care must be exercised to 
ensure that any spectra are not complicated by the presence of this im- 
purity which does not influence a carbon, hydrogen, nitrogen analysis. 
The doublet structure was explained in terms of the two conformations 34 
and 35. In conformation 35 the N H  group can interact with the x-electron 
system of the aromatic ring. 

A similar study was devoted to the influence of substituents in the 
benzene ring of ethyl benzimidate upon the position of the v(N-H) mode 
in a diverse range of solvents7'. It was observed that although the maxi- 
mum shift from the value observed in hexane was -60 c m - l  (pyridine) 
the substituents in the ring had very little influence upon the u(N-H) 
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mode, the values for the five compounds studied varying very little from 
one another when recorded in the same solvent. ~ 

N 
H\ 

(34) (35) 

Measurements of the wavenumber and absolute intensities of the 
absorption bands v,-,(N-H), v,-,(N-H) and v(C=N) of the C=NH 
group in a series of phenylacetimidic and benzimidic acid esters have been 
made 72. In phenylacetimidates it is suggested that the doublet structure 
of the fundamental stretching absorption band and its first overtone indi- 
cate the existence of two conformations 34 and 35 for these compounds. 

It was also concluded that the N-H group in imidates is weakly acid 
and that it is slightly more acid in phenylacetimidates than in benzimidates. 
In benzimidates the v(C==N) mode was observed in the range 1645- 
1630 cm-1 for the pure materials, the values for solution in carbon 
tetrachloride being nearly identical (where recorded). For the phenyl- 
acetimidates the mode was a t  1655 _+ 1 cm-l  for the pure materials with 
no shift for the solution value. 

The influence of substituents attached to  the nitrogen atom of the C=N 
bond has also been i n v e ~ t i g a t e d ~ ~ .  As previously indicated the value of the 
v(C=N) mode moves to lower wavenumber for the hydrochloride salt. 
I t  was observed that when groups such as COR, COOR, CH,CN and 
CH,CH,Br were attached to  the nitrogen atom the observed wavenumber 
lay in the range 1666-1660 cm-l .  In order to  make meaningful compari- 
sons the spectra of some amidines and amidrazones were also recorded. 

In  an investigation of acet-, propion-, butyr-, isovaler-, capr-, and 
isocaprimidate systems 73 the v(N-H) mode was observed in the range 
3340-3275 cni-' (pure liquids) and only slightly shifted (- 10 cm-l) to 
higher wavenumber for capr- and isocaprimidate in solution in heptane 
and carbon tetrachloride. The v(C=N) was only slightly influenced by the 
solvent and lay in the range 1658-1653 c m - l  for the pure liquids. The other 
absorption bands observed in the 3400-1300 c m - l  region were also re- 
corded. 

The influence of substituents in the ether group of various trichloro- 
acetimidates has been ' For molecules of the type 
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CCI3C(=NH)OCH2R the v(C=N) mode was observed a t  1679, 1675 and 
1680 cm-I  when R = CF,, CCI, and C(NO,),CH, respectively. 

For a series of trichloroacetimides it has been observed70 that the shift 
between pure liquid and vapour phase values for the v(N-H) mode was 
-25 cm-', the liquid value recorded in the range 3347 -C 1 cm-l.  A much 
more striking result is obtained for the influence of substituents attached 
to the nitrogen atom. For methyl trichloroacetimidate the v(C=N) mode 
occurs at 1673 cm-1 whereas for the N-deuterated compound the value 
is 1656 cm-I. The v(C=N) mode occurs a t  slightly higher wavenumbers 
for the trichloroacetimidates than for the acetimidates. The effect of 
attaching chlorine to the nitrogen atom in acetimidates is to drop the 
v(C=N) mode to - 1620 cm-l, whereas a hydroxyl group attached to the 
nitrogen causes little if any shift. 

C .  Ultraviolet and Visible Spectru 

imidates of the type75: 

// 
\ 

An examination has been made of the ultraviolet spectra of a series of 

NH 

R-C 

OCHj 

R = C,H,C'-C 36; (CH3)3CC=C 37; 
CH,(CH2),C~C 38; CH3(CH2)5C=C 39. 

Absorption maxima were observed at 260 nm for compound 36, 205 nm 
for compound 37 and at  207 nm for compounds 38 and 39. The molar 
extinction coefficients lay between (1-2.6) x lo4 for these compounds. 

D. Nuclear Ibrgagnetic Resonance Spectra 
N.m.r. studies of imidates are not as comprehensive as those devoted t o  

infrared spectroscopy. The n.m.r. spectra of benzimidates and phenyl- 
acetimidates have been The N H  group proton resonated near 
7 1.75 for the benzimidates and near T 2-85 for phenylacetimidates. I n  
both cases these values for the pure liquids were little affected by sub- 
stituents in the benzene ring. For solutions in carbon tetrachloride (con- 
centration not recorded) the values shifted to 7 2-3 and T 3.28 respectively. 
For the series of aliphatic imidates mentioned previously73 all the com- 
pounds exhibited a broad resonance in the range 7 3.06-2-90 for solutions 
i n de u te roc hl o ro fo r in. 

In the trichloroacetimidates 7 0  the proton attached to  nitrogen resonates 
in the range T 1.74-1.52, values [or pure liquid samples. 
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E. Chromatography 
Chromatographic separations and determinations are not usually 

practised upon simple imidate systems. The techn.ique has been applied to 
determination of complex imidates, such as methomyl 76 .  Methomyl 
(S-methyl-N-[(methylcarbamoyl)oxy]thioacetimidate) was hydrolysed to 
the oxime, methyl N-hydroxythioacetimidate, which was extracted with 

OH- 
CH,SC(CH3)=NOCONHCH3 ___f CH3SC(CH3)=NOH 

an  organic solvent and selectively measured by micro-coulometric gas 
chromatography. The method is claimed t o  be sensitive to  0.02 p.p.m. 
methomyl on a 25-g sample. 

F. Dipole Moments 
Several dipole moment studies have been made of imidate systems in 

attempts to resolve their structure. The situation is complicated by the 
possibility of the system existing as  one of four isomers. 

I 
C' 

I 
C' 

syn (s-cis) syn (s-trans) an?; (s-cis) anti (s-trans) 

(40) (41 1 (42) (43) 

In  any attempt to use dipole moment measurements for structural 
studies the final result hangs on the accuracy of the calculilted moments 
with which the measured moment is to be compared. For imidate and other 
systems containing the carbon-nitrogen double bond the bond moment 
assigned to the double bond is of paramount importance. The actual 
moment used varies widely. Another important factor is the solvent used 
to measure the experimental moment. The formation of complexes be- 
tween solvent and solute is obviously highly undesirable. 

The earliest use of dipole moments to study the imidate system was in 
193477 and this dealt with ethyl acetimidate, the measured moment being 
1.33 debyes for solutions in dioxan. 

From a study of ethyl acetimidate and ethyl b e n ~ i m i d a t e ~ ~  it was con- 
cluded that structure 42 was the only one consistent with the measured 
moments of 1 -42 and 1-54 debyes respectively. These values were recorded 
for solutions in benzene, the values were 1-44 and 1-52 debyes respectively 
for solutions in dioxan. 

A similar ~ t i l d y ~ ~  concluded that the anti (s-cis) isomer was that which 
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was taken by ethyl acetimidate, benzimidate, p-nitrobenzimidate and 
p-propoxybenzimidate. 

In a study of ethyl bemimidateso the conformation was determined. 
In a later studye1 on the basis of a qualitative comparison of its dipole 
moment with the moment of ethyl p-nitrobenzimidate it was concluded 
that the alkoxy group possessed free rotation around the carbon-oxygen 
axis in contradistinction t o  a stable ester conformation. The study aimed 
at determining the conformation formed by rotation around the carbon- 
oxygen axis on the one hand and of the unstable configuration on the 
carbon-nitrogen double bond on  the other. The s-cis conformation was 
taken as impossible on  steric grounds which left as the only possible 
interpretation of the result a mixture of both unstable configurations on 
the C=N bond with simultaneous free rotation around the C-0 bond. 
The maximum uncertainty of this study lay in the choice of value of the 
bond moment ascribed to the easily polarized bonds, e.g. C=N. The 
dipole moments were measured for solutions in benzene and dioxan. 

G. X-ray Studies 
Methyl p-bromobenzimidate has been studied by X-ray crystallog- 

raphy 82. 

The needle like crystals elongated in the [OOl] direction (m.p. 65-66°C) 
were grown from n-heptane solution. Laue photographs showed that the 
crystals belonged to the orthorhombic system and  that the unit cell di- 
mensions were 

a = 1-864 f 0.0015 nm 
b = 1-547 & 0.0010nm 
c = 0.582 f 0.0005 nm 

The space group was Diz - P,,, and the X-ray density calculated from 
the measured unit cell dimensions and assuming eight molecules per unit 
cell was 1.695 compared with 1 . 6 8 g ~ m - ~  measured by the flotation 
method. The volume of the unit cell was 1.678 nm3. 

VIII. IDvslDOYb HALIDES 

A. Infrared and Raman Spectra 
lmidoyl halides are reactive organic compounds characterized by the 

presence of a halogen atom attached to the carbon atom of a C-N bond. 
The majority of spectroscopic studies of imidoyl halides have concen- 

trated o n  the position of the v(C=N) mode. N-Chloro-chloroformimidoyl 
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chloride has been studied in the vapour, liquid and solid phases by infra- 
red spectroscopye3. The v(C=N) mode was observed a t  1564 cm-l in the 
solid, 1565 cm-l in the liquid, as a doublet at 1580 and 1569 cm-l in the 
vapour phase and as a weak line at 1565 cm-l in the Raman effect. The 
weak Raman effect for the C=N bond was taken to be indicative of a 
weaker, more polar bond than in similar compounds. The v(N-CI) mode 
was observed at 746 cm-l  in the vapour and 642 cm-l in the liquid phase. 

In contrast the Raman effect of N-chloro-ciilorothioformimidoyl 
chloride, CISC(Cl)=NCl, exhibited two very intense shifts at 1587 and 
1604 cm-1 which were ascribed to the C=N bonde4. The v(C=N) mode 
has also been assigned to bands at 1689 and 1672 cm-I in the infrared 
spectra of HC(CI)=NCH, and C6H5C(Cl)=NC,H5 re~pect ively~~.  
The molecules CH,C(Br)=NH,f Br- and CH,C(Br)=ND,+Br- have been 
demonstrated to possess bands at 1664 and 1626 cm-l respectivelye6. 

5. Nuclear Magnetic Resonance Spectra 
N.m.r. studies of the imidoyl halides are few. The n.m.r. parameters 

of 4-chlorohexafluoro-2-azabut-I-ene (44), and 4-chlorohexafluoro-2- 
azabut-2-ene (45), have been obtained by analysis on a first order basise7. 
At low temperatures the 19F nuclei located near to a nitrogen atom gave 
relatively sharp lines as compared to the broad absorption observed at  
room temperature. This result was interpreted, at least for 44 in terms of 
stereoisomerism about the C = N  bond. The effects were particularly evident 
for fluorine in CF2=N. At room temperature they gave a very broad AB 

F. ,CFp. CFpCl F, 
\ / 
/C=N 

F 

type spectrum which sharpened 
same argument to 45. At room 

\ 
T ,C=N 

F ‘CF2. CFzCl 
(44) 

at -35°C. It was difficult tc apply the 
temperature the CF=N absorption was 

very broad and at -70°C splittings due to CF, and CFzCl appeared. If the 
effect was due to the freezing out of the nitrogen inversion, signals related 
to the syn and anti stereoisomers should be observed at low temperatures. 
The n.m.r. spectrum was consistent with the existence of only one isomer 
which was probably syn. 

CFzCl 
F3c\  / 

F 
F3C\ / 

PI=C N=C 
\ \ 

CFzCl F 
w n  anti 

(45) 
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C. Dipole Moments 
Dipole moment studies have been made in an attempt to  confirm the 

configuration of irnidoyl chlorides8*. Six irnidoyl chlorides were studied 
and the dipole moment for the 2 and E configurations of each compound 
were calculated by vector addition of the bond moments. 

CI 
/ 

CI 
/ 

R'-C R'-C 
\N-R2 \N 

/ 
R 2  

z (trans) E (cis) 

(46) (47) 

The calculated moments were consistent with the 2 configuration. This 
was made more evident by the use of Exner's graphical methode1. The 
Z configuration was assumed proved for the chloride of aromatic amidic 
acids. The stability appeared t o  be controlled by strong steric effects 
which do not favour the E form. Evidence was presented which suggested 
that the C=N bond moment could be given the constant value (1.8 debye) 
with the same standard accuracy and range of validity as for other bond 
moments . 
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1. INTRODUCTION 

The  largest portion of this chapter is devoted t o  a review of the thermal 
and  catalysed rearrangements of the derivatives of imidic acid which may 
generally be classified a s  imidates. Examples given include both  open- 
chain and  cyclic imidates. For comparison purposes, short sections have 
been included on  studies of thioimidates, hydrazonates and  a few other 
compounds closely related t o  imidates. I n  all cases involving imidates, the 
rearrangements involve a n  aryl, alkyl or ally1 group migrating from the 
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imidate oxygen to the azomethine nitrogen. Examples of hydrogen migra- 
tion from a carbon to  the azomethine nitrogen (tautomerism) have not 
been included since they have been dealt with in another chapter in this 
volume. 

There are many fewer references to rearrangements of aniidines. A 
short summary of the literature on this subject is followed by the conclud- 
ing section on some miscellaneous rearrangements of compounds which 
are structurally related to imidic acid. 

I!. REARRANGEMENTS O F  I M I D A T E S  AND RELATED 
COMBO U N D S  

A. Aryl lmidates (The Chapman Rearrangement) 

1. Introduction 
The thermal, uncatalysed rearrangement of an aryl imidate (1) to an 

N-aroyldiarylamine (2 )  ilia a 1,3-0 to N migration was first reported by 
Mumm, Hesse and Volquartz in 1915l. Several years passed before 

Chapman began his study of the mechanism and scope of this reaction. 
Because of Chapman’s extensive work on the subject 2-7, this rearrange- 
ment now usually bears his name. 

Reviews of the Chapman rearrangement by Schulenberg and Archer8 
and by McCarty9 have been published in the past decade. With these two 
reviews being so recent and readily accessible, most of the emphasis in this 
chapter is on some of the more recent applications and mechanistic studies. 
No attempt has been made to be all-inclusive, but it is hoped that most of 
the pertinent references to this rearrangement from the late 1960’s through 
most of 1973 have been included. For the sake of comparison, some 
examples of 0 to N migration of aryl groups in related compounds are 
included at the end of this section. 

2. Some recent applications 
The main synthetic utility of the Chapman rearrangement lies in the 

fact that the initially formed amides (2)  can be hydrolysed to diarylamines 
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(3, equation 2). Often this provides a route to diarylamines which may be 
difficult or impossible to prepare by other methods8. 

A recent example can be found in the study of the effect of some tri- 
fluoromethoxy dibenz[b,e][l,4]diazepines (7) on the central nervous 
system. A necessary intermediate in the reaction sequence employed by 
McEvoy and co-workcrs10 was diarylamine 6 which could not be satis- 
factorily prepared by the copper-catalysed condensation of p-trifluoro- 
methoxyaniline with o-nitrochlorobenzene. However, the Chapman 
rearrangement of imidate 4 to amide 5 in 80% yield was carried out  in 
refluxing o-dichlorobenzene and subsequent hydrolysis of 5 gave 6 in 
99% yield. 

p-CF3OC6H4NC6H4NOz-O A 

I I 
P - C F30  C6 H ,N=CO C6 H 4N 0 2  - O 

I 

CsH5 

(4) 

n 
\ 

NCH3 

Mukherjee and Blorkll  used the Chapman rearrangement t o  prepare 
some iodinated diphenylamine analogs of thyroxine (10, equation 4) which 
were expected to show marked physiological activity. They observed a 
marked rate enhancement from the ortho electron withdrawing substituents 
on the migrating ring in conformity with recent views on the mechanism 
of this rearrangement (see next section, Mechanism). The formation of 9 
from imidate 8 was almost quantitative after only 10 min in refluxing 
o-dichlorobenzene. 
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p-CH3OC6H4N 
I 
COCcH, 

p-CH3OC6H,N=C / o@R A *  

\ 
C6H5 

I alc. KOH (4) 

+ 

p - C H 3 0 C 6 1 - 1 4 N H ~ R  

(1 0 )  

Chlorinated diphenylamines have also been prepared in high yields by 
the Chapman rearrangement of the appropriate imidate precur:Gors. 
3,5,3',5'-Tetrachlorodiphenylamine prepared in this way by Fritsch and 
co-workers l2 was subjected to 'mild nitration' t o  yield 2,6,2',6'-tetranitro- 
3,5,3',5'-tetrachlorodiphenylamine-a compound with excellent anti- 
bacterial activity. 

In a n  attempt to assess the importance of the relative planarity of the 
aryl rings of N-arylanthranilic acid analogs o n  anti-inflammatory activity, 
Westby and Barfknecht13 prepared 11 and  12 via Chapman rearrange- 
ments. These diarylamines proved to  be anti-inflammatory agents and 

(11) (1 2 )  

comparisons with other compounds revealed that the degree of planarity 
of the aryl rings was apparently not a n  important factor in determining 
anti-inflammatory behaviour. 

Sometimes the amides formed from the rearrangement of imidates are 
valuable because of their ability to undergo subsequent cyclization. Tmidate 
13 was converted to 15 in 657; yield, probably via the initial formation of 

R = CH3.H 
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the Chapman product 1414. Reduction of 15 led to one o f  a series of 1,2- 
diaryltctrahydroquinolines tested by Bell and  co-workers for antifertility, 
estrogenic and antiestrogenic activities in rats. They also employed another 
route (equation 6) which involved a Chapman rearrangement o f  a phenoxy- 
quinoline. 

0 0 

Schulenberg15 found that amide 18, which was formed in 91% yield from 
17, could be cyclized with excess sodium methoxide in benzene to a n  
oxindole or, with slightly less than one equivalent of the same base, t o  a n  
indole diester. 
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It  has been known for many years that the products of the Chapman 
rearrangement can be used for the synthesis of acridones8. Often, appro- 
priately substituted benzimidates can be converted directly to acridones 
without isolation of the intermediate N-benzoyldiarylamines. Goldberg 
and HarrisIG recently made use of this fact in their synthesis of some henz- 
and dibenzacridones by the method of Cymerman-Craig and LoderI7. 
For example, benzimidate 19 underwent rearrangement to dibenzacridone 
20 when it was heated to 280-310°C. However, when the temperature was 
kept just below 280"C, the ester 21 was obtained in  excellent yield. 

(1). H20, - O H  

( 2 ) .  H 3 0 +  1 
(8)  

(21 1 

For the Chapman rearrangement to  be useful in a synthetic scheme it 
should, of course, give a high yield of product which is easily isolated. 
Many literature references to  this reaction involve procedures describing 
the use of the fused imidate instead of the imidate dissolved in a high 
boiling solvent. In the absence of activating substituents on the migrating 
ring (see next section) the yields from the neat rearrangements are often 
low and isolation of the amide rearrangement product is sometimes diffi- 
cult. Wheeler and co-workers studied the rearrangement of several aryl 
imidates in a variety of high boiling solvents and found that they obtained 
the highest yields (up to 96%) in boiling tetragiyme. 'The products were 
easily isolated by the addition of water. 

3. Mechanism 
The mechanism of the thermal, uncatalysed rearrangement of aryl 

imidates to  amides is now well established. I t  is known to be unimolecular, 
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intramolecular, and to proceed by an &-like nucleophilic attack by the 
azoniethine nitrogen on the migrating aryl group via a 4-membered 
transition state (equatiori 9). The rest of this section is devoted to a sum- 
mary of some of the studies which led to this present view of the mecha- 
nism of the Chapman rearrangement. 

Chapman first studied the kinetics of this reaction by following the 
conversion of phenyl N-phenylbenzimidate (22) to  N-phenylbenzanilide 
(23) at temperatures varying from 228 to  292"C2. His method for following 

0 

(1 0) 
II 

OC6H5 
I 228-292°C 

C6H5C=NC6H5 C ~ H ~ C N ( C G H ~ ) ~  

(22) (23) 

the kinetics would be considered crude compared to modern techniques 
but many of the ideas he proposed from his early studies have later been 
shown by other workers to be correct. The conversion of 22 to 23 was 
found by him to obey first-order kinetics although parameters such as 
activation energy, entropy and enthalpy of activation were not calculated. 

Wiberg and Rowland I s ,  realizing the crudeness of Chapman's kinetic 
data, repeated the kinetic study on 22 plus several other aryl imidates 
substituted in ring 2 (equation 9). Diphenyl ether was used as the solvent 
and the temperature varied from 203 to 279°C. The progress of the re- 
arrangements was followed by potentioinetric titration of a glacial acetic 
acid solution of the reaction mixture with 0.1 M-perchloric acid in glacial 
acetic acid. Their results supported the unimolecularity of the rearrange- 
ment and gave further insight into the nature of substituent effects earlier 
noted by Chapman. Some rate constants at 255°C are listed in Table 1 
and some AH* and AS*: values are shown in Table 2. 

Several interesting conclusions can be drawn from the data in Tables I 
and 2. Electron withdrawing substituents on the migrating ring facilitate 
the reaction and substitution in the or-tho position is especially effective. 
The effect of electron withdrawing substituents in Ar2 (1) had, in fact, been 
noted by Chapman earlier3. He reported, for example, that when Ar2 was 
o-nitrophenyl the conversion to aniide was 400/, complete in 90 min at 
163°C whereas when Ar2 was phenyl the same percentage conversion i n  
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TABLE 1. Rates of rearrangement of some aryl 
benzimidaies (1) at 255°C in diphenyl etherIg 

Substituent on Ar2 (1) k x 105(sec-l) 

H 7.66 
p-Methyl 3.55 
o-Methyl 8.87 
m-Methyl 7-11 
p-Chloro 13.8 
o-Chloro 64.5 
p-MethOxy 1 -60 
o-Methoxy 8.87 
p-i-Propyl 3.79 
o-i-Propyl 6-75 
p-Ethyl 3.69 
p-Bromo 18-1 
P-t-Butyl 3.82 
o-t-Butyl 2.30 

the same time required temperatures of about 255°C. Chapman also studied 
the effect of substituents in Arl and Ar3. He found that when Ar3 was 
p-methoxyphenyl the rearrangement proceeded faster than when Ar3 was 
phenyl 2. When Ar3 was 2,4,6-trichlorophenyl the rearrangement was much 
slower than with the unsubstituted compound. Decomposition occurred 
before rearrangement took place when Ar3 was p-nitrophenyl. Similar 
substituent effects were found for Arl although they seemed to  be lesser 
in magnitude2. 

The effect of substituents in the orfko positions of Ar2 deserves further 
discussion. The general trend of ortho rate > para rate for a given sub- 
stituent is readily apparent from Table 1. It was assumed by Wiberg and 
Rowlandlg that the ortko substituent hindered free rotation of ArZ; this 

TABLE 2. Enthalpies and entropies of activation for the rearrangement of 
some aryl benzimidates (1)19 

Substituent on Ar2 (1) hH*(kcal/mol) AS*(eu) 

H 
p-Methyl 
o-Met hyl 
p-Chloro 
0 - t -B~  tyl 

37.7 1- 0.9 
37.2 
39.5 
37.4 
36.7 

- 7.2 & 2 
- 9.7 
- 3.6 
- 6.7 
- 11.6 
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restriction being exactly what was required at the point of the 4-membered 
transition state. Thus, the ortho substituent should raise the entropy of the 
ground state of 1 and lessen the decrease in entropy in going from 1 to the 
transition state. Indeed, as can be seen from Table 2, the entropy of 
activation for o-CH, is less negative than that for p-CH3. I n  the case of t- 
butyl the rate ratio kortho/kpara was 0.60 and it was suggested that the t- 
butyl group was so bulky that in the ortho pcsition its steric requirements 
outweighed any rate enhancement resulting from hindered rotation. 

Relles20 reasoned that if the argument of Wiberg and Rowland was 
correct then the rate of Chapman rearrangements of aryl imidates with 
two ortho substituents on  the migrating ring should be even greater than 
those with one ortho substituent (in cases where steric compression does 
not negate steric acceleration). His results are combined with some of 
Wiberg's and Rowland's results for comparison in Table 3. I t  is apparent 
from Table 3 that steric acceleration due t o  hindered rotation (SAHR20) 
predominates over steric and inductive decelerating effects when a second 
o-CH, group is added t o  Ar2. On the other hand, the introduction of a 
second o-t-butyl group results in a greater deceleration than that observed 
for one such group. Clearly the steric compression in proceeding from 
imidate to transition state is far more important than SAHR when o-t- 
butyl groups are present. The  interpretation of the rate increase observed 
with o-phenyl groups cannot be based on steric effects alone since resonance 
and inductive effects must also play a role. 

Relles recognized that there are similarities between the Chapman and 
the Newman-Kwart (equation I I )  rearrangements. In  a paper21 giving a 
detailed comparison of these two reactions he calculated steric substituent 
constants and found the values for u-:z;t in both rearrangements t o  be in 
agreement with the general ideas concerning competition between SAHR 
and steric rate depression. The rate enhancing effect of one o-methyl group 
is almost the same in both rearrangements as is the percentage increase in 

TABLE 3. Rate constants for some Chapman rearrangements at 255°C in 
diphenyl ether 19920 

Substituent(s) on Ar2 (1) k x 105(scc-') klkic 

H 7.66 1 .oo 
2-CH3 8.87 1.16 
2,6-di-CH3 12.3 1.61 
2-/-C4H9 2.30 0.30 
2,6-d i-t-C1 H 9 0.3 1 0.040 
2,6-(CeH5)2 18.8 2.45 



198 C. G .  McCarty and L. A. Garner 

rate obtained when a second o-methyl group is added. The ratio of the rate 
values for two o-1-butyl groups and one o-t-butyl group is also almost the 
same in the two rearrangements. Steric compression due to the o-t-butyl 
group(s) wins out  over SAHR in the Newnian-Kwart reaction just as it 
does in the Chapman reaction. 

I 
N 

/ \  
R1 R1 

I 
N 

R' R '  
/ \  

The question of intramolecularity vs. intermolecularity was first raised 
by Chapman2. He thought that perhaps the mechanism might involve 
ionization of the Ar2-0 bond. He did find an increase in electrical 
conductivity during the rearrangement of 22 to 23. Evidence for an ionic 
mechanism or possibly just an increase in polarity in the transition state 
was suggested by his data. Chapman concluded that the latter interpreta- 
tion was the more probable one when he observed no cross product 27 
(based on melting-point determinations) from a rearrangement of a mix- 
ture of equimolar amounts of 22 and 26. Thus, the rearrangement appeared 
to  be intramolecular in nature. 

Wiberg and Rowland also investigated the intramolecularity of the 
Chapman rearrangement 19. An equimolar mixture of 22 and 28 was heated 
until transformation to the amides 23 and 29 was complete. The X-ray 
powder pattern and infrared spectrum of the mixture of amides from the 
rearrangement described above were identical t o  the X-ray powder pattern 
and infrared spectrum of a mixture of amides from separate rearrange- 
ments of 22 and 28. Thus, no cross product 30 was formed and they con- 
cluded that the rearrangement was intramolecular. 
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OCeH4CI-p 0 0 
I I I  II ,C,H5 

C6 H 5 C=N C6 H ,CI -P c6 gC ( CGH4 cI-P) 2 C6H5CN, 
C6 H 4 CI -P 

(28) (29) (30) 

In a more recent study, Wheeler and co-workersZ2 have applied 14C 
labeling to the question of intramolecularity. An equimolar mixture of 
1JC-4-broniophenyl-N-phenylbenzimidate (31) and 4-bromophenyl-N-4- 
tolylbenzimidate (32) dissolved in tetraglyme was heated for 4 h at 275- 
280°C. Four products would be possible if the reaction was intermolecular. 
Compounds 33 and 34 would be the expected rearrangement products and 
35 and 36 would be the cross products. The rearranged mixture was treated 
with potassium permanganate in pyridine to oxidize the methyl groups in 
34 and 36 (if  they existed) to the corresponding substituted benzoic acids. 
Analysis for 14C in the non-acidic part of the reaction mixture (which 

would contain 33 and 35) gave a specific activity, within experimental 
error, of the original compound (31). The acidic part of the reaction mix- 
ture showed very little activity. Thus, no cross products were indicated. 

(34) (35) (36) 

All of the aforementioned studies on substituent effects and intra- 
molecularity have produced results which, when taken together, lend very 
strong support to  the mechanism described at the first of this section and 
shown in equation 9. There seem to be no studies which are at odds with 
this being the major pathway for the thermal, uncatalysed conversion of a n  
aryl imidate to  an amide. 

Nothing has been mentioned yet about the reversibility of the Chapman 
rearrangement. Chapman himself thought that the rearrangement might 
be reversible 3. He heated some N-benzoyldiphenylamines but was not 
successful in isolating any benzimidates and concluded that the equilibrium 



200 C .  G .  McCarty and L. A. Garner 

between iinidate and amide lies far toward the amide. Apparently, the 
only report of anything approaching a reverse Chapman rearrangement is 
in the mass spectral study by Goldberg and Harris16. Tn the mass spectra 
of some N-benzoyldiarylamines, Ar1Ar2NCOC6H5, they observed signals 
corresponding to (iM-OArl) + and (M-OAr2) + . These could be fragments 
from the corresponding imidates formed by a reverse Chapman rearrange- 
ment but, as the authors point out, it would not be necessary for the reverse 
rearrangement to proceed beyond the formation of a transition complex 
for the fragment ions to be formed and observed. 

There have been several recent studies of the Beckmann-Chapman 
rearrangement of ketoxime picryl ethers. The thermal rearrangement of 
benzophenone oxime picryl ether (37a) to  N-picrylbenzanilide (39a) was 
found by Chapman and HowisZ3 to  proceed readily at moderate tempera- 
tures in either polar or nonpolar solvents. This same picryl ether was 
found by them to rearrange 'almost explosively' a t  its melting point. 
Presumably the rearrangement proceeds via the imidate 38a. Chapman 

\ 
OPic 

(39) 

OZN, 

Pic = 

(a).  X = Y = H 
(b) .X = H ; Y  = Br 

(c). X = Br; Y = H 

OzN' 
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and HowisZ3 tried to  isolate 38a from the reaction of 40a with sodium 
picrate in ether but they found only the picramide 39a upon evaporation 
of the ether. Other investigators have been equally unsuccessful in  attempts 
to isolate this presumed picryl imidate intermediate in the Beckmann- 
Chapman rearrangement of oxime picryl ethers 2 4 *  2fi. The extremely 
rapid rearrangement of such an imidate would be expected from a con- 
sideration of the rate enhancing effect of three electron withdrawing 
groups and two ortho substituents in the migrating ring. 

Curtin and Paul 25 reinvestigated the solid state behaviour of 37a. They 
found that it does indeed undergo rearrangement without apparent melting 
when heated t o  70°C or even when standing at  room temperature for 
several months. T o  facilitate an X-ray study of oxime picryl ethers and to 
check on the stereospecificity of this rearrangement, Curtin and Paul 
prepared 37b,c. In the course of their work they tried to isolate imidates 
38b,c from treatment of the imino chlorides 40b,c with silver picrate in di- 
ethylcarbitol. Even short reaction times at temperatures as low as -78°C 
failed to  reveal any imidate. The only products were the amides 39b,c. 
Furthermore, they found no evidence for the accumulation of 38b,c in their 
study of the solid state rearrangement of 37b,c t o  39b,c. 

KukhtenkoZF has used. 100-labeling in a study of intramolecular vs. 
intermolecular paths in the Beckmann-Chapman rearrangement of 37a. 
He studied the rearrangement of 37a in acetone solution in the presence 
of picric acid labeled with l 8 0  in the hydroxyl group and noted that l 8 0  

exchange accompanied rearrangement. When the mixture of reactants was 
heated to 47°C for 1 h it was found that the picramide isolated contained 
92% of the total amount of '"0 and the percentage of lDO in the picric acid 
had fallen by a corresponding amount. Under these reaction conditions, 
the initial compound (37a) did not exchange -0Pic residues and contained 
no loo. 

To explain these results, Kukhtenko proposed a mechanism involving a 
slow, irreversible cleavage of the N-OPic bond in 37a to give an ion-pair 

C H  
,v,= 

$. 3 
C6H5, 

1 eOPic - C=NC~HS 
/ 

Pic's0 

$' 3 
slow [ + +  

(C6H5),C=NOPic C6H5C = N -0P iC 
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as shown in equation 13. Intramolecular collapse of this ion-pair would 
give unlabeled picryl imidate while a n  intermolecular path would give 
labeled picryl imidate. The picryl imidates would rapidly rearrange to the 
corresponding labeled and unlabeled picramides. The ratio of the products 
formed (labeled and unlabeled) would depend on the reaction conditions. 
Kukhtenko proposed that if the more nucleophilic Hz l8O was in the reac- 
tion mixture no picramide would be formed. Instead, the product should be 
benzanilide containing as much l 8 0  as the labelled water. This is exactly 
what he found when this hypothesis was tested. 

Kukhtenko’s ideas on the mechanism of the rearrangement of picryl 
ethers are essentially the same as those expressed several years earlier 
by F i ~ c h e r ~ ~ .  2 8  who was studying the relationships among the Beckmann, 
Chapman, and Beckmann fragmentation reactions. Fischer’s scheme 
(equation 14) depicts the possible fates of an alkyl ketoxime ether. The 
Chapman path would be favoured by non-nucleophilic sohents. A good 
nucleophile such as water should intercept the intermediate nitrilium ion 
to  give the Beckmann product. If R is a good electrofugic group, frag- 
mentation to nitrile and carbonium ion can result. These and other factors 
which influence the product ratio along the three paths are discussed by 
Fischer. 

R 
R‘\ / 

C=N 
/ \  

R \  

R’ OPic 

d 
RlC=N + R +  

olefin ROH 

4. Some other 0 to  N migrations 

+ 
R l C r N R  + -0Pic  

R’CNHR 
I1 
0 

of aryl groups 

R 
R< / 

//C-N\ 
Pic 0 

- -  
I n  1972, Scherrer and Beatty reported a new procedure for the conversion 

of phenols to aniIinesz9. A key step in the reaction sequence (equation 15) 
is the thermal rearrangement of a 4-aryloxy-2-phenylquinazoline (41) to a 
3-aryl-2-phenyl-4(3H)-quinazolinone (42). Hydrolysis of the resulting 
quinazolinone gives the aniline substituted in the same manner as the 
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starting phenol. Since this type of rearrangement of an aryl group to  a 
heterocyclic nitrogen was first observed many years ago by Chichibabin30, 
these authors propose t o  call this the Chichibabin rearrangement. However 
it is essentially a Chapman rearrangement; the factors which influence the 
conversion of 41 to 42 are the same as those discussed earlier for the 

CI 0 Ar 

275-325°C 

C6H5 

+ ArONa ___f 

0 

(42) 

hydrolysis 
ArNH, 

rearrangement of aryl imidates. I n  this and  other studies 31-33, Scherrer 
and co-workers found the rearrangement of 41 to 42 to be aided by electron 
withdrawing groups and ortho substitution on  the migrating ring. They also 
found the reaction to follow first-order kinetics and proposed a mechanism 
involving a four-membered transition state analogous to  the one in 
equation 9. Apparently the Chichibabin rearrangement is quite g e n e ~ - a I ~ l - ~ ~  
and even occurs in tandem in the case of 43 rearranging to 4429*34. 

(43) 

In 1972, Shawali and H a ~ s a n e e n ~ ~  reported the synthesis and rearrange- 
ment of some hydrazones of aryl benzoates. Treatment of hydrazonyl 
bromides with sodium phenolate in ethanol gave the arylhydrazonates 
(45) in yields of 60430%. In  contrast t o  the aryl imidates with which they 
bear a structural relationship, the hydrazonates were reported to  be quite 
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stable when stored for extended periods of time at  Ioom temperature and 
they were not hydrolysed in refluxing aqueous dioxane. Heating to 210°C, 
however, resulted in a rearrangement, which, according to  this early 
communication by Shawali and Hassaneen, paralleled the Chapman re- 
arrangement of aryl imidates and afforded the corresponding aroyl 
diarylhydrazines (46). Unfortunately, these authors gave no data to support 
the assigned structure and one must conclude that they were strongly in- 
fluenced by the analogy they were drawing with aryl imidates and the 
Chapman rearrangement. 

OAr2 0 
I II 

Ar1C=NNHAr3 9 ArlCNNHAr3 
I 

(45) 

ArZ 

(46) 

0 
/ A + ’ ’  Ar’ CN H NAr2Ar3 

(47) 

Later the same year (1972), Shawali and H a ~ s a n e e n ~ ~  acknowledged, 
in a more detailed paper on this subject, that their previous conclusions 
had been incorrect. Hegarty and c o - w ~ r k e r s ~ ~  had already reported in 
1971 that the products of rearrangements of arylhydrazonates were 
N‘N‘-diarylhydrazides (47) instead of aroyl diarylhydrazines (46). How- 
ever, their hydrazonates did not have the same substituents as those studied 
by Shawali and Hassaneen so they repeated their work using the same 
hydrazonates and found, in all cases, that the rearrangements yielded 47 
as a product of 174-aryl migration38. Both research groups were then in 
agreement that the similarities between this rearrangement (equation 17) 
and the Chapman rearrangement had limitations 

showed the rearrangement to be first-order and cross- 
over experiments 36* 39 revealed that it is intramolecular. Also, the migrating 
group (Ar2 in 45) retained its configuration during migration, i.e. the ring 
carbon originally attached to oxygen in 45 was attached to nitrogen in 47. 
The results of studies on substituent effects are in contrast, though, with 
what is known about the effect of substituents on  the rates of rearrange- 
ments of aryl. imidatec. Hegarty and c o - w o r k e r ~ ~ ~  found that clectron- 
withdrawing groups in the migrating ring (Ar2) diminished the tendency 
of the hydrazonates (45) to rearrange to  47. In  fact, an  electron-withdrawing 
group in any of the three rings retarded the rearrangement; the effect 
being the greatest in Ar3 where p = -2.1. Problems with reproducing rate 

Kinetic 
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constants in different batches of solvent and the observation of apparent 
autocatalysis in optical density VS. time plots led Hegarty and co-workers to 
suspect that the rearrangement of 45 t o  47 was free radical initiated when 
carried out in the solvents they were using. Their experiments which showed 
catalysis by benzoyl peroxide and azobisisobutyronitrile confirmed this 
suspicion. They proposed a mechanism (equation 18) involving initiation 
by abstraction of the amino hydrogen to give the hydrazonate radical (48). 
This radical could then undergo an  intramolecular rearrangement, 
possibly via a bridged radical species (49), to give the more stable hydrazyl 
radical (50). Hydrogen abstraction from the solvent or  from another 
molecule of the substrate would give the observed product (47). They fur- 
ther concluded that the thermal rearrangement of neat hydrazonates could 
also involve a free radical pathway3'. 

OAr2 0-Ar2 
I R .  I .  

Ar1-C=NNHAr3 ___j Ar1-C=NNAr3 - 
C45) 

The base catalysed rearrangement of 45 to  47 would represent a Smiles 
rearrangement 'O. The facile transformation of hydrazonaies with ortho 
orpara nitro groups in Ar2 was observed by Elliott and co-workers41 when 
they employed refluxing ethanol-triethylamine. Electron withdrawing 
groups in Ar3 retarded the reaction, reflecting the decreased nucleophilicity 
of the amino nitrogen in such compounds. Crossover experiments revealed 
that these base catalysed conversions of 45 to 47 were intramolecular and a 
mechanism involving a five-membered cyclic transition state was proposed. 

6. Alkyl and Allyl lmidater 

I .  Introduction 
In comparison to the rearrangement of aryl imidates, the rearrangement 

of alkyl imidates (51, R2 = alkyl) requires more stringent conditions, 
usually gives poorer yields of the rearrangement product (52), proceeds 
by a different mechanism, and may be very effectively catalysed by a variety 
of electrophilic species. Allyl imidates (51, R2 = allyl), on the other hand, 
undergo rearrangement fairly readily and given an excellent yield of re- 
arrangement product. Here again, though, the mechanism is different from 
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that of the rearrangement of aryl imidates and the process may be effectively 
catalysed by a variety of compounds. 

0 R2 0 

The rearrangements of alkyl and ally1 imidates have been briefly treated 
in the two previously mentioned reviews of the Chapman rearrange- 
ment8V9. The following summary of the literature in this area is somewhat 
more detailed and includes some more recent examples. Once again, a 
section has been included on rearrangements in related compounds for sake 
of comparison. 

2. Thermal rearrangements 
As stated earlier, the temperatures required for the rearrangement of 

alkyl imidates are generally higher than those required for the Chapman 
rearrangement of aryl imidates and the yields are lower. The two examples 
shown in equations 20 and 21 should suffice as illustrations. The imidate 
53 gave the amide 54 in 25% yield when heated t o  300-330"C3 and the 
conversion of 55 to 56 occurred in 2040% yields a t  about 300°C". 

OCH, 0 
I 1  I 

' C6H5CN (CH3) C6H5 
A C6 H 5 C=N C 6 H 5 

More recently, Pilotti and c o - w o r k e r ~ ~ ~ ,  in a study of severa. methods of 
preparing alkyl imidates (51, all three R groups alkyl), reported that the 
various compounds they prepared did not rearrange in their pyrolysis 
studies. Unfortunately, they gave no conditions except for a n  O-cyclohexyl 
derivative which was reported to be stable a t  temperatures below 250°C. 
Paquette and co-workers 4 4  observed a thermal rearrangement of some 
methoxy azetines but these were vapour phase pyrolyses at temperatures 
of 600°C or greater. They found, for example, that azetine 57 yielded 
58, 59, and 60 (equation 22) in a ratio of 14:78:8 at 600°C. When the 
temperature was increased to 700°C compound 60 predominated a t  the 
expense of 59 showing it to be the Chapman type rearrangement product 



207 4. Rearrangements involving imidic acid derivatives 

of imidate 59. Apparently, imidate 58 did not rearrange under these 
conditions. 

CH3 U 
C2H5 OCH3 

600°C \ /" 
c=c + - 

\ 
H/ C=N C, H 

N2 
N 

H 

(57)  

I 
OCH3 

(58)  

A rearrangment of a cyclic imidate formed at the end of nylon-6 chains 
during pyrolysis studies at 250-290°C has been proposed to account for 
some of the ammonia evolved and the di-(a-carboxypenty1)amine (63) 
found upon subsequent hydrolysis with base (equation 23)"". There was no 
spectral or other evidence presented, however, for the presence of imidate 
61 or lactam 62. 

0 0 0 OH 
II I1 I 1  I 
C (CH2) 5 N H C (CH 2) 5 N H 2 -----,C (C H 2) 5 N=C (CH 2) 5 N H 2 
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When the O-alkyl group in an alkyl imidate has a (3-hydrogen, olefin 
formation seems to  be a common pyrolysis pattern8. Marullo and co- 
w o r k e r ~ ~ ~  studied the stereochemistry and  kinetics of the vapour phase 
(375560°C) pyrolysis of cis- and rrans-2-phenylcyclohexyl N-phenyl- 
benzimidates and found the elimination to be a unimolecular, cis process. 
It was suggested that this reaction could be used as a synthesis of olefins 
since lower temperatures are required relative to acetate pyrolysis. 

Benzyl imidates cannot undergo elimination and have been observed to  
rearrange (equation 24) 47. Cyclic benzyl imidates also rearrange as 
illustrated in the last step of equation 25. Hauser and c o - w o r k e r ~ ~ ~  had 

reported in 1969 that the products of acid-catalysed cyclodehydration of 
y-hydroxyamides (66) were phthalimidines (68). However, Bailey and De- 
Graziag9 repeated this work and found that the products were really 
cyclic imidates (67). To check for the possibility of thermal rearrangement 
of 67 to 68, imidate 67 was kept at 100°C for 1 h. No lactam (68) could be 
detected by g.1.c. analysis. However, when 67 was heated at 220-245°C 
for 1 h, 33% conversion to  68 was observed by Bailey and DeGrazia. 

Wiberg and R ~ w l a n d ~ ~  did not study alkyl imidates in their paper on 
the mechanism of thz rearrangement of aryl imidates but they did conclude 
that the different conditions required for the rearrangement of alkyl 
imidates (as reported by others) and the poor yields obtained indicated a 
free radical process for alkyl imidates. They felt that thc inability of an 
alkyl group to  undergo a front side SN2 attack would make a cyclic transi- 
tion state (as in the rearrangement of aryl imidates, equation 9) unlikely. 
A couple of years later Wiberg and c o - ~ o r k e r s ~ ~  reported their results of a 
mechanistic study of the rearrangement of alkyl imidates. The mode of 
rearrangement-intramolecular vs. intermolecular-was decided by a 
crossover experiment using a 13C-labeled compound (69, 17.8% excess 
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13C) and an unlabeled one (70). An equimolar mixture of 69 and 70 was 
heated at 300°C for 4 h. The product formamides (71, 72) were reduced 
with LiAIH, and analysed by mass spectroscopy. The N,N-dimethyl-p- 
ethylaniline from 72 was found to contain 7.5% excess indicating the 
rearrangement t o  be intermolecular. In a similar fashion they established 

0 1 3 ~ ~ ~  OCH3 
I I 

H C=N C6H4CH3-p H C=N CsH4C2 H 5 - p  

(69) (70) 

0 0 
I I  

H CN C6H 4C2H 5 - p  
I1 

I I 
13CH3 CH3 

H CNCeH4CH 3-p 

(71 1 (72) 

CH3 

(73) (74) 

the rearrangement of a-methoxypyridine (73) to N-methylpyridone (74) 
to also be intermolecular. This latter rearrangement (equation 26) required 
lower temperatures (200°C) and gave essentially 100% conversion in 
contrast t o  the low yields (2040%) of amides from the rearrangement of 
69 and 70. Although Wiberg and co-workers4* apparently did not add a 
radical initiator to  69 or 70, they did note that the conversion of 73 to 74 
is catalysed by benzoyl peroxide as are several other conversions which 
involve ! ,3-shifts of alkyl groups. 

The rearrangement of allyl imidates was first observed by Mumm and 
MOller5O when the allyl imidate 75 was found to be quantitatively con- 
verted to 76 in 3 h a t  210-21 5°C. They realized that allyl imidates resemble 
allyl phenyl ethers which readily undergo the Claisen rearrangement to 

0 

A CGH,CNCH2CH=CH2 (27) 
II  

OCHZCH=CH2 
I 

CeH5C=NCsH5 
I 
C6H5 

(75) (76) 

o-allylphenols 51 and designed experiments t o  distinguish between Chap- 
man and Claisen products. They found that imidates 77 and 78 rearranged 
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with complete inversion of the allyl chain to amides 79 and 80, respectively. 
These results suggested a cyclic, concerted process as shown in equation 
28. 

L C6H5 

I 
0 
II 

C6H5CCNCH2CH=CHCH3 
I 

C6H5 

(79) 

OCH=CH=CHCH3 0 CHB 

(29) 
II  I 

I 
A C6H5CNCHCH=CH2 

I 
CGH 5 C=NC6 H 5 

C6H5 

(78) (80) 

Further information on the mechanism of the rearrangement of allyl 
imidates was generated by Wheeler and co-workers 22.  They prepared 75 
with tritium in the a-position of the allyl chain and then rearranged it by 
heating it for 3 h at 210-215°C. Amide 76 was converted to  a glycol and 
then cleaved with periodic acid. The formaldehyde (from the terminal 
carbon) was converted into the dimedone derivative which analysed for 
99.0 f 1.5% of the activity originally in 75. Thus, they found that the re- 
arrangement of 75 to 76 must be entirely intramolecular and must proceed 
with inversion of the allyl chain in a manner analogous to that of a Claisen 
rearrangement ". 

3. Catalysed rearrangements 
The catalysed rearrangement of alkyl imidates was reported by several 

researchers around 1900. Wislicenus and Goldschmidt 53, for example, 
observed the facile transformation of ethyl benzimidate (81) to N-ethyl- 
benzamide (82) at 100°C in the presence of ethyl iodide. From that  point 
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on catalysis by a variety of substances has been reported by numerous re- 
search groups. 

Alkyl halides'have been by far the most frequently studied catalysts. 
Landers4 was the first person to do an  extensive study of the alkyl halide 
catalysed alkyl imidate rearrangement and this reaction has since been 
referred to as the Lander rearrangementR. He found that methyl iodide, 
ethyl iodide, ethyl chloride, and ethyl bromide in amounts varying from 
1.0 mol to trace amounts catalysed the rearrangements of alkyl N-aryl- 
acetimidates (83, R = CH,, C,H,),. alkyl N-arylbenzimidates (84, R = 
CH,, C,H,), alkyl N-alkylbenziniidates (85, R = CH,, C2H,), and alkyl 
N-benzylbenzimidates (86, R = CH,, C,H,). The transformation to the 

corresponding amides was carried out on neat samples at temperatures 
of 160°C or  less (in considerable contrast to the temperatures of 300°C or  
greater required for thermal, uncatalysed rearrangements). Although the 
yields were not stated, the implication was that they were good. It was 
found that compounds which had a methyl group attached to the oxygen 
rearranged somewhat faster than the 0-ethyl analogs. The compounds 
which had an ortho substituent in the N-phenyl ring rearranged more 
slowly than the para substituted analogs. The displacement of a higher by a 
lower alkyl group was also observed (equation 31) and Lander concluded 
that the mechanism of this rearrangement must involve addition followed 
by elimination (equation 32). 

Arbuzov and Shishkin 55.56 agreed, in principle, with the Lander 
mechanism. From the results of their studies they concluded that the alkyl 
halide catalysed rearrangement of alkyl imidates proceeds in two steps of 
which the first involves the addition of alkyl halide to form an  ionic adduct 
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0 

(31 1 
I/ 

OCzH5 
I CHJI 

t C H ~ C N ( C H ~ ) C G H ~  
A 

CH ,C=N C6H 5 

(a halide salt rather than as in 87) which undergoes cleavage into the final 
products. A more quantitative and  more recent study was carried out  by 
Challis and Frenke15?. They used n.m.r. to follow the catalysed rearrange- 
ment of isopropyl N-methylbenzimidate (88) a t  138°C in nitrobenzene. 
Their data for this reaction catalysed by isopropyl iodide show that the 
kinetics follow equation 33, implying an SN2 mechanism. Catalysis by the 

OPr-i 
I 

(88) 

rate = k2 [88] [i-PrI] 

C ~ H ~ C = N C H B  

(33) 

various isopropyl halides decreased sharply in the order i-Prl > i-PrBr > 
i-PrCI for the rearrangement of 88 which is consistent with an S,2 mecha- 
nism (equation 34) with either the first or second step being rate-determin- 
ing. The further observation that catalysis decreased with increased 
branching of the alkyl halide (i.e. CHJ > i-Prl) regardless of the 0-alkyl 
substituent in other N-methylbenzimidates established the first step as 
being the slow step for these rearrangements. 

(34) 

OR 
I 

(89) 

C6H5C=NCH3 + RX 
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In equation 34, the intermediate (90) may be considered to be a conimon 
alkylated derivative of the imidate (89) and the amide (91). The equilibra- 
tion of a l k y l t r o p i ~ ~ ~  isomers such as 89 and 91 by the use of their common 
alkylated derivative (90) is a technique which has been used by Beak and 
co-workers on  several o c c a ~ i o n ~ ~ ~ - " .  Beak pointed out in his first paper 
on this s ~ b j e c t " ~  that this technique seems to  be general and potentially 
applicable to any alkylated isomers having a common alkylated derivative. 
I n  their work on  imidate-amide equilibria they studied the isomer pairs 
92, 93 (equation 35) and 94, 95 (equation 36). Equilibration in each case 
was carried out in the liquid phase a t  130°C with the use of catalytic 
amounts of the appropriate common alkylated derivative. Reaction was 
observed only in experiments starting with the imidates (92, 34). No 
imidates could be detected in experiments starting with the amides (93, 
95). Thus, the equilibrium constants for these systems in the liquid phase 
lie far toward the amide (Keq > lo3) and this information was used in their 
process of arriving at  relative chemical binding energies for the imidate- 
amide isomer pairs. 

I 
n 

QEF4- 

f \  I OCH3 n 

(94) 

Catalysis by Lewis and Bronsted acids has also been observed. Cramer 
and HennrichG2 showed that iniidate 96 could be rearranged to amide 97 
in 96% yield i n  refluxing benzene with catalytic amounts of BF, added. 

(37) 

0 
II 

OC2H5 
I EF 

CC13C=NH A CC13CNHC2H5 
CsH,. A 

(96) (97) 
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Challis and Frenkels7 also found BF, to be very effective in catalysing 
the rearrangement of 88. The work of Roberts and V ~ g t ~ ~  showed that 
sulfuric acid can serve as a catalyst but the concentration is critical-too 
little limits the rate of rearrangement and excess resalts in the formation 
of tarry products. The ‘catalytic quantities’ of sulfuric acid used by Challis 
and Frenkel with 88 were apparently too little since they found no re- 
arrangement at 138°C in nitroberizene. The concentration of HBr added 
as a catalyst is also critical. When HBr was added to 88 in 0.22 molar 
equivalent the catalytic effect was the same as that found for isopiopyl 
bromide (which is presumably rormed from the addition of HBr)57. 
However, when HBr was added in equimolar quantities with S8, no re- 
arrangement was observed at  138°C in nitrobenzene. 

Landers4 reported iodine to be an effective catalyst for alkyl imidate 
rearrangements and this was confirmed by Challis and  Frenkel”. Their 
results showed iodine to be much more effective than isopropyl iodide in 
catalysing the rearrangement of 88. 

There are several examples in the literature of catalysed rearrangements 
of cyclic imidates. Bailey and DeGrazia4’ noted that refluxing a trifluoro- 
acetic acid solution of 67 for a few minutes afforded a 92.4% yield of 68. 
Singer and co-workers 6 4 *  65 studied the photocycloaddition of fluorenone 
t o  ketenimines. Some of the initially formed x adducts (98; R = R’ = 
CGH6; R = C2H5, R’ = C6H5) were found to  be readily isomerized to  the 
corresponding ?-lactanis (99) during Florisil chromatography. Subsequent 
work also revcaled that another c( adduct (98, R = R1 = CH,) re- 
arranged i n  a few minutes to a $-lactam a t  room temperature in aceto- 
nitrile in the presence of lithium perchlorate. This latter rearrangement 
plus the ones observed from Florisil chromatography were forniu- 
lated as proceeding via a zwitterion intermediate (equation 38). Ishibe and 
Yamaguchi66 have proposed a similar rearrangement of an c( adduct to a 
cyclic $-lactam in the photcaddition of N-(cyclohexy1)dimethylketenimine 
to  p-benzoquinone. However, they did not have direct evidence for either 
the c( adduct or  a a-lactam since the product isolated was a rearrangement 
product which could have been formed from either the a adduct or the 
P-lactam. 

Mercuric salts dramatically catalyse the rearrangement of allylic 
trichloroacetimidates 6 7 .  For example treatment of 100 (R = n-C3H7) 
with 0.1 equivalent of Hg(OCOCF3)2 in T H F  a t  0°C resulted in immediate 
rearrangement t o  101. On the other hand, the thermal uncatalysed re- 
arrangement of P O 0  required temperatures of 140-1 80°C. I n  another study 
of allyl imidates it was found that the mode of rearrangement of the allyl 
group can be affected by the particular catalyst employed. Stewart and 
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0 

OCH,CH=CHR 0 
II I 

(39) 
H g 2  + ooc CC13CNHCHCH=CHZ CCI C= N H 

I 

Seibert68 found that chloroplatinic acid in isopropyl alcohol quantitatively 
converted 2-crotoxypyridine (102) to 1 -(1 -methy:allyl)-2-pyridone (103) 
at 125°C whereas, at the same temperature, boron trifluoride etherate 
yielded a mixture of two abnormal Claisen products: 82% l-crotyl-2- 
pyridone (104) and 18% 3-crotyl-2-pyridone (105). 

Tin(rv) chloride is another effective catalyst for the rearrangement of 
ally1 imidates. The thermal, uncatalysed conversion of 2-allyloxypyridine 
(106) to 1-allyl-Zpyridone (107) requires temperatures of 240°C or higher 
and gives a mixture of The addition of 1% tin(iv) chloride 
allows the conversion to be carried out at 140°C with yields of 85% or 
higher 68 .  Other equally effective catalysts for this conversion are H,PtCI,, 
NaPtCI,, ar?d RF3. OEt,. 

Copper(1) chloride may have catalysed the rearrangement of 108 to 109 
in the reaction shown in equation 4270. The authors apparently did not 
consider this possibility as they attributed the presence of 109 to a thermal 
rearrangement of 108 (possibly during the isolation of the components of 
the niixture by g.1.c. or vacuum distillation). The ratio of 108 to 109 was 
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about 1O:l  but with benzyl alcohol in place of ally1 alcohol the ratio of the 
corresponding imidate to amide was about 1 : 3. 

o_ N OCH2CH=CHCH3 

I 
C H ~ C H C H = C H ~  

(1 03) + 

A or cat. CA0 
o O C H 2 C H = C H 2  I 

CH2CH=CH2 

(1 07) 

OCHZCH=CH2 0 
CUCl I I1 

CH:=CHCH20H + HC=NC6H11 + HCNCHZCH=CH2 (42) 
I 120°C. 5 h 

CsHll 

(1 08) (1 09) 

4. Some other 8 to N migrations of alkyl groups 
McCarty and Garner 71 have recently completed a study of the kinetics 

and mechanism of the thermal uncatalysed Chapman-like rearrangements 
of 110 and 111. At 120°C in bromobenzene where 110 and 111 smoothly 
rearranged, the related methyl N-cyanoacetimidate (112) underwent no 
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conversion to the corresponding amide. I n  fact 112 was unchanged after 
several hours at 150°C i n  bromobenzene and after being stored neat for 
6 months at room temperature in a container exposed to light. Previously, 
however, Huffman and SchaeferT2 had given i.r. evidence for the slow 
rearrangement of 112 (neat) at 165°C. 

OCH3 OCH, OCH, 
I 

CH,C=NCN 
\ I 

(1 10) (111) (1 12) 

CH,OC=NCN CH,SC=NCN 

Two interesting examples of methyl migrations in heterocyclic systems 
are shown in equations 43 and 44. The thermal rearrangement of 113 to 
114 can be effected in 70 min at 200°C but the addition of lithium iodide to 
an acetone solution of 113 allows the rearrangement to proceed smoothly 
at much lower  temperature^^^. When ethyl iodide plus lithium iodide were 
added to an acetone solution of 113, a mixture of N-methyl and N-ethyl 
saccharine was produced. The methyl group in 115 migrates to both the 
adjacent nitrogen atom and the nitrogen in the five-membered ring74. 

OCH, 0 
I II 

The ratio of compounds 115:116:117 after heating 115 for 2 h at 240°C 
was found to be 25: 61 : 14. 

The migration of the chloroethyl group in 118 was recently reported 
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by Pring and S w a h ~ i ~ ~ .  Refluxing 118 in dimethylformamide for 4 h gave 
an 85% yield of 120 while, conversely, refluxing 120 in dimethylformamide 
led to some 118. An oxazolinium ion (119, equation 45) was postulated as 
an intermediate in this equilibrium. Quite likely a similar 0 to N migration 
of a chloroethyl group is involved in the sequence shown in equation 46. 
Amide 122 was the only product isolated but imidate 121 was proposed as 
a likely precursor 76. 

0 

0 

(1 20)  

(46) 

1 OCHzCH2Cl 

(1 21 1 
0 

[ I  

CI 
I 

C6H5C=NC6H5 4- CH2CH2 A C6H5C=NC,jH5 A 

\ /  
0 

I I  
CCH5CNCHzCH2CI 

c5h5 
1 

(1 22) 

Ulbricht and co-workers have published a series of papers on 0 to N 
glycosyl rearrangements in heterocyclic systems. An example from the 
purine series is shown in equation 4777. 

I n  contrast to the behaviour mentioned earlier for aryl hydrazonates 
(equation 17), the alkyl analogs (125) showed no rearrangement after 2 h 
at 200°C and no decomposition after 2 years of storage at  room tempera- 
ture 78. 

Johnson and c o - w ~ r k e r s ~ ~  studied the effect of various alkylating agents 
on the distribution of alkylation products from some alkyl benzohy- 
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AcGluO cH3 0 

219 

CH3 CH3 

(1 23) (1 24) 
(AcGlu = 2,3,4,6-tetra-O-acetyl-D-glucopyranosyl) 

I 
C6H5C=NN OR H b N O z  

(125, R = CH3, CZH5, n-C3H7) 

droxamates (126). Since the N-alkylated products (128) could conceivably 
arise from the rearrangement of the 0-alkylated derivatives (127), the 
latter were subjected alone to the reaction conditions (RIX and K2CO3 
in CH30H/H20 at 38°C for 15 h). No rearrangement of 127 to 128 was 
observed under these conditions. 

The last two examples to be included in this section may not be as 
closely related as some of the preceding examples to alkyl imidate re- 
arrangements but they do involve migrations of saturated carbon atoms 
from oxygen to  nitrogen (equation 49) or vice versa (equation 50). The 
addition of chlorosulfonyl isocyanat (CSI) to cycloheptatriene (129) was 
originally thought to yield 131 as the thermodynamically controlled pro- 
ductRo. Malpassel has found that 131 is indeed formed from 129and CSI in 
CH,CI, at 25°C but  it slowly rearranges to 132, probably by way of a di- 
polar intermediate (130) since the conversion of 131 to 132 is more effi- 
ciently achieved in a more polar solvent such as nitromethane. 

Mackay and co-workers O 2  found that the Diels-Alder adduct of azodi- 
Senzoyl and cyclopentadiene (133) was labile. I t  isomerized irreversibly 
on heating near its melting point or in solution to 135. This thermal 
rearrangement was insensitive to solvent character and possessed a large 
negative entropy of activation. A possible transition state for this sigma- 
tropic rearrangement is shown by 134. Further studies on the acid catalysis 
of this rearrangement have been carried out  83* 84. 
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COCsH5 
I (50) 

CISH5 

’ (135) 

C. Acyi lmidates (Isoimides) 

1. Introduction 
Acyl imidates or  isoimides are mixed anhydrides of an imidic and car- 

boxylic acid. They are included in this section under irnidates because 
of the relationship of some of their rearrangements to the rearrangements 
of some of the aforementioned imidates. Since the initial report of the 
isolation of an isoimide in 1893”, there have been numerous proposals 
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of isoimides existing as labile intermediates in a variety of reactions. ’l’et, 
little attention seems to  have been paid to the synthesis and study of stzble 
isoimides until about 1960. References to  milch of the literature on transient 
isoimide intermediates can be found in the papers by Rodericka6 and 
Ernst 87. 

Because of the differences in conditions and mechanisms for their re- 
arrangement, it is convenient to  separate the acyclic (136) and cyclic 
(137) isoimides in the following discussion. 

0 
ii 

OCAr2 
I 

0 
II 

XC> C 

II 

2. Acyclic acyl irnidates 
The 1,3-0 to N transfer of an acyl group in an acyclic acyl imidate is 

sometimes called the Mumm rearrangement Mumm, Hesse, and 
Vo‘quartzl reported in 1915 on their failure to obtain the expected iso- 
imides from the treatment of imidoyl chlorides with benzoate salts 
(equation 51). The isoimides were presumably intermediates in these 
reactions but the only products isolated were the imides. 

CI I [ ,&Ar2 1 0 I1 0 I1 

Ar3 

Ar2COz- + Ar’C=NArj ArlC=NAr3 ArlCNCArZ 
I 

Many years later, Curtin and Miller88~89 were successful in preparing, 
isolating, and studyir?g the properties of acyclic isoimides containing nitro 
groups in Ar3 (136). Apparently the electron withdrawing groups in Ar3 
are necessary to depress the nucleophilicity of the imido nitrogen atom 
and thus reduce the tendency for rearrangement to imides. They prepared 
a series of N-(2,4-dinitrophenyl)benzimidoyl benzoates (138) containing 
para substituents in Ar2 and studied the kinetics and mechanism of their 
rearrangement to 139. These acyl imidates rearranged to 139 in benzene 
or acetonitrile solution at temperatures of 40-65°C and kinetic measure- 
ments showed that the reactions were first-order and that the rates were 
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not affected by the addition of small amounts of acetic acid or calcium 
hydride. The rates were somewhat faster in acetonitrile for a given com- 
pound and, in either solvent, the presence of an electron withdrawing 

0 

(1 38) (1 39) 
(X = H, CH30, Br, NO2) 

substituent in the migrating ring accelerated the rearrangement. Although 
evidence was presented to support a trans structure for the predominant 
isomer of 138, Curtin and Miller assumed that trans-cis interconversion 
(equation 53) would be fast compared to the subsequent rearrangement 
which should take place through the cis isomer by way of a carbonyl 
addition mechanism. A dipolar transition state (or intermediate) was 
proposed. An extensive review of acyl migrations in other systems was 
also included in this paper by Curtin and Miller 89. 

O@ 
I 

I I  
0-CAP - 

0 0 
II  I1 

Ar3 Ar2C0, 
fast 

Ar2C0, 
C=N ' h  C=N 
/ / \  

C6H5 C6H5 Ar3 

trans cis I (53) 

0 0  
I 1  I 1  

C6H ,CNCAr2 
I 
Ar3 

SchwarzgO has prepared some acyclic isoimides with Ar2  = C,H, (136) 
and various para substituents in Arl and Ar3. In no case did Ar3 have two 
nitro substituents so the isoimides were too labile for easy isolation. The 
rearrangements to imides were monitored at 0°C by an i.r. method and 
half-lives were calculated. His results lent support to the mechanism 
proposed by Curtin and Miller. Schwarz found that, in contrast to the 
rearrangements of cyclic isoimides (next section), added carboxylate ion 
did not catalyse the rearrangements. He also looked for intermolecular 
acylation by an isoimide by adding aniline to one of the reaction mixtures 
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and checking for the formation of benzanilide. There was no evidence for 
intermolecular acylation although this possibly could take place with a less 
labile isoimide and a more reactive amine. 

That  imides may be converted to  isoimides, at least in the cases of N- 
alkyl- or N-aryl-N-formylamides, is a consideration dealt with by Hoy 
and  PoziomekS1. They reviewed the many reports in the older literature 
where pyrolysis of N-formylamides have yielded such products as iso- 
cyanides, nitriles, carbon monoxide, carboxylic acids, and amides. Their 
own studies of the thermal decomposition of some N-substituted N- 
formylacetamides led them to conclude that the best scheme which can 
account for their data and those of earlier workers is the one shown in 
equation 54. Although the irnides could undergo decarbonylation to  ex- 
plain some of the products, the remainder of the products would be difficult 
to  explain without invoking an imide-isoimide rearrangement (possibly by 
way of the cyclic intermediate proposed by Curtin and Miller). 

0 

(54) 1 
0 0  
I1 II 

$CH3COCCH3 .+ RNHCHO 

3. Cyclic acyl imidates 
There have been many reports (mostly since 1960) on the synthesis, 

chemistry and physical properties of cyclic acyl imidates or isoimides. 
Most of the work has been on the isoimides derived from phthalic and 
maleic acids although there are a few reports on cyclic isoimides derived 
from some saturated diacids. Extensive references to the literature in this 
area can be found in the papers by ErnstE7, S a u e r ~ ” - ~ ~  and Hedaya95*96. 

I t  has been suggestedE9 that cyclic isoimides are particularly stable 
because the carbonyl addition mechanism for rearrangement via a four- 
membered cyclic transition state would be difficult o r  impossible. Curtin 
and Millere9 reinvestigated the rearrangement of 140 to 141 which had 
been initially reported many years earliere5. They found the half-time for 
the reaction (equation 55)  in chlorobenzene at  250°C to be about 24 h. 
Reactions in dioxane and nitrobenzene at 178°C appeared to be first-order. 
I t  is unlikely, however, that they were observing unimo!ecular internal acyl 
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migration. Probably in this case and other supposed thermal rearrange- 
ments the basic solvents or  impurities in them were serving as catalysts or 
acyl transfer agents. 

NC6H5 0 
I I  II 

A ' @c>Nc6H5 C (55) 

II 

(1 40) (141 1 

0 
I I  
0 

The base-catalysed rearrangements of isomaleimides (142) to nialeiniides 
(143) has been extensively investigated. Reaction conditions employed 
include the use of acetic anhydride-sodium acetate 97, benzene-triethyl- 
ammonium acetate 97, and, most recently, ether-aziridine A variety of 

NAr 
II 

0 
II 

conditions for the analogous rearrangements of N-arylphthalisoimides 
(P44)87, N-arylsuccinisoimides (145) 94, and N,N'-biisomaleimides (146)96 
have also been reported. 

(1 44) (1 45) (1 46) 

N-Substituted nialeamic acids (147) are dehydrated to either the cor- 
responding maleimide or  the isomaleimide or a mixture of both depending 
on the dehydration conditions and the nature of the substituent. When 
dehydrating agents such as trifluoroacetic anhydride, N,N'-dicyclohexyl- 
carbodiimide, o r  ethyl chloroformate are used the isoimides are formed as 
the kinetically controlled productsgg. Rearrangement to the thermo- 
dynamically more stable imides is avoided because the relatively weak 
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bases formed as by-products from these dehydrating agents are not effective 
catalysts. In some cases, dehydration of maleamic acids to  isoimides may 
be effected by thionyl chloride loo- lol, acetyl chloride 99, acetic anhydride 92, 

acetic anhydride-sodium acetate 92,  acetyl chloride-triethylamine 99, or 
acetic anydride-triethylamine 99. The results obtained seem to depend 
heavily on the conditions employed. 

0 
I I  
C N H R  

II  
0 

(1 48) 
Much the same is true for the dehydration of N-substituted phthalamic 

acids (148); the product ratios depend on the reaction conditions and sub- 
stituent 03. In both series, there has been some concern about whether the 
isomerization of isoimides to imides is the major source of the latter or 
whether imides are formed directly from the nialeamic or  phthalamic acids. 
Sauers and co-workers 92.93 have reported detailed kinetic results which 
seem to answer this question, at least for the systems they studied and the 
conditions they used. For the dehydrations of N-arylmaleamic acids with 
acetic anhydride they found that isoimides prcdominated over imidesg2. In 
the presence of acetate ion more imide was formed initially and the rates 
of the rearrangements of isoimides to imides were not high enough to 
account for all of the imide produced in a given time. While the isomeriza- 
tion path was the major source of imides in the presence of acetate ion, 
some imide was clearly being formed directly from the N-arylmaleamic 
acid. Acetate ion in acetic anhydride was also found to enhance the direct 
formation of N-arylphthalimides from N-arylphthalamic acids in addition 
to  increasing the yield of imide produced by the rearrangement of the 
isoimideS3, Here again, then, competing paths were found to be involved. 
A mechanism involving initial mixed anhydride formation was proposed 
for both the N-arylmaleamic acid and the N-arylphthalamic acid de- 
hydrations. The scheme for the former is shown below (equation 58)”. 
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0 NR 

CHZC02- + fast - 
fast TI.- 

NR 
4 "<% 

COCOCHj 
/I 
Q 

0 

(58) 

4. Some other 0 to N migrations of acyl groups 
Curtin and Engelmann commented in 1968 o n  the scarcity of data 

available on pairs of isomeric N- and O-acyl derivatives of simple hetero- 
cyclic systems lo'. They found that the sodium salt of 6(5N)-phenan- 
thridone (149) reacted with benzoyl chloride under kinetically controlled 
conditions ( -20°C) to  give the O-acylated product (150). Benzoylation 
at  room temperature, on the other hand, led to 151. When heated alone, 
150 rearranged t o  151 to the extent of 99%lo3. This rearrangement also 
occurred in hexane or tetrahydrofuran solution to give an equilibrium 
mixture with a ratio of 151 to 150 of about 5 :  1 .  The approach t o  equilib- 
rium was observed to  be first-order in 150 or 151 and relatively insensitive 
to  solvent polarity. I t  was concluded that the  mechanism for the re- 
arrangement of 150 to 151 involved an intramolecular nucleophilic re- 
placement a t  the carbonyl group as suggested earlier for acyclic acyl 
imidates 89. 

Curtin and Engelmann pointed out that N-acetylation of 2-pyridone had 
not been reported102. I n  some of their own preliminary studies, however, 
spectral evidence suggested a mixture of N- and O-acyl products from the 
acylation of the sodium salt of 2-pyridone in benzene but they did not 
pursue this furthcr. Within a few months after that, McKillop, Zclesko, 
and Taylor lo4 reported the acetylation of the thallous salt of 2-pyridone 
in chloroform at -40°C. N.ni.r. spectra of the resulting solution strongly 
suggested that a mixture of 152 and 153 had been formed in a ratio of 3:2 
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(152:153). Spectra showed the N-zcetyl compound t o  be converted to the 
0-acetyl isomer on standing at room temperature. 

0, - N a +  

N, 

(1 49) 

C,HSCOCI 
L 

room temperature 

no I 

0 CCH, 
I1 

(1 53) 

0 

Another rearrangement in the heterocyclic series is the one shown in 
equation 60. The 0-acylated derivatives of 3-hydroxy-1,2-benzisoxazoles 
(154) were observed to undergo a thermal rearrangement at 225°C to the 
isomeric acylated benzoxazol-2-ones (156) by way of the N-acylated 

125°C @ g , C 0 2 R  -Ti? 225"c 

I 
cop3 

II 
C 

OCO R 

0 

0 
I 

(60) I I  
(1 54) (1 5 5 )  (1 56)  
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derivatives (155) I o 5 .  At 125°C the N-acylated compounds could be ob- 
tained directly from 154 and then therrnolytically o r  photolytically con- 
verted to 156. 

Rubenstein and co-workers lo6 recently prepared a series of amino- 
isomaleimides (157) and found that they undergo acid catalysed re- 
arrangements to  aminomaleirnides (158) or pyridazinones (159) depending 
upon the conditions of the rearrangement and the nature of the sub- 
stituent. 

(1 57) (1 58) (1 59) 

The azoacetates (160) obtained by the oxidation of aldehyde aryl- 
hydrazones with lead tetra-acetate should be capable of undergoing a 
prototropic shift to  give hydrazonyl acetates (161) which undergo 1,4-acyl 
migration to give diacylhydrazines (162) lo7. The sequence shown in 
equation 62 was observed by Gladstone, Aylward, and Norman lo* but 
they also provide(; evidence that a nitrilimine intermediate (163) lies on the 
main reaction path leading to 162. 

0 0 
I1 

I1 I 

0 

0 CCH3 
I 1  

OCCH3 
I 1  

(62) 

OCCH3 
I I 

RCHN=NAr RC=NNHAr RCNHNAr 

RC&-NAr 

(1 63) 

The reaction of methyl isocyanide with chloroacetic anhydride o r  tri- 
fluoroacetic anhydride in chloroform gives the pyruvamide (165) as a 
product log. Although 164 was not isolated or observed spectroscopically 
it was proposed by Krivinka and Honzl'Og as an  intermediate which 
should be formed directly from the reactants and which should rearrange 
to  165. 
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CR 
I I  

D. Thioimidates 
Chapman 110 examined the effect of heat on thioimidate I66 and found 

that isomerization to 167 took place to  only a small extent a t  280-290°C. 
At temperatures of 320°C o r  higher, 166 gave a mixture of diphenyl 
sulfide, benzonitrile, thiophenol and the benzthiazole 168. The same mix- 
ture of products was obtained by heating 167 t o  320°C or higher so Chap- 
man concluded that the rearrangement of 166 to 167 is reversible. 

(1 68) 
Apparently nobody has obtained results with simple aryl or alkyl thio- 

imidates which would dispute Chapman’s findings. Thioimidates simply 
do not readily undergo a thermal S to N migration to give thioamides 
unless some structural feature is built in to enhance the rearrangement. 
Such enhancement was observed by Walter and Krohnl l l  with thio- 
imidates which have a benzhydryl group on sulfur. Rearrangement of 
169 to 170 in 80-90% yield occurred in refluxing benzene. Elimination of a 
mercaptan from 169 was not observed so a rearrangement mechanism 
involving ionization of 169 to a benzhydryl carbonium ion was proposed. 
A crossover experiment gave results which supported the intermolecularity 
of this rearrangement. They also found that some of the thioamides could 
be converted back to thioiniidates by heating them for several hours in 
ether with HCl added. 

I 

(1 69) (1 70)  

S 

(65) 
II  

SCHAr2Ar3 

ArlC=NH Ar’CNHCHAr2Ar3 
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Beak and  Lee61 used the common alkylated derivative of N-methyl-2- 
thiopyridone (171) and 2-methylthiopyridine (172) to effect equilibration 
of the two isomers a t  190°C (equation 66). In the liquid phase the equilib- 
rium ratio of 172 to  171 was about 9: l  starting with either 172 o r  171. 

C H 3  

(1 71 1 (1 72) 

Attempts have been made to rearrange thiohydrazonates (173) but no 
conversion t o  174 has been observed in refluxing ~ y l e n e ~ ~  or in refluxing 
dioxane 39. 

SArZ S 

(67) 
I II 

Ar1C=NNHAr3 ArlCNHNArZAr3 

(1 73) (1 74) 

A recent review112 of S to N rearrangements in heterocycles contains 
many examples which fit the general scheme shown in equation 68. How- 
ever, in practically all cases, the examples shown are thiazoles o r  benz- 
thiazoles (X = S )  and not cyclic thioimidates. 

111. R E A R R A N G E M E N T S  OF A M I D I N E S  AND R E L A T E D  
C O M P O U N D S  

The migration of a group from N to N in an amidine has received scant 
attention compared to  the 0 to N migrations in imidates. After his in- 
tensive study of imidates, Chapman proceeded to look for similar re- 
arrangements in amidines. In a series of papers between 1929 and 
1932"79 l 1 3 v 1 1 4  he reported his results on aryl amidines. Amidine 175 was 
found to be stable a t  temperatures below 300°C but partially rearranged 
to 176 at 330-340°C. The ratio of 176 to  175 was 2:1 and this same ratio 
was obtained when heating 176 at 330-340°C113. Thus, as one would 
expect, Chapman found the thermal rearrangement of aryl amidines to  be 
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reversible. In further studies he found from heating mixtures of different 
amidines that no crossover products were formed5. Thus, the rearrange- 
ment appears to be intramolecular. Kinetic studies showed the approach 

NC6H5 

(69) 
II 

(C6H5)2 

C6H sC=NCeH 4CH3-P 
I A 

C6H 5CN C6H 5 

I 
c6 4 3-P 

(1 7 5 )  (1 76) 

to equilibrium to be first-order l14. The effects of various substituents 
were studied in arnidines such as 177 and 178 (equation 70). The value of 
k, was essentially constant as Ar was varied from p-tolyl to p-chlorophenyl 
to 3,5-dichlorophenyl but k -  varied, being greatest with p-tolyl and least 
with 3,5-dichlorophenyl'. These results would be consistent with a 
mechanism similar to the one proposed for the thermal rearrangements 
of aryl imidates (equation 9). 

NC6H5 

Ar 

(1 77)  

There are few examples of the migration of alkyl groups in amidines. 
Schwenker and Kolblf5 were studying the reaction of N,N'-dimethyl-. 
benzamidine (179) with thiocyanates and to account for the benzonitrile 
formed from the pyrolysis of 179 in the presence of phenyl isothiocyanate 
they proposed the scheme shown in equation 71. Under proper conditions, 

NCH3 N(CH3)2 

(71 1 I - H N ( C H 3 ) 2  C 6 ~ 5 ~ ~  
290"c b C6H5C=NH 

I1 

(1 79) 

CeHsCNCH3 
H 

cyclic imidates can be reacted with aziridine to give interesting amidines'l6. 
An aziridinyl tetrahydroazepine (180) thus formed rearranged smoothly 
to 181 in refluxing acetone containing a small amount of iodine. 
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Another example of alkyl migration was observed in the transformation 
of 182 to  183 at  260°C (equation 73)l17. On the other hand, neither alkyl 
nor aryl migration occurred in the nitrogen analogs of the aryl hydra- 
zonates studied by Hegarty and co-workers. For example, 184 did not 
rearrange in the presence of radical initiators or  on heating in dioxane 
under re flu^^^. 

CH3 
I 

N(CH3)C6H5 
I 

(1 84) 

Migration of an acyl group in acyclic amidines is more facile than the 
previously described aryl and alkyl rearrangements. N-Benzoyl-N- 
phenylbenzamidine (185) smoothly rearranges in solution to 186 (or its 
tautomer) a t  low temperatures. This first-order conversion of 185 to  186 
was also found to take place in the melt and in the solid ~ t a t e ~ ' ~ ' ~ ' ~ .  
The mechanism is undoubtedly similar to the one proposed for acyclic 
acyl imidates or isoimides (equation 53). Such a mechanism would not be 

C6H,C=NNHC6H, 

0 NC6H5 

(74) 
I1 I I  

I I II 
C6H ,C=N H HO 

(1 85)  (1 86) 

C ~ H S N C C ~ H ~  C G H ~ C N C C ~ H ~  
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possible for the rearrangement of 187 to 188. Heating 187 to 260°C for 
30 min did, however, give an almost quantitative conversion to 188””. 

N-Chloroamidines (189) having a hydrogen on the other nitrogen atom 
can rearrange upon dehydrohalogenation with base. The mechanism sug- 
gested by Fuchigami and co-workers”O is shown in equation 76. Although 
they favoured a simultaneous loss of chloride ion and aryl migration (190 
to 191) a nitrene intermediatc was not ruled out. The carbodiimides (191) 
were trapped with water or alcohol as the urea or isourea derivatives. 
Treatment of 189 with silver oxide in ligroin also led to carbodiimides and, 
in this case, a nitrenium cation intermediate was proposed (equation 77). 

NHR 

ArC=NCI -OH I 

N-Hydroxyamidines or 
zenesulfonyl chloride and 

* (191) (77 )  - [ RNH$=NP.r 

amidoximes rearrange when treated with ben- 
base (equation 78). The reaction is sometimes 

- H C  1 

referred to as the Tiemann rearrangement since it was first reported by 
Tiemann in 1891 122. This conversion attracted little more attention until 

NH2 

C6HsN HCON H2 (78)  
I C,H,SO,CI 

C6H,C=NOH base + 

(1 92) (1 93) 

Partidge and TurnerlZ3 investigated the mechanism some 60 years later. 
Benzamidoxime (192) does not rearrange when heated alone. The purpose 
of the benzensulfonyl chloride is to form the benzenesulfonyl ester of the 
ainidoxime which then decomposes to phenylcyanamide (most likely uia 
its carbodiimide tautomer) and benzenesulfonic acid. Although Partridge 
and Turner could not isolate the intermediate ester from benzamidoxime 
(since it rearranged too readily) they did isolate the ester of phenyl- 
acetaniidoxime (194) and showed that in inert solvents it formed benzyl- 
cyanamide and benzcnesulfonic acid (equation 79). Amidoximes can be 
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easily 0-phospliorylated and the resulting esters also rearrange to cyan- 
amides 124 

NH2 
I A C ~ H ~ C H ~ C = N O S O ~ C ~ H S  CGHSCHzNHCN i- C6HSSO3H (79) 

(1 94) 

Further information 011 this rearrangement of amidoximes was provided 
by Partridge and Turner in 1958125 when they reported that N-aryl 
aniidoximes give 2-substituted benzimidazoles (195) as the major products 
under certain conditions. Dissociation of the initially formed benzene- 

N H C ~ H S  
I CGHSSOZCI 

RC=NoH pyridine ' 
N .. 
H 

(1 95) 

sulfonyl ester into an azomethine nitreniuni ion has been proposed125 
to precede ring closure. The nitreniuni ion could inert in an appropriate 
aromatic C-H bond to give the benzimidazole. However, elimination of 
benzenesulfonic acid from the ester to leavc a nitrene is also possible since 
a nitrene could also effect ring closure via insertion in an aromatic C-H 
bond. Evidence for a nitrene intermediate in the analogous reactions of 
N-alkyl amidoximes with benzenesulfonyl chloride and pyridine has been 
provided by Boycr and Frints126. In addition to obtaining the expected 
carbodiimide (197) from N-cyclohexylbenzamidoxime (196) they also 
observed an aniidine (198) which could have been formed from a nitrene 
intermediate (199) by hydrogen abstraction from the solvent. 

N c ~ H i i  
I I  NHCGHII N H C 6 H 1 1  

C6HsC-N 
I 

C ~ H S N = C = N C ~ H ~ ~  C6H,C=N H 
I 

CGH~C=NOH 

(1 96) (1 97) (1 98) (1 99) 

BV. S O M E  RELATED REARRANGEMENTS 

lmidocarbonates, thioimidocarbonatcs, and isoureas are structurally 
related to tlie iniidatcs discussed carlier and there are many examples of 0 
to N rearrangements i n  these systems. Only a few examples are included 
here for sake of comparison with tlie imidates. McCarty and Garner71 
have carried out an cxtensive investigation of the Chapman-like rcarrange- 
inelits of 200, 202, and 204. Iniidocarbonatc 200 and thioimidocarbonate 
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202 underwent clean, first-order rearrangements in bromobenzene at 
temperatures far below those normally observed for alkyl imidates. The 
unimolecular reactions (equations 81, 82) had large negative entropies of 
activation, were not accelerated by benzoyl peroxide or iodine, and showed 
no exchange of alkyl groups in crossover experiments, i.e. they behaved 
very much like aryl imidates even though it would be difficult to imagine 
a S,  type mechanism for these alkyl migrations. Although 205 was the 
main product from the thermal rearrangement of 204, this reaction was 
not clean. Other products were identified as oxadiazenes which might have 
been formed by initial methyl migration to the cyano nitrogen to form a 
reactive carbo iimide intermediate. 

OCHB 0 

(81 1 
I 100°C I1 

CH,OC=NCN CH30CNCH3 
I 

OCH3 0 

I 

I 120°C II 
CHZSC=NCN ____t CHZSCNCHB 

OCH3 0 
I1 I 

(83) 1200c t (CH3)2NCNCH3 (CH,),NC=NCN 

A cyclic system related to acyclic imidocarbonates is shown in equation 
84127. These thermal rearrangements were carried out at 250°C and were 
found by crossover experiments to be intermolecular. Elimination of the 
alkyl group as the corresponding alkene occurred when R2 was secondary 
or  tertiary. 

R1yoyoRz - 250°C 

N-N 
(84) 

(206) (207) 

The 3-alkoxy-l,2,4-benzothiadiazine-l ,l-dioxides (208) shown In equa- 
tion 85 bear a structural relationship to acyclic isoureas. Alkyl inigration 
froi-n 0 to N was studied i n  this system recently c/-,F-Unsaturated groups 
migrated with inversion as in the Claisen rearrangement. 
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(85 )  
R' 

H 
R' 

(20% (209) 

No S t o  N rearrangements have been observed for  210 or 211 under 
conditions where 200, 202, and 204 readily rearranged". The addition of 
alkyl halides, iodine, and peroxides as possible catalysts was to no avail. 
The N-methyl and N-phenyl analogs of 210 could not be isomerized even 
at 250-270°C 129. However, some cyclic dithioimidocarbonates (212) 
have been isomerized at temperatures of about 200°C (equation 

(CH3)2N, 
(CH3S)*C=NCN ,C=NCN 

CH3S 

(21 0 )  (211) 
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1. INTRODUCTION 

T h e  electrochemistry of  imidic acid derivatives has not been studied 
extensively; results from electroanalytical and from electrosynthetic 
investigations in hydroxylic solvents are scarce, and data  f rom work in 
aprotic media a re  nearly absent. This chapter will deal with electrolytic 
reactions which involve imidic acid derivatives either as starting material 
or product. 

Organic chemists have generally been reluctant to consider using electro- 
chemical reactions, mainly because the apparatus  was unfamiliar. There 
exist now books written for organic chemists which treat both the theo- 
retical and  the practical problems of organic electrochemistry (e.g. Ref. 
1); the  general aspects will, therefore, not be treated here. 

The  electrocheniistry of imidic esters and  amidines resembles in many 
respects that  of the  corresponding oxygen analogues, but generally the 
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carbon-nitrogen double bond is more easily reduced than the carbon- 
oxygen double bond; the easier reduction of the nitrogen analogues 
is, among other things, connected with the easier protonation of these 
compounds. 

11. E L E C T R O C H E M I C A L  PREPARATION O F  IMlDlC ACID 
DERIVATIVES 

A. lmidic Esters 
One of the very few reported electrolytic preparations of an imidic 

ester is the reductive ring opening of some alkoxy-substituted phthalazines 
and dihydrophthalazines 3.  The reduction of 4-methoxy-1-phenylphtalazine 
(1) proceeds according to 

(1 1 (2) (3) 

The electrolytic reaction is performed in whydrochloric acid containing 
30% alcohol at 0°C at a potential controlled at -0.82 V (SCE); the control 
of the cathode potential is essential for the reduction as  2 is further re- 
ducible at a potential 200-300 mV more negative than that of 1. The inter- 
mediate 2 has not been isolated in this case; extraction at a higher pH is 
not feasible since the amino group attacks the azomethine group with ring 
closure and loss of ammonia, and hydrolysis of the imidic ester to  the 
caiboxylic ester makes isr.+lation by evaporation of solvent dificult. 

1,2-Dihydro-4-niethoxy-l-phenylphthalazine (4) is also reduced with 
ring opening to 2: the reduction of 1 seems, however, at low pH to pass 
through the iniine (5 )  rather than through 4. 

The reduction of 1 and 4 thus follows the apparently rather general 
rule' that compounds of the type ,C=N-Y, where Y is a heteroatoni, 
are reduced in acid solution to )C==N+H2 and HY. This reduction and 
its mechanism have previously been discussed 2 9 3  and the critical step seems 
to be the protonation of the radical formed after the uptake of one electron 
and one proron. 

I t  would thus be expected that the reduction at controlled cathode 
potential of compounds of the general formula RC(OR')=N-Y, where 
Y is nitrogen or oxygen. would produce the corresponding iniidic ester. 

\ 
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c61i5 + 

C=NH, 

pH < 1 
C=NH2 

I 

( 5 )  

OCHS 

243 

0CH3 

(4) 

0. Arnidines 

1. By oxidation 
Anodic oxidation of ethyl alcohol in an aqueous solution of ammonium 

carbonate a t  a platinum anode yields acetamidine (6), isolated as the 
nitrate5. During the oxidation some ammonia is oxidized to nitrate, thus 
providing the anion for the isolated product. The reaction probably 

[-2e- - 2 H + ]  + N H 3  
CHSCH2OH t CHjCHO ___+ 

[-2e- - 2 H + l  HNH 
CH3C, + N H J  

CH,CH(OH) NH2 

NH2 

passes through acetaldehyde and ‘aldehydammonia’ (7); this has been 
made plausible by the finding that 7 gives a better yield of 6 than ethyl 
alcohol by anodic oxidation. The mechanism of the further oxidation is 
less clear ; Fichter and co-worked  suggest that acetamide, which then 
should add ammonia, is an intermediate but no evidence to substantiate 
it  has becn presented. No control of potential has been made during the 
oxidation and several reactions seem to be occurring simultaneously, so 
it is difficult to  suggest a mechanism for the reaction. 

Electrolytic oxidation at a platinum anode of thiourea in sulphuric acid 
gives the sulphate of formamidine disulphide in a good yieldG. Alkylated 
derivatives of thiourea behave similarly 7. The reaction may be formulated 
as a loss of one electron from the sulphur atom. 
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+ + 

H2N N N H 2  
2 (H2N)ZCS -20 - Bc-s-s-c, / 

2. By reduction 
Reduction of compounds of the general formula RC(NR',)=N-Y, 

where Y is a heteroatom would be expected to produce amidines. 4- 
Dimethylamino-1-phenylphthalazine (8) and 1,2-dihydro-4-dimethyl- 
amino-1-phenylphthalazine (9) are both reduced in acid solution to the 
amidine (lo) 3, which may lose dimethylamine and form the cyclic amidine 
(11). The amidine 10 is more stable than the imidic ester 2 and can be 
isolated as the dihydrochloride; at higher pH 10 forms 11 

CsH5 C6H5, + 

2e-  + 2 H +  I 
Another example of the cleavage of RC(NH2)=NY is the reduction of 

amidoximes to amidines'. The reduction of benzamidoxinie (12) to 
benzamidine (13) was the first example where a product of the type 
RR'C====NfHz was isolated from the reduction of RR'C=NOH; later 
other examples have been found2. 
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C. Amidrazones 
Amidrazones (RC(NRL)=NNHR") may be synthesized electrolytically 

by partial reduction of oximehydrazones and possibly from similar 
compounds such as hydrazidines ; cyclic amidrazones may be formed by 
reductive ring closure o r  by partial reduction of certain heterocyclic com- 
pounds. In the first case, the reaction involves a cleavage of a simple bond 
between nitrogen and another heteroatom in a compound of the general 
type RC( NH N R;)=N-Y. 

Whereas aliphatic oximehydrazines, such as CH,C(NHNHC,H,)=NOH 
are generally not polarographically reducible8, the aromatic analogues 

(1 4) (1 5 )  

are9* lo. The oximehydrazine (14) has been reduced to the amidrazone (15) 
in an  acetate buffer at a potential where the nitro group is not reduced. 

Further reduction of 15 at a more negative potential where the nitro 
group is reduced to an amino group gives compound (16) which cyclizes 
to (17); 17 in turn loses ammonia to the cyclic ainidrazone (18). 

(1 7) (1 8 )  

It has not been proved conclusively whether 18 is a I ,4- or a 1 ,Zdihydro- 
benzotriazine. 18 may also be obtained by two-electron reduction of 3- 
phenylbenzo-l,2.4-triazine (19)11: 19 and 18 form a nearly reversible 
system at  the dropping mercury electrodz. 

D. H ydrazidines 

Tripheriyltetrazolium chloride (20) has been investigated polaro- 
graphically'"-'G; in acid solution a six-clectron reduction is observed at 
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t > 40”C, whereas a four-electron wave is found at t < 20°C. This may 
be explained by the following reaction scheme lo : 

At higher temperatures, the triphenylbcnzhydrazidine (21) dispro- 
portionates to phenylbenzamidrazone, aniline, and the easily reducible 
triphenylformazane (22) ; 22 is then reduced to 21 which disproportionates 
etc. 

N- N HC6Hs N-N H C6H5 
// / 

\ \ 
i- $CsH,C 

NHZ N=NC6H5 
21 $CeH,NHz -I- 4C6H5C 

(22)  

111. ELECTROCHEMICAL REACTIONS O F  IMlDlC ACID 
D ERl VAT1 VES 

A. lmidic Esters 
Aromatic imidic esters (23) have been reducedl7 in 2 N-sulphuric acid 

solution to aniines i n  good yields (Table 1)  at lead cathodes at O T ;  the 
yield of amines in the reduction of aliphatic imidic esters is lower. The 
reduction probably follows the scheme 

+ 2e- + H +  H +  + 
RC(OR’)=NHZ RCH(OR’)NH, A RCH=NH2 

--R’OH 
(23) (24) (25) 

2e- + 2 H +  1 
2e-  + 2 H +  

R C H ~ O H  - RCHO + R I H ~  + R’OH RCH,&H~ 

In acid solution the protonation facilitates the loss of the alcohol from 
(24) to give (25) whereas hydrolysis and loss of ammonia is favoured at  
higher pH. The fate of an intermediate similar to 24 has been discussed 
in connection with the reduction of oxaziridinesl*. 

Since iinidic esters are more easily reduced than the corresponding 
nitriles, it has been suggested17* l9 that nitriles may be reduced electro- 
lytically to amines in cthanolic sulphuric acid, where the first reactiofl 
would be an acid cat,:!ysed addition of alcohol to the nitrile with formation 
of a reducible imidic ester. 
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TABLE 1. Yields of amine in the electrolytic reduction of imidic esters 
RC(OR')=NH in 2 wsulphuric acid at a lead cathode23 

Tmidic ester Amine Yield (%) 

Benziniidic ester Benzyl a m  i ne 76 
3-Methylbenzirnidic ester 3-Methyl benzylamine 70 

4- Methoxybenziniid ic ester 4-Methoxybenzylariline 66 
Acetiniidic ester Ethylamine 16 
Phenylacetimidic ester 2-Phenylethylamine 14 

4-Mcthylbenzimidic ester 4-Methylbenzylamine 94 

Aromatic imidic esters are polarographically reduciblez0 ; in Figure 1 
the pH-dependence of benziniidic ester is shown. The reduction of an o- 
substituted benzimidic ester 2 has been studied3 and the following re- 
duction route proposed: 

2e- + 2 H +  
2- 

I 
OCH, 

C6H5 

2 -  
-CH30H 
A 

CH=NHZ 

The shape of the polarogranis of 2 suggested this reaction route rather 
than one with an initial ring closure t o  3, followed by reduction of the 
carbon-nitrogen double bond, elimination of alcohol to (28) and reduction 
to (29) 

5. Arnidines 
Electrolytic oxidation of acetamidine in liquid ammonia produces 

among other compounds ethane and cyanamidez1. The reaction which in 
a way resembles the Kolbe electrochemical oxidation of acetate to ethane 
is not  simple, and a mechanistic interpretation becomes more difficult 
to  suggest by the finding that the homologues of acetaniidine 
(R-C(NH,)=NH) on a similar treatment produce methane and ethane 
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FIGURE 1. Half-wave potentials (vs. SCE) of benzimidic ester at different pH 
values in aqueous buffers containing 40% alcohol Qo. 

and very little, if any, of the 'Kolbe product', the hydrocarbon R-R. 
Aliphatic amidines are generally not polarographically reducible in 

buffered solutions: aromatic amidines 22 are reducible only at rather 
negative potentials at a pH interval from slightly acid to alkaline solution. 
The electrode reaction is a four-electron reduction to an amineZ2 

+ 4e-  + 5 H +  + + 
R C ( N H z ) = N H Z  R C H Z N H 3  + N H 4  

Cyclic amidines, such as 11 3, 3,4-dihydroquinazolineZ3 (30), and 1,6- 
dihydrop~r ine*~- '~  (31) are reduced in a manner similar to the acyclic 
amidines. In Tab!e 2 are given the half-wave potentials of 11 at different 
PH. 

(30) (31 ) 

Certain aliphatic amidines, such as 2-phenoxyacetamidine (32), which 
are substituted in the a-position with a heteroatom, are polarographically 
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TABLE 2. Half-wave potentials (vs. SCE) at different pH of the cyclic aniidine 
3-iminoisoindoline3 (11) in aqueous buffers containing 40% ethyl alcohol 

- Et V(SCE) 1 -53 1.57 1.63 1.72 1 *so 

reducible but the electrode reaction consists of a reductive cleavage 
of the carbon-heteroatom single bond; 32 thus forms acetamidine and 
phenol2*. 

N H  @ 0-C H 2C, // 

NH2 
(32) 

C. Amidrazones, Hydrazidines 
Phenylbenzamidrazone is reducible lo in approximately the same pH 

region as benzamidine. A cyclic benzamidrazone, dihydro-3-phenyl- 
benzo-l,2,4,-triazine (18), is reduced in the following way to phenyl- 
benzimidazolel' (33) : 

,* 2e- +3H;  aNH2 
II  

N H-C-C~HB 

H 

@'XhH3 -'", , a N $ C 6 H 5  

N C6H5 N 
H H 

(33) 
Hydrazidines have not been investigated much electrochemically; 

diphenylbenzhydrazidine (34) is polarographically reducible a t  most pH. 
Tn strongly acid solgtion it may disproportionate and in alkaline solution 
it is easily oxidized. Anodic oxidation in aqueous-alcoholic solution of 
34 would produce the slightly soluble triphenylformazane (35) which in 
aceionitrile can be oxidized further lo to the triphenyltetrazolium ion 20: 
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D. Amidoximes, Hydroxyamidoximes, Hydrozooximes 
The reduction of b e n z a m i d ~ x i m e ~  in acid solution to benzamidine was 

discussed in Section 11.B.2. Hydroxyamidoximes 27-29 (36) may in neutral 
and alkaline solution be oxidized to nitrosolates (37) with which they form 
reversible systems. 

-2e- - 2 H+ 
RC-NHOH RC-NO 

I I  
NOH 

I I  
NOH 

(36) (37) 

Hydroxyamidoximes are polarographically reducible in acid solution, 
and the corresponding amidoximes have been suggested as the pro- 
ducts 27-29. 

Oximehydrazides, such as (38), are polarographically oxidizable to the 
oximazo compounds (39) which in turn may be reduced to 38. 

-2e- - 2 H +  
CH3C-NHNHC6H5 -, CH~C-N=NC~HS 

II II 
NOH 

(38) 
NOH 

(39) 

E. Derivatives of lmidic Acid Halides 
Imidic acid halides (40) have been investigated very little electro- 

chemically; the simple halides are rather unstable but N,N-disubstituted 
imidic acid halides are reasonably stable in the absence of nucleophiles. 
They are, just as carboxylic acid chlorides, very easily reducible; the 
reduction must take place in a n  aprotic solvent, such as acetonitrile or 
N,N-dimethylformamide. The first step would be expected to be an  up- 
take of an electron followed by loss of a halide ion; the radical thus formed 
may dimerize to a n  a-diimine (41) or accept an electron further with forma- 
tion of an aldimine (42), the reaction route depending on many parameters: 
furthermore, at a more negative potential both 41 and 42 may be reduced 
further to compounds which may react with 40,41, or  42. 

R-C-X R-C=N R' 

R-C=N R' 
I R-CH=NR' II 

N-R' 

(40) (41 1 (42) 

Hydroxaniic acid halides have been investigated polarographically 30* 31 
i n  aqueous acidic medium, where they are reasonably stable. In Table 3 
are given the half-wave potentials of benzhydroxamic acid halides a t  
pH I .  As might be expected from the reduction of oiher halides, the iodide 
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is more easily reduced than the bromide which in turn is more easily 
reduced than  the  chloride. 

Benzhydroxamic iodide (43) is reduced 30 to benzaldoxime (44) in a two- 
electron reduction 

2e- + H +  C6HsC-I ____+ CGHSCH=NOH + I -  
ll 
NOH 

(43) (44) 

44 is more easily reduced than benzhydroxamic bromide (45) or chloride 
(46), so during the reduction of  45 or 46 the primarily obtained 44 is 
reduced further in a four-electron reduction as fast as it is formed. The 
reduction of 45 thus is 

2e- + H +  40- + 5 H+ + c H C-Br - [a] - C6H5CH2NH3 + H 2 0  
-Br- 5 1 1  

NOH 

(45) 
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1. INTRODUCTION 

It  is only relatively recently that imidic acid derivatives have been 
found in nature. Hydroxamic acids are probably the most common 
naturally occurring imidic acid derivatives, but since their structure and 
biochemical functions have been fully reviewed by Emery and their 
pharmacological aspects have also been reported 2 ,  this group is not dis- 
cussed in this chaptcr. Amidines are synthesized by a few micro-organ- 
isms; formamidines feature in the biochemical pathways associated with 
the biosynthesis of imidazoles and purines and  in the catabolism of 
his t idi ne. 

The search for cheniotherapeutic and pharmacodynamic agents has 
necessitated the preparation of a large number of synthetic compounds. 
Many imidic acid derivatives have been investigated as medicinal agents, 
but relatively few are clinically acceptable. A number of groups of imidic 
acid derivatives, e.g. the amidrazones, do not occur naturally and have 
not achieved prominence in the field of medicinal chemistry. 

The hetero-atoms of naturally occurring ring systems such as  pyrimidine 
and purines are so arranged that the systems may be regarded as amidines; 
a discussion of the biological and medicinal chemistry of these and related 
heterocyclic rings is outside the scope of this review. 

An attempt has been made to  give an account of the chemical aspects of 
synthetic and naturally occurring imidic acid derivatives in selected areas; 
amidines feature very prominently. 

II. BlOLOGlCAL FORMATION O F  T H E  AMlDlNE GROUP 

A. Purine Biosynthesis 
Aniidine formation occurs during the biosynthesis of the purine ring 

/NH,  
C H 2  C H O  
I 'y-y) 2 oNc\N I H 

ribose-5-phosphate N 4  3 9 

(1 1 (2) 

system (1). 5-Phosphoribosylforniylglycinamide (2) forms the ring skeleton 
of the five-membered ring of purine (atoms 9, 4, 5 ,  7 and 8). The nitrogen 
atom at  3 is incorporated into the skeleton by amidine formation, the 
aniide group of glutamine being the source of ammonia. This biosynthetic 
step is reviewed3 in detail in an earlier volume of this series. 
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Buchanan and his co-workers 6 ,  have clearly established the important 
steps in this stage. The enzyme, 5-phosphoribosylformylglycinamide:~- 
glutamate amidoligase requires potassium and magnesium ions and  ATP 
as cofactors. It was suggested that glutamine undergoes reaction with an 
-SH group in the enzyme, the intermediate behaving as active am- 
-SH + H2NCOCH2CH2CHC02- - -SCOCH2CH2CHCO2- + [NH,] 

(1 1 
monia (equation 1). Evidence4s5 in support of this suggestion is provided 
when the substrate glutamine is replaced by the isosteric azaserine (3) or 
by 6-diazo-5-oxo-~-norleucine (DON) when S-alkylation of the enzyme 
occurs (equation 2). 

I 
+NH3 

I 
+NH3 

-SH + N2CHCOOCHZCHCOZ- A -S-CH2COOCH2CHC02- + Nz 

(2) 
I 

+NH3 
I 

+ N H 3  

(3) 

Ammonia and the glycinamideribotide now react in the presence of 
ATP (equation 3)”*”. Although not suggested by the original workers, 
presumably this reaction proceeds via an irnido-phosphate which is 
susceptible to  nucleophilic attack by ammonia (equation 4). In related 

0 NH 
ATP,Mg2 +,K + 

- -  
II 

-02CCHCH2CHZCNH2 
I “H31 

(3) 
I1 

02CCHCH2CH2CNHz 
I 

NH-ribose-5-phosphate N H -ribose-5-phosphate 

0 OH OPOjHZ NH2 
It I ATP I “ H 3 I  I 

-C=NH -C=NH -C=NH + H2P04- -CNH2 y 

(4) 

reactions it has been shown’ that with glutamine having 180-labelled car- 
boxamide the l*O is incorporated into formed phosphate. Mechanistically 
this reaction then has a close similarity with a reaction, investigated by 
Oxley, Peak and Shortg, which leads to the formation of amidines from 
amides. N-Substituted amides, treated with an arenesulphonyl chloride 
readily form imido-arenesulphonates which with amines form .V,N‘- 
disubstituted amidines (equation 5 )  

0 OH OS02Ar 
I I  I ArS0,CI 1 R3NH 

R ~ C N H R ~  T~ R ~ C = N R ~  R ~ C = N R ~  
Pyridine 

NHR3 
I 

R1C=NR2, ArS03H (5) 
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6. Histidine Biosynthesis 
Tracer experiments in bacteria have established that the N,,, and CC2, 

atoms of histidine (4) are derived from the C,2) and Ncl) of a p ~ r i n e l O - ~ ~  
and the N(3) of histidine is derived from the amide group of glutamineI4. 

The multistage histidine biosynthesis l5 leading to ring-opening between 
c(6) and N(l) of the purine nucleas commences with alkylation at the Ncl) 
of ATP by ribose-5-phosphate-1-pyrophosphate to form 5. The enzyme 

OH OH 

(4) (5) 
involved ATP-PRPP phosphoribosyl transferase, has been isolated in a 
substantially pure form from Salrnorzella typhiinuriuin. The molecular 
weight, determined by equilibrium ultracentrifugation is 21 5,000, and the 
enzyme consists of six identical polypeptide units16. The alkylation is 
reversible and is the controlling step in histidine biosynthesis 17. 

Following hydrolytic cleavage of the triphosphate t o  monophosphate 
(enzyme: phosphoribosyladenosinetriphosphate-pyrophosphohydrolase) 
the pyrimidine ring of the purine is ring opened (between Nc1) and c(6)) 

under the influence of phosphoribosyladenosine monophosphate-l,6- 

(6 )  

cyclohydrolase t o  form the formamidine (6).  Formation of the imidazole 
ring follows an Amadori rearrangement of 6 to the isomeric formamidine 
(7) under the influence of the appropriate isonierase18, cleavage of 7 by 
ammonia derived from glutaminel*, apparently in two steps, and ring 
closure to imidazoleglycerol phosphate (8). The later steps in this en- 
zymically controlled sequence are dehydration of 8 to  imidazoleacetol 
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HZNCO 

POCHzCH(OH)CH(OH)COCH,NHCH=N 

(7 )  

259 

CH (OH) CH (OH)CH,OP 

6 
N Q J H  

(8  1 
phosphate, transamination with L-glutamate to L-histidinol phosphate, 
hydrolysis of the ester and finally oxidation of the L-histidinol to L- 

histidine (4). 
Histidine is an essential nutrient for growth of young rats and mice, but 

in adult man nitrogen balance can be maintained in the absence of histidine. 

C. Histidine Catabolism 
The main catabolic pathway for histidine in bacteria and mammals 

results in a one carbon unit being returned to the 'one carbon pool' via a 

/=(CH=CH CozH 
(4) - N Q J H  

(9) 

HOzCCHCHZCH2COzH 
A I 

HNCH=NH 
O M C  coz 
N\"NH 

(11 1 (1 0 )  

formamidine intermediate. Histidine (4), by elimination of ammonia 
(L-histidine ammonia lyase) is converted into urocanic acid (9) 19, 2 o  which 
with crude liver extracts and with bacterial enzyme preparations is trans- 
formed into N-formimino-L-glutamate (FIGLU) (10)21*z2. The crude 
liver preparation has been shown to contain two enzyme systems which 
can be separatedzz. The first enzyme, urocanase, catalyses the addition of 
water to (9) to  form 4(5)-imidazolone-5(4)-propionic acid (11); the latter 
compound has not been fully characterized, however. Evidence for the 
structure is based on the similarity of the spectral characteristics of the 
isolated and authentic synthetic samples of the acidZ3mz4. The second 
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enzyme, imidazolonepropionic acid hydrolase, has been obtained in a 
partially purified form from rat liver 25 and Pseudomonas fluorescens26 
extracts and hydrolytically ring opens the cyclic acylformamidine (11) and 
gives optically active FIGLU (10). 

The formimino group is transferred from 10 to 5,6,7,8-tetrahydrofolate 
under the influence of formiminoglutamate formiminotransferase to form 
the open-chain amidine (12) and glutamate 27-29. 

(1 2 )  
Formiminoglutamate is excreted in individuals with a folic acid- 

deficient diet; it manifests as megaloblastic anaemias. For clinical evalua- 
tion FIGLU can be estimated microbiologically 30, enzymically 31. 32, by 
electrophoresis 33- 34 and by paper chromatography 35* 3 6 ,  but these methods 
are of low sensitivity. Tests with increased sensitivity include the separation 
of FIGLU and its precursor, urocanic acid (9), by t.1.c. on cellulose with 
ti-butanol-glacial acetic acid-water ( 1  14: 38 : 60) as developing solvent. 
FIGLU is detected (limit 0.125 p g )  by its ammonolysis to glutamate 

NHI FIGLU (10) -02CCH(NHX+)CH2CH2COzH + HC (=NH)NH2 (6) 

(equation 6) and its location with ninhydrin reagent; urocanic acid (9) 
(limit 0.0625 pg) which is faster running is detected by Pauly's reagent37. 

A second method3* depends on the estimation of a colour produced 
by interaction of urine with nitroprusside and ferricyanide. 

D.  Folic Acid Derivatives 
Brief mention has already been made to 5-formimino-5,6,7,8,-tetra- 

hydrofolate (12). This forniamidinc undergoes ring-closure with loss of 
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ammonia tc give the cyclic formamidinium derivative, 5,l O-methenyl- 
5,6,7,8-tetrahydrofolate [5,1O-methenyl-THF (13)] (equation 7). The 
enzyme facilitating this ring-closure, 5-formiminotetrahydrofolate am- 
monia lyase (cyclizing) has been isolated from a number of sources in- 
cluding Clostridiuin cylindrosporrri?i 39* 40, rabbit and hog 41 liver. The 
cyclization is readily followed since 12 has an absorption maximum a t  
285 nm, associated with the formamidine structure, which is lost as 13 is 
formed; 13 has an  absorption maximum at  356 nm42p43. The same 
methenyltetrahydrofolate is formed i n  a reversible oxidation (NADP) of 
5,1O-rnethylenetetrahydrofolate (14), the latter being formed in a two-step, 
enzyrnically controlled, sequence from tetrahydrofolate and serine followed 
by dehydration. 

H 

NT-$JN >, 
OH Z H , L H ~ C ~ ~ H C H ( ~ ~ z ~ ~ ~ H z C H z C O z H  NADP+ (13) 

(1 4) 

The reductase responsible for the conversion 14 -+ 13 has been isolated 
from many sources including yeast 4 4 ,  calf thymus 45 and Closiridiunz 
cylindrosporimi 46. 

The methenyl-THF (13) plays an  important role in  one carbon transfers 
in purine bio~ynthesis'~. It is required for the insertion of Ct8) and indirectly 
for the insertion of Ccz, into inosinic acid [see purine numbering (l)]. 

13 is ring opened by water to  form 10-formyl-THF (equation 8) but the 
reaction is suppressed in maleate buffer. Using an avian liver enzyme 
preparation, Hartmann and B u c h ~ n a n ~ ~  were able to establish that 13 

5,1O-methenyl-THF+ + HzO 10-formyl-THF + H +  ( 8 )  

was the active forniyl donor in the enzynie controlled formylation of 5- 
phosphoribosylglycinamide to provide ultimately the C,,, of the purine 
(equation 9); 1O-formyl-THF was inactive. For the formylation of 5'- 
pl~osphorisbosyl-5-a1iiinoiniid~zole-4-c~rb0xa1nide, 10-formyl-THF was 
thc active donor, 5,lO-methenyl-THF (13) being inactive. 

A large number of chemotherapeutic agents indirectly prevent the 
formation of 13 by blocking either the biosynthesis of 7,8-dihydrofolate 

(13) 
H,NCH,CONH-ribose-5-phosphate - 

(1 3) 

O=CHNHCHzCONH-ribose-5-phosphate (9) 
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(e.g. the sulphonamides), or, by competitive inhibition of dihydrofolate 
reductase, prevent the reduction of the dihydrofolate to 5,6,7,8-tetra- 
hydrofolate (e.g. .trimethoprim, pyrimethamine and amethopterin) 49. 

111. BIOLOGICAL ACTIVITY OF IMIDATE DERIVATIVES 

A. Antiviral Activity of Naturally-occurring Amidines 
Unsubstituted amidines have been isolated from a number of micro- 

organisms; they possess antiviral properties and are thus of considerable 
chemotherapeutic interest. 

Amidinomycin (15), probably the simplest amidine isolated 5(i, was 
obtained from a species related to  Streptoniyces flavochro/nogenes. 

CONHCHpCH*C(=NH) NH2 

(1 5 )  

The P-amidinoethylamine substituent is retained in noformicin (16), 
isolated from Nocardia f~rniica~~.~~. This microbial metabolite is active 
against a broad spectrum of viruses, including parainfluenza, type 3, and 
the causative viruses of a number of animal  infection^^^. A number of 
synthetic analogues of 16 [(17), whcre I ?  = 0 or 1 and 177 = 0-31 have been 

CONHCHzCHZC(=NH) N Hz HZN C' c 0 N H [c H 21 c (=N H N H 

prepared 53,  and although some antiviral activity has been found, all are 
significantly less active than noformicin. I t  has been ~ p e c u l a t e d ~ ~  that the 
noformicin molecule fulfils a very rigid structural requirement for activity. 

Netropsin (IS), isolated from Streptoriij~ces iietropsis and other Strep- 
foiiiyces sp., is one of a number of  naturally occurring compounds which 
are polypyrrole  derivative^^^. 18 increases the survival time of mice in- 
fected with influenza A and B, swine 'flu' and mouse-adapted neutrotropic 
vaccinia viruses. 

The antibiotic distamycin A [(19), 11 = 31 isolateds5 from Strepiomyces 
distallicus, has received much attention as a viricide". j6- 5 7 .  , it apparently 
acts on the reverse transcription process. I n  most organisms DNA is 
transcribed into complementary R N A  or self transcribed into comple- 
mcntary DNA.  Sonic viruses, e.g. polio virus, can produce R N A  to DNA 
reverse transcription and the enzyme RNA-dependent D N A  polymerase 

(1 6 )  (17) 

H2N 4J 
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(revcrse transcriptase) obviously supplies a point where selective action 
against viruses can occur. 

O=CH+NH, 1 
P C O i  N H CH2CH 2C(=N H ) N H, 

L Me _1, 
(1 9) 

A number of polypyrrole analogues of distaniycin have been examined 
for reverse transcription inhibitory propertiess0. The polypyrrole [(19, 
17 = 51 is reported to be 16 times as active as distamycin A ;  it reduces by 
half leukaemia virus and Moloney sarcoma virus reverse transcription at  a 
dose level of 20 pg per ml. It appears to affect attachment between DNA 
and D N A  --f RNA polymerase and stops initiation of new RNA.  Chain 
elongation is not affected. Other structural variants of (19) involving 
different numbers of pyrrole rings and modification of the formamido 
group are less active compounds. 

B. Antibacterial, Antifungal and Antiprotozoal Drugs 
Amidines have been the subject of many studies in the search for anti- 

bacterial and antiprotozoal drugs in  man and domestic animals. A recent 
report by K r e u t ~ b e r g e r ” ~  documents many of the active compounds in 
this area. 

Large numbers of active compounds possess two benzarnidine residues 
which are separated by a structural uni t ,  X, containing one or several 

(20) 

where X may be (a) -CH=CH- (stilbamidine); (b) -O[CH2IrL0- (when n = 3 
is  propamidine, n = 5 is pentamidine); ( c )  -NH-N==N- (diminazene); (d) 
-S-S-; ( e )  -NHCO-; (f) -NH- 



264 Raymond J. Grout 

atoms (20). Some of the common variants are illustrated (a-f). A striking 
feature is that all of these compounds contain an unsubstituted amidine 
group. 

Recently, 20a and more particularly 2-hydroxystilbamidine, which is 
less toxic. has been particularly successful in the treatment of blasto- 
mycosisGO; a success rate of 90% has been claimedG1. Pentamidine (20b) is 
used in the treatment of pneumonia due to  Pneun?ocystis carinii. This is a 
serious disease in patients receiving immunosuppressive therapy for 
leukaemia, lymphoma or transplant rejection 62* G3. 

I n  an investigation into the effects of N-substitution into the amidine, 
Cooper 64 and Partridge prepared a series of a,w-di(p-N-phcnylamidino- 
phenoxy)alkanes (21). 112 uitro activity was obtained against Mycobacterium 

(21 1 
tuberculosis in the members containiag I ,  3 or  5 methylene groups, with a 
maximum at n = 5 : homologues possessing an even number of methylene 
groups (ti = 2, 4 or  6) were inactive. The related p-alkoxy-hr-phenyl- 
benzamidines (22) had greater activity, with a maximum when alk = n- 
hexyl, but they showed no alternation in activity with increase in the 

AlkO-@C(=NH)NH Ph 

(22) 
length of the alkyl chain66. Introduction of a further ether link, giving 
p-(o-alkoxya1koxy)-Nphenylbcnzamidines (23), considerably reduced it7 

C(=NH)NHPh a- Al k-0 C H 2 C H 2 0 

(23) 
vitro activity". All of the substituted benzamidines showed high toxicity 
and in viuo activity could not be demonstrated. 

Bisbenzamidines (24, 25) linked through a inera bridge have found use 
i n  the treatment of babesiasis in domestic animals G 8 .  

/fjJ-N H CON 

/ \  
H N  NH2 

(24) (25) 
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C. Cancer Chemotherapeutic Agents 

1. Terephthalanilide derivatives 
Random testing of synthetic compounds as potential cancer therapeutic 

agents highlighted amidine derivatives of terephthalar~ilide~~. In active 
compounds the amidine function may be substituted by alkyl groups or 
may be cyclic as in imidazoline and 1,4,5,6-tetrahydropyrirnidine. The 
iinidazoline derivative (26) is typical o f  the class; this compound has been 

fJ-Q-N H co-(+x N H ++(I 
H 

CI 
H 

(26) 

shown to be active against transplantable leukaemia LI2lO7O. It causes 
inhibition of DNA synthesis at therapeutic levels in Escherichia coli 
ATCC 9637; the precursors of pyrimidine nucleotides, ureidosuccinic 
acid, dihydro-orotic acid and orotic acid have been shown to accumulate 
in the bacterial cell7’. RNA synthesis is not affected72. 

The terephthalanilide (26) interferes with lipid synthesis, [l-l‘clacetate 
is not incorporated in vitro into lipids o f  mouse ascites With P388 
lymphocytic leukaemia cells in culture, the terephthalanilide does not 
inhibit protein synthesis at chemotherapeutic levels 72. 

The open chain amidine (27) is 58% as effective as amethopterin against 

RNH (NH=) c--@-NH co-@cm H--@C(=N H) N H R 

R =  -CH2CH2CH20Me 

(27) 

transplantable mouse leukaemia L1210 and the cyclic amide (28) which 
has one of the terephthalanilide amide links reversed has antileukaemic 
activity similar to that of amethopterin 74. 

In a clinical trial using the 2-chloroterephthalanilide (26) tumour 
regression was observed in six out of eighteen children suffering from 
malignant lymphoma of the jaw. Regression lasted for more than one 
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month in only one patient 75. The 2-aminoterephthalanilide analogue was 
not effective in treatment of far advanced cancer cases76. 

In  studies of the binding which occurs with rerephthalanilide derivatives 
it has been shown that DNA-phthalanilide complexes are formed in uitro 
and there is some evidence that complexation may occur iiz zji~io"~. The 
complexes formed between dog-brain lipid and the tetrahydropyrimidine 
(29) have led to the discovery of new phosphatide fractions. The complexes 

H 
.. 

H 
(29) 

after treatment with acid or  calcium salts gave lipid which was resolvable 
by chromatography into four subfractions, three of which were ninhydrin 
positive; all four, after hydrolysis, were ninhydrin positive and were 
previously unreported phosphatides 7 8 .  

2. Amidines as potentiators of cancer chemotherapeutic agents 
Methylglyoxal bis(guany1hydrazone) (30) is active against transplanted 

mouse leukaemia L121 07' and human granulocytic leukaemiae0. The 
compound has severe toxicity, but stilbamidine (20a) or  its 2-hydroxy 
analogue in conjunction with the hydrazone is much more effective than 
the optimally tolerated doses of either drug alone81. Stilbamidine also 
potentiates the action of the terephthalanilide derivative (26) 

H,N(NH=)CNH -N=C(Me)CH=NNHC(=NH)NH, 

(30) 

D. Proteare Inhibitors 
Extensive studies have been carried out on selective inhibitors of the 

digestive type proteases, trypsin, chymotrypsin and pepsin. Tnhibitors of 
serum proteases are potentially useful in the chemotherapy of cardio- 
vascular disease and organ transplant. 

1. Trypsin inhibitors 
Trypsin assists in the hydrolysis of amide and ester bonds formed 

through the carboxyl group of arginine and lysine. Esters are niore readily 
split than amides and simple amides are more readily split than peptide 
bonds. Since acylation of  the terminal basic grou;Z of substrates prevents 
hydrolysis a t  the carboxyl group, it is obvious that there is ionic binding 
between the substrate and enzyme and accordingly a number of basic 
compounds have been investigated as potential reversible inhibitors of 
trypsin. 
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Benzamidine (31) was the first potent inhibitor of trypsin to be re- 
ported 82 .  Tt binds more effectively than the substrate, DL-benzoylargi- 
nine-p-ni t r~ani l ide~~.  Cyclohexylcarboxamidine (32) is an 84-fold better 
inhibitor than acetamidine but only 1/24 as effective as benzamidine; it 
appears that hydrophobic interactions occur between the amidine and 
enzyme ; further p-ethoxycarbonylbenzamidine (33) is a substrate for 
trypsin82, adding weight to the argument that there are hydrophobic 
interactions between the active site and the binding site at the cationic 
centre of the enzyme. 

PhC(=NH)NHZ C yCl0- C6H 1 1 C (EN H) N H2 p-Et02CCsH,C(=NH) NH2 

(31 1 (32) (33) 

Baker and his co-workers in a long series of papers have reported their 
investigations into active-site-directed irreversible enzyme inhibitors. 
Such inhibitors may possess as structural features a group which can 
compete for the active site of the enzyme and a second group which is 
usually electrophilic which allows a covalent link to be made t o  a second 
site in an  area adjacent t o  or within the active site. The second site will 
obviously possess a nucleophilic group 84.  

When covalent bonding is within the active site (erzdo type) there is 
little tolerance for bulky groups, but with bonding to an adjacent area (exo 
type) there may be sufficient area away from the active site for bulky groups 
to be placed so that they do not come into contact with the enzyme. For a 
molecule to fulfil the conformational requirements of both the active 
site and the second covalent binding site obviously there are more severe 
limitations on structure than when each site is considered separately. 

lnitial studiesa5 into the bulk tolerance of benzamidine derivatives 
showed that a number of bulky groups can be placed imta o r  para in 
benzamidine without interfering with formation of a reversible enzyme- 
inhibitor complex. Particularly interesting is the amidine series (34); these 
compounds are active inhibitors of trypsin with a slight increase in binding 
over benzamidine (31) Introduction of a terminal fluorosulphonyl con- 
taining group into 34 to give (35a and b) gave amidines which caused 

m o ~ ~ - { P ~ O [ C H , ~ ~ O } C , H , C ( = N H ) N H ~  

(34) 

(35) 
p-  { RCsH4O [CHZ],O} C6H4C(=N H) N H2 

where R = (a) -NHCOC6H4S02F ( m )  
(b) -N HCOCsH4S02F ( p )  

(c) -NHCOCH2Br 
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irreversible inhibition of trypsin. Reversible complex formation preceeds 
irreversible complex formation with 35b ( n  = 3) a t  a concentration to com- 
plex 88% of trypsin, total inactivation occurs in 15 min a6. 

Because of the differences in the dimensions of the fluorosulphonyl 
subsituted amidines (35a: n = 3 or 4) it is unlikely that a covalent link is 
formed to the same amino acid in each case. I t  has been suggested that a 
serine or  threonine residue is attacked 87* aa. 

The severe structural requirements for active compounds are illustrated 
by the amidines possessing a terminal bromacetamide residue (35c). The 
phenoxypropyloxyamidine (35c, iz = 3) is a reversible inhibitor of trypsin, 
whereas the amidine (35c, n = 4) shows slow irreversible inhibition, with 
a half life of 5 hoursaG. 

2. Inhibition of guinea pig compiement 
Serum complement contains 11 distinct proteins; all are required for 

cell lysis. One of the functions of Complement is the destruction of foreign 
cells, be they bacteria, protozoa or foreign mammalian cells, therefore it is 
obviously involved in rejection of organ transplants. Since some of the 
proteins of complement are proteases, amidine inhibitors of trypsin have 
been investigated as inhibitors of complement. 

Benzamidine is a weak inhibitor of complement, inhibition is increased 
by a factor of six with a nz-phenoxypropoxy substituent and 400-fold 
by further substitution of nt-(p-nitrophenylurea) (36a) and about a 
thousandfold by (36b); the latter is the most potent inhibitor of whole 
complement so far reported. 

n 

(36) 
(a) R = m-NHCONHC6H,N02 ( p )  

(b) R = m-NHC0NHC6H4SO2F ( p )  

(c) R = O - N H C O C ~ H ~ S O ~ F  (m)  

To investigate which component of complement was involved, Baker 
and his co-workers separated zymogen C’l by dialysis of guinea pig 
complement. The zymogen was activated by incubation at 37°C90*01, 
potential inhibitor was added to component C‘la and the mixture incu- 
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bated. Complement was reconstituted. If inhibition occurs the rate of 
lysis of sheep red blood cells is reduced. 

The fluorosulphonyl amidine (36c) is an excellent irreversible inhibitor 
of component C‘la of complement but in the inhibition of whole comple- 
ment by (36c) and other related amidines it is probable that iphibition of 
component C’la does not occur since the amidine without the fluoro- 
sulphonyl group is as effective an inhibitor of whole complement as (36c). 

3. Thrombin and kallikrein inhibitors 
Thrombin does not occur in circulating blood but is formed at the time 

of blood coagulation by restricted proteolysis of the zyniogen, prothrombin. 
Thrombin cleaves the N-terminal residues from fibrinogen to produce 
fibrin. Inhibition of the proteolytic activity of thrombin may be of value 
in the control of coagulation of bloodg2 in, for example, thrombosis. 

Pancreatic kallikrein releases vasoactive kinins from plasma globulins 
and thus contributes to vasodilatation of inflamed tissue. Kallikrein and 
thrombin are similar to trypsin in that each hydrolyse bonds involving the 
carboxgl group of lysine and arginine. 

The action of potential inhibitors for these enzymes can be estimated 
in rate assays using Nu-benzoyl-DL-arginine-p-nitroanilide (BANA) 
as substratea3. 111 such estimations. 112- and p-alkyl substituted benzamidines 
are poorer inhibitors for thrombin than t r y p ~ i n ~ ~ . ~ ~ .  Dianiidines such as 
20b behave as active-site-directed reversible inhibitors although only one 
amidine group is involved. The most efficient inhibition of thrombin is 
shown by 20b ( 1 1  = 8) and of kallikrein and trypsin by 20b (n  = 12). 
Introduction of an iodine atom oi’flzo to the amidine group makes 2’,2“- 
diiodo-4‘,4”-dia1nidino-1,5-diphenoxypcntane the most effective inhibitor 
of kallikrein and trypsin; the analogous diphenoxyoctane is the most 
efTective inhibitor of bovine thrombin, although the former compound is 
the most effective in blocking the clotting activity of human thrombing5. 

4. Correlation of activity of substituted benzamidines as 
proteolytic enzyme inhibitors 
Coats, i n  a detailed studygG has correlated the inhibition of thrombin, 

plasmin, trypsin and complement activity by the me of substituent con- 
stants and regression analysis (Hansch type analysis ”). 

In this type of analysis it may be possible to relate biological activity 
with structure in ii series of coinpoui1ds by the appropriate use of 
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substituent constants. A generalized equation suitable for the evaluation 
of a number of structure-activity relationships is 

1 
(10) log- = -k.;r2 + k‘r + pu + k” 

C 

where l /c  is a fixed term, e.g. isotoxic concentration, LD,,, growth etc., 
c is Hammett’s polar substituent constant, p is the reaction constant, 
.;r is a terni derived in a manner similar to the Hamniett constants and is 
defined as log P, - log PH where P, and PII are the n-octanol-water 
partition coefficients of the substituted and unsubstituted compounds. 
The $r constant reflects hydrophobic interactions drugs encounter in their 
‘random walk’ to  a receptor and their interactions at the receptor. The 
constants (K’s) are generated by regressional analysis. Other parameters 
which reflect substituent effects may replace U. 

Coats, using 7 constants and the polarizability parameter PES8,  showed 
that hydrophobic and electronic factors contribute t o  the binding in each 
system but to different degrees. Thrombin and compleinent seem to have 
similar binding sites and these are different from those of plasmin and tryp- 
sin. The overall results suggest that an  increase in lipophilicity in the sub- 
stituted arnidine should result in stronger inhibition of the enzyme systems. 
Electronic effects appear to be different; thrombin and complement in- 
hibition increases with electron-donating groups whereas plasmin and tryp- 
sin inhibition increases with electron-withdrawing substituents in the 
amidine. 

. 

E.  Anthelmintic Drugs 
The late 1960’s saw the introduction of a cyclic amidine with broad 

spectrum anthelniintic activity into veterinary and human use. This drug, 
pyrantel (37, R = H), trans- I ,4,5,6,-tetrahydro- l-methyl-2-[2-(2-thienyl)- 
vinyl]pyriniidine, was developed from an observation that while 2-(2- 
t h ie n y I ni e t h y 1 t h i 0 )  i ni id ii zo I in  e (38) ex h i b i ted ne ni a tod i c id a I activity i n  
mice infected with Nematospiroides ditbiits, it had low activity i n  sheep, 

(37) (38) 

the low activity being attributed to the hydrolysis of 38 into 2-thienyl- 
methylthiol and iniidazolidin-2-one. Structural modification by placing an 
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ethylene bridge or vinyl link between the two rings produces stable and 
active compounds””. 

The size of thc N-heterocycle is important; in the series 39 the tetra- 
hydro-1,3-diazepine (39 ,11  = 4) has no  activity at a high dose level. 

6. Reactions and uses of imidic acid derivatives 

H 
(39) 

I n  39 (17 = 2 or 3) there was no marked difference in activity but when the 
ethylene link was replaced by vinyl in the tctrahydropyrimidine series the 
activity was greater in tram vinylene than in cis vinylene compounds. “1) 
niethylation of the tetrahydropyrirnidine increases the activity but larger 
groups lead to inactivation. The thiophene moiety can be replaced by the 
isoelectronic benzene or the analogous furan with retention of activity. 

McFarland has correlated’00 the biological effects of a substituent R in 
the structure 40 using a Hansche type analysis (see 111, D, 4.). To relate 
the benzene and thiophene series a term 6 was introduced to allow for dif- 
ferences such as the presence of sulphur ‘d’ orbitals in the thienyl series; 
with this constant a statistically significant correlation (equation 11, see also 
equation 10) was obtained. 

R 

The fixed term i n  equation 1 I is l/EDoo, the dose to reduce by 90% the 
A’. diibius population in infected mice. 

Hydrophobic interactions are of supreme importance in these com- 
pounds, polar substituent eft’ects are minimal. Compounds with more 
hydrophobic groups such as methyl and halogen (bromine or chlorine) 
are morc active than the unsubstitutcd compounds. 

Pyrantel exerts persistent nicotinic action which produces spastic 
paralysis in Ascaris sp.. and although in cat-musclc preparations the drug 
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produces transient neuromuscular block and some properties of com- 
pounds acting like an excess of acetylcholine, the dose to produce an 
anthelmintic effect is sufficiently low for negligible effects on the host lo'. 

Pyrantel is formulated as its tartrate for veterinary use and as its pamoate 
[pamoic acid is 4,4'-methylenedi-(3-hydroxy-2-naphthoic acid)] for human 
use lo2. 

The cyclic ainidine system is not essential for anthelmintic activity since 
analogues such as the t hiophenepropamidine (41) and the thiophenacryl- 

(41 1 (42) 

amidine (42) are active compounds lo3. I n  these series the substitution 
pattern is critical. High activity is associated with N,N-substitution; one 
IV-substituent must be methyl, the other may be methyl, ethyl, allyl, 
niethoxy (an 0-methylamidoxime) or methylamino (an amidrazone); 
N,N'-disubstitution is unfavourable for activity. Steric factors and hy- 
drophobic interactions appear to be important; with no substituents the 
compound is too hydrophilic and with substituents larger than N-allyl- 
N-methyl the compounds are too lipophilic. 

Thioiniidates [e.g. (43)], related to pyrantel, have been screened for 

(43) 

their anthelmintic activity; some are highly potent lo4. The difference in 
basic strength i n  the two series is striking; thioimidates are weaker by a 
factor of 10(3-10*. 

Pyrantcl is inactive against adult whipworms (Trichwis sp.) but an 
analogue trnns- 1,4,5,G-tetrahydro-2-(3-hydroxystyryl)- 1 -methylpyrimidine 
(44) and its open-chain analogue (45) are active against T. miiris and 
T. uiifpis lo6, 

M e  
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N,N-Dialkyl-4-alkoxynaphthamidines possess anthelmintic activity, 
one, N ,  N-dibutyl-4-hexyloxynaphthamidine (bunamidine) (46) is out- 
standingly effective against a variety of cestodes in animals but is not good 
enough for human pinworm treatment. Recently10G*107, a large group of 
analogues of bunaniidine have been prepared and examined in the search 
for a superior compound. Compounds possessing activity against Tuenia 
pisiforinis in the dog and Hydatigera taeniaeforriiis, Spirometra nian- 
sonoides or Dipylidiiriri caninion in the cat have N-alkyl groups butyl or 
smaller and an O-alkyl group butyl or higher. Replacement of N,N- 
dialkyl by N-alkyl-N-aryl, by inorpholine or  by 4-methylpiperazine 
abolishes activity against Hymenslepis nana and Ooclzoristica synimetrica 
in mice. 

C(=N H) N ( Bu-n) 2 
I 

F. Antihypertensive Agents 
A number of azacycloheptane and azacyclooctane derivatives possessing 

a n  ethylene side chain which terminates with a basic group [structure (47)] 
have been examined for their antihypertensive properties108. The correla- 

n 
u (CH,), NCH2CHz basic group 

(47) 

tion betwecn ring size and nature of the basic group has been investigated. 
With guanidine on the basic group, the seven-membered ring is optimal for 
activity (guanethidine). In the amidine series, seven- or eight-membered 
rings (4s) are optimal. With the amidoximes a seven-membered ring (49) 

n 
NCHZCHzC(=NOH)NH* 

/-\ 
u 

(49) 
‘‘?!l/ (CHZ)GOr, NCH2CHZC(=NH)NH2 

(48) 

is necessary for pharmacological I1O ; O-acylation and 0- 
alkylation markedly reduces or abolishes activity. 

In  all the series the cyclic structure is nccessary for retention of activity. 
All the open chain analogues examined were inactive. 
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The imidazoline derivatives, tolazoline (50) and phentolaniine (51) are 
vasodilator drugs which are used for the treatment of peripheral circulatory 
disorders. Tolazoline exerts its action by dilating the blood vessels111 ; 
phentolaniine blocks the pressor action of noradrenaline and adrenaline112. 

Structural modification of these drugs has led to the introduction of 
clonidine (52) for the treatment of hypertension. The aniidine analogues 

(50) (57 1 (52) 

(53)lI3*ll4 of clonidine where Ar is phenyl, 0- or In-tolyl, 2,3- or 2,4- 
xylyl or 2,6-dichlorophenyl are active antihypertensive agents a t  I0 mg/kg 
administered intragastrically to  rats pretreated with deoxycortone ace- 
tate113. 

QNHAr 

(53) 

G. Cyclic Amidines in the Control of Cardiac Arrhythmias 
The cyclic aniidine, aiitazoline (54), exhibits a wide range of pharnia- 

cological action. I t  has the properties and uses of an antihistamine drug, 
but it is one of the least active of the common antihistamines115. It also 
possesses local anaesthetic and anticholiriergic properties. The successful 
use 116.117 of antazoline in the control of cardiac arrhythmias prompted 
the Ciba research group to modify the structure of antazoline with the 
specific aim of improving the pharmacological action. One of the simplest 

CH2 RH2+ H 

ldH2 Ph\NCH / .yN> 
PhCH2 N 

H 

(54) (55 )  
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compounds prepared118 has the N-benzyl-N-phenyl residue linked by a 
inethylene bridge [5-(2-imidazolylmethyl)-5,6-dihydroniorphanthridine 
(55)]  ; this compound had interesting antifibrillatory effects on aconitine- 
induced cardiac arrhythmias. 

In a long series of cornpounds1l9 the bicyclic coinpound [Su-13197 
(56)] was examined closely lZo. High antifibrillatory action is associated 

(56) 

with 0-, 111- and p-chlorophenyl substituents in the 3 position of the 
benzazepine. Good activity is retained with a 3-phenyl substituent and 
with 1,4,5,6-tetrahydropyrimidi1i-2-ylniethyl and 4-methylimidazolin-2- 
ylmethyl as the N,,,  substituent. 

H. Tranquillizing Drugs 
The semi-cyclic amidine chlordiazepoxide (57), widely used as a mild 

tranquillizing drug in neurotic patients, is one of a number of benzo- 
NHMe 

CI J8J-T 
Ph 

(57)  

diazepines with iranquillizing properties lZ1. The metabolic fate of this 
aniidine is well established; the main metabolites, in man, are desmethyl- 
chlordiazepoxide and demoxepam, the latter arising from hydrolytic 
fission of the 2-methylamino substituent. Further hydrolytic cleavage of 
demoxepani to Z\r-(2-amino-5-chloro-a-phenylbenzylidene)glycine-~-o~ide 
(58), also occurs lZ2. 
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In contrast with the metabolism of chlordiazepoxide the dibenzo- 
diazepine, clozapine (59), which has been effective in the treatment of 
psychotic patients lZ3, has a n  amidine group which is metabolically stable. 
‘The bio-transformations occurring are N-4’ demethylation and 4’-N- 
oxide formation. 

H 

1. Anti-inflammatory and Antipyretic Agents 
A number of substituted phenylacetic acids, e.g. ibuprofen (60) exhibit 

anti-inflammatory and antipyretic activity. The carboxylic acid function 
may be replaced by a hydroxamic acid residue with retention of activity, 
e.g. p-butoxyphenylacetohydroxamic acid [bufexamac (6111 

p-i-BuOC6H,CH(Me)COzH p-n-BuOCGH,CHzCONHOH 

(60) (61 1 
This acid is metabolized by reduction to the amide or by hydrolysis to 

the acid or  by hydroxylation in the 2 or 3 positions. The phenols are 
metabolically conjugated with glucuronic acid and are excreted as their 
5-glucuronides (62 and 63) lZ5. 

~-~~o--(@-~~2~oNHoH ~-~~o--Q-cH2~oNHoH 

RO OR 

(62) (63) 

R = ‘c) OH H 

OH 
H OH 
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Clinical trials with the amidine, paranylene [cc-fluoren-9-ylidene-p- 
toluamidine (64)] have shown that  the drug is beneficial in various types 

(64) 
of arthritis, without side effects. Resistance to the compound occurs sooner 
than with other recognised drugs such as phenylbutazone and cortisone126. 
This amidine also possesses antiviral properties lz7. 
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1. INTRODUCTION 

This review considers the amidines from a practical point of view and 
intends to give a survey of their methods of preparation and of their 
utilization as starting materials for other syntheses. 

Some reviews have already been published in the field, the best known 
being that of Shriner and Newmann l. References 2 and 3 discuss in detail 
methods of synthesis and cyclization reactions of amidines. 

Discussion of earlier work in the field will be only perfunctory since it 
has already been amply covered in references 1 and 2. We shall, however, 
refer to those early works which, although of limited applicability, may 
in our opinion open new possibilities. 

We have tried to give a general survey of the subject in as modern and 
complete a way as possible in order to provide guide-lines for future in- 
vestigators. 
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II. PREPARATION OF AMlDlNES 

The synthesis of amidines proceeds in general through starting materials 
having an  unsubstituted carbon-nitrogen bond; the introduction of the 
second nitrogen is realized by action of ammonia or of primary or secon- 
dary amines. 

285 

This simple general scheme may proceed by two routes: 
(I). Transformation of nitriles by addition of ainines: 

(2). Substitution by nucleophilic attack on  the carbon atom of amides 
or their derivatives: 

A AH 

___f 
I I  

R-C-NHR -L R-$=NR <- 

AH 
f_l .To 

R-C-NR A R-C=NR+AH> 

[A = 0 or S] 

Unfortunately, these hypothetical equations hold only for a few par- 
ticular cases so that while nitriles and amides are indeed the most frequent 
starting materials for the syntheses of amidines, they must generally first 
be tranformed into more reactive intermediates such as imido esters 
(X = OR) or imidoyl halides (X = Hal): 

X 
/ 

N-R' 
\ 

R-C 

The large variety of possible substituents on the carbon or on the 
nitrogen atoms coinplicates the study. According to the nature of the 
substituents, methods of preparation are more or less successful. Further- 
more, in some cases, although based on the fundamental schemes described 
above, precursors or  derivatives of the reactants are used. Finally, some 
processes that are interesting but have only limited applications, arc 
based on coinpletely different reactions. 

In order to  simplify the presentation, we shall deal with the various ways 
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of preparing amidines in three groups based on the nature of the starting 
material : (A) Preparations from nitriles; (B) Preparations from amides or 
thioamides; (C) Preparations from miscellaneous starting materials. 

A. Preparations from nitriles 
Simple additions of ammonia and amines to nitriles are, unfortunately, 

only observed in the case of nitriles activated by electron-attracting sub- 
stituents in the position a of the C-N bond. 

In  practice three types of reactions are used: 
(1). Addition of metal amides to  nitriles: 

NH 
H @  // 

\ \ 
R-C 

HN" 
R-C-N + R ' - -NH~ --+ R-c 

NH-R' NHR' 

(2). Addition of salts of ammonia or amines to nitriles. 
Theoretically the scheme is: 

The anion of the salt may play a role in the reaction process. 
(3). Formation of an imidoester which subsequently reacts with am- 

monia or an  amine (Pinner method) : 
H CI HN: 

R-CGN ___f R-C=NH, HCI A R-C=NH, HCI + R'OH 
I I R'O H 

OR' N: 

1. Addition of metal amides to nitriles 
Three types of reactions are known which use metal derivatives of 

ammonia or of amines as reactive nucleophiles: (a) Condensation of an 
alkali amide with nitriles; (b) Reaction of an amine (after its metallation 
by an alkali amide) with nitriles; (c) Condensation of aminomagnesium 
derivatives with nitriles. 

Addition of sodium, 
potassium or calcium amides to nitriles, gives metallic derivatives that 
are converted into amidines by the action of p r ~ t o n - d o n o r s ~ - ~ .  

a. Reaction oJ' alkali amide aliioiu with nitt-iles. 
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Liquid ammonia which is the best solvent for the formation of amide 
anions doesn’t always allow the use of a sufficiently high temperature for 
the condensation to occur, so that ammonia under pressure or anhydrous 
solvents such as benzene, toluene or xylene are used. During the final 
hydrolysis, care must be taken to avoid the transformation of the metal- 
lated ainidine into an amide l. 

The interest in this process is limited for several reasons. It applies 
only for obtaining unsubstituted amidines. When higher temperatures of 
condensation are  necessary, side reactions are observed with nitriles having 
an a-hydrogen. 

Besides the cases studied beforel a most recent application of a-sub- 
stituted acetonitriles is the following*: 

NH 
/ 

N-CHz-C=N A N-CHZ-C 
/ / \ 

b. Reaction of tnetallated amities with nitriles. This is the extension of 

C H  NaNH, C6H5\ 
5 \  

CBHBCHZ C6H5CHZ NHZ 

the previous method for the preparation of monosubstituted aniidines. 

In a first method the metallation of amines is brought about by sodium 
metal; Cooper and Partridge9 studied i n  detail this process and verified 
the equation proposed by Lottermoser lo : 

+ RH + NaCN 
NNAr 

2 RCN + ArNH2 + 2 Na - R-C 
\ 

NHQ Na@ 

According to  the following scheme, the hydrocarbon RH which occurs 
among the products of oxidation is formed by ‘reduction of part of the 
nitrile by free hydrogen’, the latter being a by-product of the metallation 
of the free amine ’. 

Ar-NH, + Na Ar-NHQNae + H 

NNAr 

‘ N H Q N ~ ~  
R--CN + ArNHQFJae R-C 

Easy metallation of the amines is achieved by action of metal amides, 
and side reactions like reduction of the nitrile by sodium are avoided. The 
reaction is conducted in dry inert solvents at the boiling point. Rcference 2 
gives the general methods of  preparation as well as some applications. 
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In a new method, nitriles A r k N  are condensed with aryl aminesll in 
liquid ammonia. The products are obtained in good yields and are easily 
purified since the low temperature minimizes side reactions. 

N H  

+ (82%)” - - CI 

An extension of this method starts with diary1 ketoximes, which after 
reaction with an excess of sodium in liquid ammonia followed by reaction 
with benzonitriles gave amidines derived from benzhydrylamine 12. 

Benzhydrylamine metallated by sodium a.mide gives, under identical 
conditions, the same amidine that results from benzophenone oxime. 

A reaction of the same type was developed starting from aromatic 
nitriles and substituted aniliiies metallated by sodium hydride in DMSO at 
room temperature 13. 

These methods are often convenient for o-substituted nitriles as well 
as for naphthonitriles, and  complement the Pinner method. Unfor- 
tunately they give low yields and cannot be used in the case of nitriles 
having u-hydrogen atoms. 

c. Coiidensatioii of aniiiioinagtiesiiiiit deriuatives wifli tiitriles. Amino- 
magnesium intermediates derived from amines and ethylmagnesium 
halides react with nitriles to give amidines. 

/ N W X  NH. HCI 
(1). H20  N R‘ 
A R-C 

R’ R‘ 

R; 
R-CgN + NMgX [R-C\N<’ 1 ( 2 ) .  HCI \ /  

N 
R/ \ 

Reference 2 gives the experimental conditions for the reaction as well 
as its various applications. 

The best results by this method are obtained with secondary amines 
which react even with aromatic nitriles substituted in the ortho p ~ s i t i o n l ~ - ~ ~ .  

2. Addition of ammonia and amines to nitriles 
a. Addition of aininonia and free anlines. Ammonia and free amines 

give a direct addition only with nitriles activated by electron-attracting 



7. Preparation and synthetic uses of amidines 289 

groups on the a-carbon : trichloroacetonitrile, often mentioned in the 
literature, gives substituted or  unsubstituted amidinesl. z. 

R N H i  
CI3C-CrN - C13C-C, 

\ 

N Hz 

Perfluoroalkyl nitriles l7 and ethyl cyanotartronate18 are also subject to 
direct addition. 

HO, /COOEt Pr \ HO, ,COOEt 

C (ref. 18) C + NH A 
/ \  / 

N r C  COOEt Pr HN=C' \ C O O E ~  
I 

N Pr, 

Only one of the nitrile functions of cyanogen reacts with secondary 
amines to  give c y a n o f ~ r m a m i d i n e s ~ ~ *  'O, while both functions react with 
primary amines resulting in oxamidines20-21. 

NH 

(ref. 19) // 
R2NH + (CN), A RzNC, 

C=N 

2 RNH, + (CN), - RNH-C-C-NHR (ref. 21) 
II I1 
N H  NH 

2-Alkylmercaptoethylamines react like primary amines and give ox- 
amidines while unsubstituted 2-mercaptoethylamine leads to  cyclic de- 
rivativesZ2. Condensation of cyanogen with o-phenylenediamine leads t o  
d ian i inoq~inoxal ine~~.  Substituted formamidines are prepared by con- 
densation of primary and secondary aliphatic amines with hydrocyanic 
acidz4 

b. Addition o j  atntmniuwi salts. The early studies of Cornel14 and 
BernthscnZ5~ 26 on the condensation of ammonium salts with nitriles 
have been developed in two main directions: 

(i) .  In  a systematic study, Short and co-workers recommend heating of 
molten mixtures of nitriles with ammonium thiocyanateZ7, ammonium 
arylsulphonates or ammonium alkylsulphonates. 

(ii). Schaefer and K r a p c l ~ o ~ ~  modified the process by decreasing the 
temperature and working with ammonia under pressure. They suggest 
heating in an autoclave at  125-150°C a mixture of the nitrile and of an 
excess of the ammonium salt in liquid ammonia. In some cases, a cosolvent 
(methanol, ethanol) may be used. 

Among the ammonium salts tried, chlorides and bromides were pre- 
ferred. 
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c. Addition of aniine salts. 
(i). Amine hydrochlorides give satisfactory results only rarely : 

CeHcjRIHz + CH3CN ____t HCI CHZC // ‘33 (ref. 9) 
ether \. 

NHZ 
Yield = 90% 

~ ~ ~ 6 ~ 1 1  
NH4CI 

C6H11NH2.HCI + CGHSCHZCN + C ~ H ~ C H Z C  \ (ref. 30) 
NH2.HCI 

Yield = 75%. 

With o-phenylenediamine, this reaction leads to 2-substituted benzi- 
m i d a z o l e ~ ~ ~ . ~ ~ :  

H 

These reactions and condensations of halogenonitriles with free 
a r n i n e ~ ~ ~ ’ ~ ~  are comparable : cyclization by creation of an amidine function 
is preceded by formation of an amine hydrochloride isolatable only under 
mild conditions. 

R 
I 

RNH, + CI(CH2),CrFI - RNH(CH2)3CN*HCI __I 

Yield = 80/, 
(ref. 34) 

(ii). Thiocyanates of aliphatic amines sometimes give good yieldsz7. 
(iii). Amine arylsulphonates react according to the following scheme 

proposed by Oxley and Short zQ : 

RC=N P 4- R’SO20 8 + ArNH: 

8 

[ R r  ] .ArNHF 
‘OSOZR 

r 

@ 

HNHZ + R’SOzOe (28) 
NHAr 

RC\ 

R = alkyl or aryl. 

The authors reject for this reaction any mechanism involving dissocia- 
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tion of the ammonium salt and attack on the nitrile by ammonia as well 
as ammonolysis of intermediate imidoyl sulphonate: 

dNNH 
RC 

\ 
OS02R'  

Jn this reaction, the reagents are heated at temperatures between 180 and 
300°C without any solvent. Applications of the method are mainly 
limited to the preparation of monoarylamidines and of cyclic 
a m i d i n e ~ ~ ~ - ~ ~  (formation of imidazoles, tetrahydropyrimidines and 
diazacycloheptenes). Reference 2 gives applications of this reaction. Only 
arylsulphonates of m o n ~ a l k y l a m i n e s ~ ~ *  37 and diarylamines 4 0 *  4 1  may be 
em.ployed in this reaction. With the arylsulphonates of dialkylamincs, 
dealkylation results under the conditions of the reaction42. Delaby and 
c o - ~ o r k e r s ' ~  applied this method to prepare in an indirect way amidines 
in the pyridine series. Thus, cyano pyridine is converted into the corre- 
sponding N-phenylamidine, which after ammonolysis a t  140°C gives 
unsubstituted picolinic amidine. 

,C6H,SO3H 
//"" 

HNH 

NH-CGH~ 
RC\ 

(a) RC=N + C,H5S0,H, NH2C6H5 - 
, CBH5SOjH f NH3 A RC, , C6HsSOzH + C6H5NHz 

NNH 
(b)  RC\ 

(ref. 43) 
NHCBH, NHz 

R =  2-pyridyl 

(iv). Primary and secondary amines in the presence of aluminium 
chloride react with aliphatic and aromatic nitriles. 

AICIs RNH 
R-CEN + R'NH2 - R-C, 

The nitrile and the amine are simply heated together (variable tempera- 
ture and time) in an inert solvent43 or without solvent2*42*44. 

A t  the end of the reaction the amidine-aluminium chloride complex is 
decomposed by water or very dilute acid. Ref. 2 gives a table that sum- 
marizes the amidines prepared in good yields, by this method. Applica- 
tions are given in references 45 and 46. 
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3. Pinner synthesis through imido ester intermediates 
Nitriles resist condensation with bases containing nitrogen, but with 

alcohols they easily form imidoesters that are transformed in a second 
step into amidines. 

The Pinner ~ y n t h e s i s ~ ~ . ~ ~  is a two-step reaction: the first is the trans- 
formation of nitriles into imido esters that are generally isolated, and then 
condensed with ammonia or an  amine in a separate operation. 

The imido ester is formed according to the scheme: 

HCI NN 
R--CN + R’OH A R-C 

‘OR‘. HCI 

Generally the nitrile is dissolved in an alcohol (usually anhydrous 
ethanol), cooled to a low temperature and an excess of hydrochloric acid 
is bubbled through the mixture. 

According to P i r ~ n e r ~ ~  the optimal ratio of the three reagents (nitrile, 
alcohol, hydrochloric acid) is when they are practically equimolar. 
However, different ratios were employed on various occasions, and various 
authors obtained good results with a nitrile/alcohol ratio of 1 : 1 4g. 50 or 
1 : 2  or even up to 1 : 3 5 1 * 5 2 .  Others report that a large excess of alcohol 
( I  :lo) sometimes improves the yield”3.5’, whereas in other cases this ratio 
must be decreased ’j. 

Various non-hydroxylic solvents may be added to the medium, such as 
ether, chloroform, and dioxan. 

In the particular case of trichloroacetonitrile its highly electrophilic 
character, resulting from the effect of the CCl:, group, facilitates addition 
of methanol even without the use of a n  acid. and the formation of the 
imido ester is much easier. 

R’ONa YNH 
RC=N + R’OH ~ RC 

\ 
OR’ 

However, the nucleophilic attack on the nitrile by alkoxide ion 5G gives 
good results only with aliphatic nitriles substituted in  the u position by 
electron-attracting groups, or with nitroaromatic nitriles. From a practical 
aspect this reaction is of limited interest only. 

Usually, the imido esters are isolated as the hydrochlorides and, because 
of their instability, used immediately. References 1 and 57 list the side 
reactions caused by this instability. Some imido esters were isolated as the 
free bases and were studied spectrophotometrically ”. 5 8 *  59. 

Other synthetic methods similar to that of I’inner’s. were also used for 
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the preparation of amidines through imidoesters. For instance, con- 
densation of ethoxyacetylene with amines in the absence of water yields 
acetamidines 6o : 

OEt 
EtO-C=CH + RNHz ___+ HZC=C [ :,,,] 

OEt NHR 
/ R N H 2  / 

CH,C - CH,C 

In another method, ethoxyacetylene gives amidines through the inter- 
mediate 1 , 1  -diazidoethoxyethane 61. 

Heating of a n  equimolar mixture of an  U-alkyl thionester, an aniine and 
its amine hydrochloride in an alcoholic solution gives, after evolution of 
hydrogen sulphide, the aniidine, and again the corresponding iinidoester 
is the assumed intermediate of the reaction 62: 

@ Q  
//N-R’ R’NH,CI 

S 

+ NH,R‘ - RC 

OEt ‘OEt 

(alcohol) 

+ H2S (alcohol) ’ 
/ 

R C \  

N R‘ 

+ EtOH / 
RC 

‘NHR‘. HCI 

Several types of amidines may be obtained by this method (e.g., R = 

alkyl, Ph, PhCH,; R’ = H, Me, Ph). 
In the second step of the Pinner method, ammonia or  an amine attacks 

the imido ester to  give the arnidine. 
Ammonia yields an unsubstituted arnidine; e.g. the hydrochloride of 

the imido ester may react with ammonia in an  alcoholic sol- 
vent44 ,  51.63-71.75. 

+ NH4CI + R’OH 
NNH 
\ 

. HCI NH3 + RC 

OR’ NHz 

HNH 
RC 

\ 

lmido esters may also be treated with ammonium salts in an aqueous- 
alcoholic medium 55*  72--74: 

+ R’OH 
RNH 

‘NH,.HX 
+ NH4X A RC 

NNH 
RC \ 

OR‘ 
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Various side reactions were observed during the Pinner reaction, such 
as  ammonolysis of an ester function present in the 

@ Q  

HNH N H 2 C I  
NH 
3 H 2 N O C ( C H 2 ) , - C  

/ 
R 0 0 C ( C H 2) .-C 

'OEt 'NH,, HCI 

However, ethyl cyanacetate gives a normal Pinner reaction 76 and 
amnionolysis may be avoided by choosing the appropriate experimental 
 condition^^**^^. Other side reactions occurring include cyclization of the 
imido ester77 or ammonolysis of phthalimidic structures 63:  

U 

N H 3  T 1  //"" 
CIICH,) ,CH-C 

"6' ' 5  

0 0 
II  
C-NHZ 

C-NH-CH2-C 

II NH,, HCI 0 
\ 

NH3 

NNH 
a > N - c H  2-c \ OEt, H C I  

II 
0 

Imido esters yield monosubstituted aniidines with primary 

arnines 1.48.80.85-87 , while no reaction takes place with tertiary amines. 
Various factors influence the reaction process : 
(i). The basicities of the aniine and of the imido ester both seem to play 

a n  important role, since e.g. aliphatic aniines attack more easily than 
aromatic amines4** 57. 

(ii). The presence of alcohol in the medium niay displace the equilib- 
rium towards the starting materials. On thc other hand, some imido ester 
chlorhydrates give orthoesters with excess of alcohol. These effects are 
avoided when the reaction is carried out  in a nonhydroxylic solvent like 
dioxan or ether39* 88*09;  

(iii). When working with amine in excess, the equilibrium is displaced 
to the products increasing the yield of the expected aniidine. Unfortunately, 

amines 1.48.50.63.64.78-84. , they yield disubstituted amidines with secondary 

0 0  
N H 2  CI N H R '  

/ 
R C  // 

R C  
'NHR'  R'NH, y&' c"; 

I 
H 
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excess of aniine a t  high temperatures and with long reaction times may 
give N, N‘-disubstituted amidines 4 8 *  : 

Bristowo4 obtained a double reaction involving both NH2 groups, when 
reacting ethylenediamine with disubstituted mandelonitriles: one of the 
NH, groups displaces the OEt group, while subsequent reaction of the 
second one gives a substituted dihydroglyoxaline in a cyclization reaction: 

P h C H 2 0 e o  PhCH20 I ‘  OEt 

7. Preparation and synthetic uses of amidines 

H 2 N C H 2 C H 2 N H 2  
.HCI 

HNH 
CH-C t 

PhCH20 

N-CH 
// \2 

NH’ 
P h C H 20--@-7 H -C, CH2.HCI 

OH 
PhCH,O 

In practice, the Pinner reaction may be used for formation of mainly 
monosubstitutcd o r  mainly N,N’-disubstituted amidines according to the 
experimental conditions. Interest in the method is limited by the fact that 
in all cases a mixture of two products is obtained. 

Attack of imido esters by sulphonaniides, in hot benzene or  alcohol 
gives sulphonylamidines 91 : 

N-SOZR ” 

+ EtOH 
/ 

\ \ 
+ R’SOzNH2 R-C 

HN 
R-C 

OEt NHR’ 

p-Aminophenylsulplionamides react selectively with imido esters through 
their S 0 2 N H 2  group rattier than through their amine function 

HZN, 
yN /CR+ ROH 

‘ 0  R 
H2NCGHaS02NH2 + RC H ~ N C G H ~ S O ~ N  

There are some exceptions to the applicability of the Pinner reaction: 
Acyl cyanides of the type RCOCN do not give the expected imido- 

esters ‘I1. a n d  neither do o/.r/io-substituted aromatic nitriles and x-naph- 
thonitrilel. Steric hindrance by an orrho group is not general, e.g. one 
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of the cyano functions of o-phthalonitrile gives the reaction and reaction 
of o-ethoxybenzonitrile leads to  the imido ester and the amidine". 

The mechanism of the reaction, according to reference I, is a nucleophilic 
attack on the imine bond. 

Jean-Albert Gautier, Marcel Miocque and Claude Combet Farnoux 

N H  

+ R'OH 
6%. P I1  

R-C-OR' R-C 
S/NH 

' N@ I "< 
N :  'I 

\ 'I R-5-oRJ H 
H 

Pinner's method is the most general one for the preparation of un- 
substituted amidines. The method is less successful for substituted amidines 
when various side reactions involving the substituents may occur. 

B. Preparation from Amides and Thioamides 
In this section we will describe the condensation of amides with amines 

in riresence of halogenating reagents which yield amidines through 
imido chlorides, as well as other similar methods and also the conversion 
of thioamides into amidines. 

1. Condensations of amides and amines in presence of halogenating 
agents: 

a. Froin ur?substirutecf unzirfes. The method of acetaniidine formation 
by leading gaseous hydrochloric acid into molten acetaniide 95 mentioned 
in ref. I was not developed further because of the formation of by-products 
in the reaction. The reason is the instability of the iniido chlorides generally 
considered as the intermediates of the reaction. 

C I  
I 

R-C=NH 

This lack of stability is shown cspecially by N-unsubstituted iniido- 
chlorides. 

Heating of diacetainide with aryl aniine hydrochloridesgG* '' leads also 
to amidines. 

b. From inonosubstiluted rrniicfes. Treatment of a nionosubstituted 
amide with an halogenating agent gives an imido chloride which reacts 
with aninionia or with an aniine to yield various substituted amidines. 

This method of p r e p a r a t i ~ n ~ ~ . ~ ~ '  99 is widely utilized although it givcs 
side reactions occasionally. According to the scheme opposite prc?osed by 
Delaby and co-workcrslOO.lO1 the iinidochloride (a) givcs (b) and the 
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amidine (c). The latter may react with a n  excess of amide to produce (a) 
and an  acid chloride that will give the amide (e)  which in turn may yield 
the amidine (f). 

Ip 
RC-NHR’ 

1 
/O 

\CI 

NHR‘ ’ + RC RC\ 
N-R‘ 

PCI HN”” 
A R-C 

‘NHR” NHR” 

/O 
R”NH2 \ 

RC 

(el (f) 

The nature of the amine and of the amide as well as the experimental con- 
ditions influence greatly the importance of the side reactions. From a 
practical point of view, the method causing the least amount of side re- 
actions is preferable. Delaby and co-workers loo stipulate the best routes to 
obtain amidines are those at the top of p. 298, between which route (b) is 
better than route (a). 

The synthesis of diary1 benzamidines gives the best results when the 
amine carrying the most bulky substituents participates in the reaction 
as an  amide 2. lo2. 
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0 
II  POCI, 

CH3C-NHArl + ArZNH, ___f 

(a) 
NAr’ N-Ar‘ NAr2 

CH,C-NHArZ + CH3C-NHAr1 + CH,C-NHAr2 
II II I1 

70% 1 0% 

0 NAr’ 
II POCI, I1 

CH3C-NHAr2 + Ar1NH2 CH3C-NHAr2 (Yield 93%) 
( b) 

Arl = P-naphthyl ; Ar2 = p-isopropoxyphenyl. 

T h e  method with amides of aliphatic acids leads mainly to N-aryl- 
substituted amidines 102*105. Synthesis of trisubstituted amidines by action 
of a secondary amine on a monosubstituted amide gives the expected 
amidine and the N,N’-symmetrically disubstituted amidine, which is 
formed from the R-CO-NHR’ amidelo6. Starting from N,N-disubsti- 
tuted amides and the primary amines, better yields are obtained : [method b) 

0 
II 

0 N R 2  
I I  PXn I PXn 

(a) (b) 
RC-NHR‘ + HNR; A R-C=NR’ R’NH2 + R-C-NR; 

Usually the amide and the amine are heated for several hours in the 
presence of phosphorous pentachloride, a solvent (usually benzene), at 
the boiling point2. Use of phosphorous oxychloride or trichloride or of 
thionyl chloride leads to amidines as well, but generally with poorer 

Sometimes the imido chloride intermediate is isolated and reacted with 
the amine in a second step111*112. This procedure is used when the aniine 
is subject to attack by phosphorous halides and it gives good results for 
synthesis of N-alkylated amidines, but  it fails for amidines derived from 
aliphatic carboxylic acids2* 113* ll*. 

c. From disuhstifuted aniides. N,N-Disubstituted amides react in same 
conditions as the monosubstituted amides lo2, 110* 115 * 116 but in this case 
the intermediate is a dichloro derivative of the starting amide. 

Thus, dialkylformamides react with sulphonamides and yield trisub- 
stituted sulphonylamidines117. Reference 1 18 describes the isolation of the 
dichloro intcrrnediate. 

yields 102.103.107-110 



0 

R-C-N 
I I  P' PCI, 

\ 
R'  

R '  N-R" 
II / 

R-C-N 
\ 

R' 
2. Modified procedures and related reactions 

Other halogenating agents such as phosgenegs* 119 or gaseous hydro- 
chloric acid120. '" are sometimes used. m-Chloroforinanilide heated at 
160°C under reduced pressure with m-chloroaniline gives h',N'-di(nz- 
chlorophenyl) formamidine l Z 2 ,  when the halogenating agent is the hydro- 
chloric acid salt of the aniine used. 

In some condensations, without use of any halogenating derivative, 
water elimination takes place such as, for example, with phosphoric 
anhydride lZ3. 

When there is a possibility of ring closure by dehydration, the formation 
of the amidine is facilitated 12'. 

In the absence of an amine, heating of amide above but in the presence 
of a halogenating agent gives amidineslOO: 

4NC6H5 
POCl 

(85%) 
CH3C-NHC6H5 A CH3C,H 

NC6H5 
II 
0 

According to the next scheme, monosubstituted fornianiides with 
phosgene give dichloromethylfornianiidines '''' : 

C0CI2  Q 
CH3NHCH0 [CH,NHCHCI f------f CH3NH=CHCI]CI ' r 

d 8 

CH3NHCHC12 [CH3iH=CHNCH0 7H3 1 -co2 coc'2 
CH,NHCHO 

[CH3RH=CHNCHCi2 
(Yield = 80%) 
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In an  aminolysis reaction, these dichloromethylformamidines lose the 
CHC12 group 126. With urea, they give carbamoyl formamidines127. 

The transformation of o-tolylformamide into N,N'-di-o-tolylformaniidine 
by phosgene occurs through a cyclic intermediate 128 : 

RN-CHCI 
I I  

RNH-CH-0 ___f (RNH-CH=NHR)@ C l e +  CO 

Formation of disulphonyl formamidines from N-formyl sulphonamides 
and phosphorous oxychloride in the presence of pyridine may be explained 
by concerted process129: 

POCI, 
RSOZNHCHO RSOZN=CHOPOClz 

RSOz-N=HC 1 
'0 

c', I 
P 

C P O  

Amidines may be also obtained from mixtures of acids and amines which 
give amides (for example on heating aniline with formic acid in the pre- 
sence of boric acid)130, o r  from phenolic acids with amines in chlorobenzene 
in the presence of silicon tetrachloride 131. 

Other imido derivatives, in addition to halides, e.g. imido sulphonates 
or imidoyl fluoborates, may also be intermediates in the syntheses of 
am idi nes . 

Tmido sulphonates are formed when heating together amide, arylsul- 
phony1 chloride and amine, or when an arylsulphonyl amide is treated by 
an ammonium salt 132 according to the following scheme: 

OS0,Ar NHR" 0 
/ 

+ RC 
I I  ArS02CI R"NH, 

RCNHR' [ RCCNR, ] 
\N R' 

Ammonia reacts as wcll as primary and secondary amines: for ap- 
plications see ref. 2. 
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N-Acylated arylsulphonamides, ArS02NHCOR, heated with am- 

monium salts lead to amidines via imido sulphonate intermediates 133. 

In a similar synthesis, a Beckmann rearrangement gives, in good yields, 
amidines from arylsulphonyl ketoximes in the presence of a m i n e ~ l ~ ~  : 

7. Preparation and synthetic uses of amidines 

R N H R ”  
/ + A r S 0 3 H  

N-R‘ 
[RC<YzAr ]  R-C \ 

\ R”N H 
C=NOS02Ar 

Rd 

Amides and thioamides may be converted by sultones into imido ester 
sulphonate salts, which in turn react with amino acids to give a m i d i n e ~ l ~ ~ .  

.NH2 
e 0-( CH2) .--SO3 

NH2 

/ 

\\ 
- RC 

Q 

2 R*CH< 
COOH 

R’ 
I 

NH-CH-COOH 
L, 

R-C:e \‘. NH-CH- COO^ 
I 
R’ 

This reaction was studied particularly for the synthesis of multi-func- 
tional or cyclic amidines. 

Weintraub and c o - w o r k e r ~ l ~ ~  found a new two-step method for the 
formation of amidines: an amide reacts with triethyloxonium fluoborate 
to give an easily isolable iniido ester fluoborate which, by reaction with a n  
amine yields amidines. 

R f  R” 
N’ NH 

RC R0 E t , 0  @ Q  BF, + [ R C < r R , ] @ B F p  ____f R< R-C / \  R“ 

\ NHR‘  ‘\\NU’ 

Yields = 71 to 91% for R = Ar or CH3; R’ and R” = H or C H 3  

3. Reactions of miscellaneous mechanisms 
Syntheses from amides sometimes occur through particular mechanisms: 

such cases are methods using titanium complexes, isocyanates. aiiiides in 
the presence of halogcnating agcnts or reductions of urea derivatives. 

Use of titanium complexes: N-monosubstituted amides react with 
tetrakis(diniethy1amino)titaiiium without solvent, or in a benzene-ether 
mixture or THF according to the general scheme 137: 
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0 
II 

2 R1-C-NH-R2 + Ti [N(CH,),], - 
N-RZ 
II 

2 R1-C-N(CH3)2 f TiOz + 2(CH3),NH 

Trisubstituted amidines derived from aliphatic (R1 = H or alkyl) or 
aromatic (R2 = aryl) acids were prepared according to this one-step 
method. Secondary heterocyclic amides are also transformed by this 
method into arnidinesl3*. 

Action of isocyanates 
and give a m i d i n e ~ ~ ~ ’ - l ~ l  

0 
II 

R’NH-CR” -t 

on amides: Aryl isocyanates react with amides 

NHR‘ 

New reactions were developed, such as action of phenyl isocyanate 
on d i~nethyl formamide~~~ or p-tolylsulphonylisocyanate on dialkyl- 
amides la3. A mechanism involving a cyclic intermediate is proposed14’ : 

0 
II ,CH3 

C,jH,N=C=O + H-C-N 
\ 

CH3 

,CH3 
COZ + C,H,-N=CH-N 

\ 
CH 3 

In the reaction of a substituted urea with an acylating reagent, the 
acylurea decomposed after heating and gave an aniide and ail isocyanate 
that react together to form an amidine la.’* “lS: 

0 O R  
150°C II / 

I I  

f HCI - II 
RNH-C-NHR + R’COCI RNH-C-N 

\ 
C-I?‘ 

0 
0 

+ cop 
I I  HN 

RNH-C-R’ + RN=C-0 ___f R’C, 
‘NHR 

Reduction of di-substituted urea by sodium borohydride : The heating 
of a 1,3-disubstituted urea with approximately equivalent amounts of 
sodium borohydride gives N.N’-disubsLituted amidines 14G : 
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N=CH--N H R 
NaBH, 

NH-CO-NH-R ____f 

Yield = 66.8% for R = cyclohexyl 
17.5% for R = phenyl 

Under thc same conditions, N,N’,N’-trisubstituted urea derivatives 
are cleaved to give fornianiide and a secondary amine. 

4. Synthesis from thioamides 
Condensation of ammonia or an amine with a thioamide yields the 

H2S salt of the amidine ’‘* 147-161. Addition of a mercuric salt may displace 
the equilibrium by removal of the sulphide ions: 

S NH 
II NHRR’ 

r C6HSC-NRR’’HzS 
II 

CGHSC-NHz + NHRR’ 
HgCL 

NH 
I1 

CGHBC-NRR’, HCI + HgS + HNRR‘, HCI 

Unsabstituted (R = R’ = H) as well as mono and multisubstituted 

The same amidine may be obtained through two different routes: 
aniidines (R and R’ = alkyl) may be prepared by this method. 

S 
I I  R’NH,.HCI 

R-C-NHz 

NR’ . 

NH2 

// 
\ 

R-C 

NHR‘ 
II 
/ 

R-C 

\NH . 

S 
NH,CI II 
c--- R-C-NH-R’ 

.HCI + HZS 

Thioimido ester salts, obtained by the addition of short-chain alkyl 
iodides to t h i o a r n i d e ~ ~ ~ ~  react easily with molecules containing nitrogen- 
such as ammonia and primary amines-to form amidines 153-155. 

This reaction leads exclusively to ainidines if R = CsH5, but with 
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bases stronger than aniline, either a mixture of an  amidine and  a nitrile or  
the nitrile alone is obtained1". 

in similar reactions: N,N'-Dialkylamidines may be formed as well 

Diarylthiourca reacts with either methylmagnesium iodide 167 or with 
sodium diethyl n i a l ~ n a t e ' ~ ~  to give N,N'-diary1 substituted acetamidines. 

C. Miscellaneous Preparations 
The following methods are less general than the previous ones. Starting 

materials contain various organic functions: Schiff bases, hydrazones, 
amidoxirnes, carbodiimides, halides, ortho-esters, amines and even 
amidines. 

1. Synthesis from Schiff bases 
On heating with sodium amide, Schiff bases give amidines 15' : 

The mechanism is a nucleophilic substitution of hydrogen, like Tchitchi- 
babin's amination. Yields are poor because of the formation of side pro- 
ducts, especially those which result from the reduction of the imino group 
by the hydride obtained in the reaction. 

Action of hypochlorites on some Schiff bases yields addition compounds 
which with amines give amidineslGO. 

ClOAm 
CGH,-CH=N-R ____+ CGHS-CH-N-R 

I I  
Cl OAm 

R'NH? 
C6H5-C=N--R A CGHS-C=N-R 

I 
NH-R', H C I  

I 
CI 

Krohnke and Ste;lernagellG1 improved an old rnethodlG2 for the pre- 
paration of aniidines from iniines carrying a nitrile function at the iniino 
carbon atom: the imines are heated in pyridine or acetic acid or are 
melted without any solvent with amine hydrochlorides : 
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crude yield = 84% 

The proposed mechanism161 is a nucleophilic attack followed by a 
double elimination : 

CN 
I 

N HAr' 
/ @ 

HCN + Ar-C-NH-Ar' H + Ar-C 

N-R 
II \ 

@NH-R 

A second amine molecule may then substitute Ar'NH, 

N H-Ar' NH-R 
/ / + ArNH, 

N-R 
\ 

Ar-C + R-NH, Ar-C 
\NR H@ 

2. From hydrazones by transpoc:ition 
According to Robeff 163, phenylhydrazones of aromatic aldehydes 

heated with an alkali amide or a Grignard or phenyllithium reagent in 
xylene lead to nionosubstituted aniidines 164-166: 

NHz 
NaNH, / 

Ar1-CH=N-NH-Ar2 + Arl-c- 
-a 

N-Ar 

This reaction was formerly explained by cleavage of hydrazone into 
aniine and and subsequent recombination of the two in the 
presence of a strong base. In fact the reaction does not occur in the ab- 
sence of oxygen and is inhibited by h y d r ~ q u i n o n e ~ ~ " ' ~ ~ ,  and therefore a 
free-radical reaction is proposed according to the following scheme lfi8 : 
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Ar1-CH=N-NH-Ar2 - Ar’-CH=N + ArZ-NH 

N H 
ArlC=NH) + ArZ-NH A Arl-C-NHAr2 I I  

(Ar’-CH=N ~ 

Arl -C=N-ArZ 

The reaction scenis to proceed through an interniolecular mechanism 166 

and was applied also for substituted liydrazoncs 16’* 170. 

3. Synthesis from amidoximes 
Reduction of amidoximes to amidineslO has been studied first in 1896 

and several applications are given in the literature 171-173. 

Recent studies showed that aniidoxinies may undergo dehydration to 
nitrenes and subsequent protonation may lead in some cases to amidines in 
low yields174. 

N-OH 
I I  

C6Hs-CH2-C-NH-C,H5 - 
HNH 
\ 

CGHs-CH2-C(N)=N-C,Hs - CeH5CH2-C 
N H C ~ H S  (1 0%) 

4. Preparation from cyanamides and carbodiimides 

may add organometallic reagents and yield amidines : 

to amidines: 

These two compounds having two nitrogens on the same carbon atom 

Normal addition of Grignard reagents to substituted cyanamides leads 

Arylcyanamides 176 and dibenzylcyanamides 176 have been used as start- 
ing materials i n  this reaction. Beside the normal addition to the nitrile 
function that gives amidines (reaction l) ,  some organometallic derivatives 
lead to mono and dinitriles (reactions 2 and 3)177. 

This reaction is therefore not general for obtaining amidines; sometimes 
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NMe2 
I 
I 
C=NH 

’ C6H5CH2 (1 ) C6H5CH,MgX + Me2NC=N 

C,H5CH2MgX + Me2NC=N C6H5CH2C=N + Me,N-MgX 

CN 
Me2N-C-GN ’ C ~ H ~ C H Z ( C ~ J ) Z  (3) 

I 
C,H,-CHMgX 

it may be applied to obtain only nitriles without simultaneous formation 
of amidincs 170. 

Amidines are also prepared by action of Grignard reagents on carbo- 
diimides 175. Phenylacetyiene treated wi th  sodium i n  xylene in the presence 
of triethylaniine gives an acctylide anion which with various disubstituted 
carbodiiinides leads to acctylenic aniidincs 179 : 

Yield = 50% 

Sodium salts of acetylacetone, acetoacetic and nialonic esters give sub- 
stituted amidines through an  addition reaction lDo: 

R 
I 

COOEt N COOEt NHR 
I 11 8 0  I / 

CH2 + C - CH-C 
I “\NR 
COOEt 

I II 
COOEt N 

I 
R 

In a similar mechanism but without the need for the formation of a 
: metal derivative, hydrocyanic acid yields x-cyano substituted aniidines 

R-N=C=NR + HCN RNH-C=NR 
I 
CN 
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5. Synthesis from halogenated compounds 
Some compounds having two halogens on  the same carbon react with 

amines to yield amidines. Thus, ethylene derivatives give several types of 
amidines, e.g. substituted a-amino amidines are obtained from trichlor- 
ethylene 181 : 

Jean-Albert Gautier, Marcel Miocque and Claude Combet Farnoux 

N-Ar 

+ ArNH,.HCI 
// CI, ,CI 

C=C + 4 A r N H 2  ArNH-CH2-C 
\ 

H’ \CI NH-Ar.2 HCI 

Chlorofluorethylenes lead to x-halogeno amidines 182. 183 

CI NC6H5 
//NC6H5 C6H,NIi2 \ // 

CI F CI 
\ / C8H5NH2 \ 

/ 
c=c CH-C - CH-C 

(63%) / \ 
F’ ‘F F ‘F NHC,H, 

Phenyltrichloromethane reacts with arylamines and yields N,N’-  
disubstituted a n i i d i n e ~ ’ ~ ~ - ~ ~ ~  again probably through an iinido chloiide 
intermediate1e5: 

CI 
/ ArNH, I - HCI 

\ 

CI 

C6H5-C-Cl ----+ C6H5-C--NHAr ___f 

I 
CI CI 

N HAr CI 
I ArN H / 

\ 
C6H,-c=NAr 3, C6H5 

NAr 

ortho-Substituted anilines and bcnzidines do  not react as above. 
geni-Dicliloroaziridines. easily accessible by addition of dichloro- 

CI CI 
\ /  CNH 

@ - - C f i N a  (-CI 0 )  
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carbene to Schiff bases, after aniinolysis often lead to x-amino 
amidines Ia6. 

N,N,N’-Trifluoroaniidines are obtained by dehydrohalogenation of 
N, N ,  N ’ ,  N’-tetrafluoro getii-dianiines by pyridine la7. 

F 
/ 

j \ F  N-F 

\ /  \ /  
R-CH F + C,H,N A R-C/ F + C,H,N. HF 

F 
N \ N\ 

F 

A similar reaction starts from trichlorovinylamines la* obtained from 
trialkylpliosphites and K-tri haloacetamides lag. 

\ e/NR2 R’NH2 
CI CI 

r ___t CH-C 
c’\ / c=c 

CI/ 
/ \  H e  

CI N R 2  

/ [ cI: CH-C \ - 
CI CI 

NR2 / 
CI CI NR, \ /* 

/ <.- 
CI NHR‘ CI 

heat \ 
CH-C ‘ 0  CIo ____f HCI + /CH-C 

\N R’ 

6. Preparation from orthoesters 
Ethyl orthoformate reacts with aromatic aniines‘”-1”2: 

+ 3 ROH 
/ 0 Et HNAr 

N HAr 
HC\ HCCOEt  3- ZArNH, A 

0 Et 

This method has been often used for the preparation of N,N‘-diaryl- 
amidines lg3-lg8, 

According to one author trianilinometliane was formed by t h e  con- 
densation of aniline with ethyl orthoforniate1g9, however more recent 

The reaction 201* 202 occurs through a two-step mechanism : The initial 
formation of an imido ester is followed by its transformation by a second 
aniline moleculc into the amidinc. 

proved that an aniidine was formed. 
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OEt 
/ 

\ 
H-C-OEt + C6H5NH2 ’ ~ C,Hs--N-CH-OEt + 2 EtOH 

OEt 

C,Hs-N=CH-OEt + CeHsNH2 . C,H5-N=CH-NH-C6H, + EtOH 

Claisen19z in an early study considered that the aniidine is formed 
first and then reacts with free ethanol in tlie medium to give an imido ester. 
This mechanism is discussed in  refcrence 203. . 

Primary aryl ainines arc used in this reaction mainly with orthoformic 
ester or  with orthoacetic e ~ t e r ” ~ ~ . ~ ~ ~ .  The same orthoesters and aliphatic 
arnines givc similar reactionszo1. Diamines yield cyclic aniidinesZo3. 

7. Synthesis f rom amines 
In these aniidine syntheses, an amine furnishes tlic functional carbon 

atom, which already carries one of the two nitrogeiis. This reaction cannot 
be applied to amines which undergo facile dcliydrogenation or to un- 
saturated am i lies (e  . g. y na m i nes). 

Dehydrogenation by nicrcuric oxide of aliphatic aniines leads to 
amidinesZo6. Mercuric salts may be used as dehydrogenating agents to 
yield cyclic amidinesZo7. Hydrogenation by sodium borohydride reforms 
the starting dianiine. 

(Theoretical yield) 

T n  similar reactions, sulphonylamidines 208 are obtained by addition of 
sulphonamides to ynamines. 

C6H,C=C-NEt.2 + CGHSS02NH2 

8. Syntheses f rom other amidines, 
a. Al??n?onulj~s;s of’ o/??idims. Displacemcnt of tlie NH group occiirs a t  

high tcmperaturcs at which i n  the following equilibrium the right hand 
side is favoured : 

N H  N R‘ 
// / + NH3 

\ 
R-C -t R‘NH2 ~ , R-C 

‘NHR‘ NHR’ 
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This substitution is an important side reaction in various amidine 
syntheses l. 2 ,  and may be preparatively useful when an excess of amine or 
ammonia displaces the equilibrium or  when a more basic amine displaces 
a less basic one209*210. Examples are given in refs. 1, 21 1 and 212. 

N C 6 H 5  + H N ~  /NC,H5 

Hc\N3 + C 6 H 5 N H 2  

____t 
/ 

H C  
' N H C s H 5  

b. Alkylntion of aniidities. Amidines having at least one hydrogen 
atom bound to 
ha]ideS118.213-22Oa 

nitrogen, may undcrgo alkylation by heating with 

NH HNC2H5 
/ C2H51 

C6H5C\ C6H5C, 
N H 2  N H 2  

p H 3  
CH31 
A C,H,-C\ 

HN 
C6HSC, 

N ( C H 3 1 2  N ( C H 3 ) 2  

Amidines may be nietallated before their reaction with the halidezz1. 
The formation and alkylation of amidines may be carried out in a one 

step reaction 7 * 2 2 2 :  

\ //N-R' 
R 

\ R'CI 
R 

R-C-C 
R\ 

/ \  
R-C-CN + N a N H ,  - R-C-C 

R N H 2  R N H 2  
/ \  / 

R 

Interest in these methods is limited by the fact that usually mixtures are 
Obtained213. 222.223. 

N H R '  
RC' 

dNR' , 

\ NHR" \NRm 
R C  
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c. From n renciion qf'ac.eij*Ietiic. Grigtinrd sengents 011 c.liloroJbi.i7iainirlines. 
Ried and Weidemann 2".1 obtained plienylpropiolainidines: 

C6H5C-CMg6r 4- CIC=NC6H, 0 C6H5C=CC , n + MgBrCl 
//NCIiH, 

W0 
N 

I W/b) 

Ill. SYNTHETIC USES O F  AMIDINES 

In this Section we shall describe different synthetically useful reactions 
starting from amidines. We exclude studies of tautomcrism as well as the 
formation of metallic salts. the action of alkylating, acylating and sul- 
phonating reagents. since these reactions havc mainly interest for the 
study of structural problcnis and hardly for practical purposes. 

The discussion is divided into two parts, onedealing with the formation of 
acyclic derivatives and the second with the formation of heterocyclic 
compounds. 

A. Synthesis of Acyclic Derivatives 
In a variety of reactions, aniidines niay yield thioaniides, amidrazones 

and amidoxinies. By reduction of these products aldehydes are formed. 
I n to co m po u nds co ti t a i n i ng an active met h y le tie group. for mamidines 
niay introduce an  amitiometliylidene group. 

1. Synthesis of thioamides 
Whereas the acid hydrolysis of amidines to give aniides has no synthetic 

value, the action of hydrogen sulphidc on atnidines represents a useful 
route to thioamides. 

The early studies of Berntlisen26 were little utilized225. The rcaction is 
carried out at 135-1 65°C and yields mixtures of thioamides: 

S S 
/ 1 I t  I 1  NH 

C6H5C, + H2S (CBH,)INH + C6H5CNHZ + C~HSC-N(C,H~)~  

(C6H5)2 

Reynaud and co-workers 226*  227 experimented with a process in which 
the attack on the amidine by H,S is facilitated by the. presence of pyridine 
and which is carried out a t  comparatively low temperatures thus avoiding 
side xaclions. I n  general a mixture of two thioamides is obtained by this 
met hod. 
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/ 

(pyridine) 

NHR' "H2 I 

In some cases, this reaction yields a single thioamide, e.g. unsubstituted 
thioamides are obtained in good yieldszz7 : 

Bernthsen 26 described a similar reaction using carbon disulphide: 
S 
II N-C~HF, 

A + CSz ____f C B H ~ C - N H C ~ H S  + CGH,N=C=S 
// 

C6H5C, 

NH-CeH, 

2. Syntheses of amidrazones and of amidoximes 

place one of the nitrogens of the amidino group"* lq7: 

Ammonia or amines used in excess and at  high temperatures may dis- 

+ NH3 
HNR" 

NH 

NHR' 
RC\ 

RC + R"NH2 ' 
\ 

NHR' 

Similar equilibria are also established with other derivatives of am- 
monia such as hydrazines and hydroxylamines. e.g. phenylhydrazine 
heated with amidines yields imidohydrazides (aniidrazones)z18*zz0: 
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Hydroxylamine gives a m i d o x i ~ i i e s ~ ~ ~ ‘ ~ ~ ” ~ ~ ~ ’ ~ ,  but i n  practice this 
reaction is not very useful 230. 

N R‘ NHR‘ 
/ 

RC f l  + NH20H.HCI  A NH,CI + RC 
\ NH2 \NOH 

3. Synthesis of aldehydes 
Reduction of aniidines by sodium in ethano1231*232 or by sodium 

amalgam in  dilute yields in some cases aldehydes. Birch, Cymer- 
man-Craig and co-workers 234-236 modified the reaction and carried 
out the reduction i n  liquid ammonia i n  the presence of ethanol as proton 
donor. The aniidine is first reduced to a gelpi-diamine, which is hydrolysed 
subsequently in  an acid medium to yield the aldehyde: 

The insolubility of the amidine or the amidine salt in ammonia limits 
the usefulness of the method; benzamidine or benzaniidine hydrochloride 
lead to benzaldehyde in lOOO,< yield, while the insoluble N,N’-diphenyl- 
benzamidine does not react. 

4. Action of formamidines o n  active methylene compounds 

pounds by heating the mixture a t  125-200°C: 
Dains 190, 237-244 condensed formamidine with active methylene com- 

X X 
___f RNH, + RHNCH=C 

/ / 
\CH + H2C 
/ \ \ 

RN 

RHN Y Y 

The formamidines used should carry two identical substituents. Acetyl- 
acetone or acetoacetic. cyanoacetic and inalonic esters are used as the 
active methylene compounds. Benzyl cyanide and deoxybenzoin react with 

This reaction is applicable to heterocyclic compounds with 
CH2 groups activated by carbonyl groups and carbon-nitrogen double 
bonds (pyrazolones, isoxazolones) or carbonyl groups and sulphur 
(thioimidazolones) : 
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CH,C-C=CH N H R 
A 

CH3C-CH2 NHR 

+ HC' iI I + RNH2 N, /c=o 
I1 i 

N 
I 

\N R 
N, /c  

N No 
I 
C6H'5 C6H5 

C6H 5 N - C=O 
+ RNH, I 1 I I A 

HN C6H5N -c=o 
I + HC, /c \s /c H 2 2 \S/c\c 

C6H5N 
NHR C6H5N 

I 
NHR 

If the active methylene compound is used in excess, the formation of a 
'double' product may occur instead of that  of an  aniinomethylidene 
derivative: 

NHR 
/ CH3;- C H I  

N No NR 
N, \ 

2 + HC 

I 
C6H5 

CH~C-C=CH-CH-CCHZ 
I 
I It 6 N + 2 R N H 2  !I 

N\N/ C \oo/ 'N/ 

I I 
CBH5 CeH5 

Condensation of diarylformaniidines with ethyl malonate yields 
quinoline derivatives ls4. 

0 
17 

EtO-C COOEt 
\ /  

C 

+ EtOH R+3?xY OOEt 
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5. Syntheses of Cyclic Derivutives 
Cyclizations are the most important reactions of amidines. Different 

heterocycles containing the --N=C-N= grouping are obtained. We 
shall describe reactions leading to 3, 4, 5 and 6 membered rings. 

1. Synthesis of three-membered rings 

hypobromite o r  h y p o c h l ~ r i t e ~ ~ ~ .  

Jean-Albert Gautier, Marcel Miocque and Claude Combet Farnoux 

Diazirines are obtained from the reaction of amidines with sodium 

NH NaOBr ~ [Rcc NBr ] NaOBr [Rc< N Br ] ‘OH 

NH2 NH2 NHBr 

- B 
RC\ 

2. Synthesis of four-membered rings 
Only a few examples are known, and the products are lactams, e.g. 

diphenylketen reacts with trisubstituted amidines and yields azetidinone 
derivatives246 : ““u H 

HC=N-CBH, C6H5, 

/ 
I + c=c=o - 

C6H5 

C6H5 

(“7 
In  a similar process, aminoamidines give d i a ~ e t i d i n o n e s ~ ~ ~  : 

3. Synthesis of five-membered rings 
Condensation reactions of amidines may form pyrrole, oxazole, 

oxadiazole, oxathiadiazole, and especially iniidazole ring systems. 
a. PjwoZe deriunrives. One of the rather rare examples of this mode of 

reaction is when N’-o-tolyl-N-methyl-N-plienyl formamidine reacts on 
heating with sodium amide to yield indole2‘u : 
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+ C 6 H 5 N H C H 3  
NaNH, 

300T 
,CH3 - 
\ 

C6H5 H 

@ Y i C H - N  

Isatin derivatives are obtained by dehydrogenating N,N‘-diphenyl- 
amidines of p h e n y l g l y ~ i n e ~ ~ ~  : 

6. Oxazole derivatives. Heating of N-phenyl-N‘-(0-hydroxypheny1)- 
benzamidine leads to 2-phenyl benzoxazole 31. 

@OH NH-C @ 100°C. 30 min . 
(94%) 

+ C 6 H 5 N H 2  

Benzoxazoles are also obtained from the condensation of o-aniinophenol 
with amidinesZ5O: 

N N C 6 H 5  

+ H3C-C ------+ 190-1 95°C a 0 > C H 3  + 2 C6H5NH2 (EJNH2 OH NHCeH5 N 
\ 2h 

Aminoethanol gives a similar reaction leading to o x a z o l i n e ~ ~ ~ ~  : 
R 

Epoxides react a t  room temperature with butyramidine: heating of the 
unstable intermediate addition compound leads to 2-propyloxazolines252 : 

NH 

C3H7C-NH-CH-CHR’ 

/*\ + RCH-CHR’ A 
NNH 

C ~ H T C ,  
NH2 

R 
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In similar condensations, cyclic amidines (e.g., imidazolines and  tetra- 
hydropyrimidines), give bicyclic systems by action of e p o x i d e ~ ~ ~ ~ .  

c. Oxadiazole, thiadiazole and osnthindiazole derivntiues. 3,5-Diphenyl- 
1 -oxa-2,4-diazole is formed in the condensation of benzamidine with u- 
chlorobenzaldoxime 254 : 

C6H5 

+ NH,CI 

H N  
24 h 

CI 
C,H,C/ + >CC6H, - \\ room temp. 

NOH H2N 

N-Acyl-S-chloroisothiocarbamoyl chlorides react with monosubstituted 
amidines : the mixtures of thiadiazoles formed are separated by chroma- 
tography 256 : 

Arc-N=C + 3  ‘CAr’ - SCI H N  
/ 

\ / 
CI H N  

R 

I1 
I 0 

S ’ ‘N / 
ArC-N=C/’\N Arc-N=C 

N-C 

R 

I 1 -I- I 1  I I 1  

Ar’ R 
\ 

Ar‘ N=C, O /  
I1 
0 

Sulphenyl chlorides react with unsubstituted amidines and yield 
thiadiazoles 2sG-258 

CH3 
NaOH -N 11 

J,, 
+ 4 NaCl + 4 H 2 0  

C13C 
\ CH2C12/H20 I + H3C-C 

s-CI 
NH, 

In similar reactions, thiadiazolopyridinic systems are obtained from 
2-aminopyridines and trichloron~ethanethio1259. N-Chloroaniidines with 
thioamides also yield thiadiazole ring systemszGo. 

HCI + S 
JN 

S 

+ C6HsC 
I I  EtOH ;-I 

C ~ H B - C - N H ~  ___f C~HSC, 
yNCI 

\ \ 
C.5H5C 

NHR N=C, NHR 

d. Iinidazole rlerimtices. Non-condensed imidazoles : The condensations 
of amidines with c/.-dicarbonyl compounds were widely studied 4 0 *  261-264. 

In these condensations, Jacquier and co-workerszG6” showed that 4,5- 
dihydroxyimidazolines are formed, and no open-chain compounds can 
be isolated. Usually the 4.5-dihydroxyiniidazolincs undergo dehydration 
on heating and give imidazolinones as well as other by-products. 

C6H5 
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o\ ,c6H5 

HNH + I  C - O O H  15f A A 

CtiH5 \ C 
C6 H 5-C 

OH ‘H 
NH2 

1--c;5 
C6H5 N 

H 
I t  is also possible to obtain imidazole rings by condensation of amidines 

with x-halo ketones 2 G 6 ,  with ethyl p h e n y l p r o p i ~ l a t e ~ ~ ~ ,  or with cr-hydroxy 
ketones2“. 

CH 3-C =O HN NH o=c 
I 

CH3 / 

*OH - 
CH3 

CH\ 
+ I I  

C 
II 
C + I 

CH 
/ \  / \  

I 1  
H H  

C H L  ‘OH H2N N-N NH2 HO’ 

H H 

Heating at I 80-200°C of N-allyl-N‘-arylacetaniidine hydrochlorides 
yields imidazolines 46. 

Ar 

‘NH - CH: 

If the cyclization occurs in  
hydroquinazolines sometimes 
obtai!?ed. 

‘NHCH2CHCH3 
Ar 

H 
the presence of polyphosphoric acid, 
inixcd with dihydrobcnzodiazepines 

di- 
are 
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The reaction of N-chlorethylbenzamide with phosphorous pentachloride 
in the presence of aniline leads to diphenylin~idazolines~~~, the inter- 
mediate seems to be an aniidine which however cannot be isolated. 

N H CH2CH2CI 
PC15 

C6Hs 
- / 

C6H5-c 
I I  
0 

NCH2CHZCI NCH2CH2CI 1- // 
CsH5-C 

// 
C s H s N H 2  

C6H5-C 
\ c1 'N H C,H, 

c6H5<] + HCI 

I 
C6H5 

Amidine salts, when heated with ethylene dianiine, yield dihydroimi- 
dazoles. Unsubstituted a ~ n i d i n e s ~ ~ ~ *  271 react as well as substituted 
amidines 279. 

/NC6H5 
+ HzNCHZCH2NHz A (88%) C H 3 i ]  + 2 C6H5NH2 

In the reaction of 2-an1ino-3-phenacyloxadiazolium halides with 
benzamidine, a rearrangement occurs leading to 1,2-diaminoimidazoie 
derivatives 273. 

CHJC \ 
NHCGHF, . HCI 

CH2COAr N H  
@/ CsHsCC 

N-N N H 2  
Bre - 

0 
I I  

C H,-C-Ar 
/ 

N-N 

CH 3<0kN 
N H-C-CsH 5 

I1 
NH 

,NHCOCH3 

II 
NH 

NNH + L,I-NHCOCH. 
C6H5C\ 

NHC6H5 Ar N NH2 
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Amidines react with oxalyl chloride to yield imidazolinediones 274 : 

/O 

I “ 0  

+ (COCI), - - HCI. R-C 7-1 - H C I  
//N-R’ 

R-C 
\ \ 

NHz N-C 

R‘ 

Condensed iniidazoles : Benzimidazoles. N-arylamidines by action of 
hypochlorites in basic medium give benzimidazoles ; the N-chloroamidine 
intermediates are sometimes isolated 275--277: 

This reaction is applicable for obtaining complex heterocyclic systems, 
e.g. 2-plienyl( 1,2-d)naphthoimidazole is obtained by action of t-butyl 
hypochlorite on v. or  F naphthyl ber~zamidines’~~. 

!- a:@ H 

ortho-Phenylene diamine reacts with amidines to  yield benzimi- 
d a ~ o l e s ~ ~ .  2 7 8 :  

Imidazoles condensed to a non-benzenic cycle : Amino malonic acid 
dianiidine reacts with ethyl orthoforinate in DMF and gives a good yield 
of adeninez79. 
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NHz 

C I NH2 

HNH ‘c-NH2 HC(OEt), 
II 
C 

/ \  
HZN NH2 H 

Yield = 72% 

Aniidines react with 4,5-diaminopyrimidines to yield purinesza0 : 

NH2 

N 5 ( H  ,_+-CH 

NH2 - N H 3  

‘ S AN NH2 
H 

H 

In the condensation of benzamidine with ethyl oxalate the first step 
leads to  an  imidazolinedione281 ; the reaction may continue to  yield 
2,5-diaryl imidazo [ 4 , 5 - d ] i m i d a z o l e ~ ~ ~ ~ .  

200° 
A 

EtO\ 
N H  c=o // 

\ c=o 
A + I Arc  

Ar-C 
NH2 EtO’ 

\ 
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1,5-Diaryl [1,2-h] imidazo triazoles are obtained from iniidazole sub- 
stituted a n i i d i n e ~ ~ ~ ~ :  

I 
NH2 It 

NH 

These cyclizations are siniilar to  the formation of [ l  : 3 : 301-triazaindenes 
by dehydrogenation of N - Z p y r i d y l a n ~ i d i n e s ~ ~ ~ .  

4. Synthesis of six-membered rings 
a. Pyridirze derivatives. The formation of pyridine rings from amidine 

starting materials is unusual. Some arnidines carrying an  amide function 
condense with P-diketones and yield aminopyridines 284. 

R‘ 

CONHZ 
I 

C 
/ No / 

CH H2C 
II + I  
C C 

/ \  
R’ ‘OH HN NHZ 

CONH2 

--+ + 2 H20 

In  the particular case of amidines derived from phenylethylarnine, 
dihydroisoquinolines are formed by heating in the presence of phosphorous 
o x y ~ h i o r i d e ~ ~ ~ .  

R 

R 
/ 

-C H2CH 2 N=C A 

\ 
X NH-POCI, 

I 
R 

The condensation of chloroformamidines with acetylenic Grignard 
reagents gives amidines derived from propiolic acid. These amidines may 
yield 2-aminoquinolines in a cyclization reaction b y  action of polyphos- 
phoric acidzz4. 
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P O  

R 

CH3 

N-Biphenylylbenzamidines treated by POCIS yield phenanthridinesZe6 : @-@- POCI, 

/ / 
HZN-C=N HCI + CIZOP-HN-C-N 

1 
R 

I 
R 

+ NH2-POCI, 

)C=N' 

R 
b. Pyrimidine cleriuatiues. Condensation of unsubstituted amidines 

with P-difunctional compounds is a general method leading to pyrimidine 
derivatives. The reactions will be classified according to the reagents which 
react with the amidines. 

From (3-dicarbonyl compounds : ?-Diketones are easily accessible and  
are widely used in pyrimidine syntheses 287-290 : 

CH3 
I 

Yield = 7 0 x ;  n = 6. 

2-Dialdehydes may also be used and give similar reactions 291*292. 
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From P-keto esters: Unsubstituted amidines easily condense with p- 
keto esters: the reaction was first described by Pinnerzg3*294 and is useful 
for pyrimidine ~ y n t h e s e s ~ ~ ~ - ~ ” .  

CH3 
I 

CH3C / +  .$ + EtOH + H20 

N H  O=C 
\ 

IcN OH 
C H I  A 

CH, I 
NH2 C 

\ 

0” \OEt 

9-Aldehydo esters can also be used in these reactions. Ethyl-2-formyl-3- 
ethoxy-propionate gives rather poor yields in this condensationzg8* 299 : 

t? 
I 

+ EtOH + HzO 

O=C,;,C H 2 0 Et 

reflux 

EtONa 
___t CH3-C I 

\ C 

ON ‘OEt 
NH2 

Ethyl-2-formyl succinate gives similar reactions 300-302 : 
H 

Vitamin B, was synthetized by a modification of the same method, 
employing trifluoroacetamidine 303. Ethyl-N-methyl piperidone carboxylate 
in a similar reaction yielded a bicyclic c o ~ i i p o u n d ~ ~ ~  : 

’CH3 

,O H 

Froin malonic derivatives : The aptitude of malonic esters for cyclization 
in basic media is apparent also in their reactions with amidines. Thus 
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formamidiiie reacts with ethyl n ~ a l o n a t e ~ ~ ~ ,  yielding 4,6-dihydroxy- 
pyrimidine: 

OH 

+ EtOH 

NH COOEt 
// / 

'NH~ COOEt 
HC + HZC, 

@H 

Various other compounds are obtained in similar reactions. 
Substituents in the 2-position of the pyrimidine ring are introdliced 

by amidines carrying alkyl 306-308, ary1309, p-alkoxybenzyl 310, or amide 
functions 311. 

Substituents in the 5-position are obtained by the choice of suitably 
substituted a!kyL3I2 or cyclobutyl- 313 malonic esters. 

A protected functional group in the malonic ester may lead to bicyclic 
systems 314. 

The reaction is more difficult with substituted amidines, but is still 
sometimes possible by using malonyl chloride315. 

CsH5 

The dithioestcr EtOOC-CH,-CSSCI-l, is much less reactive than 
malonic ester itself and did not condense with formamidinc"'". 

From $-diiiitriles, $-cyan0 esters and $-kcto nitriles: The easily accessible 
cyanoacetic esters arc condensed with amidines in  the presence of alkali 
alcoholates to yield 4-hydroxy-6-amino-pyrimidines. Substituents i n  the 
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2-position are introduced by using the appropriately substituted starting 
idine305,317-322 

0 

+ EtOH 

II 
HNH C 

CH3-C 
\ 

N H 2  

2-Dialkoxymethyl-3-alkoxypropionitrile which is a n  acetal of a P-alde- 
hydo nitrile condenses with 
pyrimidine; one of the rings 
in the reaction323. 

I 
NH 

NH2 

R 0 C H 2-C H-C N CH 3cc 
____j CH 

/ \  
R'O OR' 

acetamidine and yields a dihydropyrimido- 
of this compound is subsequently split open 

From a, ?-unsaturated esters, nitri!es and carbonyl derivatives: Any of 
the following three systems may be used as starting materials: 

Thesc structures react with amidines in two steps which may be more or  
less easy to characterize. In the first step, the ainidine usually attacks the 

and addition is obtained. If R2 is a good leaving group, the first step is a 
substitution reaction. c.g. when R2 = OR331-340; R2 = C1341, R2 = 

CH(COOEt):'12, or  R2 = NRR343*344. 
I n  the sccond step, ring closure occurs by attack of the second amidine 

nitrogen o n  thc ketone, ester, or nitrile function. 
The nature of R1 does not  influence the reaction and it appears as a 

substituent in the pyriniidinic end-product. 
Condensation of amidines with a ~ r y l o n i t r i l e ~ ~ ~ ,  x,F-unsaturated 

esters325. 3 d O  or ketones3"* 345 leads to dihydropyrimidines. 

$-carbon atom, e . g  R 2  = H 321-326 , R2 = CbH6337.328 o r  R2 = alky1329.330 
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N H  

NH2 N NH2 
i2 + CHz=CH--CsN A 

// 
C6H5C\  

C6H5 

The dihydropyrimidine may be easily oxidized into a pyrimidine; e.g. 
during the condensation of benzalacetophenone with benzamidine, the 
unsaturated ketone is reduced while the dihydropyrimidine is oxidized 345. 

NH 

NH, 
C6H5C, + C6H5CH=CHCOC6H, ___j 

C, H, CH .=CH COCs t: JL N% 1- 
C6H5 N C6H5 

C6H,CH,CH2COC6H5 

[ c6 H 5'5c 6 H ] 
Alkoxymethylenemalonates condense with amidines and yield 4- 

hydroxypyrimidine-5-carboxylic esters 3d0. 

H\ ,OR 
COOR C 

C RXX I t  

I 1  I I  

N H  
// 

RC, + / \  

N OH NHz RO-C C-OR 

0 0  
Alkoxymethylene cyanoacetic esters may yield with amidines mixtures 

of compounds 337 : 
EtO H 

\ /  
C 

___j 
II NH 

NHZ c/ \C-OEt 
CH3C, / / +  C 

N@ 1 1  
0 

\ 
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The intermediate (a) obtained by Todd and Berge1336 when heated in an 
alkaline medium gave the cyanopyrimidine (c) .  However, Nishigaki and 
co-workers 334 later showed that in the same condensation, the derivative 
(b) may also be formed if an excess of the amidine (3 : 1) is used. Other side 
reactions may also occur accompanying these cyclizations, e.g. the con- 
densation of amidines with some dihydrofurane derivatives which contain 
an a,p-unsaturated ester structure, involves the opening of the dihydro- 
furane ring344 : 

Miscellaneous cyclizations : According to Lacey 346, condensation of 
clilcetene with acetamidine or with benzamidine leads to the same 4-keto 
dihydropyrimidines which are also obtained in the condensations of these 
amidines with acetoacetic ester. 

In a similar reaction, benzamidines were condensed with trichloro- 
niethylpropiolactone, giving tetrahydropyrimid~nes~~~. It has been 
pointed out, that diketene itself can be regarded as a p-lactone. 
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N-(a-Chloroalkeny1)amidines react on heating with phosgene and yield 
chloro derivatives 

e o  

I / 

PIHZCl 
// 

H 
RCHzC 

HN-C=C, 

CI 
I R 

of pyrimidines or  dihydropyrimidines 348 : 
0 
II  

COCI, + RCHZC //N-C-cI 

H 
I 

/ c=c, 
I R 

HN\ 

CI 

COCI, R c H z ~ , - - :  

CI 
CI 

Condensation of mucobromic acid with benzamidine leads to bromo- 
pyridine carboxylic acid 349. 

? 

Malonic acid diamidine reacts with some esters or acylating agents and 
gives 4,6-diaminopyrimidines, but the method is not a general one350.351: 

H,N\ 
C=NH 

CHZ N /  

I1 NHZ 
' ' - y7NHz OEt 

/ 
H-C + 

/ 
H2N-C 

\O 

NH 

3-Methoxy-2-(dimethoxyniethyl) propionitrile and the corresponding 
esters react with amidines to form pyrimidine derivatives. The nitrile 

N 

M e 0  xc@ OMe - 
arnidine 

N OMe NH 

OMe (ref. 352) 
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I - 
I 

COOMe - 
M e 0  O M e  

331 

arnidine 

OMe 

COOMe 
arnidine 

O M e  

N H  

\ NH-C-R 

(ref. 354) 

reacting with two molecules of amidine yields pyrimidinopyrimidine 352*353. 

The ester, through analogous intermediate steps, leads to different pro- 
d u c t ~ ~ ~ ' .  

c. Triazirzes: S-Triazine may be obtained by heating of formamidine 
hydrochloride (a) 355*356. The reaction also gives good yields with trichlor- 
acetamidine; other amidines give mainly nitriles (b) and only poor yields 
of triazines3". 

N H  
(b) R-C, // (a) R-C=N + NH4CI i 

R = C,H,; yield = 97% 

N H Z ,  HCI 

A 
+ NH4CI 

R N  

R = H ; yield = 72% 

The first step of this cyclization is the formation of a dimer which is 
facile if the group R is small or if it is strongly electron-attracting. 
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Cotrimerization of two amidines is possible but the reaction has only 
limited interest because in all such cases mixtures are obtained. I n  a similar 
reaction, the attack on sym-triazine by an amidine leads to substituted 
tr-azineS357.358 - 

N H  

NHz 

//NH 
N e N  R-C, N ~ N  // NH2 

+ H-c\ 

R 

A synthesis of S-triazines was described by Pinner: this starts from 
arylamidines and p h o ~ g e n e ~ ~ . ~ ~ ~ * ~ ~ ~ ,  and symmetrical 2,4-diaryl-6- 
hydroxy triazines are obtained. Bis-imidoyl urea is an  intermediate of the 
reaction. 

0 

HN-C-NH 
/ \ - NH3 

I1 
+ COCI, --2 HC’ f Ar-C C-Ar 

HNH 
2 Ar-C, 

NH2 \NH H N ~  
OH 

N A N  

Ar 

This method was extended for the synthesis of other t r i a z i n e ~ ~ ~ l .  362. 

Such cyclizations may also occur between amidines and N-(cr-chloroalkyl- 
idene)-carbamoyl chlorides 363 or polychloroazaalkenes 364 : 

CI 

More generally. condensation of two molecules of benzamidine in the 
presence of various acylating reagents leads to 6-substituted 2,4-diphenyl- 
triazines. Thus, ethyl formate gives 6-unsubstituted t r i a z i n e ~ ~ ~ ~ ,  ethyl 
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chloroformate reacts like phosgene360. In  a more complex reaction, ethyl 
acetylmalonate gives 2,4-diphenyl-6-hydroxy-S-triazine 3 6 6 .  

COOCzHB 

+ H20  
I 
I 

NH 
+ CH,COCH 2 CBHSC\ 

NH2 c o o c 2 H 5  
NH 
I1 

I 

I 4 

CON H-C-CcH5 

CH3COCH NH -k 2C2H5OH 

COOH, C,H,-C, 

NH2 

N H  

NH-C-C,H, 
II  

/ 

\ 
oc + CH3COCH3 f C02 

- N H 3  

NH-C-CeH, 
II 
N H  

In the reaction with acetic anhydride, 6-methyi-2,4-diphenyi-S-triazine 
is formed 367 : 
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Phenyl salicylate introduces a n  o-hydroxyphenyl group3s3 into position 
6 :  

NH 
C,H,C< 

C,H,-C=N-C NHzt H,O + NH, + 

H 0‘ 

In similar reactions amidines may be condensed with a molecule of 
a ~ y l i m i d a t e ~ ~ ~  : 

N-CO-CH=CH-C,H5 H N  

\ + \C--CH, / (53%) 
// Et-C 

0-iso-Pr H2N 

Although this method gives mixtures it nevertheless has preparative 
interest since it is a route to obtain S-triazines differently substituted on 
the three carbon atoms of the ring37o. 

N-Amidinoamidines give by condensation with oxalic or oxamic esters, 
4-amino-S-triazines having an ester or an amide function in the 6 posi- 
tion 371 : 

COOEt 
I I1 COOEt 

C - R-C 

NH NH 
I1 

R-C 

‘NH’ \NH, NH-CO 
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Condensation of benzonitriles with urea in the presence of sodium 
hydride in DMSO yields 4,6-diaryl-2-hydroxy-S-triazines l 3  : 

Condensation of various aldehydes with benzamidine in the presence of 
cyanhydric acid probably occurs through the formation of the correspond- 
ing cyanhydrins and N-iminoamidines that react further differently 
according t o  the nature of aldehyde. With aliphatic aldehydes, S-triazines 
are obtained while rroniatic aldehydes lead to  oxazoles 372. 

RCHO 

NH 

NHz, 
C,H,-C< 

R-CHOHCN 

R-CHOH 

Condensation, at moderate temperatures, of aromatic isocyanates with 
aniidines leads to S-triazine : 
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At  higher temperatures these reactions give abnormal  products which 
may be attributed to cleavage followed by r e c o ~ n b i n a t i o n ~ ~ '  : 

N-CH3 

I C,H,-N N-CH3 5-2 room temp. 
N-CH3 + 2 C ~ H S N C O  A 

l N ' 0  0 
CH3 

I 
C6H!i 150" C 

1 5OoC 

-C,H,NCO I 
CGHS-N c N-CH, CH3NCO f 

N-CH3 

O N - C ~ H S  

I 
I 

0 ANLO I CH3 

CH3 

According to  Goerdeler and Neuffer 376* 376, amidines give cyclizations 
with substituted isothiocyanates. Aroyl isothiocyanates combine a t  room 
temperature with amidines to form t r i a z i n e t h i o n e ~ ~ ~ ~ :  

S 

+ H 2 0  NH 

NHz 

// 
ArCONCS + RC, - L AR 

Ar N 

In some cases, a non-cyclic intermediate may be isolated (Arl  = mesityl 

Arl-CO-N H-CS-N=C-N H2 
and Ar2 = phenyl): 

I 
Ar2 

With strongly basic amidines, competition occurs between the formation 
of triazincthiones and amidine acylation 375 : 

R 
I N H  

ArCONCS + RC, ArCO-N=C-NH2 + HSCN 

NH2 

Ethoxycarbonylisothiocyanate yields o x o t r i a ~ i n e t h i o n e s ~ ~ ~  : 

S 
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Imidoylisothiocyanates react with amidines to form triazinethiones with 
elimination of ArNH2377: 

S 

By condensation of cyclic amidines with methyl isothiocyanate, bi- 
cyclic systems containing a triazinedithione ring are : 

CH3 

( n  = 2,3) 
NHR 

d. Tetrazijies: 1,2,4,5-Dihydrotetrazines were prepared by action of 
monosubstituted amidines 011 hydrazine hydrate379 : 

R 

I I HNH N2H4. HZO 

HNYN NH? 
RC \ 

R 

e. Oxazims and thiadicities: Reaction between phenyl salicylate and 
N-phenylbenzamidine yields a benzoxazinone 380 : 

0 1 
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Phenylbenzaniidine reacts with N-sulphinyl p-toluenesulphonamide to 
form a substituted b e n z o t h i a d i a ~ i n e ~ ~ ~  : 
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1. INTRODUCTION 

The most powerful tool for the study of reaction mechanisms is chemical 
kinetics. N o  proposed rcaction mechanism can be more than LZ temporary 
working hypothesis until it is supported by kinetic data l. The  literature 
abounds with proposed mechanisms for most of the reactions of amidines, 
based on little more than a knowledge of the reaction conditions and 
products. With few exccptions, the only amidine reactions whose mecha- 
nisms are supported by solid cxperimental evidence are those whose 
kinetics havc bcen studied. 

These reactions are few in number. They include hydrolysis, alkylations 
and acylations, and thcrmal isornerizations. Hydrolysis reactions have 
been the most thoroughly studied. Anothcr process (not strictly a reaction) 
whose kinetics have been stiidicd involves rotation about thc C-N bonds 
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of amidines. The kinetics of these chemical reactions and conforinational 
transformations are the subject of this chapter. 

II. HYDROLYSIS REACTIONS OF AMIDINES 

A. General Characteristics 
Amidines are hydrolysed under milder conditions than the correspond- 

ing nitriles, amides or esters2. Amidine hydrolysis occurs in  two steps, 
with the first step usually being faster than the second: 

N R '  
H O  2 RCONHR' + RCONR2R3 + R'NH2 + RZR3NH (1) 

/ 

N R Z R 3  
RC\ 

RCONHR' + RCONR2R3 H20 * RC02H + R1NH2 + R2R3NH ( 2 )  

The composition of the mixture of products formed in the first step 
of hydrolysis of unsymmetrically substituted amidines depends on reaction 
conditions and the nature of the N-substituents. 

Until recently, only qualitative information existed concerning the ef- 
fects of amidine structure and reaction conditions on rate of hydrolysis. 
Amidines often hydrolyse o n  standing in the presencc of water, or when 
they are dissolved in water or a n  organic solvent containing water. These 
reactions occur under alkaline conditions, since aniidines are relatively 
strong organic bases. Usually hydrolysis occurs more rapidly in alkaline 
solutions than in acidic solutions. Amidines generally hydrolyse more 
slowly in moderately concentrated than in dilute solutions of strong acids. 

The hydrolytic reactivity of aniidines is very sensitive both to sub- 
stituents on acyl carbon and substituents on thc nitrogen atoms. Sub- 
stituents appear to influence reactivity by both steric and inductive effects. 
Unsubstituted aniidines are much more reactive than N-substituted 
aniidines. For example, acetaniidine hydrolyses rapidly in aqueous solu- 
tions at room temperature3, and  a-phenylacetamidine hydrolyses when its 
aqueous solution is warmed2. In contrast, N,N'-diphenylforniamidine 
survives steam distillation and most N-substituted amidines are relatively 
inert to watcr at room temperature. All amidines are hydrolysed by 
sufficiently vigorous treatment with aqueous acid or alkali, but again 
their reactivity varies markedly with structure. For example, N ,  N-  
dimethylbenzamidine is hydrolysed by boiling aqueous 20% sodium 
hydroxide, but N,N-dimethyl-N'-benzylbenzaniidine and N-benzyl-N'- 
methylbenzamidine are not5. 

In the remaitidcr of this section, experimental observations relevant 
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to aniidine hydrolysis reactions are discussed first, and then the most 
probable mechanisms of these reactions are considered. 

B. Kinetics of Hydrolysis of Acyclic Amidines 
An investigation of the hydrolysis of N,N’-diphenylformamidine in 

aqueous dioxane buffer solutions was the first kinetic study of arnidine 
hydrolysis (Equation (3), X = H) 6. 

H 3 0  +, HA 
XCGH~NH-CH=N-CGH~X + H2O 

(1 1 XC6H4NHp + XCsH4NHCHO (3) 

The reaction is general acid-base catalysed. Reaction rate is insensitive 
to the ionic strength of the reaction solution, but varies with solvent 
composition, passing through a maximum a t  about 35% dioxane in acetate 
buffers. The following rate law was derived from the kinetic data : 

where K,, is the basicity constant ( 1  /&) of the aniidine (the first term on 
the right side of this equation represents the fraction of the amidine which 
is present as the free base). Hydrolysis rates in p-nitrophenol buffers, in 
which the amidine is present largely as the free base, pcrmitted evaluation 
of k,, and Kb in 30.7% dioxane a t  35°C: k, ,  = 230 and Kb = 1.4 x lo6. 
k,,,  (buffer acid catalytic coefficients) were 1.3 x 1 mol-l sec-l for 
acetic acid and 1.6 x 11nol-l sec-l for p-nitrophenol. A Broensted 
catalysis law plot7 of klIA vs KHA for the hydrolysis reaction under these 
conditions has a slope CL = 0-6 (/3 N 0.4). Buffer catalysis is also exhibited 
in hydrolysis of N,N’-di-rwchlorophenylforniamidine i n  20% dioxane 
acetate, chloroacetate, and dichloroacetate buffers at 25°C. For this 
reaction the Broensted catalysis law CL v 0.7 O. 

In dilute solutions of mineral acids, the general rate equation simplifies 
to : 

As predicted by this equation, hydrolysis rate was found to be independent 
of hydrochloric acid concentration i n  dilute hydrochloric acid solutions. 

The fact that N,N’-diarylformamidines arc considerably more reactive 
than homologous N,N‘-diarylaniidines makes possible kinetic studies 
under experimentally convenient reaction conditions. For this reason, 
/V,~’-diarylformaiiiidines were selected as substrates for studies of the 
dependence of hydrolysis rate on pH, temperature, solvent polarity, water 
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activity, and aryl substituents. In  aqueous 20% dioxane solutions 0.415 N 
in hydrochloric acid, hydrolysis of N,N’-diarylformamidines is strongly 
accelerated by electron-withdrawing aryl substituents ’. Plots of k,,, vs 
Hanimett’s o-constants for the aryl substituentsg yielded straight lines of 
slope p = 3.6-3.8 in the temperature range 25-55°C: 

log k,,, = log k ,  + po 

where log k ,  = -4.46 and p = 3.64 at 25-0”C; log k, = -3.79 and p = 
3.78 at 39.7”C; and log ko = -3.24 and p = 3.63 at  5406°C. The p-values 
for these reactions are unusually largelo. 

Ortho substituents appear to exert little steric effect on reactivity, since 
N,N’-di-o-chloroplienylfornianiidine is more than three times as reactive 
as the di-m-chlorophenylformamidine. 

Energies and entropies of activation dcrived from rates of hydrolysis 
of N,N’-diarylformamidines in 20”/;, dioxane-0.415 N-HCI at several 
temperatures show that the effects of aryl substituents on reactivity are 
largely due to their influence on  activation energies. Entropies of activation 
ranged between - 19 and -25 e.u., and showed no systematic variation 
with the nature of the aryl substituent. In contrast, energies of activation 
diminished steadily with increasing electron-withdrawing power of the 
aryl substituent. (For hydrolysis of N,N‘-diphenylformaniidine i n  20% 
dioxane, 0.415 ‘N-HCI, E, = 18.4 kcal/niol and AS2 = - 19 e.u.; for 
N, N’-di-ni-chloro phen y If0 rm a ni id i ne hydrolysis, E, = 1 6-4 kcal/mol and 
AS* = -20e.u.) 

I n  0-41 5 N-HCI, the rate of hydrolysis of N,N’-di-m-chlorophenyl- 
formainidine in aqueous dioxane solutions was found to  go through a 
maximum at about GOO/, dioxane. 

In dilute acid solutions, the rate of hydrolysis of N,N’-diphenylform- 
amidine is nearly independent of acid concentration. 1 n more concentrated 
acid solutions. hydrolysis rate diminishes rapidly with increasing acidity. 
For hydrolysis of N,N‘-diphenylformamidine in aqueous hydrochloric acid 
a t  25”C, the following rate law is followed approximately: 

k c x p  = C [ b O  + l~,I,o/ho 7 

where aH2,, is the thermodynamic activity of water, h, is Haniniett’s acidity 
function, and C = 2.5 x lo-”  1 niol-l sec-l. The rate of hydrolysis of 
N,N’-di-n~-chlorophenylfor~na~nidine at 25°C exhibited a similar sharp 
decrease with increasing acidity in aqueous 40% dioxane percliloric acid 
solutions. 

The kinetics of hydrolysis of N,N‘-diarylformamidines in alkaline 
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aqueous 20% dioxane solutions are coniplexll. The influence of hydroxide 
ion concentration on hydrolysis rate depends on the nature of the aryl 
substituent. For 1, X = H, 2- and 3-CH3, 4-CH,O and 4-NO2, the rate 
of hydrolysis is nearly independent of hydroxide ion concentration. When 
X of 1 is 3- or 4-C1, 4-Br or 3-NO2, there is a pronounced increase in 
hydrolysis rate with incrcasing hydroxide ion concentration. 

In aqueous alkaline 40% dioxane solutions, hydrolysis of 1, X = 2-, 
3- or 4-C1, 4-Br, or 3-C2H50, involves two competing reactions, one 
independent of hydroxide ion concentration, and one whose rate increases 
with increasing hydroxide ion concentration. Graphs of Ic,,, vs [OH-] 
are concave downward for X = halogen. Slopes of these plots a t  [OH-] = 
0 show that rates of the hydroxide ion-catalysed reaction increase as X of 
1 vzries in the order X = 3-C2H50, 4-C1, 4-Br. 2-C1, 3-C1, 3-NO2. Rates 
extrapolated to zero hydroxide ion concentration show that the uncatalysed 
hydrolysis rates for 1, X = H, 4-C2H50, 4-CH3 and 3-CH, are practically 
the same, while the uncatalysed rates for 1, X = 3-C&0, 3- and 4-C1, 
and 4-Br decrease as Hammett's a-constants of X increase. The slopes 
of a Hammett plot of log k ,  vs u (k,, is the uncatalysed hydrolysis rate) 
are concave downward, with the slope varying from 0 to -3 .  This curva- 
ture indicates a change in the rate-limiting step of the reaction, since 
hydrolysis by two competing mechanisms would result in upward, rather 
than downward curvature of the Hammett plot. 

The curvature of the k,,, vs [OH-] plots for hydrolysis of diaryl- 
formamidines having electron-withdrawing aryl substituents is under- 
standable if the aniidines are in equilibrium with unreactive conjugate 
bases (equation 4): 

K 
1 4- OH-  -----L? (Ar-N.=CH-N-Ar)- + H 2 0  (4) 

The equilibrium constants for this dissociation can be evaluated spectro- 
photometrically. In aqueous 40% diozane a t  25°C K = 65 when Ar = 
4-N02C6H4; K = 1-48 when Ar = 3-NOzCGH4; and K = 3.02 when 
Ar = 3,4-C12C6H3. 

Hydrolysis of 1, X = 4-NO2, in aqueous 20% dioxane, 0.2 N-NaOH at 
25"C, is somewhat faster in ordinary water than in deuterium oxide: 
kHZOJkDZO = 1-33. 

Effects of acyl substituents on rates of amidine hydrolysis have not 
been extensively investigated. N,N'-Diarylacetaniidines hydrolyse less 
than a thousandth as fast as the corresponding diarylformamidines in 
acidic aqueous 20% dioxane 12. This is in sharp contrast to acid-catalysed 
ester hydrolysis : acetate esters undergo acid-catalysed hydrolysis about 
a twentieth as fast as formate esters 13. 
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The very great sensitivity of acid hydrolysis of aniidines to  alkyl sub- 
stitution a t  the acyl carbon is due to the fact that aniidines are much 
stronger bases than carboxylate esters. Only a minute fraction of an ester 
is present as the conjugate acid in dilute solutions of strong acids. Replace- 
ment of the acyl-H of a formate ester with CH, should increase the equilib- 
rium concentration of the conjugate acid of the ester, while simultaneously 
decreasing its susceptibility to nucleophilic attack by water. For acid- 
catalysed ester hydrolysis, these opposing substituent effects tend to cancel 
each other. The opposite effects of acyl substituents on basicity of car- 
boxylate esters and hydrolytic reactivity of their conjugate acids accounts 
for the fact that Hammett’s p for acid hydrolysis of ethyl benzoates is 
approximately zero (see ref. 9, p. 19 I). 

Amidines are much stronger bases than esters, and are present almost 
entirely as amidinium ions in dilute solutions of strong acids. Therefore, 
the most important effect of the acetaniidine C-methyl group is its in- 
fluence on the susceptibility of the amidinium ion to hydrolysis. Since both 
the polar and steric effects of the acyl methyl substituent decrease hydro- 
lytic reactivity, it is not surprising that diarylacetamidines hydrolyse so 
much more slowly than diarylformamidines. 

Aryl substituent effects on N ,  N‘-diarylacetamidine hydrolysis and 
N,N‘-diarylformamidine hydrolysis are similar. For reaction ( 5 )  in 
aqueous 20% dioxane, 0.415 N-HC1 at 86°C and 100°C, p 2: 3.1. 

(XC6H4NH LI-IC(CH3)-NHC6H,J)+ + H 2 0  
XC6H4NH: + XC6H4NHCOCH3 (5) 

Within experimental error, the entropies of activation for hydrolysis of 
N,N’-diarylacetamidines and N,N‘-diarylformamidines are the same 
(AS* 21 -22 e.u.). The energies of activation for N,N’-diarylacetarnidine 
hydrolysis are about 4 kcal/mol larger than for hydrolysis of the cor- 
responding formamidines. Thus, the effect of the acyl methyl substituent 
of acetamidines is reflected in E, rather than in AS*. 

The rates of diarylacetamidine hydrolyses, like those of diarylform- 
amidine hydrolyses, decrease as thc acidity of the reaction medium is 
increased. 

Two less detailed studies of amidine hydrolysis kinetics have been 
reported. Gould and Jarneson found that mandelamidine and a-sub- 
stituted mandelamidines (2, R = H, CH,, C,H,) are quite stable in acidic 

N H  

NH2 

/ 
\ 

C ~ H S C R  (OH)-c 

(2) 



8. Kinetics and mechanisms of rcactions of amidines 355 

solution, but hydrolyse in alkaline solutions at  rates which are propor- 
tional to hydroxide ion concentration. The specific rates for the hydroxide 
ion catalysed reaction at  25°C are 1.8 x 1 m0l-l  sec-1 when R = H, 
8.4 x 1 mo1-l sec-' when R = CH3, and 8.5 x 10-5 1 mol-1 sec-1 
when R = C2H,. The effccts of cesubstituents on reactivity closely 
parallel substituent cffects on alkaline hydrolysis of carboxamides, and 
are probably steric in origin. 

Holy and Zenilicka studied the kinetics of hydrolysis of the N-dimethyl- 
aminomethylene nucleosides 3-5 15. These compounds are of interest 

N=CH N (CH,), N=CHN (CH,), 

N$ @\ N . . 5 N  A ' Ny 
I (CH3),NCH=N N I 
R 

0 AN 
R 

(3) (4) (5) 
( R  = ribofuranosyl and 2-deoxyribofuranosyl) 

because the amino-protecting N-dimethylaminomethylene group is easily 
introduced by treating the nucleosides with N.N-diniethylformamide 
acetals16, and can be removed by hydrolysis under mild acidic or alkaline 
reaction conditions. The N-dimethylaminomethylene groups of form- 
amidines 3-5 are hydrolysed to N-formyl groups at pH 5-8. The protecting 
dimethylaminomethylene groups are completely removed by allowing the 
amidines to stand in aqueous 10% acetic acid for several hours at room 
temperature. Rates of hydrolysis of 3-5 were found to pass through 
minima at pH 6-8. At  20°C and pH 4, the riboside derivatives are slightly 
more reactive than the deoxyriboside derivatives. Half-lives for hydrolysis 
of the various formamidines under these reaction conditions ranged 
from 6-120 h. Energies of activation varied with pH, but generally were in 
the rangc 10-20 kcal/niol. The pH-rate profiles obtained in this study are 
only approximate, since the observed hydrolysis rates were not corrected 
for buffer catalysis. 

Alkaline hydrolysis of N, N'-disubstituted amidines is complicated by 
the existence of pH-dependent equilibria between the free amidines, their 
conjugate acids, and their conjugate bases. The amidinium ions are the 
more interesting of these three species, since they are implicated as inter- 
mediates under both acidic and alkaline conditions. For this reason, 
DeWolfe and Cheng studied the kinetics of hydrolysis of a series of N,N'- 
dimethyl-N, N'-diphenylamidinium ions, 6 17. These tetrasubstituted 
amidinium ions are isoelectronic with the conjugate acids of N,N'- 
disubstituted amidines, but possess no acidic proton. Their hydrolysis 
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thus permits the study of solvent, salt, substituent and pH effects on 
amidinium ion hydrolysis under alkaline conditions. 

In aqueous solutions a t  30°C, hydrolysis of the formaniidinium and 
benzamidiniurn salts (6, R = H, C,H,) is approximately first order in 
hydroxide ion concentration in the p H  range 8-14. The rate of hydrolysis 
of the acetamidinium ion (6, R = CH,) levels off at  high pH, possibly due 
to reversible formation of the ketene aminal, CH2=C[N(CH3)C6H5]2. 
(This ketene aminal is a known compound18; its hydrolytic behaviour 
apparently has not been studied.) 

The hydrolysis of these amidinium cations is generally based-catalysed 
in carbonate, butylamine and borate buffers, with Broensted catalysis law 
/3-values of approximately 0.4. The hydroxide ion and butylamine catalysed 
reactions have substantial negative entropies of activation. The energies 
of activation for the hydroxide ion catalysed hydrolysis of 6 increase in 
the order R = CH3 < H < C6H,. Hydrolysis of the forrnamidinium 
salt has a substantially less negative entropy of activation (AS*  = - 8 e.u.) 
than hydrolysis of the acetamidinium salt (AS* = - 23 e.u.) or the benzami- 
dinium salt (AS* = - 13 e.u.). For all of the catalysts used, the formami- 
dinium salt is about 100 times as reactive as the acetamidinium salt, which is 
3 4  times as reactive as the benzamidinium salt. Hydrolysis of the acet- 
amidinium and benzamidinium salts is insensitive to the ionic strength of 
the reaction solution. 

For hydrolysis of 6, R = X-C6H4, in aqueous butylamine buffers a t  
30°C, a linear Harnmett plot is obtained with p = 1.6. The linearity of this 
plot indicates that electron-donating substituents such as p-CH, and 
p-CH,O do not significantly stabilize 6 by resonance, probably due to 
steric hindrance to coplanarity of the acyl substituent and the phenyl- 
methylamino groups. 

l h e  hydroxide-ion-catalysed hydrolysis of 6 is somewhat faster in 
deuterium oxide than in ordinary water: k,,, ,,/k,,, ,, = 0.79 when R = 

CH,, and 0.56 when R = C,H,. 

C. Kinetics of Hydrolysis of Imidazolines and Imidazolinium Ions 
The chemical properties of heterocyclic amidines are similar to those 

of the acyclic amidines. The only group of heterocyclic amidines whose 
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hydrolysis kinetics have been studied are the imidazolines, 7. Several 
studies of hydrolyses of imidazoliniuni ions, 8, have also been reported. 

R’ 

R 2 R 3  [ )>R R3R4 [ jFR 
R4R5 R5R6 

I R Z  

(7 )  (8 )  

R‘ 

As in the preceding section, hydrolysis reactions of the amidines 7 are 
considered first, followed by a review of hydrolysis reactions of the 
amidinium ions 8. 

Martin and Parcel1 briefly examined the hydrolysis of 2-methyl- 
imidazoline (9)19. This compound is relatively stable in acidic and neutral 
solutions, and hydrolyses a t  a significant rate only at  high pH: 

’ [:>CH, f H,O A OH - H2NCHzCHzNHCOCH3 

(9) 
H 

In alkaline solutions the reaction followed the rate law: 

where K, is the dissociation constant of the conjugate acid of 9, and K, 
is the autoprotolysis constant of water. This dependence of rate on  
hydroxide ion concentration suggests that the rate limiting step of the 
reaction involves addition of hydroxide ion to the 2-niethylimidazolinium 
ion. 

Harnsberger and Riebsomer studied the alkaline hydrolysis of 1,2- 

OH- 
[)-R + HzO A RCONHCH2CH2NHR’ (7) 

I 
I 

R’ 

disubstituted imidazolines20.21. A detailed study of the effects of pH and 
ionic strength on hydrolysis of 1-(2-hydrortyethyl)-2-pentylimidazoline 
(equation (7), R = C5Hll, R‘ = CH2CH20H)2L revealed that sodium 
perchlorate exerts a strong inhibitory effect on hydrolysis rate a t  pH 11.4, 
but not at pH 13.7. The rate-pH profile for this reaction was determined 
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in aqueous 1 M-N~CIO, solutions at 25*6"C, in which salt effects should be 
approximately constant. Hydrolysis rate is approximately first order in 
hydroxide ion below pH 13, and becomes independent of pH above pH 13. 
The authors derived a rate law to account for the observed pH-rate 
profile, which was based on a mechanism which they realized is incom- 
patible with their spectrophotometric data. Actually, this reaction, like 
2-methylimidazoline hydrolysis, is adequately described by the rate law 
of equation (6). 

The energy of activation of this reaction is pH-dependent: a t  pH 12-45, 
E, = 16.7 kcal/mol, while at  pH 11 -5, E, = 20.2 kcal/mol. 

The effect of acyl substituents on hydrolytic reactivity of l-(Zhydroxy- 
ethyl)-2-alkylimidazolines (7: R = alkyl, R' = CH,CH,OH, R2-R5 = Hj 
was determined in 95% ethanol-0.0375 M-NaOH at 70.5°C20. With the 
exception of the 2-t-butylimidazoline, the effects of 2-alkyl substituents 
on reactivity correlate reasonably well with the Taft polar and steric 
parameters of the substituents". The reaction constant, p *, derived from 
the relationship p*o*  = log(k/k,) - ESz3 is approximately 4.0. The 
2-t-butylimidazoline is less reactive by a power of 10 than predicted from 
the Taft equation. 

Hydrolytic reactivities of a series of I-alkyl-2-pentylimidazolines (7, 
R = C5Hll, R1 = H or alkyl, R2--R5 = H) were also determined under 
these reaction conditions. Interestingly, the iniidazoline having no N- 
substituent is less reactive than the N-methyl derivative by nearly a factor 
of 10. The compounds 7 having N-alkyl substituents diminished in 
reactivity in the order: R1 = CH, > C,H, > (CH,)2CH. The N-2- 
hydroxyethyl derivative is more than twice as reactive as the N-ethyl 
derivative. 1 -Isopropyl-2-pentyl-4,4-dimethylimidazoline (7, R = C,Hl1, 
R1 = (CH3)2CH, R2 = CH,, R" = R' = H) undergoes alkaline hy- 
drolysis at less than a thousandth the rate of hydrolysis of the 1,2-di- 
substituted imidazolines. These imidazolines hydrolyse only very slowly 
in acidic solutions. 

The kinetics of alkaline hydrolysis of a series of 1 -(3-silylpropyl)-2- 
imidazolines (10, R = C3H7, (CH3)3Si(CH2)3, (CH30)(CH,)2SiCH2CH- 
(CH3)CH2, (CH,0),(CH,)SiCH2CH(CH3)CH2, and (CH30)3SiCH,CH- 
(CH,)CH,) were described by Saam and Bank 24 : 

O H -  
[)-H + H,O - RNHCH,CH,NHCHO + H2NCH2CH,NRCHO 

I 

R (10) 
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The methoxysilyl derivatives hydrolyse almost instantly to silanols or 
siloxanes under the reaction conditions used, and it is these derivatives 
whose hydrolysis was actually followed. 10 did not hydrolyse appreciably 
i i l  acidic solution. In basic solutions (aqueous 1% isopropyl alcohol) the 
rate of hydrolysis increases with increasing hydroxide ion concentration, 
and is independent of phosphate buffer concentration a t  constant pH. 
For all of the imidazolines studied except the 3-trimethoxysilyl-2-methyl- 
propyl derivative (10, R = (CH,O),SiCH,CH(CH,)CH,), hydrolysis 
rates level off as the hydroxide ion concentration increases, and the ob- 
served rate constants are described by rate law (6). 

Hydrolysis of the silanol derived from the 3-trimethoxysilyl compound 
followed a different rate law: 

k , [OH-]  + k,[OH-I2 
k'xp = 1 + (K,/Kw)[OH-] 

A possible explanation for the second-order dependence of hydrolysis 
rate on hydroxide ion concentration for this compound is discussed in the 
next section. 

The hydrolysis of imidazolinium cations has received much more 
attention than hydrolysis of uncharged imidazolines. This is in part due 
to the use of N,N-disubstituted imidazolinium cations as model systems 
in studies of the chemistry of 5,lO-methenyltetrahydrofolic acid, 11, and 
its hydrolysis product, 12, important formate-carrying c o f a c t o r ~ ~ ~ .  

H C0; 
(11) 

The structure of this complex imidazolinium ion was first established 
by Shive and co-workers26. 

11 is stable in acidic solutions, but hydrolyses reversibly to N-10- 
formyltetrahydrofolic acid, 12, in alkaline solutions. N-lO-Formyltetra- 
hydrofolic acid is the kinetically controlled hydrolysis product. I f  12 is 
heated, or if the hydrolysis reaction mixture is heated or allowed to stand 
for long periods of time, iV-5-forn1yltetrahydrofolic acid, 13 is obtained. 

Shive and co-workers2G showed that the hydrolysis of 11 to 12 is base- 
crita!+i.C. and  !hat 12 reverts to 11 in acidic solutions. Tabor and Wynd- 
g:jrcien' dcinonstratcd that both 12 and 13 are converted to 11 in acidic 
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COzH 

solutions, and that at pH 5.7 the equilibrium constant for the reaction 
12 + H +  + 11 + H,O is K 2: 4 x lo7. They also reported that the half- 
life of 11 i n  maleate buffers at  pH 6.8 is approximately 50 minutes. 

Hartman and BuchananZ8 found that at p H  7.4 the rate of hydrolysis 
of 11 to 12 depends on the nature of the buffer base. The reaction is fastest 
in phosphate buffers, slowest in tris buffers. and occurs at an intermediate 
rate in maleate buffers (the observed rates a t  27°C were approximately 
5 x sec-l in the phosphate buffer, 2.3 x sec-l in the tris 
buffer and 4.1 x sec-l in the inaleate buffer). 

Kay and co-workers measured the equilibrium constants for the acid- 
catalysed cyclization of 12 and 13 to l12g .  These authors reported that 
for the reaction 12 + H +  z 11 + HzO, K = 9 x lo", while for 13 + 
H +  z 11 -I- H 2 0 ,  K = 6.5 x lo2. 

11 is a rather complex molecule, but its hydrolytic reactions are closely 
paralleled by those of 1,3-diaryliniidazolinium salts. Such salts have been 
used as model compounds to gain insight into the reactions of 11. Shive 
and co-workersZ6, for example, made a qualitative study of the effect of 
pH on the rate of hydrolysis of 1,3-diphcnylimidazoliniuin chloride, 14: 

K 
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14 is symmetrically substituted, and can yield only one hydrolysis product. 
The hydrolysis of 14 is general base-catalysed in phosphate buffers. 
Spectrophotometric data showed that the equilibrium constant for re- 
action (8) is approximately 1.4 x lo-’. Jaenicke and Brode30 also found 
that 1 -formyl- I ,3-diarylethylenediamines are nearly completely con- 
verted to I ,3-diarylimidazolinium ions in acidic solutions. The fact that 
forniylethylenediamines cyclize almost completely to imidazolines in 
acidic solutions explains earlier reports that imidazolines appear to be 
inert in acidic solutions. 

Robinson and Jencks thoroughly investigated the kinetics of hydrolysis 
of 1,3-diphenylimidazoliniurn chloride (14) to l-formyl-l,3-diphenylethy- 
lenediamine, 15, and the reverse of this reaction, cyclization of 15 to 14 
[equation (8)l”~””. They found that K for reaction (8) a t  seven different 
values of pH averages to 1.14 x M - ~ .  Hydroxide-ion-catalysed 
hydrolysis of 14 follows the rate law: 

kcxp = k0 + k z a O H  + k3a0HZ, 

where aoII is the thermodynamic activity of hydroxide ion. Above pH 10, 
the term which is second order in hydroxide ion accounls for most of the 
reaction. 

Hydrolysis of 14 exhibits buffer catalysis. The buffer catalysis increases 
with increasing pH, indicating that the buffer bases are the effective 
catalysts. The rate law followed by the buffer-catalysed portion of the 
reaction is : 

where B represents the buffer base. The Broensted catalysis law p-value 
for the k3[B][OH-] term of equation (9) is 0.26, while the ,&value for the 
k,[B] term is 0.44. 

The rate law for cyclization of 15 to 14 in acidic solutions is: 

[15] ( k H +  aH+ f ~HA[HAI)  
k e x p  = [15] + [15.H+] 

This reaction is general acid-catalysed, since the catalytic effectiveness 
of formate buffers increases with decreasing pH, and since acetate buffers 
are catalytically less effective than forrnate buffers. 

The general base-catalysed reaction may be subject to bifunctional 
catalysis by HP0,2- and HCO;. The catalytic effectiveness of these 
bases is 8-30 times greater than predicted from their pK values and the 
Broensted catalysis law equation for this reaction. Monofunctional 
buffer bases of diverse types, including carboxylate, hydroxide, arnines, 
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carbonate, methylphosphate, and hydrazine, are accommodated quite 
well by the Broensted catalysis law. 

In triethylenediamine buffers, the amine-catalysed portion of the re- 
action exhibits a deuterium solvent isotope effect of kH20/kDp0 = 0-6. 
This is a composite of isotope effects on the pre-equilibrium and rate- 
decermining steps, and is similar to solvent isotope effects on other general 
base-catalysed reactions. 

Above p H  11.7, the ultraviolet spectra of solutions of 14 show an  
initial rapid change, followed by a slower change as hydrolysis products 
are formed. These spectroscopic results, together with a shift from 
kinetics second order in hydroxide ion toward kinetics zero order in 
hydroxide ion at  sufficiently high pH, suggest that 14 reacts with hydroxide 
ion to form a tetrahedral intermediate, whose conjugate base undergoes 
water-catalysed conversion to the hydrolysis products. 

Robinson and Jencks also made the first detailed study of the kinetics 
of hydrolysis of 5,1 O-methenyltetrahydrofolic acid, and cyclization of the 
resulting 1 O-formyltetrahydrofolic acid (1 1 12) 34. Hydrolysis occurs 
a t  convenient rates under mildly alkaline conditions, and cyclization 
occurs in acidic solutions. 

In the p H  range 8.80-9.90, the hydroxide-ion-catalysed hydrolysis of 
11 is described by the rate law: 

where K is the equilibrium constant for: 11 + H,O* 12 + H +  ( K  = 
1.1 x in water a t  25°C). The first term on the right side of this 
equation represents the fraction: [l l] /([l l]  + [12]). 

The hydrolysis of 11 was found to be buffer catalysed, as previously 
reported 28. Slopes of plots of hydrolysis rate vs buffer concentration at  
constant p H  decrease with increasing buffer concentration. At low buffer 
concentrations, the buffer-catalysed hydrolysis rate is described by the 
rate law: 

In the pH region 7 to 10, most of the hydrolysis is accounted for by the 
second-order term. The fact that the rate law for this reaction is the same 
as that for diphenylimidazolinium chloride hydrolysis [equation (S)] 31-33 

suggests that both reactions have the same mechanism. 
5,lO-Methenyltetrahydrofolic acid (1 1) differs in two important ways 

from diphenylimidazolinium chloride (14) : the nitrogens of the imi- 
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dazolinium ring of 11 are  unsymmetrically substituted, and the imi- 
dazolinium ring of  11 is part of a fused-ring system. Benkovic and 
co-workers selected 2-aryltetrahydroimidazo [ 1,5-a]-quinazolines (16) which 
more closely approximate to the structure of mcthenyltetrahydrofolic acid 
than does diphenylimidazolinium chloride, as model compounds for 
hydrolysis 

H 
(1 6) 

Hydrolysis of 16 in buffers above pH 6 followed the rate law: 

k e x p  = ~ H , O  +  OH- QOH- + ~ B [ B I  + ~ O H - S  U O H - ~  + k B . o H -  [B]ao,- 

where B is the buffer base and aoN- = 1O-l"/aH+. 

upon reaction conditions : 
Hydrolysis product composition depends on the nature of X in 16, and 

- n +  
16 + HzO / 

H 
(1 7 )  

Under the conditions (aqueous buffers, pH 6.1-8.5) where the rate law 
applies, the 1-formylquinoxaline derivative 17 is the sole product when 
X = Cl or CH,. When X = C02C2H5, the hydrolysis products are 20% 
17 and 80% 1s. At p H  = 6, when X = C02C2H5, 18 is slowly converted 
to 17, the thermodynamically more stable product. Equilibrium constants 
were determined for the reaction: 16 + H2O= 17 + H + .  K 21 

when X = CO,C,H,. 5 x 10-5 when X = C1, and 7.8 x when 
X = CH3. For the p-carbethoxy derivative, the equilibrium constant for 
the reaction: 1 8 2  17, has a value of about 160. In the case of the p -  
carbethoxy derivative. the ratio of 17 to 18 in the hydrolysis products is 
pH-dependent. The fraction of 17 decreases with increasing pH above 
pH 6.5. 16, X = COzC2H5, is a close structural analogue of 5,lO-niethenyl- 
tetrahydrofolic acid, 11, and it is not surprising that the hydrolysis 
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kinetics of the two compounds are closely similar. The hydrolytic be- 
haviour of 16 supports the hypothesis that the principal features of 
,tetrahydrofolic acid chemistry depend on the difference in basicity between 
NC5) and NClo,, and are essentially independent of the pyrimidine ring 
and the glutamate residues. 

As pointed out in the preceding discussion, imidazolines are relatively 
inert in weakly acidic solutions, but hydrolyse to acjlethylenediamines in 
alkaline solutions. In moderately concentrated solutions of strong acids, 
however, imidazolines undergo acid-catalysed hydrolysis 36. 37. 

The rate of hydrolysis of 2-methylimidazoline in moderately con- 
centrated (2-8 M) solutions of HCI and H2S04  is roughly proportional to 
acid concentration. In sulfuric acid solutions, hydrolysis rate goes through 
a maximum at  about 10 M-H,SO,, and then decreases rapidly up to 

U p  to 12 M-IJ,,SO,, the kinetic data yield an excellent Bunnett-Olsen 
plot3* of (log k,,, + Ho) vs (Ho + log H ') with a slope q5 of 1.01. Subject 
to the limitations of comparing cationic bases with uncharged bases, this 
+-value correlates empirically with values for reactions in which water 
functions as a proton transfer agent, rather than as a nucleophilic reagent, 
in the rate-limiting step. 

The hydrolysis of 2-methylimidazoline was found to exhibit a solvent 
deuterium isotope effect of k, /k ,  = 0.71 in 4 M-H,SO,. The entropy of 
activation was -24 e.u. in 4 M-H,SO,, and -31 e.u. in 14 M-H,SO,. 

The p-value for hydrolysis of a series of in- and p-substituted 2-aryl- 
imidazolines is approximately zero in 9 M-H,SO,. 

16 M-HZSO,. 

D.  Kinetics of Hydrolysis of N,N'-Dihydroxyamidines 

dihydroxyamidines (hydroxamic acid oximes), 1939* 40. 

Armand and co-workers studied the kinetics of hydrolysis of N,N'-  

NOH 
4 

NHOH 
R C \  

(1 9) 

In acidic aqueous solutions, in which the dihydroxyamidines are 
essentially completely protonated, 19 hydrolyses to a hydroxamic acid 
and hydroxylammoniuni ion. 

NHOH 
RC?+ + HZO A RCONHOH + H,NOH+ 

Y. 
NHOH 



365 8. Kinetics and mechanisms of reactions of amidines 

The reaction is first order, and is independent of p H  and ionic strength. At 
30°C, lo6 k,,, (sec-I) are: for R = H, 115; R = CH3, 4.5; R = C2H5, 

Hydrolysis of 19 in alkaline solutions is first order in hydroxide ion up 
4.2; R = C&5,2'7; R = C ~ H ~ C H Z , ~ . ~ .  

to p H  10, above which the reaction rate levels off: 

+ 3 H,O 
HNO - 

\ 
+ R-C 

//No- NOH 
+ 2 OH-  RC 

\ 
2 RC< 

NHOH NO NH2 

The p H  dependence of reaction rate, the nature of the reaction products, 
and the insensitivity of the reaction rate to  steric substituent effects, indicate 
that the mechanism of the base-promoted reaction is fundamentally 
different from that of acid-catalysed hydrolysis. 

The mechanism of hydrolysis of N ,  N'-dihydroxyamidines in acidic 
solutions is probably essentially the same as that for acid hydrolysis of 
other amidines (see next section). The products of alkaline hydrolysis of 
these compounds, however, clearly required a mechanism which is quite 
different from alkaline hydrolysis of other amidines. Armand 39 proposed 
the following mechanism for this reaction : 

NHOH NH 
- H20 / // - + O H -  

N=O 
RC\ 

RC\ 

19 + O H -  RC 
\NO - 

NO-  
//No- + RC, 

NNH II O H -  NNO - NH 
/ - H 2 0  

\ 
N=O N H 2  

O H - + 2 R C  -R-C C-R 
\ -/ 

N=N 

0 -  
I 

N=O 

The observed kinetics suggcst that the second step of this reaction scheme 
is rate-limiting. 

E .  Mechanisms of Hydrolysis of Amidines and Irnr'dazolines 
Amidines and imidazolines hydrolyse by similar mechanisms. Imi- 

dazolines differ from amidines in that their hydrolysis in acidic solutions is 
reversible, with equilibrium constants favouring the imidazoline. 
N,N,N',N'-Tetrasubstituted amidinium ions and 1,3-disubstituted imi- 
dazolinium ions also hydrolyse by similar mechanisms. 

Iniidazolines are nearly inert in acidic solutions. The SIOW hydrolysis 
which occurs under drastic conditions probably involves the irreversible 
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hydrolysis of the small amount of monoacylethylenediammonium ion in 
equilibrium with the imidazoline, Oi (possibly) hydrolysis of the dipro- 
tonated imidazoline. 

Acid hydrolysis of acyclic amidines to  carboxamides and ammonium 
ions o r  substituted ammonium ions is, in contrast, essentially irreversible 
in dilute solutions. The only amidines whose hydrolysis kinetics have been 
studied in detail are N,N‘-diarylformamidines 6* and N,N’-diarylacet- 
amidines 12. 

N,N’-Diarylformamidine hydrolysis is general base-catalysed in buffer 
solutions, with Broensted catalysis law /3-values of - 0.4. In dilute 
aqueous dioxane solutions of strong acids, the rates of hydrolysis of 
diarylformamidines are independent of hydronium ion concentration and 
ionic strength, and pass through a maximum a t  about 60% dioxane. The 
reactions have unusually large positive Hammett p-constants in dilute 
aqueous dioxane acid solutions. In 20% dioxane, 0.4 N-HCI, hydrolyses 
of diarylfoimamidines and diarylacetamidines have large negative en- 
tropies of activation (- -20 e.u.) which are nearly independent of the 
nature of both the N-aryl and the acyl substituents. The rate of hydrolysis 
of N,N’-diarylformamidines diminishes sharply with increasing acid 
concentration in perchloric and hydrochloric acid solutions when the 
acid concentration exceeds about 0.5 M. 

The kinetics of N,N‘-diarylamidine hydrolysis support a mechanism 
involving general base-catalysed breakdown of a tetrahedral hydrate of 
the conjugate acid of the amidine: 

k ,  Slow : B 

+ 
0 
II 

BH’ + RCNHAr + ArNH2 

The rate law required by this mechanism is: 

Since Kb 21 lo6, rate of hydrolysis will be independent of pH below 
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about pH 5.  The Broensted catalysis law /3-value of 0.4 requires that the 
water-catalysed reaction be faster than the hydroxide-ion-catalysed reac- 
tion below p H  6. 

This mechanism accounts for the observed buffer catalysis, alld for the 
lack of dependence of hydrolysis rate on hydrogen ion concentration in 
dilute solutions of strong acids. It also accounts for the effects of aryl 
substituents on rate, since the destabilizing electrostatic interaction of 
electron-withdrawing aryl substituents with the positively charged nitrogen 
in the tetrahedral hydrate is partially relieved by charge dispersal in the 
rate-limiting transition state. 

Salt and solvent effects on the equilibrium formation of the cationic 
hydrate and its conversion to products should be opposite in sign. Added 
electrolytes have a negligible effect on reaction rate. Hydrolysis rate is 
observed to increase somewhat with increasing dioxane concentration 
up to about 60% dioxane. This increase may be due in part to the effect 
of dioxane on water structure. 

This mechanism accounts for the large negative entropies of activation 
for diarylamidine hydrolysis, and for the sharp drop-off in rate with in- 
creasing acid concentration in moderately concentrated solutions of 
strong acids, in which water functions as the general base catalyst for the 
slow step of the reaction. Both of these observations suggest that there is 
considerable involvement of water in the rate-limiting transition state, a 
conclusion which is supported by the Bunnett (+ 7-75) and the 
Bunnett-Olsen +-value 30 ( + I .30) for N,N'-diphenylformamidine hydroly- 
sis. These values correlate empirically with values for other reactions in 
which water functions as a proton-transfer agent in the rate-limiting step. 

Kinctic experiments can reveal only the composition of the rate-limiting 
transition state of a reaction. For N,N'-diarylamidine hydrolysis, this 
transition state contains the amidine, a proton, one or more water mole- 
cules, and a general base (which may be an additional water molecule). 
The mechanism outlined above is a rcasonable route to such a transjtion 
state, but others can be imagined. Bunnett, for example, suggested that 
diarylamidine hydrolysis involves rate-limiting general base-catalysed 
nuc!eophilic attack by water on the amidinium ion". 

Hydrolysis of N,N'-diarylformarnidines in alkaline aqueous solutions 
involves two competing reactions, which are zero order and first order 
with respect to hydroxide ion. In the case of amidines with electron-with- 
drawing aryl substituents, the hydrolysis reaction is complicated by a 
parasitic side equilibrium in which the amidine is partially converted to 
an unreactive conjugate base. The hydroxide ion-catalysed reaction is 
detectable only for ainidines having electron-attracting aryl substituents 
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The general rate law for all of these reactions is: 

' ) (k + k'[OH-I), = 1 + K:[OH - ] K ,  

where KL is the acid dissociation constant of the amidine. The first term 
on the right side of this equation has values of less than unity only for 
amidines with one or more strongly electron-withdrawing aryl sub- 
stituents. The k'[OH -]  term is negligible for amidines having electron- 
releasing N-aryl substituents. For the more acidic amidines (such as 
N,N'-di-p-nitrophenylformamidine), the general rate equation simplifies 
to k,,, e k'K,IK, at sufficiently high hydroxide ion concentrations. 

The experimental results support a mechanism similar to that of diaryl- 
amidine hydrolysis in acidic solutions, except that products are formed 
from both the protonated and unprotonated tetrahedral hydrate of the 
amidine, and that the parasitic ionization influences hydrolysis rate a t  high 
pH when the amidine is sufficient!y acidic: 

HNAr K k  

'N HAr 
HC 7 

NAr 

NAr 

k 

u. HC: + + H +  

N HAr .t NHzAr 
I k I 

k - 2  1 I 

NAr 
K, + H 2 0  H-C-OH + H20  H-C-OH + OH-  H C c  

N HAr NHAr NHAr 

+ ArNH2 
do 

NHAr 
HC, 

This mechanism accounts for the observed rate law, and for the effects 
of substituents on the hydroxide-ion catalysed and the uncatalysed re- 
actions. Amidines with electron-releasing aryl substituents hydrolyse 
mostly via the k4 route. Since substituent effects on formation of the 
protonated tetrahedral intermediate and its reaction with hydroxide ion to 
form products should be opposite in sign, the mechanism accommodates 
the observed Hanimett p-value of approximately zero for diarylform- 
amidines having electron-releasing aryl substituents. 

Diarylforniamidines with electron-attracting aryl substituents hydrolyse 
by both the k ,  and k ,  pathways. The k ,  path probably predominates be- 
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cause the ArNH - leaving group is stabilized by electron-attracting sub- 
stituents. Hammett’s p for the k ,  hydrolysis of these amidines is - 3 ,  
indicating that the rate-limiting step for the uncatalysed hydrolysis of these 
amidines differs from that for the amidines with electron-releasing sub- 
stituents. Apparently for the an;idiiies with electron-attracting sub- 
stituents k4[0H-]  > / c - ~ ,  and formation of the protonated hydrate is 
rate-limiting. The  destabilizing eflect of electron-attracting substituents 
on this cationic intcrmediate would then account for the negative p-value 
for the uncatalysed reaction. 

N,N,N’N‘-Tetrasubstituted amidinium ions are isoelectronic with the 
conjugate acids of amidines, but are capable of existing in significant 
concentrations in alkaline solutions, since they h a w  no acidic proton. 
The hydrolysis of N,N‘-dimethyl-N,N’-diphenylamidinium cations 6,  
R = H and CGHs, are first order in hydroxide ion in alkaline solution, 
and arc general base-catalysed, with Broensted catalysis law p-values of 
-0.4 17. The hydroxide- and butylamine-catalysed reactions have sub- 
stantial negative entropies of activation. For N,N’-dimethyl-N,N’- 
diphenylbenzamidinium salts having substituents on the acyl phenyl 
group, Hammett’s p-constant for hydrolysis in aqueous butylaniine 
buffers is + 1.6. 

These and other experimental observations are concordant with a 
mechanism involving rate-limiting general base-catalysed hydrolysis of 
the tetrahedral hydrate of the amidiniurn ion : 

II 
RCNMeC6H5 + C,HSNHMe 

Alkaline hydrolyses of 2-substituted iniidazolines19 and 1,2-disubstituted 
imidazolines20* follow a rate law similar to that for alkaline hydrolysis 
of N ,  N’-diarylformamidines, except that uncatalysed hydrolysis is neg- 
ligible. Presumably the imidazolincs hydrolyse by the same mechanism 
as the formamidines. The only compound whose alkaline hydrolysis did 
not conform to this rate law was 1 -(3-trimethoxysilyl-2-methylpropyl)- 
imidazoline [lo, R = (CH30)3SiCH2CH(CH3)CHz)]. The rate law for hy- 
drolysis of this compound contains a term which is second order in 
hydroxide ion. This  second order term was attributed to intraniolecular 
Lewis-acid catalysis of the hydrolysis by the silanol side chain derived 
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from the trimethoxsilyIpropyl group by a rapid 

Robert H. De Wolfe 

initial hydrolysis : 

+ O H -  - 
T 

The hydrolysis of 1,3-disubstituted iniidazolinium cations has been 
extensively studied. These reactions, which yield, N,N'-disubstituted-N- 
acylethylenediamines, occur only under neutral or alkaline conditions. 
In acidic solutions hydrolysis is reversible, and the equilibria strongly 
favour the imidazolinium ions: 

R' 
0 R5 R4 
II I I  

2-C-N-CH-CH-NHR3 + H + . . - & -  . 
I 
R '  

A N '  
R4 I 

R3 

Hydrolysis is general base-catalysed in buffer solutions. Tetrahedral 
products of addition of hydroxide ion to the acyl carbons of the amidinium 
ions are usually assumed to be reactive intermediates in hydrolyses of these 
compounds. Some heterocyclic amidine hydrates are sufficiently stable to 
be isolable. Examples are I ,3-dibenzoyl-2-hydroxybenzimidazoline (20, 
R = C6H,CO) 42, 1,3-dimethyl-2-hydroxybenzitnidazoline (20, R = 
CH,) 43, and 1 -p-acetamidobenzenesulphonyl-2-methyl-2-hydroxyin~i- 
dazolidine (21) 44 .  

R 
I H 

1 
SO,C,H,NHCOCH3 I 

R 

(20) (21) 

Robinson32*33 was the first to obtain direct evidence for the inter- 
mediacy of 2-hydroxyitnidazolidines in hydrolysis reactions. 
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Above pH 11.7, changes i n  the ultraviolet absorption spectra of solu- 
tions of 1,3-diphcnylimidazolinium chloride (14) can most reasonably 
be accounted for by assuming the following hydrolysis mechanism : 

CGH5 
I 

CGH5 
I Ka 

ki - H +  O -  k,,H,O 

1 4 +  O H -  . k - i  [;x:H 7 "XH - 1 5 +  OH-  

I I 
C6H5 C6H!5 

This mechanism involves general acid-catalysed hydrolysis of the con- 
jugate base of the tetrahedral intermediate, and is kinetically indistin- 
guishable from a mechanism involving general base-catalysed hydrolysis 
of the intermediate. A t  25"C, the kinetic and spectrophotometric results 
are accommodated by this scheme if K, = 1-8 x 1O-I3, k ,  = 1.6 x 
lo4 h 1 - l  sec-', l c - l  = 250 sec-I and k ,  = 180 sec-l .  This reaction scheme 
also accounts for the fact that a t  pH 10-1 I ,  hydrolysis of 14 is nearly 
second order in hydroxide ion (due to accumulation of the intermediate) 
whereas a t  higher pH, where the tetrahedral intermediate is nearly com- 
pletely converted to its conjugate base, the kinetic order with respect to 
hydroxide ion approaches zero. 

The proposed mechanism for the hydrolysis of 14 is probably applicable 
to hydrolysis of other imidazolinium ions. The fact that the experimental 
rate law for hydrolysis of 5,IO-methenyltetrahydrofolic acid (11) is the 
same as that for the hydrolysis of 14 supports this conclusion3". 

The observed decrease in catalytic effectiveness of buffer bases with 
increasing buffer concentration a t  constant pH suggests that the rate- 
limiting step in hydrolysis of 11 shifts from breakdown of the tetrahedral 
intermediate in dilute buffers to formation of the tetrahedral intermediate 
in concentrated buffer solutions. 

The imidazolinium ring in 5,lO-methenyltetrahydrofolic acid (11) 
differs from that of 14 in an important way: the N(5) and N(,,,, positions 
of the imidazolinium ring of 11 are unsymmetrically substituted. One of 
them is incorporated into the fused pteridine ring system, and the other 
bears a p-carboxamidophenyl substituent. Cleavage of the hydroxy- 
imidazolidine ring of the tetrahedral intermediate could give two products, 
12 or 13, depending on which C-N bond of the intermediate is broken. 

Whether the product-forming step involves general base-catalysed 
hydrolysis of the 2-hydroxyiniidazolidine intermediate, or general acid- 
catalysed hydrolysis of its conjugate base, the C-N bond cleaved should 
be that joining the acyl carbon of the iniidazoline ring to the more basic 
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of the two nitrogen and this is what is observed. I n  the hydrolysis 
of 11, the formyl group in the kinetically controlled product is located on 
Nclo,, which is less basic than NC5, by about two pKunits. 

Similar results were obtained by Benkovic and co-workers 35,  who 
studied the kinetics of hydrolysis of tetrahydroimidazo[ 1,5-~]quinazolines 
(16), which are structural analogues of 5,lO-methenyltetrahydrofolic acid. 
Kinetic data indicate that these compounds hydrolyse by the same 
mechanism as 11 and 14. Of the compounds studied, only that (16, X = 
C0,C,H5) in which Nclo, differed from No, in basicity by about two p K  
units, formed appreciable amounts of the N(lo, formyl product on  hydroly- 
sis. In  the case of both 11 and 16, the thermodynamically controlled 
hydrolysis product is the N-formyl derivative in which the formyl group 
is bonded to the more basic of the two nitrogen atoms of the original 
imidazolinium ring: No, in the case of 11, and NClo, in the case of 16. 

Although imidazolinium ions are rather stable in dilute acid solutions, 
they hydrolyse in moderately concentrated solutions of strong acids. 
Watson and c o - ~ o r k e r s ~ ~ .  37 studied the hydrolysis of 2-methylimidazoline 
and a series of 2-arylimidazolines in moderately concentrated solutions of 
sulphuric and hydrochloric acid. They interpreted the dependence of 
hydrolysis rate on solvent acidity, the large negative entropies of activa- 
tion, and the negligible effect of 2-aryl substituents on reactivity in terms 
of a mechanism involving nucleophilic attack by water on the diprc. 
tonated imidazoline. As supporting evidence for this mechanism, they 
found that 2-methylimidazoline is significantly diprotonated in 100% 
sulphuric acid. 

The experimental results are rationalized equally well by a mechanism 
involving acid-catalysed hydrolysis of the small amount of monoacylethy- 
leneamnionium ion in equilibrium wi th  the imidazolinium ion, which was 
not considered by Watson and co-workers: 

H 0 
K1 II 

[ > F R  + HzO -2 RCNHCHzCH2iH, 
20 

H 
OH 
I 

2 0 +  H +  ~ K z  RC-NHCHzCH2NHi RCOzH + (CH,NH:)~ 
k3 

The rate law derived from this reaction scheme is: 
k e x p  = K1K2k3011+ffH20 2 

The effects of solvent acidity, water activity, substituents, and tempera- 
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ture on hydrolysis rate predicted by this mechanism are in excellent 
agreement with experimental observations. 

111. A M I D I N E S  A S  NUCLEOPHILES: K I N E T I C S  O F  
R E A C T I O N S  OF A M I D I N E S  AND AMlDOXlMES 

WITH ESTERS, ARYL HALIDES, AND ACID H A L I D E S  

Although N-acylation of amidines has been known for over a hundred 
years, the kinetics of these reactions have received attention only recently. 
The impetus for studying the detailed kinetics and mechanisms of amidine 
acylation stems from the fact that these reactions may conceivably involve 
the amidine as a bifunctional nucleophile. That is, the amidine amino 
group may transfer a proton to the carbonyl oxygen of the acylating agent 
a t  the same time that the imino nitrogen atom of the amidine attacks the 
carbonyl carbon. Acylation of amidines by reactive esters such as p-nitro- 
phenylacetate in non-polar solvents, by a bifunctional mechanism in 
which there is little or  no charge separation in the transition state of the 
rate-limiting step, would be reievant to the mechanism of enzyme-catalysed 
transacylation reactions. If bifunctional catalysis can be demonstrated 
in the amidine reactions, it becomes more reasonable to assume that 
biological transacylation reactions may involve bifunctionally-catalysed 
reactioas in hydrophobic regions of enzymes. 

This hypothesis was advanced by Menger", who studied the benz- 
amidinolysis and n-buiylaminolysis of p-nitrophenylacetate (PNPA). 
Menger did not actually isolate the anticipated product of the reaction, 
N-acetylbenzamidine, but noted that benzamidine is benzoylated by 
heating it with phenyl benzoate40. 

The kinetics of amidinolysis of PNPA are compatiable with a bifunc- 
tional mechanism. In chlorobenzene at  25"C, the reaction of PNPA 
with n-butylamine is third-order, first-order in PNPA and second-order 
in butylaniine. In contrast, the reaction of benzamidine with PNPA under 
the same conditions is second-order, first-order each in PNPA and benz- 
amidine. When the nucleophiles are present in concentrations of 0.0221 M, 
benzamidinolysis is 2500 times faster than butylaminolysis. I t  was esti- 
mated that benzamidine is at least 15,000 times as reactive as monomeric 
butylamine in chlorobenzcne solutions-this in spite of the fact that 
benzamidine (pK, = 11.6) is only slightly more basic than iz-butylamine 
(pK, = 10.6). An unspecified aliphatic amidine was found to be even more 
reactive than benzamidine toward PNPA. 

These kinetic results were interpreted as evidence for bifunctional 
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attack by the amidine on the aryl ester, involving a cyclic transition state 
with little charge separation : 

I 
H 

J 

The third-order kinetics observed in butylaminolysis of PNPA might be 
due to nucleophilic attack by a hydrogen-bonded dimer of the amine, or 
might be due to involvement of two amine molecules in a cyclic transition 
state involving little charge separation. The observation that addition 
of N-methylpiperidine to the n-butylaminolysis reaction mixture has little 
effect on reaction rate was interpreted as evidence for the cyclic, concerted 
mechanism, which requires a transferable proton on each of the par- 
ticipating arnine molecules. By analogy, this result was also interpreted 
as supporting evidence for the bifunctional mechanism of amidinolysis 
of PNPA. 

These conclusions were questioned by Anderson, Su, and Watson4', 
who found that the acetylation of 3,4,5,6-tetrahydropyrimidine by PNPA 
(the product, N-acetyltetrahydropyrimidine, apparently was not actually 
isolated and characterized) is first order with respect to tetrahydropyrimi- 
dine : 

H COCH, 
/ 

PNPA + CpI-i C$tl + O2NC6H4OH 

N N 
(21 ) 

Tetrahydropyriniidine, which cannot form the kind of cyclic transition 
state proposed for bifunctional reaction of benzaniidine with PNPA, is 
about 46 times as reactive as benzamidine. This clearly indicates that a 
bifunctional reaction is not necessarily the correct explanation for the 
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high reactivity of benzamidine with PNPA. Further indications are the 
facts that  1,3-diaminopro pane and N ,  N-dimet hyl- 1,3-diaminopropane, 
whose rate equations for reactions with PNPA contain terms both first- 
order and second-order in diamine, are about equally reactive. If cyclic 
transition states of the type proposed for amidiriolysis and butylaminolysis 
of PNPA were involved in these reactions, the diprimary amine would be 
expected to be much more reactive than the primary-tertiary amine. 
Further, in third-order butylaminolysis of PNPA, 1,4-diazabicyclooctane 
(an unhindered tertiary amine) was found to be a slightly more effective 
catalyst than N-butylamine itself, although it is more than 2 pK units less 
basic than butylamine. 

These observations taken together clearly rule out concerted reactions 
involving cyclic transition states as the only mechanism of aminolysis of 
PNPA in non-polar solvents such as chlorobenzene, and imply that the 
amidinolysis reaction also may occur by a non-cyclic. non-cotxerted 
mechanism. The high reactivity of amidines was attributed to high electron- 
density on the imine nitrogen, and charge dispersal in the transition state 
for formation of the tetrahedral intermediate47 : 

O H  

Biggi, Del Cima and Pietra"8*4s attempted to  resolve the question of 
the existence of bifunctional mechanisms for reactions involving amidine as 
nucleophiles by a comparative study of thc kinetics of aminolysis and 
amidinolysis of activated aryl halides in chlorobenzene solution. The 
amidine reactions apparently are the first reported examples of N-arylation 
of amidines with aryl halides. 

Nucleophilic substitution of chloride in reactions of aniines with 2,4- 
dinitrochlorobenzene is not general acid-basc catalysed, and both butyl- 
amine and  benzamidine react with this aryl halide by kinetically second 
order processes which are first order in the nucleophile. In contrast to 
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reactions of the same nucleophiles with PNPA, benzamidine is substan- 
tially less reactive than butylamine with chlorodinitrobenzene. On the 
grounds that charge dispersal into the rlmidine system in the transition 
state for the slow step of the amidinolysis reaction should facilitate aryla- 
tion as well as acylation, and that such facilitation is not observed in the 
arylation reaction, Pietra and co-workers 48 argued that transition state 
charge dispersal is not the explanation for the high reactivity of amidines 
with PNPA. This may be true, but it does not follow, as Pietra suggests, 
that the transacylation reactions are therefore bifunctional. 

Pietra and co-workers foundlg that the kinetics of aminolysis and 
amidinolysis of 4-fluoro- lY6-dinitronaphthalene (22) in chlorobenzene 

F 

resemble the kinetics of reactions of PNPA with the same nucleophiles. 
The reaction of n-butylamine with 22 is second-order in amine. The 
reaction of 22 with benzamidine is first-order in benzamidine, and, at a 
particular nucleophile concentration, benzamidinolysis is much faster 
than butylaminolysis. Since a kinetic term first-order in butylamine could 
not be detected, it is not possible to compare the reactivities of benz- 
amidine and butylamine in a mechanistically relevant way. The data are 
consistent with, but do not require, a concerted, bifunctional mechanism 
for the amidinolysis reaction. 
4-Fluoro-l,6-dinitronaphthalene reacts with benzamidine in chloro- 

benzene solution a t  84°C about 6 times as fast as 4-chloro-1,3-dinitro- 
benzene. 4-Fluoro-l,3-dinitrobenzene is several thousand times as reactive 
as the chlorodinitrobenzene. 

Yet another substrate which undergoes third-order 11-butylaminolysis 
and second-order benzamidinolysis in  chlorobenzene solutions is p-nitro- 
phen y 1 trip hen y Ime t hanesul fena t e, 23 : 

NH 
// 

(C6H5) 3C-s-o-c6H, N 0 2  4- CGH sC 
\ 

NH2 
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Benzamidine is several thousand times as reactive as butylamine with 23. 
“ 9  53 nucleophilic substitution a t  divalent 

sulfur involves backside displacement of the leaving group, with forma- 
tion of an  intermediate complex having a trivalent sulfur atom, it would 
be sterically impossible for benzamidine simultaneously to attack the sul- 
fur atom and transfer a proton to the leaving group. Therefore, a bi- 
functional mechanism seems unlikely for this amidinolysis reaction. 

In fact, it is not necessary to invoke bifunctional mechanisms for 
amidinolysis of the other substrates (PNPA, aryl fluorides) in chloroben- 
zene either. All of these amidinolysis and aniinolysis reactions involve 
reaction of the nucleophile and substrate to form intermediate complexes, 
which may either lose the nucleophile (with reversion to  starting materials) 
or the leaving group (with formation of products). Further, loss of the 
leaving group may or may not be subject to general acid-base catalysis. 
The  following reaction scheme applies t o  these reactions : 

If, as has been proposed 

ki k2 
HB + Substrate Intermediate Products (10) 

k , [HBl  k - i  

The rate law for this reaction scheme, assuming that the intermediate does 
not accumulate is: 

The observed kinetics for a particular reaction 

(1 1) 

will depend on the 
relative values of k - ,  and kz, and on whether the product-forming step is 
general acid-base catalysed. As Bunnett has pointed outs4, there are 
several variants of scheme (10) which lead to the same rate law. These 
include: reversible transformation of the intermediate complex into its 
conjugate base, followed by general acid-catalysed detachment of the 
leaving group: rate-limiting proton removal from the intermediate by 
HB, followed by rapid expulsion of the leaving group (unlikely, due to 
the exceedingly fast transfers of protons from relatively strong acids 
to  relatively strong bases); concerted proton removal and leaving-group 
departure from the intermediate; and simultaneous proton removal from 
nitrogen and proton transfer to the leaving group by HB. The first of 
these alternatives, general acid-catalysed conversion of the conjugate 
base of the intermediate to products, seems the most probable mechanism, 
although the last, simultaneous proton transfer from nitrogen and proton 
transfer to the leaving group by HB, deserves serious consideration for 
reactions in non-polar solvents. 
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Any of the variants of reaction scheme (10) adequately account for 
the kinetics of all of the aminolysis and amidinolysis reactions discussed 
above. The only reactions which involve a good leaving group are the 
aminolysis and amidinolysis reactions of 2,4-dinitrochlorobenzene. With 
this substrate, (k2 + k,[HB]) >> k - l ,  and equation ( 1  1) siniplifies to equa- 
tion ( I  2) : 

Formation of the intermediate is rate-limiting, and k,  should parallel the 
basicity of the nitrogen nucleophile. Hence, the reactions are not only 
first order in the nucleophile, but the more basic nucleophilic reagent, 
n-butylaniine, is more reactive than benzamidine. 

ln all of the other displacement reactions, the leaving group (F-  or 
ArO-)  is a poor one, and the observed kinetics depend on the facility of 
dcparture of H 3  from the intermediate. In reactions of PNPA, activated 
a r  y 1 fl u o r id es , and p i 7  i t ro p he n y 1 trip hen y lm e t h anesul fo n a t e with n- 
butylamine, the breakdown of the intermediate to products is rate limiting. 
That is, C,H9NH2 is a better leaving group than F- or ArO-, and 
k-, > k, + k3[HB]). For these reactions, equation ( 1 1 )  simplifies to 
equation (1 3) : 

(13) kiWBI(k2 + k,[HBI) kc,, = k -  1 

If k,[HB] > k,, the reactions are second order in butylamine. 
In the intermediate for amidinolysis of these same substrates, the 

positive charge developed in the amidinium portion of the intermediate 
is delocalized: 

H 
N-( su bst ra te) - 

NH, 

A; 
R-C: \;. 

This makes the amidine a poorer leaving group than the primary amine, 
which has a full positive formal charge on the amino nitrogen in the 
intermediate. For the amidinolysis reactions the intermediate-forming 
step is rate-limiting, and equation (12) is the rate-law for these reactions. 
The greater reactivity of amidines than primary amines with these sub- 
strates is understandable if (k, + k,[HB])/k-, << 1 for the aminolysis 
reactions. 

Aubort and Hudson55 studied the 0-acylation of a number of 
amidoximes (N-hydroxyamidines) by PNPA, benzoyl fluoride, and ethyl 
chloroformate : 
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NOCOR2 

+ H X  
/ 

N R‘2 
RC\  

+ R T O X  ____f 

//NOH 
\N R; 

RC 

(R = C6H5, R’ = H. C2H5 ; R = CH3, R‘ = H, C2HB ; R = R‘ = H )  

In water or aqueous acetone, these reactions follow the rate law: 

where ka and I:,, are the rate constants for acylation of the neutral and 
anionic forms of the amidoxime, KH is the equilibrium constant for pro- 
tonation of the amidoxime, and KA is its dissociation constant. The 
neutral amidoximes are 700-900 times more reactive toward ethyl chloro- 
formate and benzoyl fluoride than are aldoximes of similar basicity, but 
are only slightly more reactive toward PNPA. 

These results are accounted for by a reaction scheme which is similar 
to that proposed for amidinolysis reactions of PNPA and other substrates 
which form intermediate complexes : 

R;N 

R 

OH 

I 
k,  \ I k2 

R;N 
C-N-0-C-X A C=NOH + R2COX 

\ 

R’ R2 
/ k - 1  

NOCOR2 
+ HX 

/ 
\ 

R-C 
N R’ 

The product-forming step may involve intramolecular proton transfer 
from nitrogen to carbonyl oxygen, or preliminary hydrogen bonding 
between carbonyl oxygen and nitrogen. The amidoximes are much more 
reactive than aldoxirnes when k ,  > k - ,  (when ethyl chloroformate or 
benzoyl fluoride is the substrate), but the amidoximes and aldoximes are 
of similar reactivity when the product-forming step is rate limiting (i.e.. 
when k - ,  > k,, for PNPA). 

Arguments based on molecular orbital theorys6 have been advanced to 
support the view that the anomalous reactivity of the N-hydroxyamidines 
with certain substrates is due to intramolecular catalysis of formation of 
the intermediate complex, rather than to the operation of a so-called 
‘cc-effect’. 

Haruki, Fujii and I m 0 t 0 ~ ~  reported that amidines are effective catalysts 
for hydrolyses of a number of carboxylate esters (ethyl acetate, y-butyro- 
lactone, phenyl acetate, p-cresyl acetate, and glycidic esters). The reactions 
were followed by titrating ‘free’ amidine (i.e., amidine not hydrolyscd or 
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present as N-acylamidine or as amidinium carboxylate), so that there is 
some uncertainty regarding what reactions were followed. The initial pro- 
ducts of these reactions should be N-acylamidines, which would hydrolyse 
to amidinium carboxylates. The amidinium ions also hydrolyse to amines 
and carboxamides. In any event, formamidines appear to  be more effective 
catalysts than hydroxide ion for the hydrolysis of carboxylate esters. 
Acetamidine and benzamidine are less effective as catalysts than form- 
amidines. Glycidic esters hydrolyse in the presence of amidines to 
amidinium glycidates, without hydrolysis of the epoxide function. 

IV. CONFORMATIONAL ISOMERIZATIONS OF 
AMIDINES AND AMlDlNlUM SALTS 

A rate process which is not, strictly speaking, a chemical reaction involves 
rotation of trivalent nitrogen atoms of N,N-dimethylamidines and N,N-  
dimethylamidinium ions (24 and 25) about acyl C-N bonds. These con- 

N(CH3)2 ,N(CH3)2  A' R-C: + \;. R-C 
%R NR1R2 

(24) (25 )  

formational changes can be studied by temperature-dependent n.m.r. 
spectroscopy. At sufficiently low temperatures, rotation of the dimethyl- 
amino groups of these molecules and ions are slow, and the sjw and anti- 
methyl groups produce separate peaks of equal intensity in an n.m.r. 
spectrum. At sufficiently high temperatures, the rotation of the dimethyl- 
amino group is rapid on the n.m.r. time scale, and the dimethylamino 
group appears as a single peak. Coalescence temperatures can be used to 
calculate the free energy barrier to rotation about the C-N(CH,), or 
C=N6+ (CH,), bonds. 

Energy barriers to rotation (from which rotation rates a t  a given 
temperature can be calculated) have been reported for a number of 
a m i d i n e ~ " ~ ~ ~ , ~ ~  and amidininium i o ~ i s ~ ~ - ~ j ~ .  

Rotational barriers for simple amidines fall mostly in the range of 
12-15 kcal mol-'. The relatively large barrier to rotation about the 
C-N(CH,), bond of N,N-diethylamidines is probably due to partial 
double-bond character of this bond attributable to resonance delocaliza- 
tion of the T;-electrons of the imino C=N bond. As expected, the rotational 
barrier about the N,N-dimethyl-acyl-C bond in amidinium salts is several 
kilocalories per mole larger than the barrier for the amidines due to the 
substantially larger double bond character of the C-N bond in the 
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amidinium salts. For .  discussions of substituent and solvent effects on 
these rotational barriers, see the original publications. 

V. PYROLYSIS AND THERMAL ISOMERlZATlON 
REACTIONS OF AMIDINES 

Azobisisobutyramidines and their salts undergo thermal decomposition 
to nitrogen ammonia and organic products formed from free radicals 
and the diamidines produced by radical recombinations: 

NR 
=N-C( CH3)2-C 

\ slow 

NR 
fast 

N2 + 2 .C(CH,)2-C, @ other products 
NHR 

(R,R = H,H or-CH2-CH2-) 

The mono- and diamidinium cations undergo similar reactions. The 
kinetics of these reactions, which do  not involve the amidine or amidinium 
function in the rate-limiting steps, have been studied by Hammond and 
Neuman 65 and by Dougherty 6 G .  

The kinetics of these reactions in water, dimethylsulfoxide or dimethyl 
sulfoxide-cumene were studied spectrophotometricallyG6 or by measuring 
the rate of nitrogen evolution. For each azobisamidine, the first conjugate 
acid decomposes considerably faster than the free base, but at  about the 
same rate as the di-conjugate acid. Electrostatic effects on geminate radical 
recombinations are small for these compounds. 

Chapman studied the thermal isomerizatioii reactions of N,N,N'- 
triarylbenzamidines 67* 68 : 

These reactions were carried out by heating the melted amidines at 330"C, 
and were followed by removing samples of the reaction mixtures at inter- 
vals, determining the melting-point of the sample, and estimating its 
composition from melting-point vs composition graphs. When Ar = 
Ar' = C6H5 or p-CH&&, heating the amidine a t  330°C resulted in no 
significant melting-point lowering, which indicates that there are no side 
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reactions. When a mixture of 26, Ar = Ar’ = C6H5, and 26, Ar = Ar’= 
p-CH3CsH5, were heated together a t  330°C and the mixture then hydro- 
lysed, no C6H5NH-c6H,CH, was found in the hydrolysis products. 
This indicates that aryl migrations in the isomerization reactions are intra- 
molecular rather than intermolecular. The results of this investigation are 
summarized in Table I .  

TABLE 1. Thermal isornerizations of N,N,N’-triarylbenzamidines at 330°C 
ki 

(26 6 27) 
k - 1  

Ar Ar’ lo5 kla  lo5 k-,“ k l l k - ,  

a first-order rate constants, sec-’. 

I t  is apparent from the data in Table 1 that the rate of isomerization 
is relatively insensitive to the structure of the aryl group attached to 
the imino nitrogen of the amidine (the migration terminus). However, 
electron-withdrawing aryl substituents on the migrating aryl group sub- 
stantially increase the rate of isomerization. The presence of electron- 
withdrawing groups on the non-migrating aryl group stabilizes 27 relative 
to 26, while the presence of electron-withdrawing substituents on the 
migrating aryl group has the reverse effect. These results suggest that 
these isomerizations involve intraniolecular nucleophilic replacements, 
with intermediates resembling: 

Ar 

Ar 
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1. INTRODUCTION, NOMENCLATURE AND 
SCOPE 

Imidates (1) are esters of the hypothetical imidic acids or  iso-amides (2). 
This chapter will deal with the preparation and properties of both open 
chain and  cyclic imidates. Over the years various names have been given 

HN R' 
N R' 

0 R " 

// 

OH 
RC\ R C  \ 

(1 1 ( 2) 
to these compounds (or their thio-analogues). The most common of these 
are imino ethers, imido or imidic esters, imidoates and in the case of some 
N-substituted derivatives, alkyl isoanilides. It is proposed here that, 
except for some cyclic imidates, these compounds will be named from the 
parent imidic acids ; compound (3a) is thus called ethyl acetimidate, (3b) 
is methyl N-phenylformimidate hydrochloride and (3c) is phenyl N- 
phenylbenzthioimidate. Although the synthetically important iso-ureas 
(3d) and their thioanalogues are in fact imidates they lie outside the scope 
of this review as they belong more properly to the volume in this series 
dealing with urea derivatives. 

// 

+ 
NHPh CI -  NPh 

OCH, SPh 

4 4 PhC, 
NH 

CH,C, HC, 
OGH, 

(3a) (3b) (3c) 

'XR 

(3d) 

Cyclic imidates may be divided into three distinct groups. In the first 
of these the imidate function (-N=C-0-) lies completely within the 

ring. Examples of this class of compound include oxazolines (4a) and 
dihydro-oxazines (46). Again these compounds are more naturally dealt 

I 

R C' \\ ] 
N 

(4a) (4b) 

with in reviews of heterocyclic chemistry and  hence will not be discussed in 
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any great detail here. The other types cf cyclic imidates have either the 
oxygen function or the imino-nitrogen in an exocyclic position as in 
compounds 5a and 5b. Compound 5a is 0-methylcaprolactim and com- 
pound 5b is the 2-imine of tetrahydropyran. 

Qc, OMe 

(5a) (5b) 

Previous reviews of imidate chemistry have appeared in the literature. 
The first of these which covered the classical researches of Pinner and his 
colleagues is to be found in Pinner’s book ‘Die Imidoather und ihre 
Derivate’l. Almost 70 years were to pass before a further comprehensive 
review appeared in the names of Roger and Neilson2. The chemistry of 
lactim ethers (Sa) has recently been discussed by Glushkov and Granik3, 
and there is also a brief review4 of cyclic imidates of the type 4. Another 
review confined to imidate preparations has also recently appeared in the 
series ‘Organic Fmctional Group Preparation’. In addition short articles 
and monographs dealing with particular aspects of imidate chemistry 
have appeared at various times and reference will be made to these in the 
appropriate section of the text, e.g. under Chapman rearrangement, ortho 
ester formation etc. 

11. TAUTOMERISM 

It  has been proposed from time to time that amides may exist in part 
in the iminol form due to amide-iminol (lactam-lactim) tautomerism; 
however, all early claims to have isolated such iminol forms of simple 
amides have been discredited2. 6. 

Recently it has been suggested that amide ligands in certain complexes 
exist in the iminol form 7* e.g. spectral evidence supports related, 
protonated iminol forms for the two species 6a and 6b. In the case of the 
complex 6a, however, it should be emphasised that the amide moiety is in 
its protonated form and hence the formation of a species such as 6a does 
not prove or disprove the existence of the unprotonated iminol form of 
the amide (i.e. a free imidic acid). N.ni.r. evidence has also been put for- 
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+ 

i H z  NF 

\OH OR OH 

// 
HCBNHz SbCl, HC< SbCI, RFC\ 

3 89 

( 6 4  (6b) (7 )  
ward in support of the iminol forms of N-fluoro-perfluor~amides~, (7). 
Work on the structure and nature of the amide group has recently been 
reviewed and it is obvious that this area of chemistry still presents prob- 
lems of interpretation6. 

111. S Y N T H E S I S  

A. The Pinner Synthesis 
The pioneering work of Pinner in this field is recognised in the naming 

of the reaction involving a nitrile with an alcohol, phenol or thiol under acid 
conditions as the Pinner synthesis 1,2.8. A diluent is often employed and 
the reaction normally requires equimolar proportions of the reactants, or 
a very slight excess of the alcohol. 

NH2 CI-  

OR' 
RCN + R'OH + HCI ----+ R C< 

Three side reactions may be troublesome; of these, by far the most 
important is the action of water on the imidate salt. This necessita-tes the 
use of anhydrous reactants and diluentq, particular care having to be taken 
in the case of the lower aliphatic members. Secondly, the temperature 

+ 
NH2 CI -  0 

+ HzO + NH4CI // 
RC,OR, 

of the reaction should be controlled around 0-5°C to prevent decomposi- 
tion of the imidate salt into the amide; this reaction is discussed in greater 

.A 

detail later (see Section IV, D.). In addition, excess of alcohol over a 
prolonged period of time may cause ortho ester formation (see Section 
IV, G.) but this is the least troublesome of the three side reactions except 
possibly in the case of formimidates. 

+ 
NH2 CI-  

+ 2 R'OH A RC(OR'), + NH4CI  
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Although diluents are often employed it has been suggested that in 
some instances it is better to keep the reactants a t  0-5°C for 12-48 h before 
adding the diluent which will then cause the imidate to crystallise within 
a short period of time2.10.11. Most commonly anhydrous ether2 is 
employed as the diluent but chloroform, nitrobenzene, dioxan, diniethyl 
cellosolve and even an excess of alcoho! have been used2s5. Recent in- 
dustrial processes have made use of diethylbenzene12 and esters related 
to the imidate under synthesis13 as diluents. Benzene also appears favoured 
in some older reports2 but due to its toxicity is not now normally used. 

The vast bulk of Pinner preparations involve anhydrous hydrogen 
chloride l* 2*  but hydrogen bromide can also be used s u c c e s s f ~ l l y ~ ~ ~  15. 

In a very few instances sulphuric acid has been employed2*16. 
The Pinner synthesis can make use of a wide variety of primary or 

secondary but not tertiary alcohols. I t  is not altogether clear whether 
tertiary alcohols fail to react or in some instances give rise to unstable 

Methanol and ethanol are by far the most commonly used of 
the alcohols and it has been suggested that better yields are obtained with 
methanol than with ethanol. However, most simple alcohols2, e.g. propyl, 
iso-propyl, 17-butyl, iso-butyl, sec-butyl and benzyl alcohols as well as 
their higher homologues, e.g. octan-2-01~~, have been uscd in specific 
syntheses. More recently propargyl alcohol Is, cyclohexanol 17, and 
glycollic acid20 have been utilised as have the optically active forms of 
some secondary alcohols21* 22, e.g. butan-2-01. In addition, for nitriles 
with powerful electron-withdrawing substituents (such as trichloro- 
acetonitrile), 2,2,2-tri~hloroethanol~~* 23 and some 2-nitroalkanols 24 have 
been used in attempts to prepare stable imidate salts-the imidate salts 
of such nitriles with simple alcohols spontaneously decomposing to the 

CC13CN + EtOH + HCI - CC13CONH2 + EtCl 

amides. Phenols may successfully replace alcohols in the Pinner synthesis 
although much less work has been carried out using them1*2*5*2fr. 

Alky12*14*26*2’ or aryl thiols2* give rise in the Pinner synthesis to the 
corresponding thioimidate salts and t-butyl mercaptan is reported to have 
been converted into a thioimidate ~ a l t * ~ * ~ ~ .  

NH2 C I -  
// RCN + R’SH + HCI ---+ RC, 

SR‘ 

Glycols2 and in particular ethylene glycol, the 1,2- and 1,3-propanediols 
and 2,3-butanediols have all been converted into imidates although the 
1,2-, 1,3-, and 1,4-butanediols failed to give imidates with cyanogen 30. 
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6H2 CI- &H, CI- 
II II 2 RCN + CHzOHCHzOH RCOCHzCHzOCR 

39 1 

2,4Pentanediol condensed with acetonitrile to  give a cyclic imidate (8) 
possibly by electrophilic attack of a carbonium ion on the nitrileI6. 

+ 
( C H , ) Z C ( ~ H ) C H ~ C H ( ~ H ) ~ H ,  + H + A (CH3)zCCk!zCH(OH)CH, 

~ 1 MeCN 

Me 0 M e  

(8 )  

The Pinner synthesis utilises a wide variety of nitriles and failure has 
been noted only under two general circumstances: (a) where the nitrile is 
severely hindered, o r  (b) where the nitrile has powerful electron-withdraw- 
ing substituents. In this second case the imidate is formed but decomposes 
spontaneously to  the amide. 

I n  the aliphatic series even hydrogen c;ranide2* l2 has been converted 
into an imidate although there now exists a much more convenient 
preparation starting from formamide31. Simple aliphatic nitriles and 
dinitriles2 can be converted readily into imidates although particular 
care must be taken in these cases to  ensure anhydrous conditions. In 
addition higher homologues are known, e.g. imidates derived from 
~ a l m i t o - ~ ~  and ~ t e a r o - ~ ~  nitriles. Aldehyde and ketone cyanohydrins are 
also smoothly converted into imidates by the Pinner procedure2*10*11* 3 4 *  35. 

/&Hz CI- 
RR’C(0H)CN + EtOH + HCI - RR’C(OH)C, 

OEt 

In the case of a-aminonitriles2, however, the amino group, once pro- 
tonated, acts as an electron sink and  spontaneous decomposition of the 
imidate salt takes place giving the a - a m i n ~ a m i d e ~ ~  often in excellent 
yield and in a state of high purity. However, tosylation or acylation of the 
amino function permits the formation of stable imidate 39* 40. 

/AH, CI- 

OPr-i 
PhHC(NHTs)CN + i-PrOH + HCI A PhHC(NHTs)C, 

In the case of certain thioimidates from a-aminonitriles it has been noted 
that a secondary cyclisation reaction can take place and this appears to 
happen readily if a benzoyl group has been used to block the amino 
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/-fRR: PhCONHCRR'CN + EtSH + HCI PhC 
\ 
O-CC=NH~ CI- 

group4'. I t  has also recently been shown that p-aminopropionitrile forms 
a stable thioimidate dihydrochloride unlike g l y c i n ~ n i t r i l e ~ ~  which gives 
a stable thioimidate only when the amino group is protected from pro- 
tonation. 

Some aliphatic nitriles with unsaturated centres have been successfully 
converted into imidate salts'. 4 3 *  4 4 .  45, but in other instances addition of 

+ 

NNH2 PhCH=CHCN + MeOH + HCI - PhCH=CHC 
'OMe 

hydrogen halide across the unsaturated centre takes place along 
irnidate formation'. 46. 

L 

with 

NH2 CI-  

OEt 

// 
A CICH,CH(OAc)C, CH2=C(OAc)CN + HCI + EtOH 

AH2 CI- 

OEt 

4 
P h C r C C N  + HCI + EtOH A PhCCI=CHC, 

Steinkopf and M a l i n ~ w s k i ~ ~  found that acetonitriles substituted with 
either two or more chlorine atoms or with a nitro group tended to give 
amides under the Pinner synthesis. Free cc-aminonitriles act similarly3G 
and the author4* has noted that although mandelimidate salts derived 
from primary alcohols are stable, decomposition to mandelamide takes 
place readily when secondary alcohols are employed. Similarly, attempts 
to  convert N-cyanoamidines into imidates gave only the N-carboxamido- 
a m i d i n e ~ ~ ~ .  However, it should be noted that the base-catalysed reaction 

NCN NHCONH, CI- 

RC< + EtOH + HCI - RC< 
NHZ NH2 

of alcohols with nitriles to  form imidate bases is most successful with just 
such nitriles which contain electronegative substituents (see Section 
111. B) and hence these two processes in acid and basic media complement 
each other. 

A wide variety of aromatic nitriles has also been employed successfully 
in the Pinner synthesis'*'. The reaction appears quite gefleral except for 
certain sterically hindered nitriles. For example methyl, nitro. amino, 
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chloro and sulphonamide groups in the ortko position of benzonitrile 
prevent imidate forniation although ortho-hydroxy or alkoxy groups have 

exhibits steric hindrance to imidate formation. When two cyano-groups 
lie ortho to one another only one can be successfully converted into the 
imidate salt; the other positional isomers give d i - i r n i d a t e ~ ~ ~ , ~ ~  without 

less effect2.5.50-55. , in addition a-cyanonaphthalenc but not the $-isomer 

+ EtOH + HCI A @:liH2 CI-  

0 Et 
\ 

difficulty. I t  has proved possible however to obtain aryl imidates with 
orrlro-substituents by other routess6 even in those cases where the Pinner 
method failed completely (see Section IIT. D). 

Various heterocyclic compounds in which the cyano group is attached 
either directly to a heterocyclic nucleus or to it via an aliphatic side chain 
have also been used successfully in Pinner syntheses2* 4 5 *  57- 58* 59. Hetero- 
cyclic i ,Zdinitriles behave similarly to o-phthalonitrile yielding mono- 
imidates60. 

In certain cases where both the cyano group and the alcohol function 
are held on one nucleus and so placed that interaction can take place, a 
cyclic iniidate salt is formed2, e.g. the ester 10 must arise from the inter- 
mediate cyclic iniidate60 9. Equations (1) and (2) illustrate other similar 

HOCH2CH20CH2CH2CN + HCI 0 0 

U i H 2  CI- 

- +  
HO(CH2)nCN + HCI (CHZ), C=NH2CI- (2) 

L O '  

reactions Secondary cyclisation reactions may also occur when there 
is a suitably placed reactive functional group on one of the reactants, e.g. 
as in the case of the unsaturated 11 or in the case of the formation 

CHSCN + H OCHZCH ZC (CHj)=CH2 
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of the meso-ionic compound 12 via the double imidate synthesis6* 
illustrated in equation (3). 

i-PrOH 
NPh 

CICH2CN + PhCH 
HCI ' HNQrEhHC' (3! 

S 

NHPh 'SCH2CN 

H PhC, 

(1 2) 
Some reagents containing several cyano groups, e.g. the tetracyano 

compound 13, have been successfully converted into imidates but other 
related compounds reacted incompletely due to problems of solubility 65. 

(1 3) 

The HoeschG6 reaction is closely related to the Pinner synthesis and 
can a t  times produce imidate salts particularly when a simple phenol 
rather than a polyhydric phenol is employed (equation 4). The more 
normal product of this reaction is however an aryl ketone, (equation 5). 

( p  - N C C6H 4) 2C=C (C gH 4C N - p )  2 

i H ,  CI -  
(4) 

HCI // 
RCN + PhOH RC, 

OPh 

RCN + C,H,(OH), +&+ RCOC,H,(OH), (5) 

Although versatile in many ways, the Pinner synthesis has the limitation 
that only N-unsubstituted imidates can be formed directly by it. However, 
Borch 67 has shown recently that nitriles can react to give N-ethylimidates 
on treatment first with Et,O+BF, followed by addition of ethanol. 

+ -  + -  EtOH HN Et 

OEt 
RCN + EtSO BF, ____t R C G N E t  BF4 R C \  

B. Buse Catalysed Reactions of Nitriles wi th  Alcohols 
recently reexamined this preparative route to 

imidates confirming its usefulness in the case of nitriles with powerful 
electron-withdrawing substituents, (Table 1). The importance of this base- 
catalysed reaction (e.g. ROH/RONa at 25°C.) lies in the fact that it 

Schaefer and Peters 

TABLE 1 

Compound : C H K N  CH ZC1 CN Cg H 5CN p-OzN C6 H +CN 
Yields: very poor excellent poor excellent 
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complements the Pinner acid catalysed synthesis which yields amides 
with many such electronegatively substituted nitriles (see Section 111, A). 
I n  addition, the presence of moisture is no great drawback in this reaction 
as the products are isolated in the form of the free irnidates which are very 
much less sensitive to hydrolysis than are their salts (compare the Pinner 

MeOH dNH 
CCI,CN CCI,C, 

OMe 

synthesis). However the reaction fails, like the Pinner method, for nitriles 
which are sterically hindered and in addition for nitriles with strongly 
acidic =-hydrogen atoms, e.g. alkyl cyanoacetates 6 D .  Although the simpler 
alcohols are effective, the reaction can employ higher primary or second- 
ary alcohols6s as well as in some instances tertiary alcohols (butyl or 
aniy1)69*70, thus differing in this last respect from the Pinner method. 

I n  the aromatic series, a Hammett plot (log K vs a)  based on data for 
benzonitrile and its y-chloro and nz-nitro derivatives is believed to predict 
adequately the reactivity of the commoner substituted benzonitriles 68.  

Related s t~ id i e s~ l  in the aliphatic series have been based on the inductive 
index, I ,  of the substituent alpha to the cyano group. 

Much synthetic use has been ntade of this reaction over the last decade 
or so and it has come into prominence since the previous major review of 
this field2. Practical use has been made of the method to form perfluoro- 
alkylthioimidates 72 (14) and aryl perfluor~alkylimidates~~ (15). In the 

HNH NH - RSH RFCN PhOH RFC, RFC. 

case of such nitriles (16) with very powerful electron withdrawing sub- 
stituents, tertiary amines or alkali carbonates may be used as the base 
catalysts in place of the alkoxides 72* 73. Perfluoronitriles, however, fail to 
give imidates with tertiary alcohols73, base catalysed trimerisation of the 
nitrile ta!<ing place in preference to imidate formation. Other synthetic 

N+ ,N 
C 
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applications of this method include the formation of fibrous cellulose 
2,2,2-trichloro-acetimidates from trichloroacetonitrile and cotton cellulose 
pretreated with potassium hydroxide74, and the formation of imidates 
from trichloroacetonitrile and partially fluorinated among 
other e x a r n p l e ~ ~ ~ - ~ ~ .  A recent report draws attention to the selective 
formation of imidates from cyano groups in the a-position of a nitrogen 
heterocycle, groups in other positions failing to react-the catalyst in this 
case being a trace of sodium borohydrideal. 

Extending the pioneering work of Nef82 on the reaction of cyanogen 
with carbinols, Woodburn and his co-workers 30 showed that cyanogen 
and ethylene glycol monomethyl ether could give either a mono- or di- 
imidate depending on the catalyst employed. 

NCC(=NH)OCH,CH,OCH3 c fC(=N H) OCHZCH 20CH3] 2 

(CN), + CH30CH2CH20H 

N a  

KCN’H20 [NHZCH2CH2OC(=NH)+, - c I  [ H 0 C H C H , N H C (= N H +2 

(CN), + NH2CH2CH20H 

KCNIEtOH 

The reaction of cyanogen with e t h a n ~ l a r n i n e ~ ~  was also shown to  be de- 
pendent on the catalyst employed. 

A glycidic imidate has been shown to be one of the products of the 
reaction of a ketone with dichloroacetonitrile in the presence of iso- 
p r o p o ~ i d e ~ ~ .  

i-PrOH dNH 
R R ’ C r O  + ClzCHCN RR’C-CCIC, 

\ /  0 Pr- i  0 

R R’C( OH) CCl2CN temp. 

Another interesting sequence of base-catalysed reactions leading to 
imidate formation is to be seen in the reaction of the aldehyde 17 with 
potassium cyanide85. In DMSO the product remains as the nitrile 18, 
but in methanol it is converted into the imidate 19. 

In addition, in some instances, base catalysed secondary reactions can 
take place. One such examplea6 is the base-catalysed cyclisation reaction 
which yields the cyclic imidate 20 from the open chain imidate inter- 
mediate 21. 
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H CN 
\ /  

CH, CHO CH3\c/ C \o 

(1 7 )  H/‘\H 
(18) N H  

H \ P\ 
CH3, ?\ 

\ /  KCN 

/ \  / DMSO 
CH3 C H ~ O T S  CH3 

// 

OCHS 

C 0 
CH3/ \c /  

H/ ‘H 
(1 9 )  

CH,OH 
\ KCN 

397 

CH2CN cRfMe EtOH 
€TO - 

H 

(20)  

T h e  reaction of nitriles with alcohols in neutral solution has not been 
studied to  any extent and the reports that do exist are somewhat con- 
flicting, e.g. found that benzonitrile and ethylene glycol 
heated for several days in a sealed tube a t  an elevated temperature yielded 
the di-imidate 22, whereas heating under reflux gave rise to ester believed 

[ P h C (=N H ) 0 C H 23-2 
(22) 

PhCN + HO(CH2)20H A PhCOO(CH2)20H 

I-’ N H  

O(CH2)2OH 
L [ P K <  

(23) 

to be formed via the imidate intermediate 23. On the other hand, Brown 
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and his co-workers 72*73 have failed to observe any reaction between 
perfluoronitriles and alcohols o r  thiols in the absence of base catalysts. 

C. Reaction of Imidoyl Halides with Alkoxides and Phenoxides 
Alcohols and phenols, preferably as the alkoxides or  phenoxides, 

(or their thio analogues) react readily with imidoyl halides, chlorides o r  
bromides to give the corresponding imidates2*80*E9* 91. This synthetic 

HN R' 
N R' 

X \OR" 
RC< i- NaOR" - RC 

X = CI or Br 

method has also been utilised to give N-amino and N-aryloxy imidates 
by the use of h y d r a z i d ~ y l ~ ~ .  92 and hydroxamoyl halidesE9* 93, respectively, 

EtOH 
NNIiAr' 

Arc  RNNHAr' \ - Arc< 
Br OEt 

//NOPh NOPh 
TlOR - Arc \ 

/ 
Arc 

OR \ 
CI 

(in this latter case use being made of a thallium alkoxide). Other examples 
of compounds prepared by this procedure and in which the imidate nitro- 
gen has unusual substituents can be seen in the phosphorus  derivative^^^.^^ 
24, and the bor :ompoundS6 25 among others 07. 

NB (Me) Br 
// "PO (OR') 2 

Arc, CCI3C, 
XR' SAlkyl 

X =  S o r O  

(24) 

linidoyl fluorides have received scant attention but it has been observed 
that the action of alcoholic ammonia on the imidoyl fluoride 26 led to a 
mixture of imidate and amidine". 

NCcHii  //NC,Hll 
+ PhC\ 

// 
NH3 t PhC, 

//N CGH I 1 

OEt NH, EtOH 
PhC, 

F 

(26) 

Cyclic imidates of the lactim ether type have also been extensively 
prepared by this method3; an interesting example being the cyclisation 
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of the 4-aminocyclohexanecarboxylic acid 27 to the imidoyl chloride, 
which in turn can undergo alcoholysis to give the imidateg9 28. 

Ar COOH 0 PCI, , ___+ EtOH &.‘ 
NH, 

(27)  

Related to  the above examples but  in a special class of their own are 
the l-chloroformimidates8’~ loo which can undergo further nucleophilic 
attack with loss of halogen to  give the acetals 29. 

/ 
CIC? R”o- t R”OC, 

NR NR 

OR‘ OR‘ 

(29)  

Certain pyridine N-oxides have been reported to react with imidoyl 
halides to  yield imidates but the reaction is not claimed to be general lol* lo2. 

N Ph 

0. Conversion of Amides and Thioamides into lmidates 
The chemistry of amides103 and of thioamides104* loB has recently 

been reviewed and it will suffice here to pick out the salient points regard- 
ing the imidate formation from these compounds, in particular giving 
references to the most recent work. Thioamides can be alkylated directly 
at the sulphur atom with alkyl halides-amides do not normally undergo 
similar attack a t  oxygen. The method appears to work well with primary, 

NH 
// 

S 

NHZ 

-HI 
RC< + R’I RC\SR, 

+ 
S /NH2 C I -  

// 
PhC, + CICH,COOH - PhC, 

NH2 SCHzCOOH 
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secondary, or  tertiary thioamides 2* lo4. lo6, and also with N2-substi- 
tuted106*107 as well as with N1,N2- and N2,N2-di-substituted thiohy- 
drazides 108, Io9. 

NNHPh + EtI RC, // 
\ 

‘NHNH Ph SEt 

Dibromides, e.g. ethylene dibromide have also been employed but are 
reported to give different products (30-32) depending on the reaction 
conditions 110.111.112 

+ 
HNHZBr - 

[RCCNH S C H i  1 2 SCHzCHzBr 
RC \ 

(30) (37 1 (32) 
By contrast, amides can normally be alkylated successfully with alkyl 

halides only as their iminolate silver salts. Reactions of this type have been 
used to overcome some of the limitations of the Pinner synthesis caused by 
steric hindrance2. However, it must always be remembered that many 
imidate bases can rearrange to give N-substituted amides (see Chapman 
Rearrangement) particularly in the presence of alkyl halides, hence there 
has been, a t  times, some confusion as to whether direct N- or  0-alkylation 
was taking place. Little use appears to  have been made of this type of 

N R‘ N R‘ N R‘Et 
E t I  A / 

RC< - RC< RC 
OAg 0 Et \O 

0-alkylation of late; however, some cyclic imidates of the type 33 have 
been prepared by the fusion of a-bromo-amides-a process which involves 
direct 0-alkylation 

n+ 
Br(CHZ),,CONHR a (CH,), 

L O T = N H R  

(33) 
Ethyl c h l o r o f o r n ~ a t e ~ ~ ~  has been condensed with both 0- and S-amides 

to yield imidates and it reacts in general with S-amides but fails to  con- 
dense with aromatic 0-amides l15.  

i H E t  CI-  
4 

MeC’ + ClCOOEt - MeC, 
NHEt 

\O OEt 
+ 

NH2 JdH2 ci- 
EtC’ + ClCOOEt A EtC, 

\S OEt 
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have recently developed a valuable method 
for obtaining forinimidates using formamides and benzoyl chloride as 
starting materials. This route avoids the use of the unpleasant reagent, 
hydrogen cyanide, which is required by the Pinner process1. 

Ohme and Schmitz31* ‘16* 

NHR /&HR CI- 
HC’ + PhCOCl + R’OH - 

\O HC\OR’ 

(R’ = lower alkyl) 
Both dimethyl sulphate and more recently trialkyloxonium fluoro- 

borates have been used in the 0- o r  S-alkylation of amides and thio- 
a m i d e ~ ~ , ~ .  Io3. Although the former reagent required the use of higher 
temperatures (up to 60°C.) the reaction appears to  give exclusively 0- or 
S-alkylation provided equivalent quantities of the re- 
agents are employed, otherwise secondary products result’ 23* 12*. 

( R  = H or M e )  

Qo 0 - n N,,’;--oR 

I :  1; +’OR 
H R 

I 
H lo”- lo“- 

I 
R 

In addition t o  dialkyl sulphates, methyl fluorosulphate has also been 
employed 125 ; however, triethyloxonium fluoroborate now appears to be 
superseding the dialkyl sulphates as the reagent of c h ~ i c e ~ . ~ ~  and it has 
been used with both a r n i d e ~ l ” - l ~ ~  and  thioamides130. Imidates unobtain- 
able by the Pinner method have been synthesised by this The ad- 
vantages of triethyloxonium fluoroborate over dimethyl sulphate as a 
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reagent for imidate formation 131 in some cyclic systems is illustrated by 
equation (6). 

Me& (Et) 2 ~ E t 3 0 +  BF: M e b ( W 2  
~ 

Me2S04 

0 
I 

OEt 

I4 
OMe 

H 

A sophisticated synthetic application of this method of imidate forma- 
tion is described by H a n e s ~ i a n ~ ~ ~  who selectively removed a n  N-acetyl 
group from an amino sugar containing both N- and 0- acetyl groups. 

C H ~ O A C  

/-- 
hyd. --Y 4 NHz NH + 

/ 

EtO + BF: 

NHAc \CCH3 

AcO Q*c 
EtO 

Other reagents which have been utilised for S- o r  0-alkylation include 
diazomethane 133* 134. lS5, used to obtain imidates from substituted 
amides, thioamides and N-chloroamides (it is probable that the reaction 
is not a general one) and alkane s u l t ~ n e s ~ ~ ~ . ~ ~ ~  which react with amides 

S NPh 

NHPh SMe 

// 
RC< + CHzN2 RC, 

or thioarnides to yield imidates of the type 34. 

GH2 

S(CH2)3S03 

/----so2 // 

b0 
ArCSNHz + (CH2)3 I - Arc, 

(34) 

E. lmidates from the Reaction of Amino Compounds and Qrtho Esters 
The chemistry of carboxylic ortho acid derivatives is the subject of a 

recent book by D e W ~ l f c ' ~ *  and as this section will attempt to  indicate 
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only the broad principles involved in this mcthod of synthesis, it is sug- 
gested that the reader should refer to DeWolfe's book for a more detailed 
description of some areas of this chemistry. 

The reactions of ortho formates with aromatic priniary amines are 
mechanistically quite complex although the products, N-substituted form- 
imidates or N,N'-disubstituted formamidines can often be obtained in 
good yields and much synthetic use has been made of this reaction in recent 

HC(OR)3 + ArNH, . HC(=NAr)OR + 2 ROH 

HC(=NAr)NHAr + ROH 

(36) 

years2. 138*139.  Initially it was shown by C l a i ~ e n ~ ~ O  that the product most 
readily isolated in neutral solution was the amidine (36) but subsequent 
workers141 were able to to get good yields of imidate (35) under conditions 
of acid catalysis. Hydrochloric, sulphuric, acetic and p-toluenesulphonic 
acids have all been cmploycd successfully in this way as catalysts2. The 
mechanism of the reaction has been extensively studied by Roberts and 
his co-workcrs2* 138* 142-141, who showed conclusively that the imidate 
(35) is in fact the initial product but that in neutral solution the imidate 
very rapidly reacts with further aniine to give the a m i d i ~ ~ e l ~ ~  (36). Sup- 
port for this mechanism conies from the fact that hindered amines yield 
imidates even in the absence of no amidine apparently being 
produced. In addition, under acidic conditions, it is known that N,N'-  

+ HC(OEt), A H C \  /N@ 

Me&Bu-' OEt B u - t  

diarylformamidines react witn triethyl ortho forniate/ethanol to give 
ethyl N-arylformimidates. D ~ W o l f e ' ~ ~  has sumniarised one set of equa- 
tions for a mechanistic pathway leading to amidine and imidate products 
under differing reaction conditions but other interpretations have also 
been put f o r ~ a r d l ' ~ .  The reaction of other ortho esters (37; R = Me,Et) 

RC(OEt), + R'NH, RC(=NR')OEt 

(37) 
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with aromatic primary amines has been shown to be semitive to  the pre- 
sence of acid138*149. It  is suggested that equimolar quantities of a n  amine 
and triethyl ortho acetate in the presence of traces of acid give rise to an 
imidate (from 37; R = Me) but that two moles of amine to one of ortho 
acetate also in the presence of acid give an NJV'diarylacetamidine. 

Aliphatic primary amines fail to yield imidates with either triethyl 
ortho formate or  ortho acetate, amidines being formed under all experi- 
mental conditions inve~t iga ted '~~.  14'. On the other hand, cyclic ortho 

HC(=NCeHl 1 )  N H C6H 1 7  
H +  2 C6H11NHz 1- HC(OEt), 

esters of the type 38 react with both aliphatic and aromatic primary amines 
to give cyclic imidates (tetrahydrofuranimines, 39) 150. 

(38) (39) 

Higher ortho esters (37; R = Ph, Pr, Bu) have also been used particu- 
larly in conjunction with heterocyclic amines to give imidates 138* 151. 

A repoit by W a ~ f i ' ~ ~  that aniides (40; R = Ph, Me) react with ortho 
formates to yield N-acyl formimidates (41) must be looked upon with 
doubt in view of other more extensive ~ ~ r k ~ ~ ~ * ~ ~ ~ - ~ ~ ~  which points to 

NCOR 

OEt 
RCONH, + HC(OEt), - tic/= H C( N HCO R)3  

(40) (41 ) (42) 
structures of type 42 for the products of these reactions. 

Sulphonamides, on the other hand, are readily converted into the 
corresponding imidates2v138. 157 (43), and in addition the imidates 44 

NSOzR 
4 RS02NH2 + R'C(OEt), A R'C, 

0 Et 

(43) 
and 45 have been prepared froni cyanamide158 and p h o s p h o r a r n i d e ~ ~ ~ ~  
respectively. 

HNCN 

OR' 
RC \ 

(44) (45) 

Certain hydrazine derivatives can also react with ortho esters to yield 
imidates but the reaction is not general. For example160, phenylhydrazine 
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does not appear to  react with triethyl ortho formate under acid-free 
conditions and yields diphenylformazan (47) when acetic acid is present, 

NNHPh 

N=NPh 

// 
NNHPh 

NHNHPh 1- HC, I 
(46) (47) 

PhNHNH1 + HC(OEt), H +  HC< 

this presumably being due to the irreversible oxidation of the dihydro 
derivative 46. Other hydrazines, e.g. the 2- and 4-nitro- and 2,4-dinitro- 
phenylhydrazines are reported to yield imidates with ortho esters161 
and the hydrazine 48 was sucessfully converted into the corresponding 
imidate (49) with diethoxymethyl acetate 162. 

@h\! CH&OOCH(OEt), ~ /@J!a: 
HzNHN /NNH N 

OEt HC, 

(48) (49) 

Hydrazides and hydrazones similarly yield hydrazonate esters (50 and 
The compounds 50 and 51 51) on treatment with ortho 

are particularly useful as synthctic intermediates. 

H C' NHNH, + HC(OEt), HC /NHN\CH 

\O \O Etd 

(50)  

F. Transesterification of lmidates 
Imidates can be transesterified by heating with an alcohol of higher 

boiling point than that used in the original preparationZ.165-170. The 
reaction is best carried out in the presence of some sodium a l k o ~ i d e l ~ ~ . ~ ~ ~ .  
Thioimidates have been converted similarly into O-iniidates171. 

NPh NPh 
+ HOCH2CH2CI - HC< 

OEt OCH2CH2CI HL \  

RC(=NH)SR' + R"OH ___f RC(=NH) OR" + R'SH 
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The use of t-butanol gives rise to  compounds not  easily available by other 
routes172. 

G. Preparation of M-Substituted lmidates from Simple lmidates 
The reaction of simple imidates with the esters of amino acids, first 

investigated by was later found to be a general reaction for 
the formation of N-substituted imidates provided that one equivalent of 
acid was present2. In the absence of acid the reaction produces imidazoles. 

NCHZCOOEt HNH + // 
RC, + EtOOCCH,NH, CI-  - RC, 

0 R’ 0 R‘ 

N-CCOOR“ 
NH II II 

RC< + NCCH(NH,)COOR” - RC, ,CNH2 
N 

H 
I OR‘ 

Thioimidates, however, appear to  give imidazoles 174* 175 even in the 
presence of acid. The reactions of imidates with amino acid derivatives 
is discussed in more detail in Section IV.H.10. 

Other reactions leading to N-substituted products include the formation 
of certain herbicides (52) by the action of halogen-substituted ketones on 
imidates 176 ; 

NH N C (0 H 1 (C&) z // // 
NCC, + (CX3)2C--0 NCC, 

0 Et OEt 

(X  = Halogen) (52)  

the synthesis of imidatosilanes (54) from h a l ~ s i l a n e s ~ ~ ~  and the reaction 

Et,N 
NH 

OEt 
+ [EtOC(Me)=N],SiMe // MeC, + MeSiC13 

(54) 

of benzimidates with chlorophosphines178. 

NH Et,N //NPPhz 
+ PhC, // PhC, + Ph2PCI 

OEt OEt 

N-Hydroxy-imidates (55) undergo alkylation of the N-oxygen function 
with either halogen compounds 179* 180 or olefins 180*1p1. Activated aryl 
halides, e.g. 2,4-dinitrochlorobenzene have also been employed in this 
way lB2. 



9. Irnidates including cyclic irnidates 407 

NOCH2CHCICOOMe 
CICHzCHCICOOMe 

NOCH2CH2CHO OR' 

OR' 
CH,=CH CHO (55) 

H. Synthesis of lmidates from Unsaturated Systems 
Several unsaturated systems can be used to synthesise imidates, but 

two main methods emerge. In the first of these, an  aza-1,2-diene adds on 
an  alcohol under basic conditions to yield an  imidate2*183.184. In some 

NR' 
R,C=C=NR' + MeOH - M e O -  R2CHC, // 

'OMe 

examples of this reaction, the diene has been formed in situ, e.g. by carbene 
addition to  an i ~ o n i t r i l e ~ ~ ~  or by base catalysed elimination of hydrogen 

NC6H11 
CIZC : ROH // 

C6H11NC f C,HiiN=C=CCI2 A CHCI,C, 
OR 

cyanide from compounds of the type186* 56. 

N R' 
M e O -  4 RCH=CHCH(CN)NHR' MeOH RCH,CH,C, 

OMe (56)  

In the second of these methods, use is made of an unsaturated ether such 
as ethoxyacetylene which adds on primary amines2, or sulphonyl azides 

HNR 
EtOCGCH + RNH2 ____+ CHSC, 

OEt 

to yield imidates. This latter reaction has been studied recently by Himbert 
and RegitzLe9 who found that the products of it were the triazole 57 
and the imidate 58 which co-exist in equilibrium in certain cases. Ethoxy- 

NS02R 
N2 \c-c/ 

R ' C r C O E t  + N3S02R A E , " d T , E  / \ 
R' OEt N 

I 
S02R 

(57) (58) 

acetylene has also been used in a related reaction19o to form the novel 
imidate 59. 
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NCN 

OEt 

// 
HCECOEt i- N3CN NZCHC, 

(59) 

An example of a different nature is found in the reaction of butyl vinyl 
ether with a primary amide to give imidateslsl* ls2 of type 60. 

BuOCH=CHZ + CICH2CONH2 - CHzClC [ ': lCHMe (60)  

Certain imines (61) which can be looked on as the iniidoyl chlorides of 
chloroformic acid react with phenoxides to give iniidates ls3* ls4 and these 
reactions are of general importance for the synthesis of formimidates. 

Me,NCS2Na HNAr' HNAr' 
f Me,NCS,C Ar'N=CCI, + ArONa - CIC 

\ 
\OAr OAr 

(61 1 
Other isolated examples of the use of unsaturated reagents in imidate 

formation include the addition rcactions of isonitriles ls5 (see the following 
section), the addition of alcohols to  the fluoro-olefin ls6 62 and the oxida- 
tion Ig7* Ig8 by lead tetra-acetate (LTA) in methanol of aldehyde hydrazones. 

N C(S) OEt 
EtOH H 

(CFj)pC=CFNCS - (CF3)2CHC, 
(62) 0 Et 

NNHR 
M e O H  // 

RCH=NNHR' A RC 
LTA 

\OMe 

1. Imidates from Metal  Complexes and Organometallic Compounds 
Isonitriles have been successfully convertcd into N-substituted form- 

imidates by their interaction with alcohols in the presence of metal 
catalysts 199-201. Cuprous chloride is effective for 2,y-unsaturated alcohols 

/NCsH1l 
CUCl + C6HllNHCH0 

0 C HpCH=CHz 
HC\ 

CHp=CHCH20H i C6H11NC 

but metallic copper or the copper oxides are niore satisfactory for the 
saturated alcohols, high yields being claimed even when t-butanol was 
employed. This difference in behaviour has been rationalised in terms of 
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the ability of the various alcohols to coordinate with the catalysts2OZ. 
In the case of the reaction of thiols with is on it rile^^^^^^^^, two separate, 
competing reactions take place. Of these, the reaction leading to thio- 
imidare formation (7a) is favoured if the thiol is primary and least favoured 
if the thiol is tertiary. 

NNR 
HC, 

‘SR‘ 
RN=C=S + R‘H I (b) ~ 

RNC + R’SH- 

In addition, imidate complexes, e.g. the palladium(II) complex 63, have 
been reported from the action of methanol on palladium(Ir1) isocyanide 
complexes 205.  

Ph3P C(=N Ph)OMe 
\pd/c’l pd/ 

MeO(PhN=)C ’ CI ’ ‘PPh3 

(63) 

Nitrile complexes have also been successfully converted into imidates, 
e.g. cupric chloride in alcohol solution reacts with 2-cyanopyridine to give 
a complex identical with that obtained from the reaction of an alkyl 
pyridine-2-carboximidate and cupric chloride in hydrochloric acidzo6. 
Spectral studies suggest the structure 64 for complexes of this type which 

(64) 

unlike the parent imidates, appear quite stable to ..ydrolysis even in acid 
solution. Related pyridinecarboximidate complexes (65) have also been 
prepared 206.  

M = Co,Ni or Fe 

(65 )  

In addition, Clark and Manzer207.208 have shown that certain platinum 
and iridium complexes, e.g. compound 66, react with perfluorobenzonitrile 
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Me CI + 
(pF6) - 

/ \  
OC 1 Q Q\lr’ NH 1 

Q = PMezPh o r  PMe(Ph), 

in methanol to give imidate complexes. These reactions proceed via 
x-bond intermediates in which the cyano group is activated towards 
nucleophilic attack. Rhenium imidate complexes (67) have also been 
isolated from the reaction of alcohols (but not phenols) with rhenium-nitrile 
complexes209 and the complex 67 (R = Et) was found to release ethyl 

ReCI,[MeC(=NH)OR], R = M e  or Et 

(67) 

acetimidate on treatment with triphenylphosphine. 
Of a somewhat different nature are the reactions of trialkyl tin deriva- 

tives210* 211 or lead a1koxides2l2 with electronegatively substituted nitriles 
such as trichloroacetonitrile to yield imidates useful as biocides. 

p n R 3  

//NPbR3 4 

R,SnOMe + CCI,CN - CCI,C 
\ 

OMe 

NPbR, 

R,PbOMe + CCI,CN - CC1,C + CCI,C 
\ \ 

OMe OPbR, 

(68) 

The use of bis-trialkyltin oxides, (R,Sn),O, gives tin 
analogous to the lead compound 68. 

Other metal alkyls have also been utilised. Thus Tani, Yasuda and 
Araki 214 found that the interaction of trimethylaluminium with an 
equimolar quantity of benzanilide gave the complex 69 which acted as a 
highly stereospecific catalyst for the polymerisation of acetaldehyde. The 

Me,AI + PhCONHPh - [Me,AIOC(-NPh)Ph], 

(69) 

imidate structure of compound 69 has since been confirmed by X-ray 
analysis and the aldehyde adducts 70 and 71 have been similarly investi- 
gated215. 216. The species 69 and 70 were found to exist as dimers. 

[Me,AIOC(-NPh)Ph, M e C H 0 I 2  Me,AIOC(=NPh)Ph, MeCHO, AIMe, 

(70) (71 1 
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I-Phenyl- 1,2,3-triazole reacts with butyl-lithium via the intermediate 72 
to give methyl N-phenylacetimidate lE4. 

- - NNPh 
(CzC-N-Ph)(Li2)2+ + MeOH - MeC\  

(72) OMe 

The chromium complex 73 reacts with anhydrous hydroxylamine in 
ether to produce (methyl acetimidato)pentacarbonylchromium(O), existing 
in the two forms 74a and b which interconvert reversibly as the tempera- 
ture and which split off methyl acetimidate on heating to 
200°C. 

(CO) ,CrNH (CO) ,CrN H 
II 
C 

II  .OMe 
.7 
\ / \  

(CO),Cr - C  + NH2OH c +  
Me/ 'OMe M e  M e 0  M e  

(73) (74a) (74b) 

J. Preparation of Boron-lmidare Derivatives 
Several preparations of imidates involving boron intermediates or in- 

corporating boron derivatives i n  the final imidate structure have been 
reported, e.g. boron thio-ethers react with amides'l' and nitriles220 to  
form imidates. 

R'S, ,Me 
C 

C 
/ \  

R'S M e  

Iminoboranes of the type 75 have been shown to react with alkane 
thiols to give thioimidates whereas thiophenols show preference for attack 
on the boron-halogen bond 221. 

@NBMeBr / NH BMeBr,, 
CCI& \ + RSH - CCI,C, 

Br SR 
(75) 

In addition, research into high energy propellant  ingredient^'^^-^^^ has 
produced imidates of the type 76. 

H 

N--tBH2N+(Me)3 X -  X = BF.; or B9HL4 

OMe 

I 
// MeC\  

(76) 
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K. Miscellaneous Prepamtions of lrnidates 
Thion esters react with amines to yield imidatesZz5, equation (8) 

effectively iliustrating the difference in reactivity of the two ester groupings 
NR 

// 
RNHz t CH300CCH2C, C H 300 CCH ZC (=S) 0 C H 3 

'OCH, 

towards the amine. This reaction appears to be fairly general, but the 
reaction of hydrazine226 or substituted hydrazines 227 has been shown to 
give rise to different products depending on the reaction conditions em- 
ployed. 

S //"HZ 

RC \OR' 
+ NHzNHz - 

NNRR' 
4 

or HC, 
S NNRR' S 

OEt OEt NHNRR' NHNRR' 

// or HC, // HC< + H,NNRR' - HC, 

A modification of the foregoing procedure uses thio e ~ t e r ~ ~ ~ ~ * ~ ~ ~  thus 
giving thioimidates as the end products. 

Cyanic esters react with phenolates or with carbanions to yield imino 
NH 

OAr' 

4 ArOCN + Ar'ONa - ArOC\ 

(77)  

NH 

\OAr 
ArOCN + CHRR' ease RR'CHC4 

(78)  

ArOH + HC(CN)RR' +---- RR'C=C(NH2)OAr 

(79) 
R and R' = CN, COCH3, etc. 

carbonates (77) and imidates (78) r e s p e c t i ~ e l y ~ ~ ~ - ~ ~ ~ .  These latter com- 
pounds (78) can be represented by the tautomeric amino-ethylene struc- 
ture 79; however in the basic conditions employed, decomposition often 
takes place resulting in the formation of 

One or two photocheniical reactions leading to imidates are also to be 
231* 233. 
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found in the literature. Among these234 is a radical induced reaction of 
primary thiols with isonitriles ‘04 and the photoreduction of the tetra- 

NR 

SR’ 

RNC + R’SH A HC, // 

methyl-dinitrobenzene 80 which gives amine and imidate as 

Me*No2 M e  

Me 

NAr 

OEt 
Ar = 

Ether // ArN02 - ArNH2 + MeC, 

(80) 

In addition several photochemical reactions of cyclic imidates give rise 
to rearrangement products which are themselves imidates-these reactions 
are discussed in Section IVY 0. 

Thermal cycloaddition reactions of the diazo-imidate 81 have been 
investigated and the products identified as the imidate derivatives, e.g. 
82. 

C=NCN 
I 

(82) 

0 Et 

Other preparations are to be found in  the former review of imidates’. 

I I .  PROPERTIES OF IMlDATES 

A. General Properties 
The simpler imidate salts such as ethyl acetimidate hydrochloride tend 

to be hygroscopic in nature and thus hydrolyse fairly rapidly if left exposed 
to the atmosphere. Higher members, e.g. ethyl mandelimidate hydro- 
chloride (83), appear much more stable in this respect. In addition, most 
imidate salts have decomposition points rather than true melting points. 

PhCH(OH)C(=iH,&)OEt 

(83) 

Imidates are sometimes more readily handled as their bases which may 
be prepared by interaction of the salts with aqueous potassium carbonate 
or potassium or sodium hydroxide solutions’, the imidate bases being 



414 Douglas G .  Neilson 

extracted with ether. More recently, alcohol suspensions of the imidate 
salts when treated with ammonia at -20°C have been shown to give good 
yields of imidate bases (see Section IV, H, 2). The lower aliphatic imidates 
can be distilled (e.g. ethyl acetimidate has b.p. 92-95°C) o r  are low melting 
solids (e.g. ethyl mandelimidate has m.p. 71-72°C) capable of being re- 
crystallised. However, aromatic imidates tend to decompose or  rearrange 
on heating (see Section IV, D, 3). 

Tmidates are in the main weak bases although little study appears to 
have been made of their actual base strengths (see next section). 

B. syn-anti Isomerism and Imidate Conformation 
Although the evidence for the existence of geometric isomerism in 

compounds containing a carbon-nitrogen double bond has been re- 
recently (1970), little definite information was available regarding 

imidates a t  that time. More recently, n.m.r. studies have been carried out on 

F C - O M e  T C - O M e  Me, 0 
\ 

( C ~ 2 ) n  II (CH2)n II ,C=N 
\ WCH2 M e 0  R 

CH2 

syn anti anti 

(84) (85)  (86 )  

cyclic imidates and t h i o i m i d a t e ~ ~ ~ ~ .  238. Foi ring imidates of type 84 where 
n = 2 + 8 .  the steric requirements are such that the compound must 
be in the syrz form. However, spectral studies show that as the ring size 
increases, e.g. n = 9 + 13 the imidates tend to exist in the anti form 85. 
Similarities between the large ring compounds (85) and the open-chain 
analogues (86) point to these latter compounds also existing in the anti 
configuration. I t  is suggested that this is due to electron repulsion in the 
syn forms between oxygen non-bonding electrons and a lone pair localised 
in an sp2 orbital on nitrogen. Equilibration studies carried out  on the con- 
jugate acids pointed to high barriers for interconversion of the syn and 
anti forms of O - i m i d a t e ~ ~ ~ ~ .  In the case of the corresponding thioimidates ., 

R 

MeO’ 0 
/ 

C-N 
Me, @ Me\ 

\ 
,C=N 

M e 0  R 

anti SYfl 

the Coulonibic repulsion curve for sulphur/nitrogen as againsi oxygen/ 
nitrogen lone pair interaction is less steep and the activation energies for 
the interconversion of the cyclic compounds 87 and 88 are in the region of 
19-22 kcal per The foregoing results confirm arlti configurational 
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n = 8, 9, 10, 13 

(87) (88) 
assignments given previously to  imidates on the evidence of their dipole 

N-Halo-imidates have also been found to exist in syn andantiforms2* 241, 
e.g. compound 89 was a 9:1 mixture of syn:anti isomers.? In addition, it 

240. 

CI 

N 
I 

// 
Ph-C \ 

//N-cI Ph-C 
'OCH, OCH, 

SYn anti 

(89) 
has been shown that hydroxainic acids can exist in syiz and anti forms and 
the iinidate derivatives have been studied 135*23G*242. Thus the reaction 
(equation 9) led to  one single isomer which under irradiation gave both 
syiz and anti forms separable o n  silica. On the basis of Beckmann type 

(9) 
NOH 

CI SR2 
R'C, + NaSR2 ___f RIG, 

R' and R2 = M e  or Et 

reactions the initially formed product (which was the more stable one) was 
OC(=O)R' CH3, / 

C-N 
R'\ 

,C=N 
RS/ 

\ 
R2S OH 

i90) (91 1 
given the syiz structure243 (90). Related compounds (91) have been shown 
by X-ray analysis to have a similar syii-(alkylthio)-c~nfiguration~~~. 
Dipole studies 2 4 5  have also supported the syiz structure for imidates of 
this N-alkoxy type and in addition suggest that for the molecule 92 the 
methoxy group is twisted by a dihedral angle of 45" and the iso-propyl 
group twisted in the opposite sense by about 30". 

C=N 
/ \ 

M e 0  OPr- i  

(92)  

Ar\ 

i When the imidatc nitrogen carries a heteroatom substituent, the  syn-anti 
nomenclature is reversed from the previous examples. 
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The mechanism of syn-anri isomerisation in imines is still obscure and 
it may be explained by (a) an inversion mechanism, (b) a torsion mechan- 
ism, or (c) a mechanism having both components. CND0/2 calculations246 
made on compounds 93 and 94 show closely related inversion barriers 
but a much lower torsional barrier for the imidic acid (94). 

H H\ / 
C=N C=N 

H\  

H 
\ 

H I  H 0' 

(93) ( 94) 

C. Spectra of lmidates 
The infrared spectra of methyl acetimidate (and its hydrochloride) 

and of methyl formimidate hydrochloride have been studied in detail 247*240, 

and comparisons made with the spectra of amide  hydrochloride^^^^. 
Methyl acetimidate shows a doublet a t  3372 and 3355 cm-l  in the vapour 
phase but a sharp singlet at 3343 cm-l  in dilute solution in carbon tetra- 

these bands being assigned to the NH group. The C=N 
stretching mode appears about 1661 c m - l  but shifts 12 cm-l  lower in 
frequency on  protonation of the nitrogen. Both studies2"* 248 point 
conclusively to structure 95 for imidate salts, there being no evidence 

+ 
N Hz N R '  

R C< R C< 
OR' OEt 

(95) (96) 

for protonation at oxygen. The frequencies of the stretching vibrations 249 

for compounds of type 96 have been shown to depend on the nature of 
R and R'. 

Measurement of the frequency and intensity of the NH bands points to  
the fact that the acidity of imidates increases in the series butyrimidate < 
benzimidate < phenylacetimidate2"0* 251. I n  addition a Hammett plot252 
based on compounds of the type 97 shows an increasing acidity for X = 
p-Me < H < m-C1 < p-NO,. Other general studies of infrared spectra 
of imidates have been carried out2, e.g. on aliphatic imidates2". 

NH 

OEt 

X-C,H,C, / 

(97) 

In a study of the electronic spectra of thioamides and their N -  and S- 
derivatives, it has been found that for methyl thioacetimidate there is a 
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~i + x* transition a t  about 240 nm, but this is shifted to about 300 nm 
for methyl N-phenylben~thioimidate"~~. 

D. Thermal Decomposition of lrnidates 

1. Unsubstituted imidate salts 
Most unsubstituted imidate hydrohalides do not have true melting 

points but rather decompose on heating with evolution of alkyl halide 
leaving a residue of amide2. 

+ 
/NH2 X -  

R C C 0  + RX 

X = F, CI, Br. 
OR NH2 

R C \  

This thermal decomposition of imidate salts has been used as a method 
for the preparation of both alkyl halides255,25G and of acid a n ~ i d e s ~ ~ .  
Alkyl thioimidate salts behave similarly, yielding thioamides. Less is 
known about imidate salts derived from phenols; however, it is reported 
that phenyl benzthioiinidate hydrochloride on pyrolysis yields its primary 
components viz. benzonitrile, thiophenol and hydrogen chloridez8. 

McElvain and Tatez57 have studied the thermal decomposition of 
several imidate salts in chloroform and in t-butanol. The rate of disap- 
pearance of halide ion was found to  follow first order kinetics. These 
results could be explained either on the basis of an  intramolecular attack 
by the halogen of a n  undissociated ion pair on the alkoxy group or, more 
probably by a bimolecular process exhibiting first order kinetics. Support 

+ 
FjH, 

- - RC, 1- C I -  HNHZCI- ., 
OR' R C  LOR' 

-> + 
p 4 2  0 

""LaR' Q- NHZ 
____f RC,< + R'CI 

for this iatter proposal came from the isolation of a sec-butyl chloride of 
high optical purity and of inverted configuration from the thermal de- 
composition of optically active sec-butyl acetimidate hydrochloridez2. 
Subsequently it was shown using trichloroacetimidate salts (which permit 
the pyrolysis reaction to be carried o u t  under very mild conditions) that 
the stereochemical course of the reaction depended mainly on  the nature 
of the asymmetric centre of the alcohol. In fact the reactionz1 was found 
to proceed with either Walden inversion (octan-2-01), racemisation (x- 
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phenylethanol), retention of configuration or Wagner-Meerwein re- 
arrangement (neopentanol). As well as hydrogen chloride, formic and 
acetic acids were used in these thermal decomposition studiesz1. 

+ 
NH2 CI-  

RC< A CzH,C(CH3)zCI + (CH3)3CCHzCI (10) 
OCHzC(CH,)3 

In addition to the rearranged products mentioned above2s2I arising 
from the neopentyl system (equation lo), imidate hydrochlorides derived 
from P-bromonitriles have been shown to give crossed products 2 5 8 ,  

(equation 11). 

// 
RCHBrCH,C, 

i H z  CI-  

OR‘ 
- 

R’CI + R’Br + RCHCICHzCONHz + RCHBrCH2CONH2. (11) 

It was pointed out in  an earlier section (ITJ, B) that iniidates with strong 
electronegativc substituents in the %-position normally tend to be un- 
stable as their salts and are better handled as the free bases. S l i ~ l ’ m a n ~ ~ ~  

(98) 

has shown that the compound 98 is stable when for example R = CCl, 
or CF3 but not when R = alkyl. Such compounds (98) also appear to be 
more stable as the hydrobromides than as the hydrochlorides. The cor- 
responding imidate salt260 derived from 2-nitro-ethanol (98, R = CHZNOz, 
X = C1) pyrolised to give both CHzClCH2NOz and CH2=CHN02. 

2. N-Substituted imidate salts 
The thermal decomposition of N-substituted imidate salts appears 

complex and has evoked little study, e.g. phenyl N-phenylbenzimidate 
hydrochloride on pyrolysis gives the imidate base (main product), N,N’-  
diphenylbenzamidine hydrochloride, phenol, phenyl benzoate, benzanilide 
and hydrogen chlorideZG1. 

N-Arylformimidates are reported to rearrange as their sulphates to 
give formyl derivatives of secondary amines 16’. 

NAr 

OEt 
HC< + HzSO, - ArNEtCHO 
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3. Unsubstituted imidate bases 
The simpler imidate bases are liquids (e.g. ethyl acetimidate, b.p. 

90-93°C) which can normally be distilled unchanged. Imidates of higher 
niolecular complexity may be solids (e.g. t-butyl trichloroacetimidate, 
m.p. 21°C). However, imidates derived from aryl systems decompose back 
to the parent nitriles and alcohols on heating2. 

___f ArCN + R’OH 
HNH 

A r c  
OR‘ 

4. N-Substituted imidate bases-the Chapman Rearrangement 
Aryl N-aryl-arylimidates (99) rearrange thermally in an  intramolecular 

manner involving a 1,3 shift of an aryl grou;> from oxygen to nitrogen2. 

(1 2 )  
0 4 

Ar’C, 
Ar’ C, HNAr2 

0 ~ r 3  NAr2Ar3 

(99) 

This reaction (equation 12) has become known as the Chapman rearrange- 
mentZ6’ (or sometimes the Chapman-Mumm rearrangement263) and is the 
subject of a comprehensive review 264. Tetraglyme (b.p. 276°C) has 
recently been suggested as the solvent of choice i n  which to  carry out the 
reaction under optimum conditions 2 6 5 ,  and extensive use of the rearrange- 
ment has been made to obtain diarylamines zGz, z64* 266.  

The unimolecular nature of the reaction, proposed by ChapmanzG7 was 
later confirmed by Wiberg and Rowland who demonstrated the absence 
of crossed products when the imidates 100 and 101 were heated t o g e t h e P .  
More recently, tracer studies on the imidate 102 and its labelled counter- 

N C6H4CI-p 
// 

PhC \ 
NPh 

/ PhC \ 
OPh OCeH4CI-p 

(1 00) (1 01 ) 

part (103) again demonstrated the intramolecular nature of this re- 
actionzGg. 

HNPh N C6H4 CH 3-p 

PhC, + // PhC \ 
OC6H46r-p OC6HqBr-p 

(1 02)  (1 03) 

The rearrangement can be looked on as involving a four-membered 
transition state (104) in which there is nucleophilic attack by nitrogen on 
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the migrating aryl group264v268. In  general, the reaction is accelerated by 
electron attracting groups on the aryloxy ring (Ar3) whereas similar elec- 
tron attracting substituents on the arylimino ring (ArZ) slow down the 
rearrangement. ortho-Substitution of the aryloxy ring (Ar3) shows en- 
hancement of reactivity over the corresponding para-substitution268 
and this has been explained in terms of a n  entropy effect-the restrictive 
nature of the ortho-substituent decreasing the entropy drop on going from 
reactant to intermediate. A recent study has shown that there is an in- 
creased rate of rearrangement for the imidates 105a + 105b + 105c 
caused by steric acceleration due to hindered rotation in keeping with 
what was stated above regarding the entropy effect. However, for com- 
pound 105d, a second factor-steric compression due to the bulky nature 
of the 1-butyl group-becomes important and  this causes a drop in rate270. 

(a) R = H, R' = H 
(b) R = H, R' = Me 
(c) R = Me, R' = Me 
(d) R = t-butyl, R' = t-butyl 

Compound  99. Ar3 = R 

('1 05) 

Substituents on the C-aryl ring (Arl) have lesser effects but act in a similar 
sense to the arylimino ring (Ar2) substituents. 

In addition to arylamines and their aroyl mentioned above, 
the reaction has been utilised to synthesise a variety of acrid one^^^^ and 
benzacridones 273,  ureas 274 (106), and also a polymeric amide275, derived 

from the imidate 107. I n  a few i r ~ s t a n c e s ~ ~ ~ ~ ~ ~ ~ ,  abnormal or  secondary 
products are produced, e.g. equation 13. 
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0 
ll 

NPh 

PhC@ - aC'r (1 3) 
'OC,H,CONH~-~ /Ph 

I 
Ph 

The rearrangement of aryl N-arylthioimidates requires higher tempera- 
tures and the products tend to be more diverse277 than in the case of the 
O-imidates and hence this reaction has aroused less interest. 

PhC, NPh h (Ph)2S + PhSH + PhCN + @'CPh / 
S SPh 

In  addition to the foregoing reactions, related rearrangements can 
occur with 0-alkyl and 0-ally1 i r n i d a t e ~ ~ ~ ~  and these a t  times have been 
grouped with the Chapman rearrangement'. 279, although not all workers 
would agree with this assignment as the reaction pathways are known to 
be different264. Thus, Mumm and Moller280 showed that an 0-ally1 
group migrated from oxygen to nitrogen with inversion of the ally1 group- 
probably through a six-membered Claisen-like transition state (108). 
Hence in the rearrangement of the tritium labelled compound 109, all the 

NAr 

OCH2CH=CHCH, ~ iArN-..&CH 

// Arc, 

H,C' 'H ArC(=O) NArCH (CH,) CH=CH2 
(1 08) 

activity can be accounted for by stepwise degradation of the product 110 
to  formaldehyde2", thus confirming the above inversion mechanism. 

NPh 
A 

PhC(=O) N (Ph)CH,CH=CHT 
// 

PhC, 
OCHTC H=CH2 

(1 09) (1 10)  

The course of 0-alkyl imidate rearrangements depends on  the nature 
of the alkyl group and olefins are often produced (equaiion 14) via a 
unimolecular cis-process281, (although Chapman-type products are also 
knownza2; equation 15). 0-Methyl and  0-benzyl imidates which by their 

\ / 
I ArC(=O)NHAr + ,C=C, . (14) 

HNAr 
I 1  
I 1  

Arc, 
o-c-c- 
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- ArC(=O)N (Ar) CHzCHzNEtz (1 5) 
// NAr 

Arc, 
OCHzCHzNEtz 

nature cannot form olefins have been shown to rearrange in the case of 
the forniimidates, 111 and 112, via an intermolecular process to Chapman 
type products-crossed products having been observed from the 
pyrolysis283 of mixtures of compound 112 and the labelled compound 
111. 

OMe 
\ 

OMe“ 

(111) (1 12) 

@-Alkyl imidates also readily rearrange in the presence of alkyl halides 
but at  lower  temperature^^.^^^.^^^ than those required when the imidate 
is heated alone. This intermolecular reaction (equation 16) has been the 
subject of a study by Arbuzov and c o - ~ o r k e r s ~ ~ ~ . ~ ~ ~  who also extended 
their researches to include thioimidates and 0-aryl imidates. 

0 
1 OOOC // //“CH3 - RC 

OCH3 Me* ‘NM~, 
RC, 

In the case of cyclic imidates (e.g. compound 113), it has been shown 
that rearrangement occurs readily only in the presence of catalysts such 
as dialkyl ~ u l p h a t e s ~ ~ ~ ~ ~ ~ ~ .  

O o M e  A 0 0  I 
(1 13) M e  

E. Hydrolysis of lmidates 
The mechanism of the hydrolysis of imidates has recently been studied 

extensively as it offers one method for the investigation of unstable tetra- 
hedral addition intermediates which are believed to be important in many 
acyl transfer reactions. The products as well as the rates of hydrolysis 

OH 
HN R‘ I 

RC, + HzO RC-NHR’ products 
OR“ I 

0 R” 

have been shown to be sensitive to pH and in addition in many cases to 
general acid-base catalysis 289 - 294. From an acyclic imidate, the typical 
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products at  low pH are an ester and amine (cyclic imidates yielding amino- 
esters) while an arnide along with alcohol are the products of hydrolysis 

. However, in very strong acid solution (up to 
65% aqueous sulphuric acid) the products of hydrolysis of methyl benz- 
at high pH 289.291.294 - 299 

RCOOR’ + R’NHp (low PH) 

RCONHR’ + R”OH (high pH) 
HN R’ + H*O{ 

imidates (114) have been shown to be the corresponding benzamides30O. 
NRR’ 

OMe 
R and R‘ = H or M e  

4 PhC, 

(1 14) 

Moreover, in the case of imidates derived from very weakly basic 
amines291*295, (pK, -= -6, e.g. compounds 115 and 116) increasing yields 
of arnine were obtained with increasing pH, contrary to the more usual 
behaviour mentioned above. 

\ 2 CH3 

OCH3 

/ 
P-CH3CeH,SOpN=C, 2,4,6- (N 0,) 3C6H ,N=C 

(1 15) (1 16) 

pH rate profiles determined for a number of imidates and thioimidates 
have been found to follow sigmoid curve c h a r a c t e r i ~ t i c s ~ ~ ~ ~ ~ ~ ~ ,  and it has 
been observed that the pH range at  which the reaction products change 
can differ from that a t  which reaction rates change294~297-299*301. The 
product transition normally takes place around neutral pH, 294* 296 ; 
however, when the imidate is derived from a pheno1292,2r,7*2g8, or is an 
acyclic thioimidate301* 302, the main product transition occurs around 
pH 2-3. In addition, alkyl thioimidates decompose fairly rapidly at  high 
pH to the parent nitrile and thio1302. 

- RCN + R‘SH 
HNH 

SR‘ 
RC \ 

The effect of buffers has also been studied. Amine type buffers (e.g. 
imidazole) tend to cause only slight increases in the yield of amine and 
ester 289* 294, but substances which can act as bifunctional catalysts, e.g. 
phosphate or bicarbonate, cause much more marked increases in arnine 
yield2”v294v 296,399. 302. Recently, however, the opposite effects have been 
noted for certain specific imidatcs derived from weakly basic aminesZg1, 
e.g. all buffers examined led to a decrease in the amount of 2,4-dinitro- 
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OR" 
I 
I 

NCsH3(NO2)2-2.4 
HC@ R-C-NHR' 

OH 
'OEt 

(1 17) (1 18) 

aniline formed from the imidate 117. These results have been interpreted 
in terms of mechanisms involving interaction between general acid-base 
catalysts and the tetrahedral intermediates. 

Less attention has been paid to the'effect of structure on the behaviour 
of the intermediates (118). However, in going from the 0-ethyl imidate 

HNMe NMe 
CH 

OC2H5 3c \OCH2CF3 

CH3C, @ 

(1 19) (1 20) 

119 to its trifluoro derivativezs7 120, the mid point of the product transition 
shifted from pH 9-8 to pH 6.5, i.e. a lowering of the pH of transition with 
increasing acidity of the alcohol was observed. Increasing amine basicity 
has been deduced as facilitating amine expulsion from the tetrahedral 
intermediatezg6 118; however N-alkylacetimidates are supposedly less 
reactive than N-phenylacetimidates at low pH although the reverse is 
truezs4 at high pH. Recent studiesz95 have shown up a diversity of effects 

~ H R '  
// O H -  + RC, 

OR" 

OR" AHR'  I 
RC'oR" I 

- + H20 - R-C-NHR' A RCOOR" + R'NH, / 

OH 

OR" 
NR' I 
OR" I 

RC< + H +  R-C-NHR' RCONHR' + R"OH 

0 -  
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in the case of various N-substituted imidates in which there was a wide 
variation in the base strength of the parent aromatic amines. 

The hydrolysis of imidates clearly presents a complex pattern which may 
well not be adequately represented by any one general mechanistic scheme; 
however the above shows a possible mechanistic pathway2g4*303 but 
this may require to  be modified to  cover cationic as well as neutral 
and anionic tetrahedral intermediates2"* 205.  Among the systems the 
kinetics of which have been studied are alkyl N-arylformimidates and 
acetimidateS291,295.303 , alkyl benzimidates2"* 300*304*305 as well as 
ary12"* 206* 298 and alkylZs7 N-alkylacetimidates. In addition, various 
alkyl N-substituted t h i o i r n i d a t e ~ ~ ~ ~ .  302 as well as cyclic systems289-291* 295 

and polymers306 have been examined. 
Practical useZ of the hydrolysis of imidate salts has been made in order 

to obtain e ~ t e r ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  or amines132'310 and this reaction offers a 

/NH2CI - 
CCI,C, H30+ CCI3COOCHzNO2 

OCHzNOz 

route for the selective hydrolysis of an N-acetyl group in the presence of 
0-acetyl groups 132 on  sugars (see Section 111. D.). In the case of thioimidate 
salts, thiol e ~ t e r s ~ . ~ ~ ~  are obtained although thioamides have also been 
reported as products under acid hydrolysis conditions312. 

H30+ //O 
AHz CI- 

SR SR 
+ ROOCCHZC, // ROOCCHZC \ 

i H z  CI-  H30+ 
RC< A R c C s  + Ar2CHOH 

SCHArz NH2 

Less commonly, imidate bases have been observed to form amidine 
salts by reaction with water in neutral or basic c ~ n d i t i o n ~ ~ ~ * ~ ~ ~ * ~ ~ ~ * ~ ~ ~ .  
This reaction is believed to proceed by hydrolysis of the imidate base to an 
animonium salt (RFCOONH4) which reacts with a further molecule of 
imidate to give the final product315. 

N H  h H z  
RFC , A RFC, RFCOO- 

OR NHZ 

F. Action of imidates with Hydrogen Sulphide 
I midates, on  treatment with hydrogen sulphide in basic media, give 

rise to thion esters (121) although thioamides can also be pre- 
sent2*311.31G-319 as the products of secondary reactions. In the case of 
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S 
RCHNH + H2S R C \  + NH3 - RC< 

\OR' OR' NH2 
(1 21 1 

benzoylacetimidate (122) attack was found to take place at  the benzoyl 
group in preference to the imidate3'0. D i t h i o e s t e r ~ ~ ~ * ' ~ *  311* 319. 321 are 

RNH NH 

OR ' 0  R 
H2S PhCSCHzC // PhCOCH,C, 

(1 22) 
readily available from the attack of hydrogen sulphide on a solution of an 
imidate salt in pyridine at 0°C (However thioamides have also been found 
among the products of this reaction, especially if the conditions varied 
markedly from the above'). 

+ 

The corresponding thiol esters can be prepared by the action of thio- 
imidate salts with water2 (see previous section). 

LH, CI- 0 
// + HzO - // 

RCLSR, RC\SR'  NH4C1 

G. Alcoholysis of lmidate Salts-The Preparation of Ortho Esters 
Imidate salts react at  room temperature with alcohols to give simple 

(123) or mixed ortho (124) depending on thz choice of 
a l ~ 0 h o 1 ~ ~ ~ - ~ ~ ~ .  The reaction is sometimes known as the Pinner synthesis 

/ hH2  X -  
+ 2 R'OH HC(0R')s + NH4X RC\OR, 

(1 23) 

+ 
/NH2 X -  

+ 2 R"OH HC(0R")ZOR' + NH4X 

R' = alkyl (124) 

of ortho esters. The process is slow aild the yields are often poor. However, 
they can be improved by refluxing the imidate salt with an excess of alcohol 
(up to tenfold) in ether326 or by stirring a suspension of the imidate 
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hydrochloride in alcohol/petrol a t  room temperature327-329 . Such COII- 
ditions ensure reaction temperatures below those at which the thermal 
deconiposition of the iniidate salt to  an  aniide would become predominant 
and in addition the low solvent polarity decreases the ionisation of the 
ion pair (125) and hence prevents S, attack of the halide at the ether 
site 138*257 of compound 125. 

+ 
NH2 X -  

// /O - R'CI + R C \  R C  \OR' 
NHZ 

(1 25)  

Our understanding of the alcoholysis reaction of imidates is due, in 
the main to McElvain and his and much of this work 
has been reviewed previously by Roger and Neilson2 and more recently 
by D e W 0 1 f e l ~ ~  i n  his monograph on ortho esters. However it is worth 
stating some broad guide-lines. 

I t  is essential that the iniidate salt be free of excess hydrogen halide and 
that moisture be excluded or the competing reactions (17) and (18) will 
take place. 

RC(OR')3 + H X  - RCOOR' + R'OH + R'X (1 7) 
RC(OR'), + H 3 0 +  A RCOOR' + 2 R'OH f H +  (1 8 )  

Under the conditions stated above, imidates derived from unbranched 
nitriles or those possessing only a single a-substituent, e.g. alkyl, phenyl, 
halogen or alkoxy give in the main good yields of ortho esters'" but when 
two substituents ( x , ~  or cr.,$) are present the yields drop considerably and 
amide and ester formation become competitive ~ e a c t i o n s ~ ~ . ~ ~ ~ .  Such ester 
formation is most troublesome in those cases where the irnidate has a 
bulky x-substituent such as a phenyl group. This ester formation may 
be due to attack on the ortho ester by the iniidate salt, i.e. acid catalysed 
decomposition, and it has been shown that the acidity of the imidate 
salt is an important factor in this respect. Equation (19) illustrates this 
general reaction of an imidate salt with an ortho ester; however a fuller 
mechanism is discussed by D e W ~ l f e ' ~ ~ .  

/ 6 H 2  X -  HNH 
RT, + R T ( O R ) , ~ ) R  + x -  - R'C(OR)3 + R"C\ 

OR" 0 R" 

R'COOR f RX + ROH 
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Interesting side reactions have been noticed in the case of P-bromo- 
propionimidate hydrohalide, which, when subjected to alcoholysis, gives 
a mixture of the esters 126a-c whereas the y-bromobutyrimidate hydro- 
halide gives the ortho ester 127. These have been explained in 

+ 
/NHz CI -  ROCH2CH2COOR 

BrCH2CH2C, a BrCH2CH2COOR 
CICH,CH,COOR OR 

(1 26 a-c) 
+ 

/, NH, CI- 
B rC H 2C H C H ,C: 

OR 

terms of the conjugated hybrid 
addition products 126a-c. 

- BrCH2CH2CH2C(OR)3 

(1 27) 

ion (128) which then reacts to form the 

+ 
,NH2 

+ 
// HN HZ + 

BrCH2CH2C, CH,=CHC, - CH2CH=C(OR)NHz 
OR OR 

(1 28) 

The alcoholysis of imidate salts using ethylene glycol 328.331 affords 
2-alkoxy- 1,3-dioxolanes (129a and 129b). Another interesting example 

// AH, 61- + (CHZOH), A R C p - i " '  + lf-r] I '0 - C H O-CH2 
OR' 

RC \ 

OR' OCHz 2 

(1 29a) (1 29b) 

of the formation of a cyclic ortho ester332 is to be seen in the synthesis of 
compound 130. 

OMe 

@ 'I- HziTo] MeOH ;. @'yo] 
Ar Ar 

(1 30) 

N-Substituted imidates have been converted also into ortho esters but 
little practical use has been made of this reaction333. 

x -  a RC(OEt), 
RC< Cl 

OEt 

1 ndustrial processes have also been dcscribed12* 334. 
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H. Reaction of lmidates with Ammonia and its Derivatives 
429 

I. General reactions 
Jmidates readily undergo nucleophilic attack with a wide range of 

amino compounds. The most usual pathway involves loss of alcohol 
from the imidate with formation of an  amidine system 131 but the alter- 

+ 
R" i H ,  C I -  

H 
+ R'OH 

// 
p 2  c1- , 

+ N-R" - 
\N R I! R m 0-R' \ R C  \ 

(1 31 1 
native, loss of ammonia and its replacement with the nucleophile can also 
take place in some cases. 

+ 
/NHz CI- R" GRVY CI - 

RC< + NH3 + N-R" ___f 

/ 

OEt \ H  OEt 
RC \ 

2. Reactions of imidates with ammonia 
At low temperature (about -20°C) ammonia reacts with imidate 

salts to forn? the corresponding free bases. The reaction is cocveniently 
carried out by suspending the irnidate salt in ether, then treating it with 
dry ammonia and removing the ammonium chloride precipitate 316*335, 336. 

AH, CI- N H  

Et,O/NH, \OEt OEt 

/ 
t NH4CI + RC - 2ooc RC< 

At room temperatures the reaction follows a different course and 
aniidine salts are f o r n ~ e d ~ . ~ ~ * ~ ~ ~ * ~ ~ ~ .  In  this case the imidate salt is nor- 
mally dissolved or suspended in alcohol and treated with an excess of 
anhydrous ammonia. Alternatively, the imidate base can be treated with 

+ 
/NH2 x -  

+ R'OH 
NHZ 

(X = halogen or BF4) 

R C \  
Rc//NHz x -  N H 3  

ErOH ' 0  R' 

an ammonium salt, (e.g. i n  aqueous alcohol, about 60°C), to yield the 
amidinium salt 2 .  337-339. This procedure is especially useful when the 
iniidate has a second functional group, e.g. ester, ketone or halogen 

N H  /NHZ x -  
+ EtOH 4 RC, + NH4X A RC, 

0 Et NII, 
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which could react with the free aintr10nia2*68*240. Much less work has 
been carried out using thioimidates but the thioimidate 132, on treatment 
with a solution of 0.88 ammonia in alcohol, yields340 the corresponding 

+ + 
p 4 2  I -  p 2  1- 

ArOCH2CH2C, - ArOCH2CH2C, 
SMe NH2 

(1 32) (1 33) 
amidinium iodide 133, and the phosphorus derivatives 134 can also yield 

N PO ( OAr‘) 
// 

Ar C@ - Arc, 
NPO ( OAr’)2 

‘SAr” NH2 
(’134) 

a m i d i n e ~ ~ ~ l ,  showing something of the utility of this reaction. 
Lactim ethers react similarly to open chain compounds to form amidine 

To a lesser extent the reaction has been used to obtain N-mono-sub- 
stituted amidines by the use of N-substituted i m i d a t e ~ ~ ~ ~ .  

The kinetics of the reaction of imidates with ammonia or amines (see 
following sections) have been studied by Hand and JencksZg3 and are best 
illustrated by the reaction of ammonia with ethyl N-methylbenzimidate. 
O n  the alkaline side (pH 10) the attack of amine is rate determining-the 
addition compound 125, once formed, rapidly losing alcohol to form the 
monosubstituted amidine (route 20a). On the acid side of the pH rate 

NH2 + 
I H ’  HN HZ 

PhCNHMe - PhC, 
H i  I NHMe 

PhC@ 

0 Et 
‘OEt 
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profile curve the product is the unsubstituted benzamidine, indicating 
equilibration of the intermediate with ammonia (route 20b). 

3. Reaction of imidates with primary amines 
Unsubstituted imidate or thioimidate salts react generally with primary 

amines to  give either N-monosubstituted amidines (136), or  N,N'-di- 
substituted amidines (137) if excess amine is present and prolonged heating 
applied2* 56*337*  343-346; pH may also affect the reaction coursezg3 (see 
previous section). 

k H 2  CI- hHCH,Ar CI-  
// M e O H  // ArCH,C, + ArCH2NH2 - ArCH,C, 

O M e  NH, 

(1 37) 

However, N-substituted imidates have also from time to time been isolated 
as 348 and Baiocchi and Pa1azz0~~' have suggested that weakly 
basic amines tend to  give N-substituted imidates (138) whereas more basic 
amines give amidines (139) (see also Section l V ,  H, 2). 

NPh 
P h N H 2  // 

A,ccNH 4-1 (1 38) 

OEt NH 
// A r c  \ 

NHCE.HII cyclo-C,H,, N H 2  

(1 39) 

In addition to the N,N'-symmetrically disubstituted amidines mentioned 
above, the method can be extended by the use of suitable N-substituted 
i r n i d a t e ~ ~ * ~  to yield N,N'-disubstituted amidines (140) having different 
substituents on the nitrogen atoms. Trisubstituted a m i d i n e ~ ~ ~ '  can also 

NAr 

N HAr' 

// 
NAr 

OEt 

Ar'NH, 
H C< ' HC, 

(140) 

be derived by use of thioimidates of type 141. 
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n 
0 1- N 

+A 
N 

SMe 

PhC< PhNHa 

t 

(141 1 
The mechanism of these foregoing reactions is discussed above (see the 

work of Hand and JencksZg3 in the previous section) and Roberts2,143 
has shown that when care is taken to exclude all t&ces of acid the reactions 
(21a) and (21b) lead to the common product (142). However, in the 

presence of acid disproportionation reactions take place and the product 
is a complex mixture of the three amidines 142, 143, and 144. Sulphon- 

(1 43) (1 44) 

amides react like primary amines with imidates to  give amidines and appear 
to react preferentially to primary aryl amino groups when both are 
present on  the same molecule2*350. 

The reactions of imidates with amino acids and proteins are discussed 
in later sections. 

4. Reaction of imidates with secondary amines 
N,N'-Disubstituted amidines are formed from the reaction of secondary 

amines with imidates usually one o r  the other being present as its ~ a l t ~ ~ . ~ " .  

NH HNH 
ArOCHzC \ + R'R"iH, CI- - ArOCH,C, 

OCH3 NR'R" 

Related tri-3"2 and tetra-substituted 321 products have also been formed 
in this way by the reactions (22) and (23) respectively. 

NN=CHPh 

(22) 
// + NHR'R" -----+ HC RN N=CH Ph 

OEt 'NR'R" HC, 
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+A 
T w o  
W0 

+no "N-0 
W N 

SMe PhC\ n PhC< - 
N 

433 

5. Reaction of imidates with tertiary amineo 

can be used to form imidate bases from their saltslzs. 
Tertiary amines do not react with imidates to give a m i d i n e ~ ' * ~ * ~  but 

6. Reaction of imidates with hydrazine 

NH 

OR' 
R C< 

or i t s  hydrates 
The action of hydrazine on aryl imidates was first extensively studied 

by Pinner' and the corresponding reaction with alkyliniidates was in- 
vestigated by O b e r h ~ m n i e r " ~ .  354. This chemistry has recently been 

+ 
p H 2  

RC\NH, 

/NNHz 4 \cR 

+ NHpNH2 
HNH2 c ' -  

OR' 
RC, 

(1 45) (1 46) 

N-N 

\ /  
HZN NHp 

(1 47) 

- RC 
HNH 

RC, + RC, 
OR' N HZ 

J-".,, N-N 

I1 II RC 
RC, ,CR / 

N \N=N 
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r e v i e ~ e d ~ . ~ ~ ~  (see also Chapter 10 of this work). The reaction is not clean 
and hence the products obtained may be very diverse depending markedly 
on the ratio of reactants 353* 354 , 354*356, pH357, the sol- 
vent358 and the nature of the R-group of the imidate356.359 (145). The 
reaction would be expected to give an unsubstituted amidrazone (146) 
as an  initial product but this can give rise to secondary products, e.g. a 
dihydrazidine (147) or dihydrotetrazine (148) either by further reaction 
with iniidate and  hydrazine2 or by self condensation3". Moreover, since 
dihydrotetrazines can isornerise (e.g. on heating) to 4-amino-] ,2,4- 
t r i a ~ o l e s ~ ~ ~  (149) or oxidise readily on contact with air to the correspond- 
ing 1,2,4,5-tetra~ines~~~(150), these compounds may also be found among 
the reaction products. In addition to the foregoing compounds 1,2,4- 
triazoles (151) a n d  in the presence of excess hydrazine, dihydroformazans 
(152) have been i s ~ l a t e d ~ - ~ ~ ~ .  There appears to be no report, however, 
of the isolation o f  hydrazonate esters (153). 

H 
(1 51 1 (1 52) (1 53) 

Favourablc conditions for amidrazone formation exist in the treatment 
of an imidate base with anhydrous hydrazine (1 : I )  in anhydrous ethanol/ 
ether3G2. Sometimes, however, the amidrazone is not isolated but used 
in situ for further synthesisz* 355,363.  

Cyclic thioimidates have been reported to react similarly3G4 and 
among the products isolated were compounds of the type 154. 

(1 54) 

Although the reaction of excess h y d r a ~ i n e ~ ~ ~  or its h ~ d r a t e ~ " ~ . ~ ~ ~  
with an  i r n i d z ~ t e ~ ~ ~  or t h i ~ i m i d a t e ~ ~ ~  provides a synthetic route to the 
1,2,4,5-tetrazines via their dihydro d e r i ~ a t i v e s ~ ~ ~ * ~ ~ ~ ,  the authors have 
shown that amidinium salts give cleaner products than the i m i d a t e ~ ~ ~ " ~ ~ ~ ,  

X = OR or NH2 
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Recently, successful syntheses of 3,6-unsymmetrically-disubstituted- 1,2,4,5- 
tetrazines have been reported involving mixed imidate/amidine pre- 
cursors 36Q.  

NH N H  F-7 
RC/ CR' 

// -t. R'C\ + NHZNHZ A RC 
\ /  

' 0  R" NHZ N'N 

Suitably N-substituted-imidates react with hydrazine to give rise to 
other nitrogen heterocycles 369, e.g. the imidaz01e~~O 155 or the I ,2,4- 

N-CCONH, 
II II 

N 
I 

NCH (CN) CONHz 
+ NHZNH, RC, ACNHZ RC@ 

'OR' 

NH, 

(1 55) 

triazoles 157 and 159 from the c h l o r o f o r ~ n i m i d a t e ~ ~ ~  156 and the imidate372 
158 respectively. 

N-N 
/NCOR' II I I  

OR N 
CIC, + NHpNHp ROC, ,CR' 

N-N 

N 

I1 11 

I 
(1 58) H 

(1 59) 

NCOR' 
+ NHZNHZHZO A RC, ,CR RCH 

\OR" 

7. Reaction of imidates with monosubstituted hydrazines 
Imidate or thioiniidate salts react readily with monosubstituted 

hydrazines2. 3 5 5 *  373-377 to form N1-substituted amidrazones (161) or with 
excess hydrazine t o  give formazans (162). In addition when for the 

~ H N H R ~  x -  NNHR' 
+ RCy 

/AH2 X -  / + R'NHNH2 - RC, 
N H2 \N=NR' 

(1 61 1 (1 62) 
(1 60) 

OR" RC \ 

hydrazine 160, R' is a n  activating group, e.g. alkyl, the reaction can pro- 
duce 1,4-dialkyl-l,2,4,5-tetraziiies (163) among other 
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M e  

I N-NMe 
I1 I 

CH + HC, 4 C H  + hH, CI- C-", + MeNHNH2 A HC \ J  N 
N-N 

H C< 
OEt 

I 
M e  

(1 63) 

HC( 0) N MeN Hz 

Hydrazonate esters (164) have also been recorded as products from the 
action of imidate salts and monosubstituted hydrazines but are best 
prepared by other routes 173, 379* 380. 

NNHR' 
RC/hHz a -  4 + R'NHNHz - RC, 

\OR" OR" 

(1 64) 

Mono-acyl hydrazines react with imidate bases to give, under mild 

N-PJH 
II I N H  NNHCOR' 

RC4 + R'CONHNH2 - RC\ // A RC, 4 C R '  
\OR" NHz N 

(1 6 5 )  (1 66) 

conditions 374* 375, 381* 382* 383, N1-acylamidrazones (165) which cyclise 
readily2 .355,374* 382 to the corresponding 3,5-disubstituted-l,2,4-triazoles 
(166). The reaction, however, appears to be sensitive to pH and under 
more acid conditions can give rise to 1 , 3 , 4 - 0 x a - ~ ~ ~ , ~ ~ ~  or 1,3,4-thia- 
diazoles 384-386 (168) in the case of the corresponding 

N-N 
II II 

(1 68) 

+ R'C(X)NHNHz RC, ,CR' 
'OR" X 

(1 67) 

thio-cornpour ' 

(X = 0 or S) 

+ N-N 
11 I 1  + PhRP(0)NHNHz PhC, ,CPh 

HNH2 
N (R  = Me) 

PhC, 
OEt 

(1 69) I 
H 

(R  = Ph) ' 1 
N N H P( 0) Phz 

NHZ 

// PhC, 
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(167; X = S). These latter compounds (168) probably arise via hy- 
drazonate ester intermediates 380. 

Triazoles have also been found among the products of the interaction 
of the hydrazine (169) with benzimidate but the reaction is not 

N-Substituted-imidates give rise either to the corresponding N1,N3-  

N Ar NAr 
// HC@ + Ar'CONHNH, ___f HC, 

'OR' NHN HCOAr' 

(1 70) 

disubstituted-amidrazones 388 (170) or, if the imidate carries a reactive 
g r ~ ~ p ~ ~ ~ . ~ ~ ~ . ~ ~ ~ ,  e.g. C N  or COOR, to 1,2,4-triazole derivatives (171). 

N-NPh 
I1 I NCN 

+ PhNHNH, ___+ HC,//CNHp 
CeH, N 

HC/ 
'OEt 

(171 1 
However, from imidates with more extensive functional groups (172), 
1,2-dihydro-l,2,4-triazines (173) have been 

N 
NCH (CN) CONHZ MeC9 \CCONH, 

OEt MeN\ ,CNH, 
+ MeNHNH, - I 11 // 

MeC, 

N 

H 
I 

(1 73) 

(179) 

8. Reaction of imidates with disubstituted hydrazines 
Imidates or their thio-analogues react with 1 , 1 -disubstituted hydrazines 

&H, I -  
+ Me2NNH2 - RC, // 

SMe NHZ 

(1 74) 

to give N1,N1-disubstituted-amidrazones 370* 376. 391* 392 (174) or under 
more vigorous conditions and particularly in the presence of ammonium 

RC< OEt + Me2NNH2 A RC\NHNMe2 

RC \ 

"Me, 
// N H  

(1 7 5 )  

dihydroformazans (175). Dihydroformazans have also been 
noted as the products of reaction of hydrazonate esters (176) and N 1 , N 1 -  
disubstituted hydrazines"*. 
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+ 

NNR3R4 
// 

NR’ NHRZ 1’ 
+ R3R4NNHz RC / 

SMe \NRI NHRZ RC, 

(1 76)  

a-Hydrazino-acids3”* 394 or their derivatives394 (177) undergo con- 
densation reactions with imidates on heating to yield 1,2,4-triazines. 

NH N 
RCH + (EtOOC)zC=NNHz EtOOCC@ ‘N 

I I I  
N 
1 

O=C, ,CR 
\OEt 

(1 77)  

H 

172-Disubstituted-hydrazines on treatment with i m i d a t e ~ ~ ~ ~  yield 
N1,N2-disubstituted-amidrazones (178). 

N H  
// PhC4 + PhNHNHCH,COOH PhC, 

NH 

‘OR‘ N (CHZCOOM) N H Ph 

(1 78)  

The chemistry of a m i d r a z o n e ~ ~ ~ ~  is discussed further in Chapter 10 
of this volume. 

9. Reaction of imidates with hydroxylamine 
The imino group of an imidate395 or t h i ~ i m i d a t e ~ ~ ~  can be replaced 

by the oximino group when an aqueous solution of hydroxylamine is 
NH NOH 

SMe SMe 
// 

MeC, f NHzOH - MeC, 

shaken with an ethereal solution of the imidate. The resultant N-hydroxy- 
imidates readily undergo O-alkylation of the oximino group 395*397. 

NOR‘ 
M e 0  - // RC< + R’X - RC, 

NOH 

OEt OEt 

Although amidoximes (179) have been reported to have been prepared 
both by the action of hydroxylamine on an imidate, (equation 24a), or 
by the action of ammonia on an N-hydroxy-imidate (equation 24b), 
these compounds (179) are more usually synthesised from nitriles or 
thioamides and hydroxylamine 398. 

More recently, Aurich 399, using N-substituted hydroxylamines, obtained 
as products the nitrones (180), unambiguously available for identification 
by an alternate route. 
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/ // Arc, + NH20H - Arc, 
NH NOH 

OR' NH2 
(179) 

NOH 

OR' 
4 

ArC \ + NH3 

439 

(244 

0 -  
+ /  

H N \ R "  
N R' 

OEt NHR' 
HC< +R"NHOH - HC, 

10. Reaction of imidates with amino acids and their simple 
derivatives 

The interaction of imidates with amino acids and their simple derivatives 
can follcw one of two main courses depending on the conditions of the 
experiment. 

The direct interaction of an imidate base with 
an a-amino acid gives rise to either an amidine which possesses an imino- 
peptide structure4ao (181) or to an imidazolone (182). The nature of the 
group R probably influences the pathway. The investigation has been 

a. Free amino acids. 

+ N-C=O 
II I 

or RC, ,CH2 
HN HZ 

NH 

OEt NHCHZCOO - NH 
RC< + H2NCH2COOH - RC, 

(181 1 (1 82) 

extended to p-, y-, 6-, and &-amino acids and the corresponding amidines 
were isolated in each case although p-amino acids may give rise to cyclic 

NH P T Z H  
Arc< + NH,CHRCHR'COOH Arc \ / C \ R '  

HN-C OEt 
/ \  

H R  

(1 83) 

products 401* 402 (183). Cyclisation reactions also take place in the cases of 
anthranilic acid 403 and of o-aminophenylacetic acid 404 (see next page). 

b. Aniiiio acid dericatiues in non-acidic conditions. Ethyl glycinate 
(184; R = H) reacts under mild, non-acidic conditions with ethyl phenyl- 
acetimidate to yield 2-benzyl-4(5)-imidazolone'0" (185, R = H). The use 
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0 
I I  

COOH 
'OR' 

F'hCCNH OEt + a""' 
CHzCOOH 

of, for example, diethyl a-aminomalonate' in place of glycine gives rise 

N-C=O 

PhCHZC, + NHZCHRCOOEt PhCHzC, ,CHR 
I I  I N H  

0 Et 

// 
N H  

(1 84) 
(185) 

to 5(4)-carbethoxy-4(5)-imidazolones (185; R = COOEt). When the 
condensation is carried out in a ketonic solvent such as acetone the 
corresponding 5(4)-ylidene derivative is obtained406 and this condensation 
reaction has been suggested as a synthetic route from glycine407 to more 
highly substituted a-amino acids (equation 25). 

N -C=O 
II I NH 

OEt N 
I 

R'R"C=O RC, ,C=CR'R" 
// RC, + NHZCHzCOOEt 

H 

(a). HJPt (b). Ba(OH), I 
R'R"CHCH (NH,) COOH 

Thioimidates may successfully replace their oxygen analogues in these 
reactions 2 .  

c. Amino acid derivatives in the presence of acid. Based on the initial 
observation by Schmidt 173, it has since been shown, with few exceptions'08, 
that amino acid derivatives such as esters or amides react with imidates in 
the presence of one equivalent of acid to yield, with loss of ammonia, N- 
substituted-imidates'* .*OD* 410. 
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NH 

OEt 
4 + MeC, + EtOOCCH,NH, CI- 

44 1 

+ 
NH, CI- NCN 

OR' OR' 
// // MeC, + NH2CN MeC, 

11.  Reactions of imidates with proteins and 
related smaller molecules 

Since the previous review on imidates', this field of work has come 
into prominence. Credit for this must go in part to Hunter and Ludwig411 
who demonstrated the greater reactivity in this field of imidates over the 
closely related 0-alkyl iso-ureas. These workers also found that, of all 
the reactive groups present in proteins, only the amino groups reacted 
with imidates in aqueous solution. The rate of reaction was found to be 
strongly dependent on pH (see also reference 293) giving a maximum rate 
on the pH scale related to the nature of the amine and the imidate. This 

RNH N H  

OMe N H  protein 

// 
RC \ + NH2 protein - RC, 

finding permitted the rate of imidate attack at an u-amino group as against 
an €-amino group to be varied by the appropriate choice of pH. However it 
is also possible to cause amidination to take place at  both these centres, 
e.g. insulin/imidate reactions carried out in the pH range 7-10 resulted in 
the complete blocking of u- and &-amino groups. Although amidination 
alters the protein it does not per se alter its charge and hence has minimal 
effect on the conformation of the p r ~ t e i n ~ ~ ~ * * ~ ~ .  In addition, Ludwig and 
Byrne414 were able to show that the amidination process could be re- 
versed by treating the modified protein with ammonia/acetic acid at about 
pH 11.3, i.e. under conditions which will not normally break peptide 
bonds. Moreover, a's amidination of an €-amino group prevents tryptic 
digestion of the adjacent peptide bond411* 412, this process has potential 
for the stepwise degradation of proteins. 

Further, it was suggested that di-imidates might be used as reagents 
for the modification of proteins by c r o ~ s - l i n k i n g ~ ~ ~ * ~ ~ ~ ,  and this process 
was later shown to be applicable selectively 41G. The methodology of this 
cross-linking of proteins has been discussed 417* 418. 

Ethyl acetirnidate4I2 is often the reagent of choice for the amidination 
because of its convenient molecular size and u-lactalbumin 419, bovine 
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pancreatic ribonuclease-A 413 and y-G-globulin 420 have been treated with 
that reagent. However, other imidates have also been ~ s e d ~ ~ ~ . ~ ~ ~  and it 
has been suggested that the fluorescent lZ7 irnidate (186) or the coloured422 
imidate (187) might be useful in this respect. 

'COOH 

(1 87) 

For the purpose of cross-linking proteins, dialkyl malondi-imidate 415, 

suberdi-imidates 416* 423-428 and adipdi-imidates 426 have all been used. 
Alteration of the di-imidate chain length may well prove useful in the 
formation of modified proteins with different properties or give some idea 
of the availability or relative position of amino groups within a protein. 

12. Formation of imidazoles, imidazolones and imidazolines 
In  addition to certain reactions already described in Section IV, H, 10 

and which give rise directly to 4(5)-imidazolones, these compounds (188) 
can be derived by the action of ammonia427 on N-substituted-imidates of 

N -CHCOOEt 
I1 I I  

+ RC, ,C=O 
N C H (CO 0 Et)Z  

0 Et N 
// NH3 

RC \ 

I 
(1 89) H 

(1 88) 

type 189. Other related imidate derivatives (190) which do not possess 
carbethoxy groups react with a r n i n e ~ ~ ~ *  or h y d r a z i n e ~ ~ ~ ~  (191; R" = 

Me2N) to  afford directly either 1,2,5-trisubstituted (192; R = H) or 1,2,4,5- 
tetrasubstituted imidazoles 2. 

N-CR 
/NCHRCN I I  II R'C, + R"NH2 ___f R'C, ,CNHZ 

?J 
OEt 
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a-Amino-aldehydes or their acetals react in neutral solution with a wide 
range of i m i d a t e ~ ~ ~ ~ . ' ~ ~  to give first of all, amidines (193) and then by 
cyclisation in acid, the imidazoles 194, but a-amino-ketones 431 tend to 

N H  NCHR'CH (OEt), 
RC\ 4 + (EtO)zCHCHR'NH, RC< 

OEt NHZ 

N-CR' 
I I  I1 

RC, ,CH 
N 

give a mixture of two products, a neutral one identified as an oxazole 
(195) and a basic product-an imidazole (196). 

N-CR' N-CCH3 
II I I  II II NH 

RC4 + CH3COCHR'NH2(HCI) - RC, ,,CCH, + RC, ,CR' 
\OEt 0 N 

I 
H 

(1 96) 

An alternate route leading to imidazoles is illustrated by the following 
reaction sequence iiivolving formylation of an N-substituted imi- 
date2, 432,433 

N-CCN 
II 1 1  NC(CN)=CHOK 

OEt N 
I 

(N H4) 2so4 PhC, ,CH 
// 

NCHzCN 

HCooEt PhC, 
// 

PhC \ KOEt 0 Et 

H 

Imidazolines, a biologically important series of compounds, are readily 
accessible from the reaction of an imidate salt and a 1,Zalkyldiamine 
under mild  condition^***^^-'^^. Thc reaction has been shown by B r i s t o ~ ~ ~ ~  
to proceed via an amidiniurii intermediate (197) which in the particular 
example illustrated was isolated (equation 26). Compound 198 has also 
been prepared in an optically active form by a similar reaction sequence 
(equation 26) using (-)-mandelonitrile (from amygdalin) as starting 
material 35. 
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A H Z  c I -  CH2NHz k H z  CI-  

OEt CHZNHZ \NHCHzCHzNH2 
PhCH(OH)C< + I  PhCH (OH) C4 

(1 97) 

A -NHJ I 
+NH-CH2 

II I a- 
PhCH(OH)C\ /CH2 

N 

H 
I 

(1 98) 

A variation of this general procedure is to be found in the use of 
1,2-diaminocyclohexane 437. 

PhCH2C \ 
OEt ,CCH2Ph 

I 
H 

13. Formation of benzimidazoles 
o-Phenylenediamines condense with imidates or thioimidates in the 

presence of one or two equivalents of acid to yield 2-substituted-benz- 

imidazoles 2* 438. Although the method is least successful when, for the 
compound 199, R' = alkyl or the diamine 200 carries an electronegative 
substituent in  the 4-p0sition'~~, the synthesis has found fairly general 
application 440-442 , and has been adapted to thc preparation of poly- 
benziinidazoles 443 ,  444 of type 201. 
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N-Substituted-benzimidazoles (202) are similarly available from N- 
mono~ubstituted-o-phenylenediamines~~~* 445-447 but at  times it has been 

that this reaction can lead to amidines (203). 

EtOOCCH2C HNH \ OEt + aNH2 a > C C H 2 C O O E t  

I 
NHPh 

14. Formation of oxazoles and oxazolines 
Imidates condense with u-amino acids in the presence of an equivalent 

of acid to yield N-substituted imidates2 (204; see Section IV, H, 10). 
Cornforth and C ~ r n f o r t h ~ ~ ~  have utilised this reaction by formylating the 
intermediate 204 and have thus obtained the parent member of this 

+ NCH2COOEt 
HCOOEt - // 

N H  

HC, KOEt H C< + EtOOCCHZNH3CI- 
OCH (CH3)2 0CH(CH3)2 

(204) 

N---CCOOEt N-CH 

0 0 

I 1  I1 II I I  

(205) 

NC(=CHOK)COOEt - HC, ,CH - ---+ HC, ,CH H C< 
OCH(CH3)2 

series-oxazole (205). The method is of fairly general application2 and, 
for example, cail be adapted to give 4-cyano-oxazoles by the utilisation of 
aminoacetonitrile in place of the amino ester448. 

The dithio-diimidate 206 condenses with aryl aldehydes to give ex- 
clusively 5-amino-oxazoles (207) or their benzylidene derivatives449 and 
not the corresponding imidazoles 208. 

There is also a n  isolated report which indicates that the imidate 209 
forms on  basification, 2-phenyl-4-methyloxazole19. 

?-Oxazolines, which are in fact cyclic imidates, can be prepared either 
by the ring closure of imidates prepared from P-halo-alcohols or by the 
reaction of imidates with a l k a n o l a m i n e ~ ~ * ~ ~ ~ .  In the first of these reactions 
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N-CSR 
I I  II ArCHO + fC(=NH)SR] A Arc, ,CNH2 

0 

+ N-CMe 
II II NHZ CI- 

// base 
PhC, A PhC, ,CH 

OC H ,C=C H 0 

(209) 

it has been shown by Wisiicenus and Korber451 that the oxazoline (210) 
is in fact an intermediate in the f o r m a t i ~ n ~ l ~ . ~ ~ ~  of the corresponding 

+ 
0 

H N -C H R " 
II I N H  - RC, ,CHR' ___f RC< 

0CHR'CHR"X 0 N H C H R"CH R'X 
RC< 

(210) (211 ) 
X = CI or Br but not F (see reference75) 

amide 211. Brown and Wetze1313 have shown that for perfluoro-alkyl 
systems the reaction can best be carried out as a one-step base catalysed 
process from the nitrile. 

N -CH2 
Me,N II I 

RFCN + HOCH,CH2CI + RFC, ,CH2 
0 

The alternate route to 2-oxazolines involves the treatment of an imidate 
or thioimidate (or its salt) with an ethanolamine2. 4 5 0 .  

N-CH2 
NH R"CH0H I1 I 
OR'  CH2NH2 0 

RC< i- 1 ---+ RC, ,CHR" 

The scope of this reaction has been extended by the use of (*)-nor- 
ephedrine453, ethyl 1 l-amino-10-hydroxy-undecanoate~~5~* and the cis- 
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and trans-2-aminocyclohexanols 455. In this last case 455, the cis-com- 
pound gave exclusively the corresponding 2-phenyl-oxazoline from ethyl 
benzimidate whereas the trans-compound gave a mixture of the amidine 

+ 
/NHz CI -  

PhC \ 
N H  
I 

@ PhC ' 0  

(212) and the oxazoline (213). In addition, trans-2-aminocyclopentanol 
fails to cyclise whereas the cis-compound readily forms an o x a ~ o l i n e ~ ~ ~ .  
This along with that on  substituted serine has shown 
clearly that the reaction normally proceeds with retention of configuration 
at both asymmetric centres and application of this has been made in the 
elucidation of the stereochemistry of elaiomycin 457. Oxazoline chemistry, 
based on imidate intermediates, has also been widely utilised in the 
synthesis of the important antibiotic, chloromycetin (214), and this work, 
much of it in the form of patents, is well doc~rnen ted~~ ' .  

AHz CI-  

OEt 
- / 

ArCH(OH)CH(NH,)COOEt + C12CHC, 

N-CHCOOEt CHzOH 
I 

0 I 
- - ArCH(0H)CH 

II I 
CI,CHC, ,CHAr 

Ar = p-O2NCsH4 N H COCHCI, 

(21 4) 

15. Formation of benzoxazoles 
The condensation of o-aminophenols with imidates gives rise to 2- 

substituted benzoxazoles2. Recent  application^'^^ of this synthesis 

have led to 2-carbethoxymethyl- 459 and 2-styryl-benzoxazoles 43 ; di- 
benzoxazoles"' (215) and polybenzoxazoles derived from terephthal- 
imidate4'4 and perfluoroalkyl-di-imidates 461 (e.g. compound 216). 
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MeC, 

,C(CF2CFzOCF2CF2)4 (X = 0 or S) 

16. Formation of thiazoles, benzothiazoles, isothiazoles and their  
reduced derivatives 

Imidate salts react with c+mercapto-amine salts to yield thiazolines2- 
the bases giving only unresolvable 'However, the reaction is not 
entirely general and thioimidates in particular may fail to r e a ~ t ~ ~ ~ . T h e  
reaction was used extensively in the early studies in the penicillin field464 
but has not been applied recently to any great extent. 

+ 
HN-CH2 

+ HSCH2CHZNH3 C I -  RC, ,CH, 
i i H 2  CI- + 11 I // 

OEt S 
R C \  

2-Substituted thiazolin-4-ones arise from the cyclisation of imidates 
of the type 217 on treatment with base465 or by heating in an inert sol- 
vent466. This reaction is most successful with aryl imidates. The closely 
related ketonic compounds (218, R = alkyl or aryl) cyclise similarly but 
yield 2,4-disubstituted thiazoles 467. 

+ N-C=O 
II I 

Arc, ,CH2 
S 

ArC/ /NHZ a r -  C5Hd 
'.s c H c o o H 

+ N-CR 
NH2 CI -  

Arc, ,CH 
I1 I1 4 

Arc, 
SCH2COR S 

B e n z ~ t h i a z o l e s ~ ~ ~  can be prepared by the action of 2-aminothiophenols 
with imidates and the reaction has been extended to give polybenzo- 
thiazoles'61 (compound 216, X = S). The formation of another fused 
thiazole system46g is exemplified by reaction (27). 
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Although less extensively studied, isothiazoles have been derived from 
the action of a halogen on an imidate possessing a suitable sulphur sub- 
stituent (e.g. -S-S- or C==S) in the p - p o s i t i ~ n ~ ~ ~ ,  470. 

+ HC-COCH, 
I I  II NH2 CI- ] A HC, ,N // 

JSCH C H2C\OCH3 S 

NH 

OMe 

4 Ph C (=S) CH 2C, 

17. Formation of oxadiazoles 
Both 1,2,4- and 1,3,4-oxadiazoles 

HC-COMe 
II I I  

PhC, ,N B r2 

S HOAc ’ 

have been prepared from imidates 
although the latter have been more extensively studied. 

either aryl nitrile 
1,2,4-Oxadiazoles have been formed from the reaction of imidates with 

or with hydroxamoyl halides472. 

On the other hand, the following reaction sequence (28) affords a 
convenient route to either monosubstituted or 2,5-unsymmetrically di- 
substituted-I ,3,4-0xadiazoles~~~* 4”3* 474. 

0 N-N 
/ OEt II II II 0 

+ HC(OEt)3 A HC CR A RC, /CH 
0 

RC@ 
‘NHNH2 “H” 

( 2 8 )  

Alternatively, the acid hydrazide can be treated with an imidate 
above 100°C when cyclisation occurs; this latter route has been used to 
prepare poly- 1,3,4-oxadiazoles 382*  475. However the condensation appears 
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(C H2) n (CON H N H 2) 2 + p- CGH, [C (=N H) 0 Et] 22H CI C ~ H ~ N -  A 

to be sensitive to conditions such as pH, for condensation of an imidate 
base and a hydrazide gives rise to a poly-1,2,4-tria~ole~~~. 

18. Formation of thiadiazoles 

(R = SH 384 or NH2385) to yield 1,3,4-thiadiazoles (219). 
Imidate salts react with compounds of the general type NHzNHCSR 

N-N 
I I  II 

(219) 

i H 2  CI- 
+ NH,NHCSSH A MeC, ,CSH // 

MeC, 
OEt S 

In addition, certain specific imidates, e.g. oxaldiimidates or cyano- 
formimidates when treated with sulphur dichloride have been shown to 
furnish the isomeric 1,2,5thiadiazoles 476.  

ROC-CCI 
I I  II NH 

OR S 
// NCC, + SCI2 N\ /N 

19. Formation of 1,2,4triazoles 

intermediates which need not be isolated355 (see Chapter 10). 
1,2,4-Triazoles can be synthesised from iniidates usually via amidrazone 

N-NR” - RC, 4 C R ”  
R”C H 0 I1 I h H 2  CI- ~ H N H R ”  CI - 

// + R”NHNH2 A RC, 
NH2 N 

20. Formation of tetrazoles 
Tetrazoles may be prepared from irnidates either directly2. 24. 477, 478 

H 

N-N 
!I ii NPh 

+ HN, - HC, ,N 
OEt N 

I 
HC< 

Ph 
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through the action of hydrazoic acid or  more usually through the inter- 
action of an amidrazone intermediate with nitrous 479. An imide 
azide (220) is recognised as the intermediate in these reactions479. 

21. Formation of azines 
In the past few years there has been a marked increase in the study of 

this area of imidate chemistry. This has led to  the production of, in par- 
ticular, diazines, triazines and tetrazines, some of which exemplify new or 
unusual substitution patterns for these compounds. 

There are occasional reports of the synthesis of pyridine 
derivatives from imidates2s 480*  481, e.g. the quinoline 221 results from the 
treatment of the imidate 222 with diethyl m a l ~ n a t e ~ ~ ~ .  However, no 
systematic study appears to have been made of pyridine synthesis from 
imidates. 

a. Pyridines. 

0 
OEt / =C. R P  

R”\ 

(222) (221) 

b. Pyrimidines. Three main routes to pyrimidines are available from 
imidates. In the classical p r ~ c e d u r e ~ ~ ” ~ ~ ~  the imidate is converted into an 
amidine which, in turn, is reacted with e.g. a 9-keto-ester, P-diketone or 
malonic acid derivative to give the pyrimidine. 

0 
II 

The second procedure involves the condensation of a 9-amino acid or  
ester with an imidate and is illustrated by equation (29). This method 

0 

C 
II 

HN’ ‘CH N H  

OEt RC+ ,CAlk. 
(29) 

4 
AlkC(NHz)=CHCOOEt + RC, 1 1 )  

N 
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has been used extensively by Ried and his c o - w ~ r k e r s ~ ~ ~  to form pyrimi- 
dones fused to other ring systems, e.g. the compounds 223a + 223c from 
the appropriate aminopyridine carboxylate esters 485 among others 486-489. 

0 

(223a) (223 b) (223c) 

Modifications of this procedure are by equation (30) and 
also include the use of p-aminopropionitrile to give 6-amino-4,Sdi- 
hydro pyrimidine^^^' and of saturated ?-amino acids to give tetrahydro- 

. -  I H 

pyrimidine derivatives. In this latter case, reaction a t  lower temperatures 
yields amidines in place of the pyrimidines401* 401*402. 

N H  

OR 

// 
PhC, + CH,NH,CH,CN - 

The third main route to pyrimidines requires the use of a compound 
having an  amino group adjacent to either a cyano or an amide group- 
these often being substituents of a ring system. The imidate is first formed 
from the amine by treatment with an  ortho ester and the cyclisation is then 
promoted either by heating or with a m n i ~ n i a ~ ~ ~ - ~ ~ ~ .  Two examples are 
chosen to illustrate this p r ~ c e d u r e ~ ~ ~ * ~ ~ ~ ;  in the second cf these the ortho 
ester is also used to  build the imidazole nucleus of the purine product. 

N-CCN 
II II I 

N-CCN 
RC(OEt), 1 1  

NH3 HC, ,C, 4 C R  
II II 

HC, ,CNH, - HC, ,CN=CR(OEt) 
0 -  0 O N  
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HzNOCC(NHZ)=C(NH,), + PhC(OMe), - dl53 

0 
II 

N - cHc\PJ H 
II II I 

N-CCONH, 
II 11 

I 

phc, ,CN=C(OEt)Ph A PhC, /C, 4 C P h  
N N  

H 
I N 

H 

Pyrimidines have also been synthesised by the interaction of an acyl 
halide and diethyl malondiimidate (or its thio analogue) 499 and from the 
reaction of s-triazine with imidates possessing an active methylene 
group500. 501 

R = CN or COOEt 

NH R 
II 

H C-N=CH N=CHC=C, 
0 Ei 

- H C N  -EtOH i 
N \  QNHz R 

The synthesis of various fused pyrimidines from the condensation of 
lactini ethers with amidines or guanidines is discussed by Glushkov and 
Granik in their recent review3. 

0 

c. Pyridmines. Fused pyridazine derivatives (224) have been obtained 
from the action of hydrazine hydrate on lactim ethers but no simple 
pyridazines derived from imidates have been noted"0z. 

d. I .3.5-T,-iazines. Direct trimerisation of iniidates gives rise to 
2,4,6-symmetrically trisubstituted- 1,3,5-triazines. The reaction appears to 
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c=o 
NH 

n q  

R CHCHSOOMe NzH,HzO 
I 1 I 

(224) 

go readily with an imidate base in the presence of some acid100*503-506 
such as acetic or trifluoroacetic acid. 

In the case of some cyclic imidates (225) attempts to form the free bases 
resulted in trimerisation reactions and hence in the isolation of the 
corresponding triazines 62 (226). 

2,4,6-Unsymmetrically trisubstituted-1,3,5-triazines of the type 227 
have been formed from the co-trimerisation of two imidates507, or better, 
from the interaction of an amidine salt with a lower aliphatic imidate508. 
Schaefer found in this latter case508 that the predominant product had 
one substituent derived from the amidine and two from the imidate. In 

R' 
I 

(227) 

much the same way, the condensation of N-cyano-acetimidate with 
either an amidine or amidoxime led to the isolation of a 2-amino-1,3,5- 
triazine or its 1-N-oxide, respectively. A further modification of these 
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procedures is to be found in the use of an acyl derivative of an imidate; 
this permits the synthesis of 1,3,5-triazines with either two 509 or three510*511 
different substituents. The reaction however is not clean as transacylation 
reactions (imidate-amidine) take place. 

R" 

A route to monosubstituted-l,3,5-triazines has been devised through 
the interaction of 1,3,5-triazine with an imidate. Compound (228) is 
proposed as a n  intermediate of this reaction5I2. 

e. I12,4-Triazit~es. Several direct but little used routes to 1,2,4-triazines 
have been reported. For example, s-tetrazines undergo Diels-Alder 
addition reactions with a variety of compounds possessing double bonds; 
the addition is then followed by loss of nitrogen in a retro Diels-Alder 
reaction. Imidates have been used in this reaction to form 1,2,4-tria~ines~'~. 

NH //N-N \ 
R'C, ++ + RC\  HN-N>CR A RC, HCR 

OEt N=N C=N 
I 
R '  

(R  = COOMe) 

A 4-N-oxide derivative of a 1,2,4-triazine has 
interaction of the diketone derivative (229) with 

been formed from the 
an imidate and 
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J 
0 

nucleophilic attack515 by hydrazine on the compounds of the type (230) 
gives rise to pyrimido[5,4e]-l,2,4-triazines (231). 

(230) (231 1 

The most general route to 1,2,4-triazines is, however, via cyclisation 
reactions of aniidrazones which already have the basic nitrogen structure 
of a 1,2,4-triazine. These reactions, typified by the following equation, 
are discussed in detail in Chapter 10 and in previous  review^^^^'^'^. 

N 
N@ ‘CR‘ 

+ I  A RC\ /CR’ 
I I1 R’C-0 

RC\NH, R’C=O N 

f. s-Tetrazirtes. Excess hydrazine (usually as the hydrate) reacts with 
imidate salts under mild conditions to yield I ,4-dihydro-s-tetrazines 
(232) which are readily oxidised, e.g. by nitrous acid to the parent tetra- 
zine2* 359* 3G6*367. 516. It  has been suggested, however, that amidines give 

N-N 
>R - [OI RC< >CR //N-NH 

AH2 CI-  

OEt NH-N N=N RC< + x N H ~ N H ~  R C \  

cleaner 517. Polymeric 1,4-dihydro-s-tetrazines (233), useful 
as precursors of polymeric 4aminotriazoles (234), have been synthesised 
in this way from diirnidates5I8. 

M ono-alkyl hydrazines such as methylhydrazine react similarly with 
ethyl formimidate hydrochloride to yield e.g. 1,4-dimethyl-l,4-dihydro-s- 
tetrazine among other products but arylhydrazines yield N‘-aryl- 
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(234) 

amidrazones due to the decreased activity of the aryl nitrogen of the 
hydrazine. 

Unsymmetrically 3,6-disubstituted-s-tetrazines are as yet quite novel 
compounds ; however 3-phenyl-s-tetrazine (235) has been reported as the 
product of the interaction of formamidine acetate with benzimidate in the 
presence of h y d r a ~ i n e ~ ~ ~ .  

+ 
( a ) .  NH,NH, HN-" 

t PhC, ,CH 
HNH2 

AH, CH,COO- 

NH2 OEt (b). [OI N=N 
+ PhC\ 

H 
3HC\  

As t e t r a z i n e ~ ~ ~ ~  are intermediates in the synthesis of many other 
heterocyclic systems, the above reactions provide routes from imidates 
to  1,2,4-triazoles and  their 4-amino derivatives, 1,3,4-0xadiazoles, and 
pyridazines among others. 

22. Formation of oxazines 

to  yield the dihydro-l,3-oxazine 237. 
The substituted propanolamine 236 and ethyl b e n ~ i m i d a t e ~ ~ ~  condense 

NH //NCH, \ 
// PhC, + PhCH(OH)CHPhCHZNH2 A PhC, ,CHPh 

0-CH Ph OEt 

(236) (237) 
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23. Formation of azepines 
Tetrahydro- 1,3-diazepines have been prepared by the condensation 

of 1,4-diaminobutanes with appropriate reagents including imidates621 
and this reaction has been extended to give fused azepine d e r i v a t i v e ~ ~ ~ ~ ’ ~ ~ ~ .  

o-Aminophenylacetic acid has also been used in related condensation 
reactions to give diazepines (e.g. 238) useful as hypnotics 404. 

1. Reaction of lmidates with Grignard Reagents and Metal  Alkyls 
Imidates undergo attack by Grignard reagents2; in the main displace- 

ment of the alkoxy group of the imidate takes place with formation of the 
corresponding imine which can be hydrolysed to the parent aldehyde or  
ketone. Indeed, the interaction of aryl Grignard reagents with ethyl N- 
phenylformimidate has been shown to be a convenient route to aryl 

ArCHO 
H 3 0  + 

NPh 

0 Et 
HC< + ArMgBr - ArCH=NPh 

aldehydes 623. However, in some cases these reactions can proceed beyond 
the aldimine ~ t a g e ~ ~ ~ * ~ ~ ~  and thus give secondary amines as products, 
equation (31). Similar results have been obtained by the use of 
CH,=CHCH,Li or CH2=CHCH2ZnBr in place of the corresponding 
magnesium 

N Ph 

HC@ + 2 R M g B r  - R,CHNHPh (31 1 
‘0 Et 



9. Imidatcs including cyclic imidates 459 

The reaction of Grignard reagents with imiciates is fairly general in 
scope and has been used to  give k e t o l ~ ~ ~ ~ ,  e.g. (-)-benzoin (239) and 
hydrazine  derivative^'^' of the type 240. Tn addition, imidates (241) 

NH 
// (-)-PhCH(OH)C, + PhMgBr (-)-PhCH(OH)C(=O)Ph 

OEt 
(239) 

NN=CHPh 
HCH + (Ph)3CMgBr -----+ PhC<N-N>CCPh, 

‘ 0  R H H  

(240) 

derived from sulphonamides have been used as a source of primary 
a r n i n e ~ ~ ~ ~  as outlined in equation (32). 

// NSozPh 2 RMgBr+ 

OEt 
PhSOZNHz + HC(0Et)Z HC, 

(241 ) 

RZCHNHSOzPh A RZCHNHZ (32) 

Although the reaction of ethyl N-phenylformirnidate with alkyl 
l i t h i ~ r n s ~ ~ *  gave, in the main products 242 and 243 rather than the 
desired iso-nitrile, the Grignard reagent (CH,CH,),NMgBr afforded the 
desired iso-nitrile in high yield525. 

HC//NPh j-: n-BuLi :;B:CHNHPh + PhNC 

+ PhNC 

(242) 
NPh 

\NHPh 
MeLi ‘OEt 

J. Oxidation 
Little is reported in the literature o n  the oxidation of imidates. How- 

ever, N-substituted thioimidates (244) which appear in two independent 
studies involving selenium and benzoyl peroxide530 yield, on 
oxidation, the corresponding &substituted amides 245, and peracid 

0 
// NR 

ArcH ------+ A r c \  
‘SR‘ NHR 
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oxidation with m-chloroperbenzoic acid of N-substituted and cyclic 
irnidates yields oxaziranes which are useful as synthetic intermediates 531. 

,/NBu-t 
____f HC-NNU-t 

OMe I HC\ 

O M e  

K. Reduction 
The reduction of imidates has been much more widely studied than 

their oxidation. Adapting earlier work of Henle532 on simple imidates, de 
Ruggieri and his c o - ~ o r k e r s ~ ~ ~ ,  534 found that N-substituted imidates 
could be readily reduced to primary amines with zinc or sodium amalgams 

NR [ H I  CH,C @ - CH,CH=NR - RNH, + CHBCHO 
\OEt 

(R = alkyl or cycloalkyl, including steroidal residues) 

in acid solution. More recently, work by Borch has led to the conversion 
in high yields of nitriles67 or N-mono- or N,N-disubstituted 
amides lz5* 128* 5 3 5  into amines via imidate intermediates (equations 33 
and 34). However, when for compound 246, R' = R" = H, the boro- 

RCHzNHEt 
(a). E t30+  BF; HN Et NaBH, 

RCN (b). EtOH ' RC\OEt 
(33) 

(34) 
NaBH 

NR'R" 

OEt 
RCH,NHR'R" R C< 

Et,O+EF, 
0 

// 
RC \ NR,R,, CH,CI2 ' 

R '  = H or alkyl, R"  = alkyl 

hydride causes smooth dehydration of the amide to give the corresponding 
nitrile lZ8. 

In the case of cyclic imidates, borohydride or deuteride reduction of 
2-alkyl-dihydro- 1,3-oxazines (e.g. compound 247) affords a useful syn- 
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thetic route 536-540 to substituted aldehydes or their C(l) deuterated deriva- 
tives as illustrated in equation (35). 

(247) 

On the other hand, reduction of cyclic imidates of the tetrahydro- 
furanimine type (248) with lithium aluminium hydride gives rise to 
alkanolamines 541-543. 

HZC-CHZ 

HZC, ,C=NR 
0 

(248) 

p R N H (CH 2 )  j C H  20H I I LiAlH. 

The third type of cyclic imidates i.e. those based on lactams (249) can 
be reduced by borohydride128 to give cyclic amines. 

L. Preparation and properties of acyl and sulphonyl derivatives of 
irnidates 
Simple imidates react with acid halides including phosgene to give the 

corresponding acyl derivative of the imidate2, 510* 544. These compounds 
(250) are very susceptible to hydrolysis and hence diacylamines are often 
the final products of these reactionsZ. N-Substituted imidates react 

N H  NCOR' 
+ R'COCI A .RC< 

OMe 
A RC(=O) N H C(=O) R' 

O M e  
RC< 

(250) 

similarly with acid chlorides and compounds such as chloroformate 
to give diacylamines 147, and related compounds (251). Synthetic 

NAr 

GEt 

A 
HC< + ClCOOEt ArN(CH0)COOEt 

(251 1 
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use of these reactions has been made to  give acyl i s o ~ y a n a t e s ~ ~ ~  (252) as 
illustrated in equation (36) and triazines5I0 (see Section IVY H, 21, e). 

- 

NH NCOCOCI 

OEt OEt 
RC< A + RCONCO (36) 

(COCU2 RC< 

(252) 

Although acetic anhydride has been reported to  react with imidates 
to give diacylamines1*2, little work has been done in this area of imidate 
chemistry. 

N H  

‘OR’ 
RCH + (CH,C0)20 ___f RCONHCOCH3 

Sulphonyl halides condense with imidates to yield a mixture of pro- 
ducts 547 which includes the sulphonyl derivative of the imidate (equation 
37). However better routes to  these sulphonyl derivatives of imidates 
are known, e.g. treatment of a sulphonamide with an  ortho ester527. 

N H  
RC< + R’S02CI - 

0 Et 

NS02R’ 0 AH2 CI- 

OEt NHS02R’ ‘OEt 
+ RCH + C2HSCI (37) 

// + RC, H 
RC \ 

NSOzPh 
4 
‘OEt 

PhSOzNH2 + HC(OEt), A H C  

M. Properties and Reactions of N-Halo-imidates 
Sodium h y p o c h l ~ r i t e ~ ~ ~  and h y p ~ b r o m i t e ” ~ ~ .  548, t-butyl hypo- 

c h l ~ r i t e ” ~ ,  bromine and iodine55o have all been used to  convert imidates 
into their N-halo derivatives. N-Fluoro-imidates have also been re- 

but are prepared by other methods, e.g. equation (38). In 

N H  NX 

OR‘ OR‘ 
RC< + HOX - RC< + H 2 0  

(X = CI, Br) 
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N F  N F  

F OR' 
// // RC, + R'ONa - RC, 

463 

(38) 

(R = C N  or RF) (252) 

particular, the perfluoro compounds (252; R = RF) are of interest as on 
hydrolysis they are reported to give the N-fluoro-imidates 253 rather than 
compounds of the tautomeric fluoro-amide structure, 254. 

N F  N H F  

OH 0 
// 

RFC, 
++ RFC, 

N-Bromo-imidates have also been identified as intermediates in the 
bromination of olefins with N-bromacetamide (NBA) which unlike 
N-bromosuccinimide fails to give allylic b r ~ m i n a t i o n ~ ~ ~ .  Thus cyclohexane 
and NRA yield the imidate intermediate (255) which decomposes to give 
the bromo-compounds 256 and 257. 

Although known from the early days of imidate chemistry, it is only 
recently that N-halo-imidates have become of synthetic importance. For 
example, compounds of this type possessing a-hydrogen atoms undergo 
Neber type rearrangements to  forni ~ t - a m i n o - e s t e r s ~ ~ ~  and a recent 
m ~ d i f i c a t i o n ~ " ~  of this reaction has given ortho esters of cr-amino acids, 
(equation 39). 

Papaz4' has shown that N-chlorobenzimidates react with dialkyl 
sulphides to give either sulphilimines (259; R' = Me) or sulphenamides 
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I 
RCHCOOR’ u n +  

(260; R’ = n-Pr). He  also by n.m.r. techniques that 
the N-halo-imidates (258) existed as a mixture of syn and anti isomes. 

HN R;S 
Arc, - ArCONESR; or ArCONHSR‘ 

OMe 

Much of the recent work in the field of N-halo-imidates is of Russian 
origin and is concerned with the reaction of N-halo-imidates with various 
phosphorus compounds. For example, trialkyl phosphites react with N- 
chloro-imidates to give products of the type 261 via an Arbuzov type 

NCI N PO (0 R”)2 

OR’ OR‘ 
RC< + (R”O),P R”CI + RC, // 

(261 1 

rearrangement 554-557. Related reactions have been carried out with 
N,N’-dichloro-~xaldiimidate~~~; however, triaryl p h o s p h i t e ~ ~ ~ ~  cannot 
undergo Arbuzov type rearrangements and hence yield, under sinilar 
conditions, compounds of type 262. 

HNC‘ 
RC, + P(OAr), R’CI + RCON=P(OAr)3 

(262) 
OR‘ 

Phosphorus trichloride reacts with N-chloro-arylirnidates to  give com- 
pounds described as N-(tetrachlorophosphoramy1)carboximidates (263); 
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phosphorus pentachloride reacts similarly but with evolution of 
Chlorophenylphosphines and related compounds 560-563 have also been 
stildied and shown to react as in equation (40). 

NCI  

0 R' 
RC< + P(Ph)3-1Clo-z - R'CI + RCON=PPh,,,Cl,,z (40) 

N-Halo-imidates of the type 264 have been prepared for studies on 
syn-anti isornerisati~n~". 

HNX 
OSiMe, 

R C \  

N. Phosphorus and Antimony Derivatives of lmidateo 
Several methods applicable to the formation of simple imidates have 

also been applied to give imidates incorporating nitrogen-phosphorus 
bonds. For example, imidoyl halides having N-P bonds have been treated 
with or thiols 95* 341 in basic conditions to yield imidates. 

N PO ( Me) CI NPO( Me)OAr 

OAr 
NaOAr / 

___f RC4 RC \ \CI 

Thioimidates of the type 265 may also be made by the direct alkylation 
of the corresponding thioamide 566 (266) and related compounds (267) 
have been prepared by the action of vinyl ethers with phosphoraz ida te~~~~ .  

S N PO (0 Ph) 2 

Arc@ R X  A r c 4  
'N H PO (OPh) Et3N \S R 
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NP(O)R2 

(267) 

+ CH2N2 
// 
'OR' 

R2PON3 + CHz=CH(OR') HC 

Another synthetic route to imidates with phosphorus substituents in- 
volves the interaction of alkyl or aryl thiocyanates with phosphorus penta- 
chloride 568*569 to give the chloroformic thioimidates 268 and 269. 

N PCI, 
/ 
' S  R 

RSCN + PCI, ---+ CIC 

(R = alkyl) (268) 

N6C13 PCI, 

SAr 

// ArSCN + PCI, ____+ CIC, 

(269) 

Other phosphorus derivatives have been prepared by the direct inter- 
action of imidate bases, e.g. benzimidates with phosphorus penta- 

571 or by the interaction of that reagent with N-halo-imidates 560. 

However, not all compounds of the type 270 are stable and N-acyl- 

HNH "PC14 
RC, + PCI, RC, 

OEt 0 Et 

(270) 

phosphorimidic chlorides (271) are obtained in some instances; equation 
(41) illustrates a route to related 

Phosphorus trichloride also reacts with imidates 559 as does chloro- 

573. 

RCdNH + PCI, -----+ HCI + R'CI + RCON=PCI3 

(271 1 
\OR' 

NH 

'OR' 
RCd + Ph,,2PC14-3 ---+ HCI + R'CI + RCON==P(Ph),,2C12, (41) 
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diphenylphosphine (equation 42). Other related reactions of imidates 
with various chlorophosphines 574-576 and with triaminophosphines 577 
are illustrated by the following equations (43-45). 

ROC-COR H N  

RO OR N\ /N Et3N 
P 
I 
R '  

NH //NP(OW2 
R C< + (Et0)ZPCI RC, 

0 M e  OMe 

(43) 

(44) 

N P ( 0 R ') N R2 

(45) 
// + P(NR2)3 A RC\ + RC, 

NH 

'OR' 

/N P (N R2 12 

OR' N R2 
R CH 

Some related work involving antimony derivatives, e.g. antimony 
p~en tach lo r ide~~~  has been published and a novel synthesis of formimidate 
involves the use of that reagent along with hydrogen cyanide and alco- 
hol 579. 

NH; SbC l i  

OEt 
HCN + SbCI, + EtOH - H C< 

0. Photochemistry of lmidates 
Little study has been made of the photo-reactions of simple imidates 

although it has been shown that the imidate 271 on irradiation yields the 
corresponding N-substituted amide 580. 

HC-CH HC-CH 
II I1 // N H  h" I I  II 

HC, HCCONHR 
HC\O/CC\ OR 0 

The photochemistry of several cyclic imidates 581-584 has been studied 
and, for example, the azabullvalene derivatives 272 and 273 have been 
found to be the products of irradiation of the imidate 274. 
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(274) (272) (273) 

Photoisomerisations of 2-ethoxy-3H-azepines (275) to 2-azabicyclo- 
On the other hand, [3,2,0]hepta-2,6-dienes have also been 

the 4,5-dihydro-3 H-azepine 276 was found to be photostable but could 
be converted into azabicyclo[3,2,0]hept-6-ene (277) in the presence of 
triplet s e n s i t i s e r ~ ~ ~ ~ .  The related compound 278 on photolysis in the 

EtO 

presence of sensitisers gave proLJcts the nature of which c,;pended on 
the solvent used in the reaction587. 

P. lminoonh ydrides 
lminoanhydrides (isoimides) have been observed only infrequently in 

organic synthesis. Indeed, only when the iminoanhydride grouping, 279, 
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is stabiiised by certain structural features can these compounds be iso- 
lated588-590, otherwise they rearrange readily to diacylamines, and it has 
been suggested that it is the syz form of these compounds589 which is 

0 0 
I I  I I  

C=N - PhCN(Ar2)CAr1 
/ + \  

Ph 

(46) 

responsible for the rearrangement, (equation 46). Factors which help to 
stabilise the anhydride system include the presence of electron withdrawng 
substituents on the aryl group (Ar2 of 280) attached to the n i t r ~ g e n ~ ~ ~ - ~ ~ '  
or the enclosing of the anhydride group in a cyclic system (281) in which 
attack by the imino nitrogen on the carbonyl group is inhibited sterically. 

NPh 
I1 a) 

I I  
0 

Studies on the rearrangement of these  anhydride^"^^*^^^ [and of the re- 
lated dithio (282)] have shown that the process follows 
first order kinetics. 

.. . c 

(2823 
Ar 

I 
R,NC(=S) NC(=S) Ph 

Q. Miscellaneous Reactions of fmidates 
Malononitrile condenses with iinidates 594 and thioimidates 5g5 to give 

dicyanoethylene derivatives (283). Other reactive groups have been utilised 
to synthesise pyridines (see Section TV, H, 21, a) and i~00xaz01one~"~. 
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CH3 /NCH2Ph NC\  / 
CH2(CN):, + CH C - ,c-c 

'SR NC \NHCH,Ph 

(283) 

CH,C-CHC(=NH)R 
II I 

0 

NH HJCOOR" 

RC\OR' CH,C=NCH 
- 

N, ,C=O 
I 4 

Amidrazones have been found to react with imidates. Thus the amidra- 
zone 284 and the related imidate 285 condense to give an i m i d i x ~ e ~ ~ ~  
(286). Unsubstituted amidrazones also react with imidates, and the 

NNMePh 
HC< 

/NH A 
dN eP 

NNMePh 

NHZ 0 Et 
(284) (285) HC\NNMePh 

H C< + HC, 

(286) 

products have been identified as dihydrazidines, e.g. compound 287, 
which can be readily cyclised in acid to the corresponding triaz~les"~. 

N- N NNH2 N- 

NH2 'NH, H ~ N  NH, HzN 
N\ // \\ 4 - RC /C--c, /CR 

// [-CHNH] 'OEt + RC, 

Cyclo addition reactions of imidates with nitrilimines have also been 
reported 599. 

Other imidate reactions have been reviewed2. 

R. Uses of lmidates 
In addition, to their wide utility in synthetic work, imidates have from 

time to time found use in industrial processes although their general 
instability tends to preclude their wide usage in this way. However, re- 
cently, imidates of the type 288 and related compounds have proved 
useful as catalysts for the formation of stereoregular methacrylonitrile 
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NPh -bAIEt3 

OAl Me, 

// PhC, 

polymers 6oo* 601. In addition ethyl N-methylbenzimidate has been used 
as a catalyst in the polymerisation of E-caprolactam602, the silicon deriva- 
tive 289 has been utilised as a vulcanising agent603 and diimidates of the 
type 290 have been found to be useful as adhesive additives604. A thermo- 

NH 
HN\ // 

R,O/C--R--C ‘ 0  R2 

(289) (R, R’, R2 = bl--25 alkyl, etc.) 

(290) 

setting imidate polymer derived from hexafluoropentanediol and perfluoro- 
suberonitrile has been utilised as an intermediate in the formation of 
polytriazines 70. 

Another area in which imidates have found use in recent times is in the 
realm of agricultural products such as herbicides 591*605*606, bactericides 607 

and pesticides608*609, e.g. compounds of the type 291. 

NAr 

OOCR’ 
RC< 

(291 ) 

Other miscellaneous applications include the use of imidates in acid 
plating solutions for copper 610, in impregnating varnishes for electrical 
insulation 611 and as fluorescent materials lZ7. 
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1. INTRODUCTION 

Amidrazones (I) may be regarded as the hydrazides of the hypothetical 
imidic acids (2) and hence are related to the esters (imidates, 3), amides 
(aniidines, 4) and acid halides (imidoyl halides, 5 ;  X = halogen). For 

RNR1 /NNR1R2 NH NH NH 

X 
R C c  RC\ 

// / 

OR’ N H I  
RC\ 

OH 
RC\ 

NR3R4 
RC\ 

(1 1 (2) (3) (4) (5) 

compound 1, the substituents R, R’, R2, R3 and R4 can be hydrogen or 
any of a very wide range of atoms or groups. Thus by the introduction 
of the appropriate functional groups into structure 1, aminoguanidine 
(6), isoseniicarbazides (7; X = 0) and isothiosemicarbazides (7; X = S) 
may all be looked on as aniidrazones. However, these will not be dis- 
cussed in detail here. In addition 1,2,4-triazoles (8) and 1,2,4-triazines (9) 
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can also be regarded as cyclic amidrazones and while their chemistry will 
not be reviewed, it will be shown that amidrazones are frequent precursors 
in the synthesis of these heterocycles. 

N 
N- NH RC/ ‘N 

I I1 
R’C CR2 

II I 
RC CR’ 

\N/ \N/ 

A comprehensive review of amidrazone chemistry1 appeared in 1970 
and therefore this article will tend to deal with the general aspects of the 
preparations and properties of amidrazones and the reader should refer 
to the earlier review1 for further references. 

II. NOMENCLATURE 

The nomenclature used to describe compounds of structure 1 has 
been and indeed still is somewhat confusing. For example, amidrazones 
are found under the term ‘hydrazidines’ in  Chemical Abstracts but this 
name has also been applied to compounds of the structure 10 although 
these (10) are also sometimes called dihydroformazans or hydrazide 
hydrazones. Amidrazones may be of types 11 or 12 which have been 

termed aniide hydrazones and hydrazide imides respectively. When, 
however, for compounds 11 and 12, R1 = H ,  tautomerism is possible so 
that strictly these terms cannot be applied and the name amidrazone is 
preferable. 

A n  amidrazone is named after the acid theoretically obtained from 
it on hydrolysis1*2 and the nitrogen atoms are numbered as in formula 



494 K. M. Watson and D. G. Neilson 

(13) (1 4) 

13, which represents N3-methyl-Nl-phenyl-formamidrazone. Whilst 
oxaldiamidrazone (14) is thus a true diamidrazoiie, the compounds 
represented by formulae 15 and 16 are not. These compounds (15 and 16) 
are dihydrazidines or, in the case of 15, amide azines 3. 

111. FORMATION O F  AMIDRAZONES 

A. Introduction 
The chief methods for preparing amidrazones fall into two main 

categories: addition reactions and substitution reactions. 
In the addition reactions a hydrazine can be added, for example, to a 

cyano group or to a carbon multiply linked as in a ketimine or carbo- 
diimide. 

In the second type of reaction, a suitable leaving group, attached to an 
imino-carbon, may be substituted by a hydrazine residue (equation 1) 

NR1 NNHR2 

R CH + R2NHNH, ___j R C< (1 1 
NHR' 

\ 
X 

or conversely, ammonia or an amine may act as the nucleophile and 
attack a hydrazone possessing a suitable leaving group (equation 2). 

Apart from these two main methods of formation, amidrazones may be 
obtained by the ring opening of certain heterocyclic systems, usually after 
quaternization, or by the use of compounds in which the carbon and 
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nitrogen atoms are already suitably positioned in the reactant molecule, 
as for example in the case of the reduction of a formazan to an amidrazone 
(equation 3). 

NNHR' NNHRl 
[HI 

____f 

4 

N=NR' NH2 
RC\ (3) 

B. Preparation of Arnidrazones by Addition of Hydrazines 

1. Addition of hydrazines to  nitriles 
The primary product of .the nucleophilic attack of hydrazine on a 

nitrile is an amidrazone and these compounds are obtained where an 
electron withdrawing group, such as a heterocy~lic"~ or  perfluoro-alky18 

residue, is attached to the cyano moiety. Both anhydrous hydrazine5vg and 
hydrazine hydrate 7 *  lo have been used, normally in alcohol solution at 
room temperature. Secondary reactions can take place however ; e.g. 
the amidrazone can attack unchanged nitrile giving dihydrazidine (17), 
which itself can undergo ring closure by loss of ammonia to form the 

N- NH 

-----+ RC \CR ____f RC CR 
NNHP HN-- N II I 

\ / \NH 
4 

RCN + RC, 
NH2 NH, H2N 

(1 7 )  (1 8 )  

triazole (18). Moreover it has been noted that, in the absence of hydrazine, 
amidrazones can undergo self-condensations to give dihydrazidines (17) 
and dihydrotetrazines (19). For example, Libman and Slackll isolated 

NNH, N- N 

---+ (17) + RC, // \CR 

(1 9) 

/ 
NH, NH-NH 

the triazole 18 and the dihydrotetrazine 19 (R  = 4-pyridyl), by heating 
pyridine-4-carboxamidrazone hydrochloride in a sealed tube and Geldard 
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and Lions12 obtained compound 19 (R = 2-pyridyl), in almost quantitative 
yield, by heating picolinamidrazone in aqueous o r  ethanolic solution. 
Recently, a more detailed study13 has shown that picolinamidrazone, 
under reflux in an atmosphere of nitrogen, gives rise to the dihydro-s- 
tetrazine (19; R = 2-pyridyl) and the dihydrazidine (17; R = 2-pyridyl), 
but introduction of oxygen during the reaction produces two additional 
products, namely the s-tetrazine 20 and the compound 21 (equation 4). 

K. M. Watson and D. G. Neilson 

(21 1 
+ compounds 17 and 19 ( R  = 2-pyridyl) 

The formation of the tetrazine (20) is by no means unexpected, as dihy- 
drotetrazines are themselves precursors of tetrazines (by oxidation) and 
also of 4-amino-1,2,4-triazoles (22) (by the action of acid o r  of heat)l.14 
and hence these compounds are recognized from time to time as by- 
products. In particuiar, prolonged treatment, higher temperatures and 
excess hydrazine tend to  give dihydrotetrazines or  aminotriazoles along 
with, or in place of, amidrazones. The final product, however, is dependent 
not only on the conditions employed but also on the nature of the group 
R, since when R is an electron withdrawing group the amidrazone appears 
to be, in general, more stable, or the dihydrotetrazine, if formed, less 
prone to isomerise to the aminotriazolc (22). 

or H ' 

N=N 
/ \ 

RC CR 
\ /  

N-N 
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Cyanogen, an industrially important dinitrile, reacts similarly with 
hydrazine as the cyano group itself can act as an electron acceptor. Two 
moles of hydrazine'. l5 lead to the formation of oxaldiamidrazone (23) 
but with one mole of hydrazinel6. 17, cyanoformamidrazone (24) can be 
obtained, particularly when reaction conditions permit of its precipitation 
and removal from reaction. 

NNH2 
// 

H2"\ 2 NH,NH, c-c r' H2N' ' NHI 

NH,NH, NCCrNNH2 

2. Addition of substituted hydrazines to nitriles 
Substituted hydrazines react similarly with nitriles to give substituted 

amidrazones. Monosubstituted hydrazines (25)  possess two possible sites 
for attack and hence it might be expected that such hydrazines would give 
rise to  products of the types 26 and 27, depending on the nature of the 

group R1 (25). However, it would appear that in the majority of cases, 
N1-substituted aniidrazones (26) are the predominant products of these 
reactions irrespective of whether R1 is electron withdrawing or repelling. 
This appears to be so, also, when amidrazones are formed by substitution 
reactions (section C ) .  Thus 2-cyanopyridine was found to react with 
methylhydrazine to give N1-methyl-picolinamidrazone (28). No proof of 
the structure was given other than that the product 28 was reported to 
cyclise to compound 29 on treatment with carbon disulphide5. 

A series of compounds for use as herbicides has also been prepared by 
this route18 (equation 5 )  and perfluoropolytriazoles have been obtained 
via amidrazone intermediates by the action of perfluorohydrazides of 
dicarboxylic acids on perfluorodinitriles Is. 
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+ MeNHNH, 

"Me, RHNN "Me, 
(CN), + Me2NNH2 ___t NCC, // RNHNH2 \C-/ 

/ \  
NH2 H2N N H2 

(5) 

3. Addition of hydrazines to nitrile complexes 
The bonding of a nitrile function to the e!ectrophile BlOHl2 activates 

the nitrile, thus facilitating nucleophilic attack at the carbon atom, e.g. 
acetonitrile when complexed with decaborane reacts as readily with 
hydrazine as does a perfluoroalkyl nitrile20* 21 (equation 6). 

A cyano group can also be activated by a Lewis acid such as aluminium 
chloride22 and rapid addition of 1 -phenyl-1 -methylhydrazine then occurs 
to give an amidrazone even when an aliphatic nitrile is employed (equation 
7)  - 

NNMePh 

RCN + PhMeNNH, + AICI, ___+ ( 7 )  
NH, 

Recently the ferric chloride complex of a nitrileZ3 has been treated, 
first with an alkyl halide and then with an amine, to give a disubstituted 
amidine (equation 8) and it may well prove possible to adapt this synthesis 
to give substituted amidrazones. 
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R’CI 0 R 2 R 3 N H  RCN.FeC13 ----+ RC-NR’ FeCI,@ - 

4. The addition of alkali hydrazides to nitriles 
The use of sodium hydrazides in place of hydrazines has extended 

the range of nitriles which yield amidrazones, since the attacking nucleo- 
phile is, in this case, the more reactive hydrazide anion. Kauffmann and 
his co-workers 24 used this reaction to obtain amidrazone-like products, 
e.g. 2-hydrazinopyridines from the action of sodium hydrazides in the 
presence of the corresponding hydrazine on pyridine (equation 9). The 
suggested mechanism of the reaction is of the Tschitschibabin type and 
the nature of the product 30 suggests that the charge on the attacking 
hydrazide ion resides on the unsubstituted nitrogen (see Section 111, B, 2). 

N N H M e  N H N H M e  (9) -@ 
(30) 

The method has been extended to give good yields of unsubstituted amidra- 
zones from both alkyl and aryl nit rile^^^ by the use of sodium hydrazide 
and hydrazine in inert solvents under nitrogen. The method appears to be 
fairly generally applicable except where the nitrile can yield a stabilised 
anion as for example, that from inalononitrilez6 or 2-phenyl-2-(2-pyridyl)- 
acetonitrileZ7. Another instancez7 in which the expected product is not 
obtained, is provided by the 3-aminopropionitriles (31) where in some 
cases, e.g. compound 31 R’ = Ph, R2 = Et, a retro-Michael reaction 
causes cleavage of the aminonitrile (equation 10). 

Lithium28 and barium29 hydrazides have also been used instead of 
the sodium compound to react with nitriles; in these cases slight altera- 
tions in the conditions led to different products, e.g. diphenylhydrazidine 
was obtained from benzonitrile, but phenylacetamidrazone from phenyl- 
acetonitrile. 
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8 e 
RlRZNCH,CH,CN + NHNH2 - R1R2NCH,CHCN + NH,NH, 

(31 1 
0 8 H20 

RlRZNCH,C'HCN ___j CH2=CHCN + RIRZN - R1R2NH (10) 

5. Addition of hydrazines to ketimines, .carbodi-imides and 
s-triazine 
Ketimines and carbodi-imides can both yield amidrazones by addition 

of hydrazine ; for example, N3-p-tolyl-diphenylacetamidrazone is obtained 
from the corresponding ketirnine3O (equation 11) while either one or two 
molecules of a ~ a r b o d i - i m i d e ~ ~ . ~ ~  can react with a hydrazine to  give 
products of the types 32 and 33. 

N N  HCOOEt 
NH,NHCOOEt // 

RNHC\ 

-I RN=C=NR 

NHR 

(32) 

NH,NHCOOEt 
RNHC, 

\ 

N H  NCOOEt 
I 
CNHR 
I1 
NR 

s-Triazine can react with hydrazines to  yield a variety of products 
depending on the hydrazine employed. Amidrazones are formed when 
I ,  I-disubstituted hydrazines are 

/N N P h Me (6; PhMeNNH,, 

NHZ 
N HC\ v 
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C. Preparation of Amidrazones by Substitution Reactions of Hydrozines 

1. Reaction of hydrazine on imidates 
Tmidates are more susceptible to nucleophilic attack than are nitriles 

and hence, as expected, a wider range of imidates can react with 
hydrazinel- 34 to yield amidrazones by replacement of !:he alkoxy group. 

N N H ,  
R C< + R’OH 

HNH + N H Z N H ,  A 

OH’ N H ,  
RC\ 

(34) 

As indicated in Section B (see also Chapter 9), however, the reaction 
may not stop at the amidrazone but, depending on the experimental con- 
ditions and on the nature of the group R in compound 34, a dihydrazidine 
(17) or occasionally a triazole (18) may be obtained. Dihydro-s-tetrazines 
(19) are also frequently produced and these may oxidise to the correspond- 
ing s-tetrazines or rearrange to 4-amino- 1,2,4-triazoles (22). Moreover 
dihydroformazans (35) can be formed by the action of two moles of 

N H  N N H ,  
/ 
\ RC< 

+ 2 NH,NH,  - RC 
OR’ N H N H z  

(35) 

hydrazine on the imidate. Thus the reaction is not always clean and the 
amidrazone may not be the major product, but nevertheless good yields 
can be obtained in many instances. Optimum conditions for amidrazone 
formation appear to be the interaction, at or below 0°C in ethanol or in 
an ethanol/ether mixture, of equimolar amounts of anhydrous hydrazine 
with imidate base; however sometimes the imidate salt has been used. 
There is a greater tendency for side products to be produced when 
hydrazine hydrate acts on an imidate at room temperature. This general 
method has been employed in the preparation of unsubstituted amidra- 
zones, or their hydrochlorides, from aliphatic, aromatic and heterocyclic 
i m i d a t e ~ ~ ~ ,  35, 36 (equations 12-14). However, the products are not 
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\ 
L L 
\ 

OEt NH2 

always isolated but may be used in situ for further synthesis3' (equation 
15). 

N 
/ \  

N //"HZ MeC 

\ o=c CPh 
II  (1 5 )  

HNH NH2NH2 MeCOCOOH 
___f PhC - 1  PhC, 

\ /  
N 

H 

OEt NH, 

I 

When N-substituted imidates are used as starting materials, reaction 
with .hydrazine gives the corresponding N3-substituted amidrazones. 
This synthesis has been applied to give t r i a z i n ~ n e s ~ ~  (36) by reaction with 
a-keto-esters of the amidrazone intermediates which were not isolated. 

2. Reaction of substituted hydrazines on imidates 
Monosubstituted hydrazines react smoothly at room temperature 

in alcohol with equimolar quantities of iniidates or their  salt^^.^^ (equation 
16). The number of possible by-products is reduced but, since formazans 

0 0 
NH, CIo NHNHMe CIo 

(1 6) 
/ MeNHNH, // 

PhC, - PhC 
\ 

OEt NH, 
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can be formed by the reaction of a n  imidate with two moles of the hy- 
drazine (equation 17), they, or occasionally dihydroformazans, may be 
produced along with the amidrazone 

NNHRZ 
2 R 2 N H N H l  // 

N H  
RCH - RC 
\ \ 

OR1 N=NR2 

Acyl hydrazines can similarly give N1-acyl-amidrazones40 which 
,usually cyclise to 1,2,4-triazoles under alkaline conditions1. By this 
route, Becker and  his co-workers‘l obtained N1-acyl-N3-hydroxyamidra- 
zones and from them, 4-hydroxy-l,2,4-triazoles (equation 18). When 

NNHCoAr :,-,,OH cle MH - // ArCONHNH // MeC A MeC 
\ 

OR 

rq-+ (1 8 )  
I I  I I  N H N H C O A r  

/ O H 8  MeC - M e C  C A r  
\ /  

N 
I 

%OH 

OH 

formylhydrazine is used as the reagent, the acyl-amidrazone can be 
converted into the corresponding unsubstituted amidrazone by acid 
hydrolysis of the formyl g r o ~ p ~ ~ . ~ ~ .  

e 
NNHCHO HX NHNHz X e  - R C c  

// NH RCc H C O N H N H 2  
- 60°C 

NHZ NHZ 
RC\ 

OR1 

A novel application of this reaction43 is seen in the preparation of the 
cyclic amidrazone 38 from the action of phenylhydrazine on the imidate 
37. 

N- PPh 

// P h N H N H ,  PhC, ,NPh 
II I N H  NP( CI) Ph 

OR OR N 
I 

PhPCl 
PhC\ Ec,N 
d P h C \  

(37) 

H 

(38) 
7 
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At room temperature imidates react with 1,l -disubstituted hydrazines 
to give N1,N1-disubstituted-amidrazonesl* 4 4  while at higher temperatures 
and in the presence of ammonium salts, dihydroformazans are formed 

\ 
OEt I 2Me2NNH2+ RCrNNMe2 

NHNMe, 

(equations 19 and 20). This reaction has been adapted45 to give a series of 
silyl amidrazones (39). A further interesting example of this type of 

'OR' 

(39) 
R and R 2  = alkyl ; n = 2 or 3 

reaction is provided by Gol'din and his c o - w ~ r k e r s ~ " ,  who treated 
dialkylamino-alkylimidates with 1,l-dimethyl hydrazine and obtained, 
on heating, the acrylamidrazone (40) which reacted with excess of the 
hydrazine to  from the dihydroformazan (41). This reaction is reminiscent 
of a similar cleavage of a related nitrile reported in Section 111, B, 4. 

"Me, 
- R2NH - Me2NNH, // - R,N(CH,),C, 

NH 

R2N (CH 2 )  2c\ 

OR'  NHZ 

When substituted hydrazines act on  N-substituted imidates, this pro- 
vides a route to A11,A13-disubstituted17 o r  N1,N1,N3-trisubstituted amidra- 
zonesz2 (equation 21). 

NPh "Me2 

OR 
(21) 

4 

NHPh 
HC\ 

H C C  + MezNNHz - 
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3. Reaction of hydrazines on thioimidates 
Less use has been made of thioimidates than of imidates as starting 

materials for the synthesis of amidrazones, indeed thioamides have been 
more frequently used I. With hydrazine, thioimidates readily give di- 
hydrotetrazines, for example Mukaiyama and On0 48 found that N- 
substituted thioimidate salts, e.g. compound 42 yielded dihydrotetrazines 
via dihydrazidine intermediates, as shown in equation 22. They also used 
this ioute to obtain related polymeric 

+ 
NNle, I -  

SMe 
PhC/ + NHZNH2 - 

\ 

(42) 

\CPh (22) 
N HNNN N 

\CPh PhC, 
P h C c  / / 

NMe2 Me2N NH-NH 

On the other hand, substituted hydrazines were found to react satis- 
factorily with cyclic thioimidates to  give amidrazones 48 (equation 23). 

A novel application49 of the use of a thioimidate precursor for the 
formation of an  amidrazone is illustrated by the reaction sequence (24). 

NNHAr 
ArN,@ 
OH- 
- A,N,~ // 

MeCOCH2CSNHPh = MeCOC, 
CSNHPh 

ArNHN NPh ArNHN 

MeCOCC - MeCCC-NHPh (24) 
II // NHzNHzHzO \I H N N H 2  

II \ 
NNH2 SAr 

4. Reaction of hydrazines on imidoyl hzlides 
Hydrazine itself can react with imidoyl halides to give N3-substituted 

amidrazones ;. this type of reaction is most frequently illustrated in the 
literature by the formation of amidrazone-like derivatives of  heterocycle^^^, 
e.g. 1-hydrazino-i~oquinoline~~ (43). 
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CI NHNH, 

In the case of monosubstituted hydrazines the position is more complex. 
Thus, when phenylhydrazine reacts with N-phenyl-benzimidoyl chloride, 
two products (44 and 45) can be isolated1-not only the expected N1- 
substituted amidrazone (44) but also the N2-substiruted isomer (45). It 
may be that, due to the extreme reactivity of the imidoyl halide, the 
hydrazine reacts less selectively with this type of compound than with 
other substrates (see Section 111, B, 4). 

NPhNHz 
/ 

NPh NNHPh 
+ PhC 

phc// PhNHNH // ----% PhC 
NHPh \NPh 

\ 
'CI 

(44) (45) 

Smith and his c o - ~ o r k e r s ~ ~ * ~ ~ ,  for their study of the alkylation and 
tautomerism of amidrazones, and Walter and WeissZ2 for their spectro- 
scopic studies, have used imidoyl halides to  obtain ainidrazones of un- 
ambiguous structure (compounds 46 and 47). However, it is of interest to 
note that while reaction of the halide with a large excess of 1,l-dimethyl- 
hydrazine gave the amidrazone 47, with 2 mol of the h y d r a ~ i n e ~ ~  the 
product 48 was obtained along with 47. 

NMeNMe, 

N Ph 

Me,NNHMe 

(46) 

Me,NNH, 
(large excess) 

CI 

(47) 
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5. Reaction of hydrazines on amidines 
Amidines are less readily attacked by nucleophiles than are imidates or  

irnidoyl halides and hence have been used less frequently in the prepara- 
tion of amidrazones1*8, but illustrative examples of this type are seen in 
equations 25-27. 

0 
NH, CI@ N N P h M e  

+ P h M e N N H ,  ----+ C H , C H ( O H ) C ,  
// // C H 3 C H  ( O H )  C, 

N H 2  (26) 
N H 2  

N P h  N N H P h  
H C c  + P h N H N H ,  H C c  (27) 

N H P h  N H P h  

Formamidine salts have been used to give amidrazone intermediates 5 4  

for the synthesis of quinazoline derivatives (49). Predictably the time re- 
quired for the completion of the reaction was reduced when R (compound 
50) was an electron donor and considerably increased when R was an 
acceptor group. 

p - R C 6 H 4 N H N H 2  

N H C H = N M e 2  Cle 
0 
II 

6. Reaction of hydrazines on amides 
The formation of amidrazones from amides may be thought of as the 

substitution of a potential hydroxyl group (RCONH, + RC(OH)=NH). 
This can be achieved indirectly via the imidoyl halide (see Section 111, 
C, 4) o r  more directly by the reaction of hydrazines with, for example, 
disubstituted amides in the presence of phosphorus oxychloride (equation 
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28) or p-toluenesulphonyl chloride (equation 29) to provide intermediates 
with better leaving groups 52* 55. 

8 
NMePh NMePh C le  "Me, 

\O OPOCI, NMePh 

0 2 N Q C H = N N H z  

(28)  
POCI, M e 2 N N H 2  // 

PhC/ - P h C c  - PhC\ 

@ 

NMez p-MeC,H4S02CI HCH NMez C l e  
t 

\ 
H C/ 

\O OSOzC, H Me-p  

/NN=CH 

(29) N Me, 
HC\ 

A somewhat different approach has led from N,N-dimethylformamide 
via the imidate fluoroborate (51) to the amide acetal (52), which with 
hydrazine yields the a r n i d r a ~ o n e ~ ~ .  

NNHAr 8 N Me, 

H C C  - HCOEt HC - HC< 
I N H z N H A r  

NMe, 8 NMe, BF,@ 
EtONa / Et,O EF,@ 

\O OEt I N Mez OEt 

7. Reaction of hydrazines o n  thioamides 
Since thioamides react much more readily with hydrazine than do 

amides, they have been used in the preparation of unsubstituted and 
substituted amidrazones. For example, isonicotinic acid thioamide gives 
the corresponding amidrazone on brief heating with hydrazine hydrate. 
However, prolonged treatment at room temperatures7 results in the forma- 
tion of the thiadiazole 53. 
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The reaction of hydrazine hydrate on arylthiocarboxanilides yields 
amidrazones in the cold, but on heating dihydrotetrazines are pro- 
duced 58*  59. 

D. Preparation of Amidrazones by Substitution Reactions of Ammonia 
and Amities 

1. Reaction of ammonia and amines on hydrazonate esters and 
t hioeste rs 
Parallelling the substitution by a hydrazino residue of the group X in 

-CX=NR is the substitution by an amino group of X in a hydrazone 
derivative of the type -CX=NNR2. Thus hydrazonate esters can react 
with ammonia or  aniines to give amidrazones 60*61 (equation 30) but these 
reagents may also cause cleavage of the C==N as well as of the C-0 bond 
a n d  hence produce amidinesG0* 62 (equation 31). NeunhoefferG0 has 

NN=CHPh 

H C< (30) 

H C< (31 1 

R R ' N H  

NRR' 

NR 

NHR 

N N=CH Ph 
// 

OEt 
c\ 

adapted this method in order to obtain formamidrazone hydrochloride 
as seen in the following reaction sequence (equation 32). 

NN=CHPh 
// N H ,  , 
\ 

0 

PhCH=NNHZ + HC(OEt), A HC 
OEt 

NN-CHPh 8 NHNH? Cle 
P h N H N H 3 C I o  4 _____, + PhCH=NNHPh (32) // 

NH, 
c\ 

NH, 
HC\ 
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Ethyl thioformate reacts, in ethylamine at  O'C, with l-methyl-l- 
phenylhydrazine to give the thiohydrazide (54) while in ethanol a t  lower 
temperatures, the hydrazonate ester (55) is formed. At  higher temperatures, 
either in ethanoi solution or in the absence of solvent, these compounds 
(54 and 55) are produced along with the amidrazones 56 and 57. I t  was 
shown that the amidrazone 57 could arise from the reaction on the hy- 

S 

OEt 

H CH _. 

\ 

NHNMePh 
PhMeNNH, 

Et3N O°C 

I PhMeNNH, 

- 8 O t o  -20°C' HC\ 
OEt 

N H  MePh 
H C d N  
\ 

H C' 
\N N MePh NMePh 

drazonate ester of methylphenylamine formed through reductive cleavage 
of methylphenylhydrazine by hydrogen sulphide released in the overall 
reaction 61. Grashey and his co-workers G3 have also found evidence of 
amidrazone formation due to  similar reductive cleavage of the N-N 
bond of a hydrazine. 

2. Reaction of ammonia and amines on other hydrazonyl 
derivatives 

The very reactive halogen of hydrazonoyl halides can be readily re- 
placed on treatment with ammonia or  amines22*G4 as illustrated in equa- 
tions 33 and 34. 

"Me2 "Me2 "Me2 
(33) 

NH3 // 
P h C r  -----+ PhC, 

B r2 

-555°C in CHC13 
P h C c  

H B r  NH2 

NNHPh N N H P h  
(34) 

MeNH, 

CHCI,, -15°C 
PhC4 

\ 
CI NHMe 
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UseG5 has been made of this reaction to prepare a series of fungicides, 
of the type 58. 

The nitro groups of 1-nitroaldehyde hydrazones also undergo aminolysis 
with resultant amidrazone formation 66. 

N N MAr NNHAr 
// + PhNH2 RC( 

NO2 NHPh 
RC\ 

E. Formation of Amidrazones from Heterocyclic Compounds 
Amidrazones may be obtained from a number of heterocyclic systems 

by ring opening reactions due to nucleophilic attack involving hydrolysis 
(e.g. of triazoles) or aminolysis (e.g. of oxazoles). Usually the heterocycle 
requires to be quaternized to  facilitate this nucleophilic reaction. 

1. Formation of amidrazones from oxadiazoles or oxadiazolium 
salts 
1,3,4-Oxadiazoles bearing strong electron withdrawing substituents 

can undergo ring opening by nucleophilic attack 67. Thus 3,5-perfluoro- 
dialkyl-l,3,4-oxadiazoles when treated with ammonia give the amidrazone 
59 but with primary amines give the dihydrazidine 60. Usually, however. 

it is necessary to  increase the electrophilicity of the heterocycle. by first 
converting it to a quaternary salt, before nucleophilic attack can effect ring 



512 K. ‘M. Watson and D. G. Neilson 

opening. The product normally obtained is a recyclisation product, namely 
a triazole or  triazolium salt, but amidrazone intermediates have been 
isolated. In a reaction reminiscent of the formation of pyridinium salts 
from their pyrylium counterparts, oxadiazolium perchlorates react with 
ammonia and with primary aromatic atnines to give triazolium salts68 
(equation 35). Boyd and Summers68 have isolated the amidrazone (61, 

N--NPh N-NPh 
I @ I C104Q + RNHz - c104@ (35) 

PhC, ,CPh 
0 

I 

k 

R = Ph) from the reaction of aniline on 1.3,5-triphenyl-l,2,4-oxa- 
diazolium perchlorate, indicating that nucleophilic attack occurs a t  
C(z, of the oxadiazolium salt. When for compound 61, R = alkyl, how- 
ever, the amidrazonium salt reverts to the oxadiazolium perchlorate and 
does not recyclise to a triazolium salt. 

Shvaika and Fonienko69 have studied related recyclisation reactions 
brought about by the action of hydrazines on the alkyl tosylates of various 
heterocycles, e.g. 2,5-diaryl- 1,3-oxazoles, thiazoles and I ,3,4-oxadiazoles, 
but were unable to isolate the amidrazone intermediates in most cases. 

2. Formation of amidrazones from triazolium salts 
Triazolium salts, likewise, can undergo ring opening reactions to form 

amidrazones 64. However, since amidrazones may be the starting materials 
for the synthesis of triazolium salts, this is not a very useful synthetic 
route. Tetraphenyltriazolium perchlorate (62) with alkali forms the amidra- 
zone 63, but as the reaction is reversible, strong acid converts the 
amidrazone back into the triazolium salt (63 -> 62). 

NNHPh 
OH - // 
H +  \ 

N-NPh 
C104@ -2 PhC 

N (Ph) COPh 

I 



10. The chemistry of amidrazones 513 

On the other hand, a triazolium salt with a carbonyl substituent on 
C(3)  is attacked irreversibly at  the carbonyl and the ring is opened by 
cleavage of the N-N bond to give an  amidine in place of an amidrazone 
(equation 36). 

Ph 

Fused ring compounds such as s-triazolo[3,4~f]l,2,4-triazine can also 
undergo related ring opening reactions to yield amidrazone-like 

3. Formation of amidrazones from s-tetrazines 
Kohn and 0 1 0 f s o n ~ ~  demonstrated that the ring opening with alkali 

of a quaternary salt of 1,4-dimethyl-174-dihydro-s-tetrazine (64) occurred 
by cleavage of an N-N bond thus leading to an amidrazone. Brief treat- 
ment with alkali was sufficient to give the amidrazone (65) whereas 
secondary products (66 and 67) were formed with more prolonged re- 
action times. 

M e  M e  

NN(CN) M e  
I I 

OHe \CH ___t 
M e , o ~  BF,e /N-N 

N-N 

\ \ /  
N-N 

\CH - HC \ @ /  
H C/ 

N-N NMe, 
I II 

M e  

NN(CONH2)Me MeN-N 
// I I I  

NMe, NN/ HC\ HC CNH, 

F. Miscellaneous Methods of Preparation of Arnidrazones 
Amidrazones have been obtained by the reduction of a number of types 

of compounds where the carbon and nitrogen atoms are already suitably 
positioned. Thus amidrazones have been prepared by the reduction of 
n i t r a ~ o n e s ~ ~  (equation 37). Similarly formazans are reduced by a variety 
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N N H C6 H,Me-p N N H C6 H,Me-p 
/ Raney Nickel // 

PhC, PhC \ (37) 
NO2 NH2 

of reagents such as m e r c a p t a l ~ ~ ~  and phenyl h y d r a ~ i n e ~ ~ .  The stepwise 
reduction of tetrazolium salts by catalytic hydrogenation or by sodium 
dithionite has been studied by Jerchel and his ~ o - w o r k e r s ~ ~ *  7 5 *  76 (equation 
38). 

Amidrazones of the structure 68 have been prepared by the action of 
sodamide in liquid ammonia on 4-arylmethylene-l,2,4-triazoles; this 
reaction possibly involves a mechanism similar to that of the Tschitschi- 
babin reaction7'. 

N-N N-N 
N a N H 2 / N H 3  11 11 

HC, ,CH HC, ,CH .----+ 
II I I  

N N 

N=CHAr N=C 
I I /  NH2 

\ 
Ar 

(68 )  

Aryl diazonium salts can couple with acylaminomalonic acid niono- 
esters and similar compounds to form amidrazones as illustrated 7 2 9 7 7  in 
equation 39. 

N N C6 H 4 N 02-p 
COOH 

(39) 
P - O ~ N C ~ H , N , @  // 

f EtOOCC, 
I 
I Na,CO, 

EtOOCCH 

NHCOMe NHCOMe 

DV. PROPERTIES O F  AMIDRAZBNES 

A. Tautomerism 
Amidrazones may be classified as those capable of existing in  tautomeric 

forms, e.g. 69 + 70, and those which cannot so tautomerise and therefore 
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must have either an amide hydrazone structure (71; R3, R’ + H) or a 
hydrazide imide structure (72; R3, R‘ f H). Even where tautomerism is 

N H N R ’ R 2  NNR’R2  
R C’ A R C C  

\N R3 N H R 3  

(69) (70) 

N N R ’ R 2  N R3N R’  R2 

NR3R4 \NR4 

R C c  R C’ 

(71 1 (72) 

possible, however, it appears, from spectroscopic studies, that only one 
tautonier is normal!y obtained, there being no evidence for the presence 
of tautomeric mixtures. 

Amidrazones which are unsubstituted, or substituted only on  N1 have 
been shown by infrared and  n.ni.r. ~ t u d i e ~ ~ * ~ ~ * ~ ~ * ~ ~ * ~ ~  to exist in the 
amidrazone form (73). The structure of some substituted amidrazones, 

N N R R  N H N M e 2  /“Me2 N N R 2 R 3  

NH2 \N Ph N H M e  

// ., 
PhC’ PhC, RIC, ,H 

R 4  
N\ 

(73) (74) (75)  (76) 

however, is less clear cut. Thus Smith and his c o - w o r k e r ~ ~ ~ * ~ ~  prepared 
the amidrazone 74 from the reaction of dimethyl hydrazine on N-phenyl- 
benzimidoyl chloride and concluded from comparison of its ultraviolet 
spectrum with those of model compounds, that the compound had the 
hydrazide imide structure 74 whereas the corresponding N3-methyl 
derivative had the amidrazone structure 75. Compound 74, however, 
was also included in a series of di- and tri-substituted amidrazones 
prepared by Walter and Weiss2”. These workers made a study of the 
infrared spectra of these compounds and their ‘half deuterated’ derivatives 
(e.g. 76, R4 = D) and found their results to be consistent with these 
compounds having the amidrazone structure 76, with hydrogen bonding 
between N1 and the hydrogen atom on N3. 

B. General Properties 
Amidrazones are either colourless liquids o r  solids. Unsubstituted 

amidrazones, although fairly stable when pure, tend to be unstable in 
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solution and may turn red due to conversion into s-tetrazines. They 
retain the reducing properties of the parent hydrazines. Substitution on 
the nitrogen atoms normally enhances the stability of amidrazones. 

Amidrazones in general are mono-acid bases which form salts with 
inorganic acids; the hydrochlorides are by far the most frequently pre- 
pared but nitrates, sulphates, bromides, iodides, picrates, tosylates, 
perchlorates and fluoroborates have all been reported1* 42*  52. 67. The 
basicities of aliphatic amidrazones do not differ greatly from those of 
aliphatic amines, for example N1,N1-dimethylacetamidrazone has a pKa 
of 10.0 in water and 9.6 in methanol8'. The corresponding perfluoro- 
compound8 has pKa 10.2. The pKa values of a series of cyclic amidrazones 
and vinylogous amidrazones, used as photographic dye developers, have 
been determineds1, and these values, the light stabilities and coupling 
activities were found to be related to the electron densities of the nitrogen 
atoms. 

Amidrazone protonation can give rise to the amidinium-like cation 
77 where spreading of the charge would be expected to lead to enhanced 
stability and there is n.m.r. evidence to support t h i ~ ~ ~ * ~ ~ .  Hcwever, 

NHNR'RZ NHNPhMe 
4; PhC' 

RC<. \ +  

NR3R4 N Hz 
(77) (78) 

infrared 
N1-phenylbenzamidrazone, give salts of the structure 78. 

suggest that some amidrazones, for example "-methyl- 

C. Spectral Properties 
In their infrared spectra, amidrazones which are not fully substituted 

show strong bands assigned to NH, and NH stretching vibrations lying 
between 3500 and 3100cm-l, and these bands in particular have been 
used in structure determinationszz* 4 4 v 7 8 *  79. Bands assigned to C==N 
stretching vibrations vary from 1690 to 1590 cm-l and a low wave number 

has been cited as indicative of the presence of hydrazone ( C=NN-) 

rather than imine ( C=N-) bonding79. Bands at around 1660 and 

1590 cm-I have been assigned to NH, and NH deformations respectively 
but do not appear to have found much application in structure determina- 
tion. 

\ 
\ / 
/ 
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N.m.r. ~ t u d i e ~ ~ ~ * ~ ~ . ~ ~  have also found use in structure determinations 
(see Sections IV, A and B). 

D. Alkylation and Silylation 
Amidrazones can be methylated with either methyl iodide or methyl 

tosylate to give the corresponding salts ; these salts, on basification, yield 
the methylated bases (equation 40). Smith and his c o - ~ o r k e r s ~ ~ * ~ ~  have 

"Me2 N M e N  Me, NMeNMe, 

NHMe 

/ M e l  /* , IQ O H 0  PhC 
(40) - P h C ' e  1 

+H \NMe 

P h C c  

\ 
M e  

made a study of the methylation of substituted amidrazones and hy- 
drazide imides and have shown that, in most cases, methylation occurs 
either a t  N2 or N3 to give amidinium type ions which are stabilised by 
charge de!ocalisation (equations 40 and 41). On the other hand, they52*53 

NMeNMe, NMeNMe2 

1Q (41 1 
Me1 /- 

---+ PhC (e 
\\ 

PhC' 

\NPh NMePh 

found that compounds of the type 79 undergo methylation on N1 and they 
attribute this difference in behaviour to steric crowding. However, it is 
probable that a number of different, but finely balanced, factors must 
influence the position of alkylation. 

0 
"Mez "Me, 

NR lMe NRlMe 
R C< - Me1 RC/( I 0  

(79) 
R = R1 = Ph; R = Ph, R1 = Me; R = Et, R 1  = M e  

Silyl-substituted amidrazones 40*  82 can be prepared by treating an 
amidrazone with chlorotrimethylsilanc or with the corresponding di- 
methylamino compound 80. 

"Mez /"Me2 

+ Et2NSiMe, -----+ CH2=CHC, 

NH2 

// 
CH2=CHC 

(80)  NHSiMe3 \ 
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E. Nucleophilic Substitution Reactions 
Nucleophilic substitution, usually of the N3-amino residue, is possible 

in arnidrazones which thus can undergo hydrolysis, aminolysis and 
hydrazi n oly sis. 

K. M. Watson and D. G .  Neilson 

1. Hydrolysis 
Amidrazones and their salts can undergo hydrolysis by the action of 

both 83 and bases52* 5 3 .  Prolonged treatment is necessary for 
the completion of the reaction with fully substituted amidrazones (equa- 
tions 42 and 43). Hydrolysis of arnidrazones in acetic acid has also been 

0 
/N N Me, 0 

6 M-HCI 
PhC, xe PhCOOH + PhNHMe + Me,NNH2XG (42) 

NMePh 

NHNMePh 

(43) 
6M-0He+ EtC/ + Me2NH 

dN eP 
A 8 h  

EtC 
\ 

N Me, 

reported to give acid hydrazidesE4. By a similar reaction hydrogen sulphide 
has been shown to yield thiohydrazides 84a. 

2. Aminolysis and related reactions 
The amidrazone 81 is reported to give product 82 on treatment with 

ammonia6’. Arnidrazones also react with primary or  secondary amines, 

NN=CHPh 
NN-CHPh H C c  

/ 

\ NH2 

N H  NH3 
___f 

/ 

HC 
N N==CH Ph 

HC\ 

(81 1 (82)  

on heating in the presence of amnlonium salts as catalysts, but in thcse 
cases the products are N3-substituted amidrazoncs8”. 

“Me2 “Me2 - MeC 
// RR’NH // 

\ 
MeC\ 

NH2 . . N R R ’  

Hydroxylarnine reacts smoothly with amidrazones to give N3-hydroxy- 
a n ~ i d r a z o n e s ~ l * ~ ~ *  86 ($3). Thcsc compounds have been used to prepare 
4-hydroxy-l,2,4-triazolcs dl and 1,2,4-triazine-oxides !j6. 
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P h C c  + NHzOH - PhC< 
NNPhMe N r.1 P h M e  

NH2 NHOH 

(83) 
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Amidrazones also react with hydrazines. Thus during the preparation 
of an amidrazone, excess hydrazine may attack the newly formed product 
to give further reaction. If hydrazine itself is the nucleophile used, then a 
dihydrotetrazine (19) can be formed and from it secondary products may 
also arise (see Section 111, B, 1). When the nucleophile is a substituted 
hydrazine, further reaction leads to the production of a formazan or its 
dihydro derivative (see equation 17). 

These reactions exemplify replacement of the amino group of the 
amidrazone by the nucleophile. However, in other cases either the hy- 
drazino group or both the anin3 and the hydrazino  function^^^.^^ may 
be displaced, (equations 4 4  and 45). In the latter reaction (equation 45), 

p H 2  N- N 

R C C  \CR / (44) - 2 RC, 

NH2 NH2 H2N 

“Me, /“Me2 /N N Et2 // H,NNEt, H,NNEI, 

\ + MeC MeC (45) NH,@ \ \ 
MeC 

NHz NHNEt, NHNEt, 

(84) (85) 

the resultant dihydroforniazan 85 is unrelated to the starting material 84, 
in its nitrogen substitution pattern. 

F. Reaction of Amidrazones with Acid Derivatives and Carbonyl 
Compounds 

1. General 
The most nucleophilic position, at least in unsubstituted amidrazones, 

is N1 and hence it is this nitrogen which usually attacks electrophilic 
centres such as thc carbon atom of carbonyl groups. The resultant open 
chain primary products frequently cyclise under the reaction conditions 
employed to give J ,2,4-triazole derivatives. Thus acylamidrazones, for 
example. are important precursors for triazolcs and other five-membered 
heterocyclic systems Moreover the reactions of 1,2-dicarbonyl or 
x,P-unsaturatcd compounds with amidrazones can give access to 1,2,4- 



520 K. M. Watson and D. G. Ncilson 

triazines’. The chemistry of both the 1,2,4-tria~oles*~ and of the 1,2,4- 
triazines 89*90 has been the subject of comprehensive reviews. 

2. Monofunctional acid derivatives containing a carbonyl group 
Acid chlorides, anhydrides, esters and even acids themselves all react 

with unsubstituted amidrazones. When acid chlorides are used, acyl- 
amidrazones are the usual products49* 51* 6 4 *  91-95. These can lose water on 
heating or on treatment with base to form the corresponding 1,2,4- 
triazoles. Indeed, when esters or acids are used, the triazole and not the 
intermediate acylaxnidrazone is the product normally isolated”, 92* 96, 97. 

N-NH 
I1 I NNHCOR’ - RC CR‘ 

/“H2 // 
RC\ \N/ 

NH2 

RC -t RlCOCl  - 
\ 

NH2 
(86 )  

Both alkyl and aryl acid chlorides have been used and this approach to 
3,5-disubstituted-l,2,4-triazoles (86) and to fused ring systems of the type 
87 is mentioned in the patent literatureg2. N’-Substitutede8 and N 3 -  

(87 )  

substitutedg8 aniidrazones can react similarly and give rise to 1,2,4- 
triazoles, but N1,N1-disubstituted amidrazones 78  merely acylate on N 3 ,  
(equations 46-48 respectively). 

N-NPh 
(46) I 1  I NNHPh 

NH2 

+ MeCOCl - RC C M e  
\N// 

R C< 

N-N 
p H 2  I 1  I1 

NHPh ‘N’ 
+ ArCOCl -+ RC CAr 

RC\ 

I 
Ph 

NNMePh /N N M ePh 
+ RlCOCl  - RC 

NH2 NHCOR’ 
\ R C< 

(47) 
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When N1,N3-diphenylbenzamidrazone is heated with an acid chloride 
it yields, on acidification with perchloric acid, a triazolium saltG4 (88). 

NNHPh N-NPh 

NHPh N 
I 

( a ) .  RCOCI 

(b). HCIO, 
- // 

PhC\ 

Ph 
(88) 

Acid anhydrides react very similarly to acid chlorides and here again 
acylamidrazones may be isolated. Thus 5-nitrofuran-carboxamidrazonegg 
reacts with acetic or propionic acid anhydrides in the cold, to give the 
corresponding N1-acyl amidrazones, but heating with excess anhydride 
yields the I-acyl- 1,2,4-triazoles (89) which hydrolyse, on heating in water, 
to the parent compounds 90. 

N-NCOR' N-NH - RC CR' - RC CR' 
/"HZ ( R ' C 0 ) 2 0  1 1  I H2O I I  I 

excess \N/ \N// 
NHZ 

RC\ 

(89) (90) 

HC-CH 
II I I  

R = OzNC C ; R '  = CH, or CH,CH, 
\ /  

0 

Formic acid and ethyl formate have been used to give 1,2,4-triazoles 
unsubstituted in the 5-position, but this method has sonietimes proved 
less satisfactory than that employing ethyl orthoformatelOO*lO1. Higher 
acids, e.g. acetic or propionic acids, also react with amidrazones ; however 
with acetic acid both the 1,2,4-triazcle and the 1,3,4-oxadiazole are ob- 
tained" (equation 49). 

N-NH N-N 

(49) 
/"H2 MeCOOH. H N 0 3  1 1  I II I I  
\ \N/ 0 

RC RC CMe + RC, /CMe 

NH2 
(R  as for compound 89) 

Dithio-esters can also react with amidrazones to form 1 ,2,4-triazoies51. 
As suggested in equation 49 the reaction is not always straight-forward 

and, depending on  the conditions, oxadiazoles may be formed", Io2 : 
for example, thermal cyclisation of the compound 91 can give, not only 
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the 1,2,4-triazole (92), but also some 1,3,4-oxadiazole (93). Indeed when 
for compound 91, R = H, a 2-amino-1,3,4-oxadiazole is obtained41, 
presumably via dehydration of compound 91 before cyclisation. 

N-N N-N 
II II II II 

\O/ 

NHNHCOR' 
CR1 -t RC CR1 

RC\ / 
R C/ 

N 
I 

%OH 

(91 

3. Bifunctional acid derivatives containing carbonyl groups 
Derivatives of dicarboxylic acids, such as diacid chlorides, or diesters, 

on reaction with amidrazones give access to compounds containing two 
triazole rings lo3 (equation 50) whereas the half acid chloride, half ester 
or anhydride provide a route to a triazolosubstituted acidlo4 (94). 

N-N N-N 
I I  II p W  CIOC(CH2),COCI 11 11 

PhC\ + PhC, /C-(CH,),,--C\ /CPh (50) 
N N 
I I 

NHAr  

Ar Ar 

N-N 
PhC\ II ,C(CH,),,COOH II 

N 
I 

Ar 

(94) 

By varying the conditions of cyclisation, either 1,2,4-triazole or 1,3,4- 
oxadiazole rings can be incorporated in the p r o d ~ c t ' ~ ~ . ~ ~ ~  and when 
diamidrazones are used, polymeric products can be obtainedlo5. 

,N H -N 
\C R 

\ 

// 
R c y N  CCBH4C 

NNH2 
+ m-CIOCC,H4COCI - // 

/ 
NO H2N NH2 NH2 0 RC\ 

R = 2-pyr idy l  (95) 
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N-NH N---NH r+ non-acid conditions RC\N4C-CcjH,--C 11 1 I1 CR I 
\ /  

N 

N-NH N---NH r+ non-acid conditions RC\N4C-CcjH,--C 11 1 I1 CR I 
\ /  

N 

N-N N-N I acid conditions ~ II I 1  11 
R C,,,C-C cj  H 4-C C R 

\ /  
0 

4. O t h e r  acid derivatives and related compounds 
Certain acid derivatives which d o  not possess carbonyl groups, such as 

orthoesters, imidates and  hydrzzonate esters, are very susceptible to  
attack by nucleophiles and  hence it is not unexpected that they should 
react with amidrazones. Extensive use has been made of orthoesters, 
particularly of ethyl orthoformate, in the preparation of 172,4-triazoles 
from amidraZOneS42~51.70.93.97.10G. 107 . Although the 1,2,4-triazole is 

the product normally o'btained, the intermediate triazoline 96 may some- 
times be isolatedlo6. Where the nucleophilicity of N3 is reduced, as in 
2-~hlor0-6-hydrazino-pyridine, the imidate 97 can be isolated 51. It has 

N-NH N-NH 

CH(0Et)  3 RC C H  
I H Oo II I HC(0Et)  

equimolar 
-----L 

RC\ / \N/ N 
I 

Cl@NHNH2 HC(OEt)3 ~ Cl@ N H N  NC/ OEr 

H' 
I 

(97) CI 

also been reported that diethoxymethyl acetate can effect ring closure 
when the reaction of the aniidrazone with ethyl orthoformate does not 
proceed beyond the iniidate stage loo. The reactions of orthoesters with 
amino-compounds have been reviewed recently log* 'I". 
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Amidrazones can 2lso react with imidates 51* 1 1 ~ *  112 to form triazoles, 
for example oxaldi-imidatelll reacts to give the intermediate 98 which, 
on treatment with acid, loses ammonia to form the ditriazolyl 99. 

//"HZ EtO\ , OEt 
+ ____t 

NH2 HN 
RC\ 

(98) 

I I 
H H 

(99) 

N1-Methyl-N1-phenyl formamidrazone 
hydrazonate ester 100 to give the compound 101. 

acts with a large excess of the 

NNMePh 
H C c  

/ 
___j N H  

HN Me Ph 

NH2 OEt Hc\ 

NNMePh 
+ HC\  H C c  

NNMePh 

(1 00) (1 01 1 

Alkyl and aryl sulphinyl chlorides (RSOC1) may be thought of as the 
counter parts of acid chlorides so it is not surprising that these compounds 
react smoothly with amidrazones to form N1-sulphinylamidrazones; 
attempts to cyclise these products with base, however, gave no cyclic 
products but only Schiff's bases113. 

OH- - PhCH=NPh dN HSoR 
PhCHNNH2 + CISOR A PhC, 

\ 
NHPh NHPh 

5. Aldehydes and ketones 
Unsubstituted amidrazones react with aldehydes to form compounds 

which have been described as having the structure of either Schiff's bases 
(102) or of 1,2,4-triazolines (103), and it would appear that both types of 
compounds may be formed depending on the particular reagents and 
conditions used 1* 83* lol, 114* l15. However, irrespective of their structure, 
these compounds (102 and 103) can be oxidised to give 1,2,4- 
triazoles * *  lol (104). Ketones similarly yield Schiff's bases or 1,2,4- 
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t r i a z ~ l i n e s ~ ~ . ~ ~ *  '15. Usually only 1 mol of the carbonyl compound acts 
with the amidrazonelO1 but formaldehyde1 can react with both amino 
functions to give compounds of the structure (105). The reaction has also 
been extended to the preparation of polytriazolines 115 (equation 51). 

N-NH N-N 

RC\ ,CHR' RC, ,CR1 
N N 

I 

II I II II 

N=C 
H N=CH:, 

"=CHI?' 

RC< I 
NH2 H 

(1 02) (1 03) (1 04) (1 05)  

N1-Monosubstituted amidrazones can also react with carbonyl com- 
pounds to give products which have been reported both as 1,2,4-triazolines 
and as Schiff's bases and which on oxidation yield the corresponding 
1,2,4-triazoles. In some instances, however, the 1,2,4-triazoles appear 
to be formed directly, e.g. by the reaction of an aldehyde with N1-phenyl- 
mandelamidrazones l. 

N-NPh 
I1  I NNHPh 

P h C H ( 0 H ) C C  + RCHO -----+ PhCH(OH)C,NdCR 

N H2 

Since N3-substituted amidrazones possess a free amino group at N1, they 
also can react with aldehydes to give coloured Schiff's bases which can 
be oxidised by mercuric oxide 98 or ferric chloride 116 to the corresponding 

N-N 
II II 

I 

NN==CHArZ 

N HAr' 
A Arc, ,CAr2 //"HZ 4 

A r c  + ArZCHO - A r c \  
N \ 

NHAr' 
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172,4-triazoles. Likewise with aldehydes and ketones, cyclic amidra- 
zones 51* 116-118 which have N3 within a heteroaromatic ring, give hy- 
drazones (106) but these bear a hydrogen atom on N2 and hence are not 
conjugated throughout. On heating or on oxidation, compounds of the 
type 106 cyclise to  give triazolo-derivatives by elimination of R1, the 
substituent with the greater steric requirement 'I7. 

NHNHz a+jph + RCoR' - 
RC=N 

I I 

(1 06) 

Fusco 6 4  heated N1,N3-diphenyl-benzaniidrazone with aldehyde acetals 
and obtained triazolincs which, on oxidation, gave triazoIium salts 
(equation 52). 

N-NPh N-NPh ' @ J R  
I1 I Cr,O:- 

PhC< 'N' HCIO, 

NNHPh 

PhC\ / 
f RCH(OEt), - PhC CHR - 

N 
I I 

NHPh 

Ph Ph 
(52 )  

The compound 107 which is an N1,N3-disubstituted amidrazone, gives 
Schiff's bases with aldehydes and these on treatment with acid undergo 
rearrangement to from 1,2,4-triazoles (equation 53). 

Reactions involving a-haloketones have also been investigated. Thus 
cc-bromocarbonyl derivatives havc been reacted with N'-acylamidrazones 4o 

and cyclic products obtained, e.g. when the reactant was phenacyl 
bromide, iniidazoles (108) were formed but when x-bromopropiophenone 
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was used, a considerably higher temperature was required and. the product 
was a 1,2,4-triazole (109). 

N-CPh 
I1 I I  PhCOCH,Br 

in boiling MeCN 

N 
I 

(1 08) 
NHCOMe 

N-N I PhCOCHBrCH, >. Ri\ /jMe 
N 
I 

140°C 

MeCHCOPh 

(1 09) 

A series of fused ring compounds of the imidazole type has also been 
prepared by the action of a-bromo-aldehydes or ketones on 3-amino- 
6-methyl-pyridazine which has an  amidrazone-type structure ‘19. 

6. 1,2-Dicarbonyl and related compounds 
The reaction between unsubstituted amidrazones and dicarbonyl 

compounds has been used extensively in the synthesis of 1,2,4- 
triazines1*89,90* lo6 which are the normal products of this reaction. 
Glyoxal can at times give open chain compounds1, but has been used 
successfully in the preparation of 3-substituted-1 ,2,4-triazines3’ and the 
parent member of this series, 1,2,4-triazine, itself has been obtained by 
the condensation of glyoxal and forman1idrazone120, (equation 54, 
R,R1 and  R2 = H). Where unsymmetrical diketo compounds or  keto- 

aldehydes are used, the two possible isomeric compounds 110 and 111 may 
sometimes be obtained, but frequently only one isomer is isolated“. 120-122. 

N N 
R’C’ \CR RZC’ \CR 
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The reaction is normally carried out under basic conditions but when the 
condensation takes place in the presence of acid, the open chain osazone 
(112) is obtained. The osazone can readily be converted into the 1,2,4- 
triazine by heating in an inert solvent123. 

(1 12) 

The method has been extended to give a series of 1,2,4-triazines sub- 
stituted by hetero-aromatic residues which have been investigated as 
possible complexing agents4qe3* l"l*ll.l, and triazine polymers have also 
been formed10*124. 

Where a-keto-acids or esters are used the corresponding triazinones 

H 
I 
N 

/ \  
o=C CR NNH, 

R C@ + RICOCORZ - I II 
\ RIC% ,N 

R Z  = OH or OEt N 
NHZ 

(55)  

are ~ b t a i n e d ~ " , ~ ~ . ~ ~  (equation 55) and the monoxime of a diketone 
provides a route to the N4-oxidcs of 3,6-disubstituted- 1 ,2,4-triazinese6 

N 
NNH, PhC' \N 

+ PhCOCH=NOH 11 I (56)  
// 

\ CMe 
M e C  

HC\ // 
N+ 
I 
0- 

NH2 

(equation 56). When an amidrazone reacts with the nitrile of an cc-keto 
acid125 the resulting Schiff's base can be converted into the 4-amino-1,2,4- 
triazine 114. If, however, the Schiff's base 113 is first hydrolysed to the acid 
115, c y c l i s a t i o ~ i ~ ~  yields the triazinone 116. 

Unsubstituted amidrazones react in the same way with 1,2,3-tri- 
carbonyl as with 1,2-dicarbonyl compounds to form 1,2,4-tri- 
azines 36* 126-128 which possess a carbonyl substituent in position 5. 
However, when a pyridyl carboxamidrazone (117, R = pyridyl) is used, 
intermediate amidrazone adducts can be isolated The triazine formed 
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N 
H2NC/ \CR 

NNH2 NN=C(CN) R1 - I I  I 
- R C c  R’COCN R C’( 

NH2 
‘N‘ 

NH2 RIC\ AN 

NNH2 RICIN\CR 
I 
N R’COC, // 

+ R1(C0)3R1 I I  R C/ 
\ 

N 
NH2 

(1 17) (1 18) 

when the tricarbonyl derivative is diethyl mesoxalate (118, R1 = OEt) 
provides a convenient route to 6-azapteridines 12’. 

7. 1,3- and 1,4-dicarbonyl compounds 
The reactions of 1,3-dicarbonyl compounds with cyclic amidrazones 

such as 2-hydrazinoq~inoxalines~~~ and I-hydrazinoisoq~inolines~~ have 
been studied. The primary products of these reactions can be cyclised, 
either to pyrazoles (119), or to fused ring triazole systenis (120). 

CH 
RICH ‘CR 

N-N 
I II 
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I t  has been suggested that the course of the reaction depends. not only 
on the ease of elimination of the anionic moiety, but that it can also be 
influenced by steric factors51* lI7. 

The same types of heterocyclic systems are produced where open 
chain amidrazones are the starting materials. N3-Phenyl-amidrazones 
of the type 121 give products (1122) which cyclise on heating to 1,2,4- 
triazoles 

// 
N-N 

NNHZ NN=CRCHR’CORZ II I I  A 
--I 

RCOCHR’COR2 4 
5 A r c  

Arc, \ 
NHPh NHPh 

(1 22) 
Ar = aryl or pyridyl 

I 
Ph 

+ R’CH2CORZ 

On the other hand, acetamidrazone reacted with benzoylacetophenone, 
in the presence of acid under anhydrous conditions, to give the open 
chain compound 123, which on treatment with alkali gave the pyrazole 
124; in this case the amidrazone molecule itself has also undergone 
hydrolytic cleavage130. Triazepine derivatives do not appear to be formed 
by the action of 1,3-dicarbonyl compounds on amidrazones111.130. 

HC-CPh 
II II 

\N/ 
I 

N N-=C P h C H C 0 P h 
NaOH 

NNHz - PhC N 
/ PhCOCHzCOPh // 

-+ CH&, HCI CH3C 
\ 

NHZ NHZ 

Cyclic amidrazones of the type of 1 -hydrazino-isoquinoline (125) react 
with 1,4-dicarbonyl compounds to give pyridazine  derivative^^^.^^' 
(equation 57). Maleic anhydride also yields a pyridazine with compound 
125, showing the anhydride reacts here, not as an unsaturated carbonyl 
compound, but as a 1,6dicarbonyl derivative51 (see next section). 

NHNH2 

NHN=CMe(CH,),COOH 
I 

CH 
MeC/ ‘:H, 

I1 I 
N, /C=O 

N 
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8. a$-Unsaturated carbonyl compounds 
Unsubstituted amidrazones add readily to activated double bonds; 

a,$-unsaturated ketones (126, R1 = Ph) thus undergo Michael additions 
to give adducts of the type 127. On the other hand, when for compound 
126 R1 is an alkyl group, the double bond is less activated and the N1 
of the amidrazone attacks the carbonyl group to give Schiff's bases131 

of the type 128. The very reactive phenylcyclobutenedione 199 behaves 
as an unsaturated ketone rather than as a diketone and reacts with 
amidrazones to give fused triazine derivatives 13', e.g. compound 130. 

H 
I 

N1-Phenyl-benzamidrazone has also been found to react with u,P- 
unsaturated ketones, but in this case the substituted amidrazone inter- 
mediate decomposed and the pyrazoline 131 was 

N-NPh 
II I 

NH2 CH2 

N N H P h  
P h C c  + MeCOCH=CHPh - MeC, ,CHPh 

Amidrazones can also react with c+unsaturated ketones which have 
an acetylenic rather than an ethylenic bond. p - T o l u a r n i d r a z ~ n e ~ ~ ~  thus 
acts with the carbonyl group of propargylaldehyde, in the cold, to give 
the SchiK's base 132. When esters of acetylenic cerboxylic acids react 
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-NN=CHCECH 
// 
\ 

NNH, 
+ H C z C C H O  ___f p-MeC,H4C 

// 
\ 

p-MeC,H.,C 

NH2 NH2 
(1 32) 

with cyclic amidrazones, however, either triazine or pyrazole derivatives 
are obtained. A series of fused ring triazinones has been prepared from 
cyclic amidrazones of the structure 133 and dimethyl acetylenedicarboxy- 
late. Here it is suggested that N1 attack on the triple bond is followed by 
nucleophilic attack of the ring nitrogen on the neighbouring carbonyl 
group 133. 

N / - - y 4  ‘N 
MeOICC=_CCO,Me I1 

-f (CH,), N, ,CCH,COOMe 

0 

/- 7=N-N H Z  
(C&NH 

u c  
(1 33) I I  

On the other hand, I-hydrazino-isoquinoline reacts with ethyl propiolate 
to form a p y r a ~ o l o n e ~ ~  (equation 58). 

H 
I 

NHNHZ 

/L\ 

I I 
0-C CPh 

N-NH a 0 0  - PhC=;CO,Et 

X 
\ 
/ 

9. Compounds of the  general type C=Y 

Z 
Compounds of the general formula XZC=Y where X and.Z represent 

good leaving groups, react with amidrazones to give open chain products 
which cyclise, on heating, to 1,2,4-triazole derivatives. Phosgene and 
thiophosgene are obvious examples of this class of compounds, but X 
and Z need not be identical and ethyl chloroformate can be included in 
this classification. Furthermore, the concept can be extended so that the 
central atom of XZC-Y is not carbon but a hetero atom such as sulphur. 
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Thus amidrazones can react with ethyl c h l o r ~ f o r m a t e ~ ~ * ~ ~ ~ * ~ ~ ~ ,  ethyl 
o r t h o ~ a r b o n a t e ~ ~  or phosgene", 91* 135 to give N1-substituted amidrazones 
(134) which can cyclise to 1,2,4-triazolin-5-ones (135, Y = 0) and with 
thiophosgene 51, 91* loo, 135 and trithiocarbonatelOO to give the correspond- 

N-NR' 
I1 I 

I 

NNRIC(=Y)X 
R C C  + C=Y - RCC A RC, /C=Y 

x \  NNHR' 

NH* Z' NHR2 N 

R Z  

(1 34) (1 35) 

ing thiones (135, Y = S). Related syntheses include 1,2,4-triazoles (135, 
R = PhCONH) from amidrazones and N-dichloro-methylene-benzamide 
(PhCON=CC12)51*g1*13'. 

Compounds which have a central atom other than carbon can undergo 
similar reactions thus providing a synthetic route to some interesting 
five-membered heterocycles. Thus thionyl chloride", 91 reacts with 
N1,N3-diphenyl-benzamidrazone ' 3G to give the thiatriazole 136; with 

N-NPh 
I I  I 

I 

NNHPh 

P h C c  + SOCI, - PhC\ /S=O 
N NHPh 

Ph 

(1 36) 

acyl-I-hydrazino-isoquinoline, however, compound 137 is formed but 
rearranges on heating to the 1,2,4-triazolo-derivative 138, with loss of 
sulphur dioxide 5L. 

0 
/ \  

O=S CR 

N-N I II 
NHNHCOR N-N 

00- 

10. Compounds of the general type X=C=Y 
Compounds of the general structure X=C==Y such as carbon di- 

sulphide, ketenes, isocyanates etcetera react with amidrazones in a 
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similar way to those of structure XZC=Y and have been used to syn- 
thesise 1,2,4triazoline derivatives (139). Where for compound 139 
R1 = H, the 1,2,4-triazole (140) may be formed51*91.137. For example, 

NNR'C(=Y)XH 
R C C  A R C C  - X=C=Y 

NNHR' 

NHRZ NHR2 

N-NR' N-N 
I1 I I I  I1 

RC, ,C=Y or 
N 

the sa,me 1,2,4-triazole (140, R = R2 = Ph, Y = CPh,) can be obtained 
from N3-phenyl-benzamidrazone by reaction with diphenylketene, di- 
phenylthioketene, N-(p-toly1)-diphenylketimine. Dicyclohexylcarbodi- 
imide reacts similarly 91* 137. 

Carbon disulphide reacts with cyclic amidrazones such as l-hydrazino- 
isoquinoline on heating to give fused ring 1,2,4-triazolinthione~~~*~~~ 
(141, Y = S) but at room temperatures unsubstituted amidrazones react 
to form 1 ,3,4-thiadiazolin-5-thiones5 (equation 60). 

N-NH 

N-NH 
I1 I NNHZ 

RC, ,C-S (60) 

Reiniljnger and his co-workers 61*91 have suggested that isocyanates 
and isothiocyanates also behave IS X=C=Y type compounds and react 
with amidrazones to give triazolin-ones and thiones respectively ac- 
cording to equation 59. Thus N3-phenglbenzamidraz~ne~~ reacts with 
p hen y 1 is0 thioc yana t e to give 1 ,3,4- t r i p hen y I- 1 ,2,4- t r iazol i n-5- t hi one 
(139, R = R1 = R2 = Ph, Y = S) and phenyli~ocyanate~', on heating 
with 1-hydrazino-isoquinoline, gives the expected s-triazolo[3,4-a]iso- 
quinoline (141, Y = 0). However, other workers130 have found that 
adducts of the type 142 can be isolated when amidrazones or their hydro- 

R C c  cs2 

!!HZ S 
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chlorides are treated a t  room temperature with isocyanates or isothio- 
cyariates. These adducts (142) cyclise to the triazoline derivatives 143, 
which must be formed by nucleophilic attack on the carbon of the amidra- 
zone group, by the nitrogen originating from the isocyanate or isothio- 
cyanare moiety 1 3 ~ -  140. 

N-NR1 
II I 

I 

N N H R l  N NR1 C X N  H R2 
A 

Rc\N/C=X 
K, + R2NCX - R C c  A 

4 

NH, NHZ 

X =  O o r S  R2 

(1 42) (1 43) 

Practical use has been made of this type of reaction to prepare poly- 
meric products from diisocyanates I4I .  

N1,N1-Disubstituted amidrazonesl3l. 142 cannot react in the same 
way as the foregoing compounds but  undergo condensation reactions at  
N3. 

N N Me, 

NHCONHR'  

/ 
"Me, 

RC, 
R C c  + R 'NCO - 

NHZ 

Akin to compounds of the type X=C=Y are the ynamines (e.g. com- 
pound 144), which react readily with amidrazones to form 3-alkyl-l,2,4- 
triazoles 91* 143. 

p J H 2  
PhC, + Et,NC-CMe 

(1 44) N H P h  

N-N 
II I 1  

I 

N N HC(  =CH M e )  N Et, 

NHPh 
P h C C  A PhC, ,CEt 

N 

Ph 

G. Synthesis of Miscellaneous Ring Systems from Amidrazones 
In addition to their wide application in the synthesis of 1,2,4-triazoles 

and  1,2,4-triazines mentioned in the previous section, amidrazones have 
been used from tinie to tinie in the formation of other heterocyclic sys- 
tenisl. Among these reactions is the formation of tetrazolcs by the action 
of nitrous acid or ethyl nitrite on unsubstituted, N1-substituted and cyclic 
amidrazones 1* loG* 117*14' (equations 6 I and 62). 



536 K. M. Watson and D. G. Neilson 

N- NR’ 
I 
N 

I I  NNHR1 4 
RC + HN02  A RC 
\ LN/ 

NH2 

Phosphorus has been incorporated into five-membered nitrogen 
heterocycles by the use of amidrazones 43 and some interesting spiro 
compounds 145 (145) have been prepared. 

H 

The aromatic 5,1,3,4-boratriazoles 147 have been formed by heating 
an  amidrazone in benzene with a boronic acid derivative146 (146, X = C1, 
OH, OMe,NMe,). 

8 
N-NR’ 
I I  I1 

I 

NNHR’ 

RC\N/:Ph 
R C@ + PhBX2 ___t 
\ 

NHR2 (146) 

8 
N-NR’ 
I I  I1 

I 

NNHR’ 

RC\N/:Ph 
R C@ + PhBX2 ___t 
\ 

NHR2 (146) 

Fused pyrimidine systems have been synthesised from amidrazones 
of type 148 by cyclisation between suitably situated carbonyl groups 
and N2 of the amidrazone”. 
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(1 48) 

H. Oxidation 

type 149. 
Mercuric oxide has been reported to oxidise amidrazones 147 of the 

N=NR 
/ 

NNHR 
PhC( Hgo b PhC 

NHR' \NR' 

(1 49) 
Perfluoroamidrazones are converted by hydrogen peroxide into the 

corresponding perfluoroacids, although hydrolysis does not occur in 
the absence of the oxidant 8 ,  while pyridine-2-carboxamidrazone l3 with 
the same reagent gives the amide 151 and the substituted amidrazone 152. 

When the amidrazone 150 is refluxed in ethanol in the presence of oxygen l3 
the corresponding dihydrotetrazine, tetrazine, and dihydrazidine are 
formed along with compound 152 (see equation 4). Since lY2,4-triazoles 
may arise from dihydrazidines, this can account for the presence of these 
compounds among the products formed by the prolonged heating of 
amidrazones 91* lll. 

Cyclic amidrazones undergo oxidative coupling with aromatic amines, 
phenols and reactive methylene compounds (equation 63). 'This work has 
been the subject of a recent review148. 

I 
C=NNH, + PhNRz-p - C-N=NC,H,NR,-~ (63) 

"/ 
I +  

L' -N 
I 

The stable free radical 154 has been obtained by the nucleophilic attack 
of N1 of the cyclic amidrazone 153 on lY2,3-trinitrobenzene under oxida- 
tive conditions 140. 
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1. Metal Complexes 
Many amidrazones forrn deeply coloured complexes with transition 

metal ions1, e.g. Atkinson and P 0 1 y a ~ ~  tested for the presence of amidra- 
zones by treating a chloroform solution of the base with an aqueous 
solution of cobalt chloride and observing a purple colour develop in the 
organic phase. However, rhe nature of the amidrazone appears to be im- 
portant for the compound 155 formed well defined complexes 150 with 
Cd2+,  Co2+ and Fe3+ whereas the compound 156 formed a 
with Cu + but not with Co2 + or Fez +. Tt also appears that redox reactions 
can take place between the ligand and the cation, but these do not seem to 
have been seriously investigated15'. 

Tridentate l i g a n d ~ ' ~ ~  which have the structure of cyclic amidrazones 
have been used to prepare zinc and iron complexes of type 157. 

XnS, 

(1 57)  
X = anion, S = solvent ; n and m = 0, 1, 2, etc. 
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When excess methyl isocyanide and hydrazine are added to an aqueous 
solution of potassium tetrachloroplatinate(rr), bright orange crystals are 
obtained (Chugaev's salt). This salt is believed to have the structure 158 
in which a dihydrazidine acts as one of the l i g a n d ~ l ~ ~ .  

MeNC 

(1 58)  

In addition some and boron 20*  derivatives of amidra- 
zones have been reported, e.g. compound 159. 

j .  Uses 
In addition to their value in synthesis discussed above, amidrazones, 

because of their wide variety of substitution patterns, have found both 
industrial and medicinal applications l .  

Various amidrazones, among them the compounds 159 and 160, have 
been tested as potential rocket fuels or fuel  additive^^^*'^- 155. Other 

heavy industrial applications which have been investigated include the 
synthesis of polymers '* lo5* 1 1 5 *  lZ4* 141*156* lS7, e.g. from oxaldiamidrazone 
and the di-acid chloride of terephthalic acid. Amidrazones have also 
found use in photographic processing1*81. Other uses include the applica- 
tion of compounds of the type 58 as fungicides65 and of some substituted 
oxaldiamidrazones and cyanoformamidrazones as herbicides la. 

Medicinal investigations include the testing of arnidrazones, par- 
ticularly ?-substituted-propionamidrazones, as nasal decongestants and 
hypotensive agentsz7* 158. In addition some amidrazones appear to have 
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potential as  anti-irradiating 
(161) have been tested as anti-cancer agents1". 

K. M. Watson and D. G. Neilson 

160, and some cyclic amidrazone 
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111. ASSUMPTIONS, DERIVATION OF GROUP VALUES AND SOME EXAMPLES 

During the past decade there have been significant de- 
velopments of empirical methods for estimating the thermo- 
dynamic properties of organic compounds . . . group 
additivity methods have been the most successful schemes 
developed.. . Benson has been the principal architect. 
-W. C .  Herndon, Chenz. Reu., 72, 157 (1972) 

1. INTRODUCTION 

It is almost embarrassing for a thermochemist to  report the lack of 
experimental thermochemical data on imidic acid derivatives, but a search 
of the best and most recent reviews of published thermochemical 
and of work in progress4, revealed no experiments on the thermochemistry 
of imidic acid derivatives. 

The absence of good data hurts twice, because present methods of 
estimation are empirical and rely heavily on a selected data base. Measure- 
ment of the heat of formation, or even heat of hydrogenation, of a few 
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key compounds would greatly reduce the uncertainty in the estimates 
described below. 

The thermochemical quantity under consideration is the heat of forma- 
tion, AH?, for the ideal gas state a t  25°C. Entropies and heat capacities 
for the ideal gas state can be calculated with reasonable accuracy by atom 
or bond additivity5. Heats of formation of liquids are calculated from the 
ideal gas values and heats of vaporization estimated from the formula6 

AHva,25~c = ST[(1-76 x 10-3)tB + 0.2531 
where AHva,,,,o, is the heat of vaporization in kcal/mol, S, is the Trouton 
constant (22 cal mol-1 deg-l for most substances), and t ,  is the boiling 
point in degrees centigrade. 

Heats of fusion are typically small, usually less than 5 kcal/mol and can 
be estimated by comparison with a hydrocarbon of similar molecular 
weight. 

II. E S T I M A T I O N  BY GROUP ADDITIVITY 

Group Additivity postulates that the chemical thermodynamic properties 
of molecules consist of contributions from the individual groups that make 
up the molecule. Group Additivity is therefore a n  extension of the series: 
atom additivity, bond additivity,. . ., and turns out to be an excellent 
compromise between simplicity and accuracy. For a detailed treatment of 
the additivity principle as applied to  therniochemistry, see an early paper 
by Benson and Buss5, and a more recent Chemical Review article6. The 
latter contains all the group values that could be derived from gas-phase 
thermochemical data up to 1969. In addition, the present author has 
discussed Group Additivity while reviewing recent advances in the thermo- 
chemistry of organic halogen coinpounds7, thiols * and azo compounds '. 
Given an adequate experimental data base, group values usually permit 
A H :  to be estimated to within & 1 kcal/mol for most compounds. How- 
ever, in the case of the imidic acid derivatives, the absence of good ex- 
perimental data reduces the accuracy to a t  least * 5 kcal/mol, and in 
some cases, & 10 kcal/mol. This is getting close to the accuracy of bond 
additivity. Bond additivity works well for non-polar materials, such as 
hydrocarbons, and a t  first I was very tempted to stick to bond additivity 
and leave it at that. However, for polar compounds, bond additivity does 
not work very well. For example, bond additivity predicts that the heats 
of hydrogenation* of reactions (1) to (5) should be the same. 

* Heats of formation were taken from Cox and Pilcherl. If  not listed there, 
they were taken from Stull, Westruni and Sinke', or from the Chemical Re- 
views paper 6. 
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CH3COOH + H 2  -----+ CH3CH(OH)2 -0.2 kcal/mol 

549 

(1 1 

(2; 

- 103.3 - 103.1 

HCOOH + H 2  - H,C(OH), +2-9 kcal/mol 
- 90.6 - 93.5 

CH3COCH, + H 2  - CH,CHOHCH, f 1 3 . 2  kcal/mol (3) 
- 51.9 - 65.1 

(4) CH,CHO + H 2  - CH3CH20H + 16.5 kcal/mol 
- 39.7 - 56.2 

(5) C H 2 0  + H 2  - CH30H i22-1 kcal/mol 
- 26-0 - 48.1 

The heats of hydrogenation should be the same if bond additivity is 

obeyed, because in each case the reaction is C=O -+ CHOH. How- 

ever, the range of heats is more than 22 kcal/mol, so clearly, bond ad- 
ditivity is likely to be a poor approximation. In addition, it seemed best 
to  use the Group Additivity approach even though many of the groups 
have to be estimated, because it will make the analysis easier when ex- 
perimental data finally becomes available. 

Let us now consider how Group Additivity operates. The process has 
two distinct phases. In the first phase, the groups are derived from known 
data, and in the second phase, the groups are used to  predict new data. 
Take a simple example, the heats of formation of alkanes. The n-kexane 
molecule is made up of two methyls bonded to carbon atoms, indicated 
by 2[C-(C)(H),], and four methylenes bonded to  two carbon atoms, 
indicated by 4[C-(C),(H),]. Similarly, iz-lieptane is composed of 
2[C-(C)(H),] -t 5[C-(C),(H),]; i.e. for units of kcal/mol, 

\ \ 
/ / 

2[C-(C)(H),] + 4[C-(C),(H),] = - 39.9 
2[C-(C)(H),] + 5[C-(C),(H),] = -44.9 

Solving, [C-(C),(H),] = - 5.0 and [C-(C)(H),] = - 10.0. The foregoing 
was the first phase derivation of the groups. We can now use these groups 
to predict the heat of formation of any linear alkane. For example: 

AH: (n-octane) = 2[C-(C)(H),] + 6[C--(C),(H),I 
- 20 - 30 - - 

= - 50 kcal/mol (cJ -49.9 observed) 

In  practice, when there is a large amount of measured data, the groups 
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are derived using a least squares regression analysis. There is obviously 
a lot of data o n  the alkanes, and the analysis gives the group values 

[C-(C),(H),] = -4.95 and [C-(C)(H),] = -10.08 

Repeating the example of PI-octane, AH: = (2 x - 10.08) + (6 x -4-95) 
= -20-16 - 29.70 = -49-86 (cf. -49.9 observed!). To take an example 
a t  the other end of the scale: 

AH: (rz-dotriacontane, C,,H,,) = (2 x - 10.08) i- (30 x -4.95) 
= -20.16 - 148.5 
= - 168.66 (cf. - 166.7 observed) 

For highly branched compounds there are some additional small next- 
nearest-neighbour corrections, but the lack of experimental data for the 
imidic acid derivatives makes consideration of these corrections un- 
necessary at present. 

111. A S S U M P T I O N S ,  D E R I V A T I O N  O F  G R O U P  
V A L U E S  A N D  SOME EXAMPLES OF TPJEIR USE 

A. /mines and lmidic Acids 
Imidic acids have the structure 

HNH 

‘0 H 
R-C 

There are two groups that are not known and have to be estimated. They 
are the [N,-(C,)(H)] and [C,-(N,)(O)(R)] where R is H, or C“. Consider 
the N,-(C,)(H) group first. This group is in the structure 

NH 
/ 

R-C 

‘H 
The heats of formation of these compounds are unknown, but they are 
closely related to the imines: 

/N-R’ 

\ 
R-C R, R’ f H 

H 

:* The notation closely follows the Chemical Reviews paper6. For cornplete- 
ness the group attachcd by the double bond to the carbon atom and nitrogen 
atom is included specifically, whereas in the Chemical Reviews paper, it was 
i m plied. 
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whose heats of formation have been discussed by Benson and Walsh6. 
They estimated that the heat of hydrogenation of the imines was 21-5 kcal/ 
mol. If the assumption is made that the heat of hydrogenation 
of RCH=NH is the same as the heat of hydrogenation of RCH=NR’, 
then we can estimate hHP(RCH=NH) from AHP(RCH,NH2). To take 
a specific example, AH:(ethylamine) is - 11.0 kcal/mol; therefore, 
AH: (ethylimjne) is 10.5 kcal/mol. 

NH2 
/ 

\ 

10.5 -11.0 

+ H2 - CH,CH + 21 -5 kcal/mol 
HNH 

\H H 

CH3C 

From hHP(ethy1imine) we obtain the [N,-(Cd)(H)] as follows: 

8.6 assumed6 = [cd-(cd)(c)(H)] 
X 

i.e. -10.1 
i.e. X = 

10.5 
+ 8.6 -I- X = 10.5 
12.0 = [N,-(C,)(H)] 

This is a reasonable value by comparison with [NI--(Cd)(C)] which 
is known6. Thus 

[NI-(C,)(C)] = 21.3 
[N,-(Cd)(H)] = 12.0 - 
difference = 9-3 

compare 

[N-(C),(H)] = 15.5 and [i+-(c)3] = 244 

difference = 10.6 difference = 9.0 

Clearly the effect of substituting a hydrogen atom for a carbon atom is 
comparable in all three cases. 

The next step is to estimate the [Cd--(N,)(0)(R)] groups where R is 
H, C, C, etc. For example if R is C, then the group is present in acetimidic 
acid, 

[N-(C)(H)2] = 4.8 [N-(C),(H)] = 15.4 - - 

NH 
// 

‘ 0  H 
CH3-C 
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and we need to estimate its heat of formation. There are two ways to 
estimate it. 

In one way, consider the insertion of a n  oxygen atom into the C-H 
bond of acetaldehyde : 

- 39.7 - 103.3 

Assume that the insertion of an  oxygen atom into ethyliniine causes the 
same increase in stability: 

NH 

3c\H OH 
10.5 X 

+ 63.6 kcal/rnol 
// + h 0 2  - CH3-C 

HNH 
\ 

CH 

i.e. 10.5 = X + 63.6 
i.e. X =AH: (CH,C(NH)OH) = -53.1 

In the other way, consider acetamide, which has a heat of formation 
of -57-8 kcal/mol. Acetimidic acid is the isomer of acetamide, and we 
can go from the one to the other by successive hydrogenation and de- 
hydrogenaticn. 

The heat of formation of the intermediate, the hydroxy amine, is unknown, 
so we assume that the heat of hydrogenation is the same as that for ace- 
tone: 

OH 
/ + H z  A CH3CH + 13.2 kcal/rnol 
\ 

H0 

‘CH3 CH3 

CH3C 

- 51.9 - 65.1 

OH 
/ + Hz A CH3CH + 13.2 kcal/rnol 

0 
// 
\ \ 

i.e. CH3C 

NHZ NH, 
- 57.8 X 

i.e. -57.8 = X + 13-2 
i.e. X =AHP(CH,CHOHNH2) = -57.8 - 13.2 = -71.0 kcal/mol 

then, if the heat of hydrogenation of acetiniidic acid is 21-5 kcal/mol, 
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OH OH 
/ / 

\ 
CHJC\ + H2 ____f CH3CH + 21 -5 

NH NH2 
X - 71.0 

X =AH,(CH,C(NH)OH) = -71.0 + 21-5 = -49.5 kcal/mol. 

We therefore have two values for the heat of formation of acetimidic 
acid, - 53.1 and -49.5, and select - 52 kcal/mol as the best value. This is 
a reasonable value, as it means that acetimidic acid is about 6 kcal/mol 
less stable than acetamide, and that is consistent with the lack of detec- 
tion of the acid form. 

We can now derive the value of the [Cd-(N,)(C)(0)] group: 

OH 
/ 

CH3-C 
\NH 

Groups : 

[C-(C)(H)s] = - 10.1 
[N,-(C,)(H)] = 12.0 
[o-(cd)w)] = - 37.9 (assigned 3 [0-(C)(H)]) 

[cd-(NI)(c>(o)l = 

- 52 
i.e. -48.0 + 12 f X = -52 
i.e. X = [C,-(N,)(C)(O)] = -52 + 36 = - 16 kcal/mol. 

Estimation of the heat of formation of formidic acid, 
OH 

/ 
H-C 

\N H 

will give the value for the group [Cd-(NI)(0)(H)]. We estimate that heat 
of formation of formimidic, acid by comparing it with acetimidic acid and 
estimating the effect of the CH, group : 

- 12.7 kcal/mol ( - C H z )  /O 
CH3C - HC 

on 'on \ 

- 103.3 - 90.6 

Ho ------+ HC 
\ 

- 13.3 kcal/mol 
( - C H I )  Yo 

\ 
CH3C 

NH2 NH, 
- 57.8 - 44.5 
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Taking an average value of - 13.0 kcal/mol, 

- 13.0 kcal/mol 
N N H  

HC 
NN 

CH3C 
\ \ 

- 52.0 X 
OH OH 

X - 13.0 = -52.0 
X =AH,O(HC(NH)OH) = -52-0 + 13.0 = -39.0 kcal/mol. 

We then obtain the group value [Cd-(NI)(0)m)]. 

12.0 
- 37.9 

X 

- 39.0 

i.e. X = [Cd-(N,)(O)(H) = - 13.1 kcal/mol 

As a last example of imidic acid estimation, consider benzimidic acid: 

N H  
N Ph-C 
\ 

OH 

It may be assumed that the difference between benzimidic acid and 
acetimidic acid is the same as that between benzoic acid and 

A CHjC, No + 33.2 kcal/mol 
No 

Ph-C, 
'0 H '0 H 

- 70.1 - 103.3 

acetic acid. 

N H  
+ 33.2 kcal/mol 

N - CH3C, 
NNH 

Ph-C 
OH OH 

\ 

- 18.8 - 52 
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For benzimidic acid the groups are: 

- 18.8 
i.e. X - 15-7 = -18-8 
i.e. X = [ c d  - ( ~ I ) ( o ) ( c B ) ]  = -3-1 kcal/mol 

Summarizing, we have derived the following groups : 

\ 
OH 

= -10.1 
_ -  - 4.8 
= - 16.0 
= 12.0 
= -37.9 

= -68.8 i- 12.0 = -56.8 

The heat of formation of propioniniidic acid is -56.8 kcal/mol. 

(b) To estimate p-chlorobenzimidic acid : 

OH 
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-44.8 + 30.9 = - 13.9 

The heat of formation ofp-chlorobenzimidic acid is - 13.9 kcal/mol. 

B. Amidines 

acetamidine has the structure: 
Amidines are the amides of the corresponding imidic acids. For example, 

RNH 
CH3-C 

\ 
NH2 

There are two new groups to be estimated; namely, [C,-(N,)(C)(N)] 
and N-(Cd)(H)2. First we need to estimate the heat of formation of the 
amidine. The effect of replacing a carbonyl hydrogen by an amino group 
is shown by 

+ 18.1 kcal/mol 
/O /O 

'H NH2 
\ 

- 39.7 - 57.8 

CH3-C CHj-C 

Assuming that replacing a hydrogen atom by an NH2 in ethylimine is 
also worth 18-1 kcal/mol : 

+ 18.1 kcal/mol 
YNH NH 

H NH2 

CH3-C - CH3-C 

10.5 X 

\ \ 

X + 19.1 = 10.5 
X =AHP(CH,C(NH)NH,) = 10.5 - 18.1 = -7-6 kcal/niol 

I n  order to separate the values for the two unknown groups 
[Cd-(NI)(C)(N)] and [N-C,)(H),], we will follow current practice6, 
and assign a value to one of them. I n  this case, let [N-(C,)(H),] = 

[N-(C)(H),] = 4.8 kcal/niol. 
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Then for: 

NNH 
\ 

CH3-C 

NHZ 

the groups are: = -10.1 
= 12.0 
= 4.8 
= x  
- 7.6 

i.e. 16-8 - 10.1 + X = -7-6 
i.e. X = [Cd-(NI)(C)(N)] = -7.6 - 6.7 = - 14.3 kcal/niol 

The arnide of formimidic acid, formamidine, will give the group 
[cd-(NI)(H)(N)]. Assuming the difference between the amides of 
formimidic and acetimidic acid are the same as in the parent imidic acids, 

- 13.0 
HNH 

NH 
( -  CH2) H-C 

N 

‘0 H OH 
CH3-C 

\ 

- 52-0 - 39.0 

- 7.6 X 

i.e. -7.6 = X - 13-0 
i.e. X =hHP(HC(NH)NH,) = -7.6 + 13.0 = 5-4 kcal/mol. 

Then for, 

the groups are 
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The  difference between the values of the groups [Cd-(v)(H)(N)] and 
[Cd-(N,)(C)(N)] is - 11-4 - (- 14.3) = 2.9 kcal/mol. That is, the effect 
of substituting a carbon for a hydrogen in the group [Cd--(NI)(X)(N)] 
is 2.9 kcal/mol. This is the same difference as that between the groups, 
[cd-(N~)(H)(o)] and [C,-(N,)(C)(O)] = - 13.1 - (- 16-0) = 2.9, be- 
cause the assumptions were the same. Therefore, the effect of substituting 
a phenyl carbon will also be the same. 

i*e* [Cd-(NI)(H)(N)I - [Cd-(NT)(CB)(N)'J 
= [Cd-(NI)(H)(0)I - [cd-(NI>(cB)(o>l 

- 13.1 - (-3.1) 
- 10.0 

- - 
- - 

... [cd-(Nd(c~)(N)] = [Cd-(NI)(H)(N)I -k Oe0 
= -11.4 + 10.0 
- -  - 1.4 

Summarizing the group values for estimating heats of formation of the 
amidines : 

[Cd-(N,)(N)(H)] = - 11.4 
[Cd-(N,)(N)(C)] = - 14.3 

[cd-(Nd(N)(cE3)l = - '4 
and [N-(Cd)(X)(Y)] = [N-(C)(X)(Y)] for X , Y  = C or H. 

consider lo 

For an  example of calculating the heat of formation of an amidine 

The groups are: lO[C,-(H)] = 33-0 
[c,-(cd)] = 5.7 

",-(C,)(C,)I = 14.1 
[C,-(NI)] = - 0.5 

[cd-(NI)(N)(cB)l = - '4 
[N-(cd)(C)2] = 24.4 
4[C-(C)(H),] = -40.3 

2[C-(C),(N)(H)] = - 10.4 
= 77.2 - 52.6 = 24.6 kcal/mol. 

That is, neglecting steric interactions, 

AHP(PhCN(Ph)N[CHMe,I2) = 24.6 kcal/mol. 
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C. Amidrazones 
The simplest amidrazone is : 

p J H 2  
H-C 

\ 
NH2 

This compound has the groups [C,-(N,)(H)(N)] and [N-(Cd)(H)z] 
which are known, and the groups [N,-(C,)(N)J and [N--(NI)(H)z], 
which are not. Following previous practice, one of the groups is assigned, 
leaving the other to be determined. The [N-(NI)(H)J group may be 
assigned equal to [N-(N)(H),] which is 11.4 kcal/mol. The [N,-(Cd)(N)] 
group then may be obtained from the heat of formation of CHz=NNHz, 
which in turn is obtained by estimating its heat of hydrogenation. 
Benson’l has estimated its heat of hydrogenation to be 20 kcal/mol, i.e. 

H 

X 22.6 
CH2=NNH2 CH3NHNH2 + 20 kcal/mol 

i.e. X = AHf(CHzNNHz) = 22.6 + 20 = 42.6 kcal/mol. 
For the structure, 

CHz=NNH2 

the groups are: [N-N,(H)z] = 11-4 
[cd--(NI)(H)Z] = 6.3 
“l-(Cd)(N)I = X - 

42.6 
i.e. 17.7 + X = 42.6 
i.e. X = [N,-(Cd)(N)] = 42-6 - 17.7 = 24.9 kcal/mol. 

The heat of formation of the aniidrazone can now be calculated : 

/“H, 
H-C 

\ 
NH2 

[Cd-(N,)(H)(N)] = - 11-4 
[N-(Cd)( H),] = 6.3 
[Nl-(cd)(N)] = 24.9 
[N-(NJ(H)z] = 11.4 

41.2 

The groups are: 

i.e. AIfp(HC(NH,)NNH,) = 41.2 kcal/niol. 
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The amidrazone has an isomer obtained by shifting the double bond 
and a hydrogen atom. 

NNH, NHNHZ 
/ / 

H-C H-C 

‘NH2 \\u H 
A B 

The heat of formation of B can be estimated by considering the effect of 
inserting an N H  group into a C-N bond: 

(+NH) 
CH3NH2 A CH,NHNH, -28.1 kcal/ mol 
- 5.5 22,6 

Then assume the same for formamidine: 

NHNHZ 
/NH2 (+NH) / 

%H “\NH 
H-C - H-C - 28.1 

5.4 X 

That is, the B form is some 8 kcal/mol more stable than the A form. 
The B form has three groups that are known and one that is unknown: 

NHNHz 
/ 

H-C 
‘NH 

33.5 
i.e. 12.0 + X = 33.5 
i.e. X = [N-(C,)(N)(H)] = 33-5 - 12.0 = 21.5 kcal/mol 

This group value may be compared to that already6 derived for 
[N-(C)(N)(H)] which is 20.9 kcaI/mol. The difference of only 0.6 kcal/mol 
is so small that it seems to be a good approximation to take 
[N-(C,)(N)(C)] = [N-(N)(C),] + 0.6 = 29.2 + 0.6 = 29.8 kcal/mol. 
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Summarizing for the amidrazones, the following groups were .derived : 

“,-(C,)(N)I = 24.9 
[N-(Cd)(N)m)I = 21 ‘5 
[N-(Cd)(N)(C)] = 29.8 

and assigned, [N-(N,)(X)(Y)] = [N-(N)(X)(Y)], where X,Y = C o r  H. 
For an example of calculating the heat of forniation of an amidrazone, 
consider the structure12 : 

c// HZ 
\ 

NH2 

The groups are: 5[C,-(H)] = 16.5 
[cB-(cd)] = 5.7 

[cd-(NI)(cJ3)(N)] = - 
[N-(Cd)(H)z] = 4.8 (= “-(C)(H),I) 
[N1-(Cd)(N)] = 24.9 
“-(N,)(H)zI = 11.4 (= “-(N)(H),I) 

= 

i.e. AH,O(PhC(NH,)NNH,) = 61.9 kcal/mol. 
63.3 - 1.4 = 61.9 kcal/mol 

D. Amidoximes 
Amidoximes have a general structure: 

R-C, 
“ H 2  

The key group is [N,-(C,)(OH)], and its value has already been derived 
by Benson and Walsh6 to be -5.0 kcal/mol. Moving straight to an 
example of an amidoximeL3 : 

Ph-C 
\ 

NH2 

The groups are: 5[CB--(H)] = 16.5 
[c,-(cd)] = 5.7 

[cd-(Nd(cB)(N)] = - *4 
[NI-(C,j)(OH)] = - 5.0 

[N-(Cd)(H)zI = 4.8 (= [N-(C)(H)zI) 
= 27.0 - 6.4 = 20.6 kcal/mol 

i.e. AH,O(PhC(NOH)NH,) = 20.6 kcal/mol. 
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E. lmidoyl Halides 
This section is concerned with imidoyl halides that have the structure: 

NN 
R-C 

‘Hal 

The basic assuniption is that the difference in the heats of formation of a 
carboxylic acid and acyl halide, 

is the same as the difference between an imidic acid and the imidoyl 
halide : 

yNH HNH 
R-C R-C 

\ \ 
OH H a l  

The differences in measured heats of formation of carboxylic acids and 
the corresponding acyl halides are: 

Acid (ACYl (ACYl (ACY 1 (ACYl 
fluoride) chloride) bromide) iodide) 

Acetic 3.1 - 44.9 - 57.7 - 72.6 
Benzoic - 44.0 - 58.5 - 73.2 

Average 3-1 - 44.5 - 58.0 - 73.0 
- 

From the assumption mentioned above, it follows that: 

imidic acid minus imidoyl halide = 

[cd-(NI)(0)(x)l + [o-(Cd)(H)I - [Cd-(NI)(Hal)(X)I 

where Hal is F, C1, Br, or I and X is H, C, or C,. 

= 3.1 for Hal = F 
= -44.5 for Hal = C1 
= -58.0 for Hal = Br 
= -73.0 for Hal = I 
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For Hal = F, 

i.e. [cd-(N~)(F)(x)] = [cd-(Nr)(o)(x)] f [o-(c d)(H)] - 3.1 
= [cd-(Nr)(o)(x)] - 37.9'" - 3.l 
= [cd-(N~)(o)(x)] - 41.0 

Group values for [C,-(N,)(O)(X)] were derived earlier in this section. 
That is, 

[Cd-(N1)(F)(H)] = -13.1 - 41.0 = -54-1 
[Cd--(NJ(F)(C)] = - 16.0 - 41 *O = - 57.0 

[cd-(N~)(F)(c,)] = -3.1 - 41.0 = -44.1 

Similar calculations for Hal = C1 give: 

Cd-(NI)(CI)(X) = [cd-(N~)(o)(x)] - 37.9 + 44.5 
= [cd-(NI>(o)(X)l + 6.6 

That is, [Cd-(NI)(Cl)(Xj] = -13.1 + 6.6 = -6.5 
[Cd-(N,)(Cl)(C)] = -16.0 + 6-6 = -9.4 

[cd-(N~)(cl)(cB)] = -3.1 + 6.6 = f 3 . 5  

Similarly, for Hal = Br: 

[Cd-(hT,)(Br)(X)] = [cd-(N~)(o)(x)] - 37.9 + 58.0 
= [cd-(N~)(o)(X)] + 10.1 

Tha t  is, [Cd-(NI)(Br)(H)] = -13.1 + 10.1 = -3.0 
[cd-(N~)(&)(c)] = - 16.0 4- 10.1 = -5.9 

[cd-(NI)(Br)(c~)] = -3.1 + 10.1 = 7.0 

a n d  finally, for Hal = I, 

[cd--(N~)(I)(x)] = [c~- (N~)(o) (x) ]  - 37.9 f 73.0 
= [cd-(N~)(o)(x)] + 35.1 

Tha t  is, [Cd-(NI)(I)(H)J = - 13.1 + 35.1 = 22.0 
[Cd-(Nr)(I)(C)] = - 16.0 + 35.1 = 19.1 

[Ce-(NI)(I)(CD)J = -3.1 + 35.1 = 33.0 

As an  example of a calculated heat of formation, consider the imidoyl 
halide : 

NCH3 
// 

Ph-C 
Br \ 
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T h e  groups are: 5[C,-(C)] = 16.5 
[c,-(cd)] = 5.7 

[cd-(NI)(Br)(cB)l = 7.0 
[N,-(C,)(C)] = 21.3 (ref. 6) 
[C-(NI)(HS)] = - 10.1 

50-5 - 10.1 = 40.4 

That is, AH$(PhC(Br)NCH,) = 40.4 kcal/mol. 
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1. INTRODUCTlON 

The available data concerning complex-forming abilities of amidines as 
well as of some other imidic acid derivatives are comparatively recent. 
Lately there is an enhanced interest in this group of substances, and es- 
pecially amidines are finding increasing application in various branches 
of chemistry, pharmacology and clinical therapeutics. 

Shriner and Neumannl in their survey make no reference to the com- 
plex-forming abilities of amidines. At  that time only salts of amidines and 
i m i n ~ e t h e r s ~ . ~  were known and described, (1, X = halogen). Other salts 

HN R' 

\ 
R-C 

N R '  R 2 .  HX 

(1 1 

of amidines with the structure 2 were described in detail in the work of 
Holy4. These data were of qualitative character only, pertaining first of 
all to information obtained by syntheses. 

Amidoxime complexes, on the other hand, were studied much earlier, 
chiefly because of the interesting colour reactions of amidoxinies with ions 
of various metals which have found broad application in analytical 
chemistry"'". The structure of the resulting chelates, however, has not 
been satisfactorily confirmed. Red-coloured complexes with Ni ions, 
obtained in oxidative media have remained a n  unsolved problem till the 
present day. 

A similar situation prevailed also i n  information concerning the hydro- 
gen bond. Some references to hydrogen bonding with amidines are found 
in the l i t e r a t ~ r e ~ . ~ ~ .  Dimer formation may be anticipated with N N -  
disubstituted amidines, as it is i n  the case of carboxylic acids. This pro- 
blcni has been studied in detail in recent years only. 

Hydrogen bonding with amidoxinics was studied by Hall and Llewellyn2' 
and by Mollin25 as well a s  by some other authors, especially with respect 
to the need of determining isomer conformations. 

Older data concerning the basicity of this group of substances are ex- 
clusively qualitative. They were obtained niainly i n  synthetic experiments, 
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resulting from analogy with the respective oxygen derivatives, and are 
limited, at best, to a very rough comparison of basicity of :he investigated 
derivatives, e.g. with ammonia. A systematic quantitative study of basicity 
was started in about 1960. 

I I .  COMPLEX FORMATION 

A. Complexes of Arnldines 
As already mentioned, complexes of amidines have been studied in- 

tensively during the last 20 years only. Even so, the works dealing with 
these problems are not numerous. 

Among the first papers on amidine complexes the studies of Bradley 
and co-workersz6Sz7 should be mentioned. I n  these the authors describe 
metallic N,N‘-diarylamidine derivatives and some of their chemical 
reactions. For the Cu-complex of N,N’-di-2-anthraquinonylformamidine 
derivative the structure 4 has been proposed. This derivative has been 
prepared by means of various processes and its identity verified by using 
spectral data. The Cu-derivative 4 has been prepared from N,N’-di-2- 
anthraquinonylformamidine (3) using cuprous chloride or cupric acetate 

0 0 
NH-cH=N-@:@ II 

II 
0 

II 
0 

(3) 

or Cu-bronze. Thus, c.g. when heating one mol of cupric acetate with 
two mol of 3 i n  nitrobenzene, 4 was isolated and half thc amount of 3 
remained unchanged 26. The resulting complex exhibits very good solubility 
in organic solvents; it hydrolyses only slowly in acids and it does not react 
with aniline or other organic bases. 

Thc high chemical stability points to a high degree of covalence between 
the copper and nitrogen atoms. Therefore, the authors2G have proposed 
the structure 4 for this compound. 

It is worth mentioning that in an expcriment to obtain the Cu derivative 
from 5 the monomethyl derivative of 3 through an analogous reaction, 
demethylation took place and again 4 was formcd. 

A similar reaction occurred also with ~\’.A”-di-2-antllraqtiinonyl- 
benzaniidine with formation of the corresponding Cu derivative. The 
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0 0 

0 0 
(4) 

resulting crystalline salt is dark-green under reflected light and red in 
transmitted light. I t  is less stable than 4, and on heating with pyridine or 
with acetic acid, it decomposes. 

The isomeric N,N'-I-anthraquinonylformamidines d o  not yield the 
corresponding Cu derivatives. 

Some other metallic derivatives of e.g. N,N'-diarylacetamidine and 
N,N'-diarylformamidine have been investigated 27. Thus, cuprous deriva- 
tives as well as silver and mercury derivatives have been prepared. All 
these derivatives are less stable than 4. Furthermore, cupric N,N'-di- 
arylformamidine derivatives have been synthesized and studied. They are 
green-coloured and unstable. On the basis of the study of their chemical 
reactions they have been given the structure (6). 

An attempt to substitute two hydrogen atoms in two molecules of 
N,N'-di-2-anthraquinonylformamidine with one Cu-atom was unsuccess- 
ful.  However the tetrapyridine adduct of C u  and Ni derivatives from 
N,N'-di-p-nitr~phenylforrnamidine~~ was isolated. This is most probably 
a coordination compound which may be formulated as 7. 
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Ar-NH-CH=NAr 

563 

Cu ( OAc) 
4 

I 

Ar-NH-CH=NAr 

(6) 

Ar-N-CH=-N-Ar 

Ar = p-02NC6H4- 

py Ar-N-CH=N-Ar 

( 7 )  

For the mercury derivative of N,N‘-p-tolylformamidine the following 
wing structure (8) was proposed : 

p - c H C, H 4- 7 ’6 c I-l 

Hg 

All formamidines which have been investigated reacted with cuprous 
as well as with silver salts under formation of stable inner-complex salts26, 
the latter well resistant to water as well as to aqueous ammonia. The 
determination of molecular weights in these complexes is not decisive, 
since it is presumed that they form cyclic dimers as well as linear poly- 
m e r ~ ~ ~ ’ ~ ~ .  The same is true of the determination of the molecular weights 
of N,N’-diarylacetaniidines as well as N,N’-diarylben~arnidines~~* 29.  

Ebullioscopically determined molecular weights for all three derivatives 
correspqnd to tetramers 27. On the basis of similar cl.:emical properties 
and by analogy with Cu-l,3-diphenyltriazine, but in the absence of X-ray 
crystallographic structure studies the structure (9) has been proposed. In 
the case of formamidines, the anion-polarizability 30 contributes to the 
stability of 9. 
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Ar-N-CH=N-Ar 

Ar-N=CH-N-Ar 

(9) 

The facts given above, while interesting with respect to the complex- 
forming ability of amidines, are predominantly of descriptive character. 
Their limitation may be seen. in the first place, in the fact that hypothetical 
structures could not be confirmed through detailed physico-chemical 
study of these complexes, e.g. by X-ray diffraction, ctc. 

1 .  Complexes of a-hydroxyamidines 
In 1960 the first paper in a series of studies concerning x-hydroxy- 

ainidine c o ~ i i p l e x e s ~ ~ - " ~  was published. 
Alpha-hydroxyamidines form stable complexes with ions of transition 

rnetals3l in strongly alkaline solutions. For such a complex formation it 
is necessary that the OH group be located in the z-position. This has been 
verified, e.g. through unsuccessful experiments with phenylacetamidine, 
as well as with 9-hydroxy substituted amidine c o ~ n p l e x e s ~ ~  and through 
the finding that the hydrogen in the x-OH group is slightly acid, and that 
in this case the anion shows sonic complex forming ability38. Therefore 
v.-hydroxyamidines niay participate i n  siniple chelate formation, through 
the oxygea of the hydroxyl group and aniino-nitrogen of the amidine 
group 33. 

Between the complexes of transition-metal ions with x-hydroxyamidines 
on the one hand and with amino acids on the other, there appears to be a 
close analogy (the 0 and N H  functions being interchanged). 

Cu- and Ni-complexes with x-hydroxy-r/.-phcnylaniidinium ions with 

Ph i H 2  I / /  
HO-C-C 

R = H (niandelamidinium ion, abbreviated to nidH:), with R = CH3 
(atrolactarnidinium ion; alH:) as  well as with R = C z H j  (x-hydroxy- 
r.-pIienylbutyraniidiiiiiini ion; IibH,') have been investigated by using 
Job's method of continuous variations and pH tit ration^^^."'. I t  was 
found by means of conductometric measurements tha t  the complexes 
S ~ O M ,  electroneutral character. The complexes are easily soluble in alcohol, 
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forinamide as  well a s  in piperidine. but only very slightly in pyridine. 
T h e  complexes a re  completely insoluble in non-polar solvents, e.g. in 
ether, dioxane, benzene, acetone, etc. The  complexes could be extracted 
from aqueous solutions by using water-immiscible alcohols. By means 
of  the titration method, stability constants of the complexes (Figure 1 ,  
Table I )  have been determined. 

On the basis of the experiments performed a s  wcll as on the basis of 
elementary analyses the authors  have come to the c o n c l u ~ i o n ~ ~ * ~ ~  that 
the  complexes formed in aqueous solutions between Cu" or Ni" and K- 
hydroxyamidines exhibit great stability in this medium. T h e  two types of 
ccmplexes arc  entirely analogous : the chela:e comprises four hydroxyl 
and  two amidine ions for cach metal ion. Neither the formation of higher 
complexes with great excess of amidine nor the  formation of 1 : I complexes 
in absence of hydroxide surplus have been observed. From the fact that 
with phenylacetamidine the formation of similar complexes does not take 

PH 

11.5 

11 .0 -  

10.5 

100- 

- 

- 

9 51 I I 

0 0 2  0 4  06 0 8  

9 

FIGURE 1. pH titrations of a-liydroxyamidiniurn chlorides. Theoretical curves, 
calculated for pK values in Tables 1 and 14 and experimental points: (8) 
nidHzCl; (a) alH2CI; (A) hbHZC1. [Reproduced by pcrniission from R. 0. 

Gould and R. F. Jamcson, J. Chent. Soc., 296 (1962).1 
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TABLE 1. Stability constants of copper and nickel 
complexes with a-hydroxyamidines at 25°C and ionic 

strength of 0.1 33,34* a 

Cumdz 
Cualz 

Nimdz 
Nialz 
Nihb, 

Cuhbz 

1250 
12.73 
12.86 
7.38 
7-87 
8.06 

11-30 
1 1.57 
11.70 
7-02 
7.53 
7.74 

~~ ~~ 

a Reproduced by permission from R. 0. Gould and 
R. F. Jarneson, J .  Chem. SOC., 15 (1963) and 5215 (1963). 

place3’, chelate formation involving the hydroxyl groups, (18) and ( l l ) ,  
was presumed. 

Ph 
I 

I 

Ph 
I 

NH=C-NHz OH HO-C-R 

\c?’ I 
OH 

1 
R-c-OH’ 1 \H,N-C=NH 

I 
Ph 

( 1 7 )  

Considering the great stability of these complexes, the alternative 
coordination through the imino nitrogen atoms appears to be rather 
improbable. 

The structure 10 is favoured by the results concerning the role of 
aliphatic hydroxyl groups in chelate systems 33, and by the insolubility 
of the complex in all except polar solvents, as well as by the ability of the 
hydrated complexes to lose water, which could not be explained with the 
structure 11. The possibility of a strong hydrogen bond existing between 
the water molecules of the hydrated complexes and an adjacent iniino 
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group, or an adjacent oxygen giving a five-membered chelate, should also 
be considered. The existence of  such a hydrogen bond may be supported 
by the fact that the dehydration of the hydroxy phenylbutyramidine 
complex is rather difficult. 

Later on, these  presumption^^^ were fully corroborated and the struc- 
ture of the complex 10 was proved. Iball and Morgan4I studied the 
structure of the Cu-x-hydroxy-a-phenylbutyramidine complex using 
three-dimensional X-ray analysis. I t  is interesting to note that contrary 
to expectation this complex did not contain one (+) molecule and one 
(-) molecule of amidine having the centre of symmetry a t  the Cu atom, 
though this complex had been synthesized from a racemic mixture of the 
amidines. The complex always contained either two (+) or two (-) mole- 
cules of amidines. This is a single case found in the literature: in complex 
syntheses with analogues of the ligands in a series of cases42 it has been 
found that complexes obtained from racemic mixtures always have a centre 
of symmetry on the metal atom and containing in every case one (+) as 
well as one ( - j molecule of the ligand. 

For the given complex the formula C2,H,,CuN40,. 2H,O was proved. 
From the fact that  two water molecules are associated with one molecule 
of the complex, octahedral coordination around the Cu atom was pre- 
sumed, this fact having been entirely proved also by the X-ray study. 
The existence of an H-bond between an amino group and the water 
molecule has been confirmed, (the distances of the oxygens in the water 
molecules from the amino groups in the molecule are 2.83 A and 2-80 A). 
The distances of the oxygen atoms of the five-membered rings from the 
oxygen atoms of the water molecules are 2.72 A and 2.73 A, giving 
evidence also of the existence of a strong hydrogen-bonded hydrogen 
atom of water4I. 

The given case is an unusual one of an H-bond existing between fully 
coordinately-bonded atoms. However, similar cases have already been 
described in the literature and the structure of such compounds has been 
determined 43-47. 

From comparing stability constants for Cu" complexes (evaluated on 
the bases of  structure 10) with those of 1 : 1 complexes of simple amino 
acids, it can be seen that stability constants of amidine complexes are much 
k ~ i g h e r ~ ~ . ' ~ .  Evidently, a much stronger bond exists between alkoxy 
oxygens and metal ions, than is in the case between carbonyl oxygens and 
metal ions. 

With Ni" complexes this difference is not so evident as it is in the case 
of CU" complexes. From the magnitude of the stability constants given 
for Ni" complexes of aniidines it may be concludcd that in this case no 
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interaction exists between 2 : 1 complexes and neutral amidine molecules 
in solutions with higher pH values. 

The drop of stability appearing between Ni and Cu complexes means 
ihat complexes of first order transitional bivalent ions will be far less 
stable. 

Recently Agl, Cd" as well as Hg" complexes with h y d r o x y a m i d i n e ~ ~ ~ . ~ ~  
have been described, and studied, using titration methods. It has been 
found that complexes of the type AgL+,  AgL,+, AgL,OH, CdL;, 
CdLOH-, HgClL, HgL, and HgLOH (where L stands for the amidine 
base) are formed in these cases. 

Coniplexes with mercury(1r) are  formed not only with hydroxyamidines 
(see Table 2). I t  is well known that mercury(i1) forms complexes with 
organic bases quite easily, even in an acid medium. With amidine, i n  the 
presence of mercury chloride titrations in chloride or in nitrate medium 
showed some differences, yielding evidence of thc coordination of chloride 
ions with mercury, the chloride ions being substituted in turn by the 
ligand 55 : 

L + HgCI2 H g C l L  + C I -  (1 1 

Since no forniation of higher complexes (HgL,) has been observed. it 
appears to be necessary to assume that simultaneously with reaction (2) 
hydrolysis also occurs: 

For the titrations taking place in excess chloride (where the C1- con- 
centration appears to be constant) the following constants are given: 

[ HgCl L j  [HgL,] [HgLOH] 
[HgCIL] [OH -1' K' = Ka = K,!, = 

[HgCI, 1 II L 3' [ HgCI L] [ L]' 

These rcsults show that hydroxyaniidine bases are able--as in the case 
with the ions of imidates, to displace CI- ions from nicrcury chloride so 
that thc second substitution competes with the hydrolysis. Experimental 
results35. 3 G givcn for amidine complexes (Table 2) corresponded very 
well with those of the where it has also bcen found that the 
absence of the hydroxy group in the  alpha position causcd no anomalous 
behaviour. Hence it  is reasonable to assume that the OH group does not 
participate considerably in mercury coordination. 
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I n  the titration curves given for the silver-amidine the experi- 
mental data have been interpreted under the following conditions : 

In this case the hydrolysis is expressed only formniiy as an addition 
reaction. There is no evidence of further hydrolysis in thc range of the 
solutions studied. 

For Cd“ complexes the data have been compiled on the basis of the 
defined equilibrium constants: 

[ C d G I  . K - [CdLOH+] 
[ CdL + ] [ L] ’ ’’ - [CdL2 +][OH -3 ’  Kl = 

where complex formation between Cd and C1- has been neglected. 

2. Complexes of other amidines 
The complex of acetamidine with mercury(1r) has been already men- 

tioned (Table 2). 
In  the reactions of lithium benzamidines with halogen derivatives of 

metal organic compounds of the groups TV and V, di- as well as mono- 
substituted benzamidines resulted, some of them exhibiting in their 
n.m.r. spectrum intramolecular ligand exchange reactions57. According 
to equation 4, N-trimethylsilyl-N,N’-dimethylbenzamidine (12) as well 
as N-trimethylstannyl-N,N‘-diniethylbenzaniidine are obtained, where 
the structure of complexes having intrinsic symmetry has been corrob- 
orated through n.m.r. 57 

Boylan, Nelson and Deeney5* have prepared Fe“ complexes with N- 
(2-pyridy;inethyl)picolinaniidine (abbreviated to ppa) and its two methyl 
derivatives (Meppa and Me,ppa) and studied in detail their spectroscopic 
and magnetic properties. The possible tautomerisni of the ligands has been 
solved by means of i.r. spectroscopy as well as electron spectroscopy of the 
F P  complexes. 



12. Complex formation, H-bonding and basicity 577 

On the basis of the obtained experimental data as well as by comparison 
with earlier works discussing similar problems 59,60* proof was fur- 
nished that the ligand exists in the complex in the tautomeric form 1358. 
The two ligands in the complex stand in planar conformation at an angle 
of 90" to each other. In the complexes of the type [M(ligand)2]X,,H,3, 
whcre M denotes NiI' or Fe", the ligand is ppa, Meppa or Me,ppa, and 
X = C1-, Br- ,  NCS-, ClO;, BF;, PF; ; n varies from 1 to 4, depending 
upon the complex structure. These complexes are soluble in water as 
well as in polar organic solvents. They have been studied also by means of 
conductometry and it was found that the best proton acceptor among 
all the counterions mentioned is the Br-ion". 

The electronic spectra are pract.ically identical in the solid state, in 
water, or in nitrobenzene for all the under investigation and 
independent of the character of the counterion. 

Recently a new fast condensation of coordinated ligands with tridentate 
amidinesG2 has been published. The reaction of 

cis- [ Co (en) ( N H 2C H C N ) Cl] * + 

(where en = ethylendiamine) at pH 7.31 to 8.94 was carried out (at ionic 
strength p = 1.0 NaClO,) and a purple complex with the structure 

12+ Co (en) N HzCH 2C-N H 
\\ 

NCH2CHZNHzCI 

(abbreviated to I-Cl) was isolated. This complex was investigated by means 
of the three-dimensional X-ray analysis as well as by spectrophotometry. 
The kinetics of the complex formation were also followed. In an  analogous 
manner, the complex 1-Br was also obtained. 

The mechanism of formation of the tridentate amidine complexes con- 
sists in  deprotonation of the NH, group, which is in a rmns position to a 
CI- or Br-  bond. This deprotonation is associated with a nucleophilic 
attack of the coordinated amine o n  the C-atom of the nitrile. Through 
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FIGURE 2 .  The molecular structure of the tridentate amidinc complex. [Re- 
produced by permission from D. A. Buckingham, B. M. Foxman, A. M .  

Sargcson and A. Zanella, J .  A m .  C/W/II.  SOC., 94, 1007 (1972).] 

consecutive shifting of protons, there takes place the formation of  an 
exo NH,  group, which has been verified through n.m.r. studiesG2. Since 
the proton exchange is fast compared to the rate of cyclization, the latter 
is rate-limiting. Since three reactive sites may be taken into account, but 
only one isomer results, it may be possible in this case to talk about a 
certain stereospecificity of the reaction 62.  In Figure 2 the model of the tri- 
dentate amidine complex as well as the data concerning the lengths of 
the ligand bonds are represented. 

In studying intermediates occurring in the biosynthesis of de izouo 
purine derivatives it was found that acid catalysed decarboxylation 
occurring in aqueous solutions, may be fully inhibited through the 
presence of transition-metal ions e3:-fi4. The hydrolysis of a cyclohexyl 
derivative (15) taking place in borate buffer medium ( p H =  8) was studied 
in the presence of Cu", Ni'I, CoI' as well as Mn" ions a t  various concen- 

CGHi1--NH--C--CHzNH, 
11 

(1 5 )  

N H  
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trations. Amidine 15 in the presence of transition metal ions, yields 
complexes of the structure ML2(N03),, where M stands for Cu, Ni, Co 
and L stands for 15 (Table 3). 

According to e.s.r. studies, the Cu as well as the Ni complexes show 
square planar configuration63. 

3. Complexes of amidinourea derivatives 
Since amidinourea derivatives will be discussed separately, here we will 

give only some fundamental information concerning the problems of 
complex forniation with amidinourea derivatives. 

a.  Cotiiplexes of 0-alkyl-1-atniditzourea. Dutta and Ray 66 synthesized 
some complexes of transition elements which they regarded as guanyl- 
urea derivatives. Their results were criticized, and a re-investigation 70 
showed that the compounds in question were not guanylurea derivatives 
(16), but 0-alkyl-I-amidinourea derivatives (17) and that complex formation 
occurred with two nitrogen ligands and six-membered ring formation. 

TAELE 3.  Absorption spectra of metal complexes of r-amino-N-cyclo- 
hexylacetamidine and related compoundsU 

Complex Colour L,,,lnm Emax 

Purple 
Purple 
Purple 
Orange 
Orange 
Orange 
Purple 
Light blue 
Dark b!ue 
Dark blue 
Light green 
Purple 

555 
545 
559 
447 
455 
498 

655 
666 
407 
524 

57 
54 
50.4 
58 
70 

52 
30.7 
22.1 
28.8 

Reproduced by pcrmission from i. A. Mulligan, G .  Shaw and P. 3 .  Staples, 

In water. 
In acetone. 
In ethanol 
Not sufficiently soluble for spectral determinations. I1 denotes 

J .  Chetn. SUC. (C), 1585 (1971). 

CcH11-NH-C-CH2NH2; 111, CsH11-NH-CO-CH2NHz; 
I! 

NH 
IV, CsHIl-NH-CO-CH2NHCHO. 
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NH 0 NH NH 
I1 II  II  II  

(1 6 )  (1 7 )  
HZN-C-N H-C-0 R H2N-C-NH-C-N H R 

In other Nil' as well as Cu'Icomplexes with O-alkyl-l-amidino- 
urea having the general formula Ni(R-au),X, were investigated. In these 
complexes R-au represents C-alkyl-1-amidinourea and X denotes a 
monovalent anion. From the study of the magnetic properties of these 
complexes it may be concluded that R-au forms diamagnetic complexes 
having planar square form around the central metal atom with very likely 
axial anion c o o r d i n a t i ~ n ~ ~ * ~ ~ .  The results of i.r. spectroscopic studies 
fully confirmed the structure of these complexes as 0-alkyl-1-amidinourea 
derivatives. The complexes were also studied by X-ray methods and the 
structures 18 and 19 were proposed for the cation and for the neutral Nil' 
complex. 

2 x- i2 H +  
rH2N--C-NH-C-OR + HJN-C-NH-C-OR L - N  NH 

II 
NH 

I I  
- N  

II  II  
2Ni2 + &NiZ+ 

(1 8 )  

b. Complexes of I-aniiditiourea. Ni" as well as Cu" complexes with 
amidinourea were synthesized already in the last century73. Nearly a 
hundred years later, further Co'I and Co"' as well as Pd" complexes74 
were described. For these complexes the structures 20 and 2174*75 were 
proposed, from which the structure 21 should be preferred partly by 

NH 
/ \  

NH 
+ / \  H3N-C k o  

HJN-C C-NH2 
I1 11 I1 I 

Mi12 

NU NH 
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analogy with biguanide partly on the basis of u.r. spectro- 
scopical data which showed that the donor atoms appearing in the ami- 
dinourea complexes were the N atoms76. The complexes having the form 
[M(H-au),]X, where M stands for Co", Ni'I and Pd" and where X denotes 
C1, OH, -$SO, showed diamagnetic character. On the basis of detailed 
spectroscopic and magnetic studies they were assigned a square planar 
configuration, in full agreement with the existence of a strong ligand field 
around the central metal 

c. Complexes of I-anzidiiio-2-tliioiirea. Several studies 77-80, deal with 
the metallic complexes of 1-amidino-Zthiourea (ATU, 22), which may be 
present as a bidentate ligand in the forms 23 and 24 or in a unidentate 
ligand form, either sulphur- or nitrogen-coordinated. 

(Table 4). 

HN NH NH S NH NH2 
\ /  \ /  

C C 

SH NH, NH2 NH 

NH 
HzN\ /NH, // NC/ \/ 

C C 

S 
I I I I1 I 

NHZ 
I1 

For the very stable Ni'I complex with ATU, which does not change even 
under boiling in alkaline solution, the structure 25 was proposed77 on the 
basis of chemical reactions. To verify this structure further ATU com- 
plexes with CuII, Mn'I and Pd" were also studieds0. 

On the basis cf i.r. spectroscopic data it has been concluded that in 
these complexes a metal-sulphur bond is present, as in  26. In support of 
this structure, the Ni" chelate with bis(dithi0biuret) (27) has been investi- 
gateds1 and it was found that the i.r. spectra of both the ligands2? and the 
chelates 26 showed very similar characteristics. This led to the conclusion 
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that the only structure justified for the Ni" Curl Mn" as well as PdII 
chelates appears to be structure 26*O. Cd" complexes with ATU appear 
to involve monodentate ligand-sulphur c o o r d i n a t i ~ n ~ ~ .  

4. Boron complexes of amidines 
Jefferson and co-workers '' followed i n  detail the boronation process 

of di-11-tolylcarbodiimide occurring under various conditions. I t  follows 
from their work that complex formation between boron and amidines 
may also be expected. This presumption was later fully justified by the 
synthesis of the inner complex (28) was obtained either from butyl- 
mercaptodipropylboron and a c e t ~ n i t r i l e ~ ~  o r  through the reaction taking 
place between acetaminodipropylboron and a ~ e t o n i t r i l e ~ ~  : 

- B U S H  CH,CN PrzBSBu + CH3CONH2 - [Pr2BNHCOCH3] -----+ 
60-90°C 80-1 00°C 

(5) 
Pr, B / O - k C  N 

ri, / 
H N=C-C H 3 

(28)  

I n  this casc the chelate-forming entity appears to be the N-acetyl- 
acetamidine. Structure 28 was confirmed through n.ni.r. and i.r. studies. 
Similar reactions were observed also with other alkylmercaptoborons as 
well as primary amides and nitriles50.54. 

On heating mixtures containing benzamidine, benzonitrile and a 
trialkylboron, transitional coniplexes with trialkylborate (29) were ob- 
tained at first. Thesc were transformed on further heating to 30 and 
finally, on reaction with benzonitrile to dialkylboron benzimidoyl- 
benzimidinate (31)jl: 

NH 
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The structure of these complexes can be represented (31) with more 
precision by assuming half-coordinated N-B bonds". 

For syntheses of complexes obtained from low-boiling nitriles a modi- 
fied form of reaction (6) is used". In such cases the starting material is an 
alkylniercaptodialkylboron, which eliminates a mercaptan on reaction 
with benzamidine to yield 30, which in turn, on reaction with a nitrile 
gives the complex 31. 

Aliphatic ainidines are not very suitable for the preparation of com- 
plexes of type 31, because of their low stability as well as difficulties in the 
isolation of the free bases". Nevertheless, the acetamidine complex with 
tri-n-propylboron was isolated (32), from the reaction of acetamidine 
hydrochloride with the sodium methylate and tri-n-propylboron in 
methanolic medium51. 

The corresponding imidoylaniidinates (31) can be obtained froni the 
complex 32 by heating with nitriles to 130-1 50°C (Tablc 5). 

The complexes 31a-e are crystalline substances easily soluble in ether, 
alcohol and benzene, slightly in hexane and iso-pentane, and insoluble 
in water. They are all stable i n  the atmospherc, not undergoing hydrolysis 
under boiling with water and bases. They give salts of the type 31. HX, from 

TABLE 5. Some conipleses of the type 31, given in reference 51. 
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which the base may be recovered. Their structure has been corroborated 
by i.r. and IH and IIB n.m.r. studies. 

Spectrophotometric studies show that with these complexes no associa- 
tion caused by H-bonds takes place. 

It is worth mentioning that the tri-mpropylboron complex with acet- 
amidine (32) represents the first known case of a boron complex having an 
unsubstituted amidine as the ligand5I. 

B. Complexes of Amidoximes 
The practical application of amidoximes is wide-spread, especially from 

the analytical point of view. Their reactions with a great number of 
metallic ions have been investigated, and lead to variously coloured pro- 
ducts. Nevertheless the structure of the chelates formed has not been 
always satisfactorily solved. 

Many products resulting from the reactions of amidoximes with metal 
ions, formerly formulated as basic salts, may be regarded as complex 
compounds. Table 6 surveys some salts as well as amidoxime complexes. 

Even though many formulations concerning salts or complexes given 
in Table 6 appears to be disputable a t  present, the data are nevertheless 
very illustrative, depicting very well the development of views concerning 
complex formation of amidoximes. 

I n  recent years benzarnidoxime complexes were studied by Manolov 
and his co-workers 93-102. Their work represents a fundamental contri- 
bution to this problem. 

Manolov studied the very stable blue or green coloured benzamidoxime 
complexes (abbreviated to Bz) with copper(i1) and nickel(11) in alkaline 
media. Since the depolarization of NH, group was found occurring in pH 
range 4-696, complex formation could be expected even in neutral solu- 
tions. In  order to obtain the complexes in a crystalline form, it was 
necessary to use NH4Ag(SCN), so1utionS3 as additional reagent. The 
complexes .with [Co(Bz)2Ag(SCN)2),, [Ni(Bz),Ag(SCN),], and 
[Cd(Bz),Ag(SCN),], were investigated using i.r. spectroscopy. The i.r. 
spectra supported the view that coordination between the metal ions and 
N atoms was taking place, not involving the 0 atom. On the basis of i.r. 
ar.alysis (absorption bands near 1590 and 1650 cm-l)  it was assumed 
that the nitrogen atom of the NH2 group took part in the complex for- 
mation 93. 

On the basis of a roentgenographic study the Co" as well as the Nil1 
complexes were assigned the structure 33, Cd" complexes the structure 
34 (Table 6). According to  these structures, no changes in the configura- 
tion of benzamidoxirne molecules take place. The position of these 



586 J. SevEik 

00 

2 
V 
0 

N 
00 

2 z- 

0, 
I: 

X 

T 
u, 
u” - 

0 

X 
0 
Q 

& .- 
.- 
€ 2  .- 

m 
3 

0, 
T 

a 
X 

X 
0 

0, 
X u 
0 



Su
cc

in
ic

 a
ci

d 
d i

a m
 id

ox
i m

e 

M
al

on
ic

 a
ci

d 
m

on
oa

ni
id

e 
m

on
oa

m
id

ox
im

e 

O
xa

lic
 a

ci
d 

di
am

id
ox

im
e 

\
 CU

Cl
 

*2
H

z0
 

/N
 -

--
0
 
\
 

-"
"\

Pb
O

H
] 

H
zN

C
O

C
H

~C
, 

Pb
 

N
H

/ 
 O

H^
 

N
 H

 ~-
--

-C
L-

N
 0
 H

 

N
 H

 2-
--C

=N
 
0

 H
 

H
O

N
=C

--
-N

H
, 

N
 4

2-
--

C=
N

O
H

 

\N
iJ

 
H

O
N

E
C

-N
H

~ 
\N

H
2-

C
-N

O
H

 

\
 

,
2

 
N 
_
.
_
_
 

0-
H

. 
.N

H
 

C
C

sH
:, 

/
/

'
 

Bc
nz

an
i i d

ox
i m

e 
. 

.'N
i.'

,' 
C

&
C

\ 
,
 
, 
. 

/
 

N
H

~
. . .

H
-O

-N
 

(3
3)

 

Co
", 

F
P

, F
c"

' 
14

 

Pb
" 

UO
Z"

, 
Cd

", 
H$

', 

5 
A

g'
, 

H
g'

, 
C

ul
*,

 
-. 

H
g"

, 
N

i",
 

15
, 1

6 
3 ?: 0 

i2
pr

 

'
j
 

ru z.
 

0
 

Y
 -.
 

c
1
 



588 J. SevEik 
L 

,m 
09- 
c n o  

0 
I1 

2 
1- ?+ 

T O  z z  

a 
3: 
U 



12. Complex formation, H-bonding and basicity 589 

hydrogen atoms of the NOH groups renders it possible to  form additional 
hydrogen bonds with the nitrogen atoms of the second benzamidoxime 
molecule. 

When studying complex formation between Co'I and  bcnzalnidoxime 
in alkaline medium, Manolov O4 worked out a new spectrophotometric 
method aimed at  the determination of ligand numbers and complex 
stability constants. In alkaline medium very often some precipitation of 
metal ions M in  the form of hydroxide takes place. Equation (7) applies 
for the formation of a mononuclear complex: 

M + nA MA, ( 7 )  
where A stands for a ligand. Assuming that both the stability constant 
of the complex as well as the ligand concentration are small, the value 

of the solubility product of the hydroxidc will be exceeded and some 
precipitation will take place. Solubility products for various hydroxides 
were tabulated 1 7 ~ *  179. The number of ligands may bc determined photo- 
metrically in case the complex is coloured. If the absorption of a given 
solution is expresscd as a function of ligand concentration, frequently the 
stability constant of the complex may be evaluated. The first complex for- 
mation constant was evaluated according to the expression 

= 7-15 x 10' (8) 
1 
n - x  

X 

81 = 
[CO"'] - 

For the constant K = pl.& the values of K = 6.00 f 0.02 and i: = 2 
forp, = KIP, = 14 were foundg4. 

The above new method enables us to  follow the complex forming pro- 
cesses in media which have not been accessible to direct investigation. This 
inethod was applied10"* lo6 to the complex of y-methylbenzaniidoxime 
(abbreviated to pM Bz) with Co" ions. A clear, intensively blue-coloured 
solution is formed in strongly alkaline medium (pH = lo), in the presence 
of a great surplus of pMBz. At low pMBz concentration, partial precipita- 
tion of Co(Ol-I), takes place, while part of the Co'I remains bound in the 
form of a complex 

The complex formation constant for this reactions was determineds4 

pMBz + CoZ+ [CO-PMBZI (9) 

8, = (2.95 f 0.06) x lo5, 
K 

/3 - - = 21.8 -t 0.3 at 25°C and p = 0-2. - 81 
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With o-methylbenzamidoxime (abbreviated to oMBz) a yellow complex 
is formed with MOO:- ions1O0, according to equation (10)105*106. 

From the experimental datas4 it follows that the complex forniation 
1 : 3  takes place. Fo r  the coniplex given in equation (10) the stability 
constant values have been found loo : 

log K = 5-04 (for MOO:- concentration lo-? M) 
log K = 5-18 (for MOO:- concentration 5*10-3 M) 

log K = 5.1 1 & 0.009. 

In alkaline medium, CO" also forms complexes with a great surplus of 
oMBz lol. From spectrophotonietric data, by using hlanolov's methodg4 
the reactic;n accordin,q to equation (1 1) was postulated and the constants 

Co2+ + o M B z  [ C O O M B Z ] ~ +  (11) 

were determinedlOl: 

PI = (4.1 t 0*6)104, log K = 4.23 C 0.03 
PZ = 0.41 a t  25°C and p = I .  

Finally Ni" complexes with pMBz were studied in neutral as well as in 
alkaline medialo2. In neutral medium thc conipiex is very unstable. In 
alkaline medium mononuclear [Ni(pMBz)] complex formation takes 
place for which the constantslo2 B1 = 4.1Os, log K = 4.82, P2 = 0-2 have 
been determined. 

111. H Y D R O G E N  BONB!NG 

A. Hydrogen Bonds Involving Arnidines 

1. I nterrnolecular bonds 

These dimers may be formulated23 as follows: 
Amidines inay form dimers, analogous to those of carboxylic acids. 
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R’  
I 

N 
/ - - +  
\ -  

2 R-C 
N H  

R2 
I 

R ’  R 2  

N+ H-N 
I I 

\ 
\ HC-R 

N-H +N 

R2 
I 
R’  

I 

R ’  R2  

I I 
N-H t N  

IR-C/ \ N+ H-N I 

R 2  

>C-R 

R ’  
I 

591 

It is possible that diinerization is assisted by resonance stabilization in the 
corresponding cation and anion after salt-formation : 

R 
I 

2 R1-N=C-NHR2 

R 

Rl-N=C-NH R Z  
I 

I 
H 

I 
J- 

H 
I 
I 

R’NH-C=N-R2 

R 
I 

I 1 

R’--N-C=NR’ 
I 
R 

The reaction of aromatic aniincs with the ethyl orthoforniate leads to 
N,N’di-arylformaniidines. Although these products were earlier for- 
mulated differently loo. later studies m.  I 1 O  determined t h e  correct 
structures. The neutralization equivalent of N,N’-diarylfornianiidine hy- 
drochlorides as well as cryoscopic determination of the molecular weight i n  
benzene and in naphthalene showed 2Q that M,N’-diphenylforniamidine as 
well as N.N‘-di-p-chlorophenylformaniidine were associated in both sol- 
vents (far more i n  naphthalene). Owing to steric hindrance1“ the associ- 
ation of iv,N‘-di-o-chlorphenylf~~rnla~nidinc occurs to a much lesser extent. 
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LI  F NoCl KBr 
T(%) 

80 

50  

2 0  

3800 3200 2600 2000 1GOO 800 500 crn-' 

FIGURE 3. Infrared spectrum of N,N'-diphenylbcnzamidine. Prism material 
(LiF, NaCJ, KBr) indicated on  top cjf thc figure. [Reproduced by permission 

from P. SohAr, Actn. chin?. Acnrl. Sci. Huiig., 54, 91 (1967).] 

The first study confirming the existence of hydrogen bonds with 
amidines was thz wcrk  o f  SohrirZ9, using infrared spectroscopic data .  
In continuatiorr of earlier i.r. spectroscopic studies of N-nionosubstiruted 
a r n i d e ~ ~ ~ ~ - ~ ' ~  N,iV'-disubstituted aniidines 35a and 35b were investigated: 

N-R3 (a) R' = R Z  = R 3  = C,H5 
// R2-C 
\ 

NHR' (b) R '  = R3 CCH,, R 2  = CH3 

(35) 

From the occurrence of t h e  band of N-H stretching vibrations found 
between 3400 a n d  3200 crn for 35a (Figure 3) Sohsir29 deduced tha t  in 
this case a simple intermolecular association takes place a n d  not a cyclic 
dinierization. This  statement is supported by the fact that  a weakening of 
electron donation occurs in  the C-N group owing to the effect of the 
substituents. The spectrum o f  35b (Figure 4) shows clearly the  significant 
intensity increase as well as the shifting of the (N-H) band. F rom the 

Li F N o C l  KBr 
7 ( O/O) 

- 

80- 

2or I 
I 1  I I I I t  

FIG u R E 4. Infrared spec t r u m of N ,  N '-dip h e n y I acet a m i dine. Pris ti1 mat er i a I 
(LiF, NaCI, KBr) indicated on top of the figure. [Reproduced by  permission 

froni P. Sohar, .4ctn chitii. Acnd. Sci. Hirrtig., 54, 91 (1967).] 

3800 3200 2600 2000 1400 800 5 0 0  c!T-' 
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character of this band (3350-2500 cm-l )  it  was that most 
of the molecules were present as cyclic dimers 36, while t h e  lesser part 
existed in simple intermolecular association. 

C6H5 C6H5 
I I 

/N---H--N 

\ 
\ 

CH2-C /C--CH3 
N-H---N 

The electron-donating methyl group increases the density of electrons 
in the C=N group, enabling i t  to form strong hydrogen bonds and the 
broadening or distribution of N-H-C=:N bonds is ascribed to the two 
types of association. The y(N-H) band found near 510 c m - l  is ascribed 
to the molecules in the form of cyclic dimers in which inner rotation is 
impossible. The corresponding band in niolecules having simple inter- 
molecular hydrogen bonds appears to be diffusive owing to internal rota- 
tion, shifting to the region of 900 to 600 cm-‘. 

The hindered rotation about the C--N bond in N,N-dimethylbenz- 
amidine derivatives 37a-d was studied by n.m.r. techniques. 

N(CH3)2  (a) R = H 
(b) R = COC6Hs 
( C )  R = S O Z C ~ H ~  

/ 
CGHS-C 

(d)  R = PO(OC6H5)2 
“R 

(37) 

The magnetic nor,-equivalence of the methyl protons found in the n.m.r. 
spectrum made it clear that these protons hindered the rotation, so that 
the C-N bond showed partia! double bond character lI5. The activation 
energy €, was evaluated from the temperature dependence of the signals 
as  well as from their position11G. It was found that 37a was able to form 
hydrogen bonds but  the energy of this hydrogen bond did not exceed 
3 kcal/mol l15. 

2. Intramolecular bonds 
Using a cryoscopic method Hunter and M a r r i ~ t t ~ ~  examined the exis- 

tence of N-H-N bonds with glyoxalines (38) and benzimidazoles (39) 
which are cyclic amidines, and also with some non-cyclic amidines. 
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CH-NH 

CH C-R 
I1 I 
L N /  

In accordance with the gencraily accepted statement that the hydrogen 
bond is the more evident the more acid is the respective hydrogen atomlo7, 
they found that the tendency to create hydrogen bonds was far greater 
with 38 and 39 than with non-cyclic amidines. 

Substitution of the imino hydrogen by alkyl o r  aryl groups decreases the 
association considerably. Tiisubstituted amidines are not associated at all. 

Studying the influence of substituents o n  the association of 
benzirnidazoles 39 it was foundz3 that thc benzoyl derivative gave five- 
membered chelates of  the type 40: 

In the case of phenylhydrazone 41 the forination of a six-membered chelate 
was postulated : 

(41 ) 

Neither the cryoscopic method of molecular weight determination, 
nor thc study of solubility are able to give detailed information concerning 
the character of associates. This is especially true in the case of amidines, 
which are basic and give only weak hydrogen bonds so that no unatnbigu- 
ous results may be obtained without detailed spcctroscopic investigations. 

Hill and Rabinowitzll7 studied the reactions of various N,.W'-disub- 
stituted amidines with isocyanates, in c,hich urea derivatives were formed. 
For the product obtained from N,IV'-dinicthylbenzamidine with phenyl 
or methyl isocyanate, structure 42 \vas proposed on the basis of i.r. 
spectroscopic data. The presence of a strong intramolecular hydrogen 
bond was deduced from the width as well as from the position of u(N-H) 
vibrations (3000 c n - l )  and from the disappearance of this band on 
deuteration (v(ND) near 2210 cni-1)11s*119. The value of the frequency 



12. Complex formation, H-bonding and basicity 

cq3 ,H 
N 

595 

R = CGH,, CH3 I 
CH3 

(42) 

of the amide band 1 excluded the possibility that the carbonyl group may 
be the acceptor of the hydrogen bond. 

Constantly increasing interest i n  pharmacologically active sulphonyl- 
amidines has resulted in much attention to this group of substances. 
Determination of the structure of sulphonylaniidines is complicated by 
uncertainties concerning the existence of tautonieric equilibria and of 
geometric isoniers. On the basis of some studies 120*121 the iinino forni of 
sulphonylamidines (44) has been preferred. 

R4 R '  RU 

(1 5) 
/ I /  

R3S02-N=:C R' R3S02-N-C 
\ N R ~  

\ /  N 
\ 

R2 

(43) (44) 

On the other hand, in cyclic amidines of this type especially in alkaline 
media, some preponderance of forni 43 was observed1*l-12". This prob- 
lem was the subject of several almost simultaneous ~ t ~ d i e ~ ~ ~ ~ - ~ ~ ~  , the 
results of which wcre fully identical, and generally contradict the results 
obtained by Barber 120, who preferred the forni 44. The tautomeric 
equilibrium with atnidines is known to be very rapidLz8 and in the older 
literature many unsuccessful expcriments conccrning the isolation of single 
forms are described. Separate isomers cannot be isolated but there have 
Scen attempts io identify the predominant tautonier in an equilibrium 
mixture in mono and di-substituted derivatives -29*130. 

Taking into account the possibility of geometrical isomerism in sulpho- 
nylamidines, the two structures in the equilibrium ( I  5)  may also occur in 
the other possible isomeric form, i.e. 43a and 44a. 

R' 
I R' 

/ N-R2 I pR2 
R'-S02-N=C R3-S02-N-C 

\ 
R4 

\ 
R4 

(43a) ( M a )  
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From Table 7 it is clear that the region of N-H vibrations given for 
substituted sulphonylamidines shows one sharp maximum and one 
diffusion band, the intensity of which does not change practically on 
dilution. Hence it may be deduced that a strong intramolecular hydrogcn 
bond is formed and that the sulphonylamidines are present largely in the 
form 43 which alone is able to form such bonds. A weak absorption 
maximum has been ascribed to the presence of a low equilibrium con- 
centration of the geometrical isomeric from 43a. On the basis of the 
spectrophotometric data  as well as by analogy with the o-alkanesulphonyl- 
aniIines131, the structure 43b has been p r o p o ~ e d l ~ ~ - ' " ~ :  

R4 
/ 

\ /  \ 
R3 N=C 

S N-R2 
\O .... H' 

(43b) 

An exception in this series of sulphonylamidines is found in the N-t- 
butyl-N'-alkylsulphony!amidines125, in which the character of N-H 
absorption band testifies to some intermolecular hydrogen bonding. 
In this type of compounds the trans form 45 has been proved as a pre- 
ponderant structure by use of spectroscopy. 

NHBu-t 
/ 

\ 
R-S 0 2-N -=C 

C6H5 
(45) 

From the intensity decrease of the absorption band on dilution, with 
three sulphonylamidines having an unsubstituted amino group (N- 
methylsulphonylacetamidine, N-phenyl- and N-p-tolyl-sulphonylbenz- 
amidine) an additional intermolecular hydrogen bond has been deducedlZ6. 

If one of the hydrogen atoms of the amino group is substituted, in the 
syn-anti isomer pair the anti form is the more stable one126e132. 

w n  (46) anti (47) 
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TABLE 7. The i.r. spectra of substituted sulphonylamidines 
R1S02N=CPhNHR2 a 

597 

R1 R2 vN-H vns v s 0 2  VS 

CHZI 

CH2I 

CH2I 

CH,I 

Me  

Me 

CH2I 

CHzI 

Me  

CH2I 
C H ~ ~  

S-BU c 3428 3308br 
d 3421 3296br 

CSHii c 3426 3301br 

d 3429 3304br 
PhzCI-I c 3436 3311br 

d 3432 3298br 
t-Bu c 3435 3350 

d 3431 
m 3295 3106 

1-Bu.t c 3441 3338 
d 3445 

t-Bu c 3346 3350 
d 3346 

Me c3451 3333 

d 3451 3331 
PhCH2 c 3433 3319 

d 3435 3315 
Ph c 3424 3289br 

d 3422 3287br 
m 3264 3123 

p-RleOC6H, d 3411 3291 
Et C 

m 

1298br 

1294br 

1300 
1304br 
1304br 
1201 br 

1279 
1295br 
1295br 
1290br 

1298 
1294 
1299br 
1300br 
I302br 

1280br 
I276 
1295br 
1 299 br 
1291 br 

1119 1110 

1117 
11 12sh 
1116 1110 
1119 
1120 
1117 

1 1 1 1  
1 I28 
1128 
1 I26 

1117 1110 

1119 1108 

1 1 1 1  
h 

I107 
I I18 1108 
1107 
1111 
I127 1119 

c = concentrated solution in CHC13, d = dilutc solution in CHCI:,, ni = Nujol- 

a Reproduced by permission from R. 13. Tinkler, J. Cheni. Soc. ( B ) ,  1053 (1970). 
mull: 0.1 mrn cells (NaCI); t o-CICtiH, derivative. 

B. Hydrogen Bonds of lrnidates 

and the enamino form 49, may be presumed: 
With  aliphatic imidates the existence of two fcrms, the imino from 48 

NH, 

OR1 OR’ 

/ 

\ \ 
RCH=C 

RNH 
RCHZ-C 

(48) (49 ) 

From energy considerations and on the basis of dipole moment da ta  
it  was proved that the only correct structure is the imino form 48133. 
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Structure 48 shows syn-anti isomerism. The conversion is very rapid 
in this case and the activation energy does not exceed 20 kcal/m01~~~,135. 
Each of the two isomers 50 and 51 can be present in principle in two 
planar conformations, namely s-cis, s-trans, a-cis and a-trans. 

R1O\ / H R'O\ 
C=N /C=N 

/ \ 
R R 

syn (50)  anti (51) 
H 

These problems were throughly discussed by Lumbroso and B e ~ t i n l ~ ~ .  
On the basis of a detailed discussion of calculated as well as measured 
dipole moments two hydrogen bonded forms were proposed, e.g. in 
triethylarnine solution: 

NEt, 

H' 
R\ / 

R 
\ 

O/C=N 
C=N 

\ 0' \ ' H.. 
E t  NEt ,  E t  

(52 )  (53) 
(sy7-cis. . -  n )  (anti- cis ... n )  

For steric reasons structure 53 is given preference. 
From the character of N-H vibrations the ability of O-ethylbutyrimi- 

date, 0-ethylbcnzimidates as well as 0-ethyiphenylacetimidates to form 
hydrogen bonds 136 was determined. From the existence of a double 
absorption band v(N-H) given for the phenylacetimidate and on the 
basis of previously obtained data137 the structures 54 and 55 were pro- 
posed for this compound: 

The band lying near 3320 c m - l  was ascribed !.o N-H. . . T association 
in the form 55, the second band showing vaiiable frequency (depending 
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on the solvent-3340 cm - for hexane and 3267 for pyridine) was attributed 
to the form 54, where hydrogen bonding of the NH group with the sol- 
vent136 took place. For the butyrimidate and the phenylacetimidates the 
v(NH) bands lying near 3337 c m - l  were ascribed to the free N H  groups, 
the bands near 3274 cni-l  to the -N-H. . . N groups. The acidity of 
these i m i d a t e ~ ' ~ ~  was shown to be i n  the sequence butyrimidate < benz- 
imidate < phenylacetimidate. 

Analogously, substituted 0-ethylbenzimidates 56 were studied in 12 
solvents 130 : 

(a) X = H 
(b) X = p-NO, QCCNH (c) X = p-CH, 

O-C,H~ (d) X = m-CI 
(e) X = m-CH, 

(56) 

The following sequence was found according to the increasing acidity 
of the NH group: 

56e < 56c < 56a < 56d < 56b 

C. Intramoiecular Hydrogen 5onds = f  Amidsximes 
The tautomerism of amidoximes was not studied quantitatively until  

recently. Some previously isolated amidoximes were obtained in the 
modifications showing two different melting points, which was also taken 
for proof of the existence of tautonierism. Hall and Llewelyn2' tried to 
solve this problem by structural analysis. They studied both crystallo- 
graphic modifications or formaniidoxime (1n.p. 105°C and 114°C). The 
values of the interatomic distances C-N' and C-N2 point to resonance, 
i.e. neither of these bonds can be taken exclusively as simple or as double. 
From the values of the distances (0-H3 = 0.40 A, the angle H3--0-H4 
= 142"; and 0-H' = 0.49 A) a strong intramolecular bond was proved, 

N2 H3 
r./ \ / 

e2-L 0 
\ 

/ 
N'-H4 

H' 
(57) 

the existence of which was also verified by using the spectroscopic data 
for benza~nidoxime~~.  
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Summarizing the results of various studies"'. 93* 139-143 it may be stated 
that the amidoximes are prescnt in the sp-hydroxyimino form, which is 
stabilized through a strong intramolecular hydrogen bond. 

The intramolecular hydrogen bond has been found also in 3-amino- 
amidoximes 144 (58) and (59) as well as in their acylated derivatives lg5* 146. 

H 
(59) 

Through the analysis of i.r. absorbtion bands obtained in a dilute solution 
it has been proved that they exist i n  the form of chelates, illustrated by the 
structures 58-61. 

IV. BASICITY 

Amidines and amidoximes each contain two nitrogen atoms in their 
functional groups. The fact that each of these N atoms has a free pair of 
electrons confers basic properties to these substances. 

Moreover, in the case of amidoximes some dissociation of the proton 
from the oxygen atom may take place, so that this group may show both 
acidic and basic properties. 

The basicity of iminoethers has not been studied quantitatively probably 
owing to their very low stability. The available data appear to show that 
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the basicity of iminoethers fluctuates very much depending on the presence 
of various subst i tuent~l4~* 149. 

A. Basicity of Amidines 
Unsubstituted amidines are strong bases149. The same is true for the 

asymmetrical N,N-diphenylbenzamidine but  the symmetric lV,N'-di- 
phenylbenzamidine is neutral to litmus, and is thus a weaker base than 
ammonia15o. Both acetamidine as well as benzamidine give hydrochlorides 
even in solutions containing excess of ammonia, i.e., they are stronger 
ba.ses than the latter 149. On the basis of scattered data, largely obtained in 
synthetic experiments the sequence of increasing basicity of amidines 
is as follows: N,N'-trisubstituted amidines; N,N'-disubstituted amidines; 
N-mono-; N,N-di- and unsubstituted amidines. However, this classification 
is not valid if strongly electron-donating or attracting substituents are 
present (see Tables 8-10). 

TABLE 8. pK,  values for N-monosubstituted benzamidines in 50% water- 
ethanol solvent (c = 5.10-5 M)" 

R1 .\(nrn) PKa 

226, 228, 324 
224, 260 
234, 256 
244, 246, 282, 284 
234, 240, 244, 248 
230, 232, 262, 266 
220, 236, 238, 240 
222, 236, 238, 240 
240, 242, 266, 268, 270 

6.84 k 0.05 
7.05 k 0.05 
7.35 t_ 0.09 
7 4 3  k 0.08 
7.49 0.07 
7-50 0.07 
7-52 t_ 0.06 
7-71 2 0.09 
8.06 0.08 

" Reproduced by perniission from J. SevEik, Cheni. Zuesfi, 26,49 (1972). 

1. Benzamidine derivatives 
In studying the influence of substituents on pK values, the pK-value of a 

series of N-mono- N,N'-di- as well as rV,N'-trisubstituted benz- 
a m i d i n e ~ ~ ~ ~  has been determined using the photometric method. In 
Tables 8-10 the pK values obtained as well as the wavelengths used, are 
given. 

An interesting problem, closely connected with the basicity of all types 
of amidines, is represented by the question of the site of attachment of 
the added proton. According to S i d g ~ i c k ' ~ ~  the charge is carried on the 
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imino nitrogen, and the tautomcrisni of amidinium ions may be re- 
presented by (17) for unsubstituted amidincs, by (18) for the N-mono- 
substituted ones and by (19) for the N,N’-disubstituted ones: 

+ H +  r //N-R’ 
R-C 

\ 
N-RZ 

+ H +  <e 

ii 
NH-R’ 

/ 

\ 
R-C 

N -R2 

H 1 
I 

R = C6H5 
R’ = XC6H, R-C (1 8) 

- /NH-R’ 

R-C 
\ 

NH-R2 

(63) 

I 
,NH-R’ 

b 
R-C 

- N H-Fi2, 

(64) 

In order to gain further information. the correlation of pK-values of 
N-mono-, N,N’-di- as well as N,N’-trisubstituted benzamidines with 
Haminett’s p constants was studied. It was found that the pK-values of the 
investigated amidines obeyed Haniniett’s relation (Figure 5) .  By the least 
squares method, the following slopes have been obtained: 

for N-monosubstituted benzamidinesljl 
for N,N‘-disubstituted benzarnidines lS2 
for N,N’-trisubstituted benzamidines lS2 

The values obtained for the dissociation constants of N-mono- as well 
as of N,N‘-disubstituted benzamidines characterize only a general dis- 
sociation equilibrium (20), and it is impossible to decide which of the two 

p = 1.070 
p = 0.802 
p = 2.480. 

nitrogen atoms is being protonated, even though some sources state that 
the protonation occurs at the sp, nitrogen 172. Charge distribution be- 
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TABLE 9. pK, values for N,N'-disubstituted benzamidines in 50% water- 
ethanol solvent (R' is C6H5)la0 

254, 258, 260, 284, 286 
260, 264, 268 
220, 232, 240, 242 
228, 246, 244 
224, 232, 236, 240 
228, 234, 238 
228, 232, 234 
234, 238, 242 
232, 236, 248 

6.46 f 0.02" 
6.53 k 0.09 
6-54 k 0-05 
6.59 k 0.05 
6.66 t 0.04 
6.92 k 0.09 
7.04 f 0.09 
7.18 k 0.03 
7.18 f 0.02 

tween the two atoms nitrogen may lead a resonance stabilized symmetric 
cation (cf. the equations 18 and 19). 

Regarding the existence of tautomeric equilibria, e.g. in equation (18) 
the predominant form appears to be 6260.  With N,N'-disubstituted 
benzamidines there are two canonical forms of the cation 63 and 64 
and the real ion corresponds to their resonance hybrid. From the study of 
amidine tautomerisni the conclusion has been drawn60 that the resonance 

TABLE 10. pK, values for N,N'-trisubstituted benzamidines in 50% water- 
ethanol solvent. NR2R3 is piperidyl) 180 

R' 4 n m )  PK, 

284, 290, 300, 370, 375, 395 
254, 266, 268, 270 
236, 288, 290 
226, 228, 232, 
222, 224, 238 
228, 230, 234 
234, 236, 238 
220, 258, 260, 262 
220, 222, 226 
220, 226, 232 

5.37 f 0.02 
6.13 f 0.09 
6.39 t 0.09 
6.44 f 0.09 
6.70 f 0.07 
7.07 t 0.09 
7.10 5 0.05 
7.56 t 0.05 
7.86 f 0.04 
6.94 t 0.09 

c = 5 x  10-5 M; 
RZ is -CGHB and R3 is -COCH3 
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FIGURE 5. The correlation of pK, values of N-monosubstituted bemamidines 
with Hammett’s o-constants. [Reproduced by permission from J. hvEik,  

Chem. Zvesti, 26, 49 (1 972).] 

of symmetrically disubstituted amidinium ion resembles that of the un- 
substituted amidinium cations. Partial stabilization of one resonance form 
takes place only in the case when the two atoms of nitrogen are substituted 
with extremely different substituents lS3. 

The p-value given for the N,N‘-trisubstituted amidines shows that in 
this case protonation of the imino nitrogen occurs 

H 
I 

>N-R’ 
+ H +  f R-C 

P8’ 
R-C 

\ \ 
N-R2 N-R2 

C H 2-C H 2- 
/ 

‘CH 2-CH2- 
R’ = CsHQX, RZ = CHZ 

2. S-amidine analogues 
pK-values for differentiating the tautomeric forms 43 

and 44 of sulphonylamidines. He attributed the pK-value of 12-5 to 
Tinkler 
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N-methylsuphonylamidine in the form 43, and the pK-value of 6-9 to the 
form 44. The preparation of the sc-called sulphinamidines is described 
in the literature154. 

(a) R1 = R2 = H 
Ar-S, (b) R’ = H 

N-R2 (c )  R 1  = S02Ar  

R ’  
I 

(65) 

Compounds of the type 65 showed, contrary to expectation, some acidic 
properties, forming water-soluble salts with bases. In the presence of acids 
they hydrolyse very easily. No quantitative data concerning the acidity 
of sulphinamidines have been presented up to now. 

3. P-Amidine analogues 
The phosphor analcgues of aniidines-the phosphamidines also sh0.w 

tautomerism. They are basic, giving crystalline salts 155-158. The position 
of the tautomeric equilibrium is again very strongly dependent on the 
influence of the substituents R and R1. 

Thus, for R = COCH, and R1 = C6H5 the equilibrium is shifted to 
663, while with R = COCH, and R1 = PO(C,H,), to 66b. With R = 

COCH, being constant, the basicity is changed in dependence on R1: 
e.g. for R1 = C6H5 the form 66a is the less basic one, while with R1 = 

PO(C,H,), the form 66b shows weaker basicity l S 8 .  The influence of 
substituents on the tautomeric equilibrium was quantitatively studied with 
model compound of the type 66, in which R = C6H,X and R1 = p-C,H,Y. 
Since the phosphamidines under investigation showed strongly basic 
character, the titration method was used for the study, and the phosph- 
amidiniuni catior, was formulated l S 8  as 67: 
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The data show that all the phosphamidines investigated are strongly 
basic in nitromethane medium. N,N'-Diphenylphosphaniidine (X= Y = H) 
is more basic than diphenglguanidine, and nearly equal in basicity to 
triethylaniine 168* lSg. 

The evaluation of the tautomeric equilibrium constant was carried out 
by using three methodslS8. All these were in very good agreement and  the 
results showed that donor substituents shifted the equilibrium in the 
direction of that form in which the proton was located nearer to the donor 
substituent. In  the case of acceptor substituents the opposite was 
In  addition, it was found that the tautomeric forms 66 are less basic 
than the corresponding methyl derivatives1". 

4. Diacidic benzamidines 
N-(3-Dialkylaniinopropyl) benzamidines show strong antihistaminic 

effects 160. These amidines contain an additional basic tertiary amino 
group : 

ln  a series of these substances the pK, values as well as pK2 values were 
titrimetrically determined in 50% aqueous ethanolic medium161 (Tables 
11  and 12). 

I t  may be assumed that i n  structure 68, changes in the substituent X 
will influence the pK-values of amidino group. while this change should 
hardly influence the pK-values of tertiary amino group. The values given 
in Table 1 1  show stronger dependence on the substituent X in the p& 
values than in the pK1 values. 

I n  addition to that, it is evident from Table 1 1  that the pK, values given 
for the series of dimethyl derivatives a-c and k--0 are generally lower than 
with the series of diethyl derivatives, which is consistent with the weaker 
basic character of N,N-dimethylamines compared with their N,N-diethyl 
honiologues 16,. The pK, values of these honiologues are, however, nearly 
identical. This again supports the assignment of the pK, values to the ter- 
tiary amino group, and the pK, value to the aniidino group. 

I n  Table 12 on the other hand, the change in X provokes greater 
changes with the pK, values than with the pK2 values, and pK, of the 
dimethyl homologues is lower than that of the corresponding diethyl 
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TABLE 11. pK, values of N-(3-dialkylaniinopropyl)benzamidines (68), with 
R' = H or  alkyl" 

68 X R' 

a H H 
b CI t i  
C Br H 
d Mc H 
e Ir.4eO H 
f H H 
6 CI H 
h Br H 
i Me H 
j MeO H 
k H Et 
1 CI Et 
m Er Et 
n 'vie Et 
c M e 0  Et 
P H Et 
r CI Et 
S Br Et 
a Me Et 
u MCO Et 

122 Salt  PK,, 

hie di-HCI 7-8 
MC di-HC1 7.6 
Me di-HCI 7.7 
Me di-HCI 7.9 
Me di-HCI 7-9 
Et di-HC1 8.2 
Et di-HCI 8.1 
Et di-HCI 7.9 
Et di-HC1 8.3 
Et di-HCI 8.3 
M c di-HCI 7.8 
h e  di-HCI 7.6 
rvl e di-HCI 7.7 
Me di-HCI 7.8 
Me di-HCI 8.0 
Et di-HBr 8.0 
Et di-HBr 7.8 
Et di-HBr 7.9 
Et di-H Br 8.0 
Et di-HBr 8.0 

~~ ~~ - ~ 

Reproduced by perniission f;oni J .  A. Smith and H. Taylor, J .  C/ic/n. SOC.  ( B ) ,  
64 (1969). 

TABLE 12. pK, values of hf-(3-dialkylan~inopropyl)benzamidines (68). with 
R1 = aryl" 

68 x. 
a' H 
b' CI 
c' Br 
d' Me 
e' M e 0  
f H 
g' CI 
h' Br 
i' M e  
j' M e 0  

R1 

PhCH, 
Ph 
Ph 
P h  
P h  
Ph 
Ph 
PI1 
Ph 
Ph 

Salt PK,, P K L 2  

M e  
M e 
M e  
M c 
Me 
Et 
Et 
Et 
Et 
Et 

~ ~~ 

di-HCI 
di-HCI 
di-HCI 
di-HCI 

di-HBr 
di-HBr 
di-HBr 
di-HBr 
di-HBr 

di-HCl 

6.9 
6.7 
6.5 
7.2 
7-1 
6.9 
6.6 
6.6 
7.2 
7.4 

-.- 
0 Reproduced by permission from J. A .  S m i t h  and H. Taylor, J .  Clicw. SO~. (b'), 

64 (1  969). 



608 J. SevEik 

TABLE 13. p K ,  values.of N- and N'-aryi substituted benzamidines 69" 

a 
b 

d 
e 
f 
6 
h 
i 

C 

j 

Me 
Me 
Me 
Me 
H 
Et 
H 
n-Bu 
H 
H 

6.5 9.4 
7.8 
7.7 10.1 
7.0 9.4 
7.2 9.6 
7.7 
8.2 

1O-4lG4 
1 1.2 165 
6.9 1 G 1  

~~ 

a Reproduced by permission from J.  A. Smith and H. Taylor, J .  Cheni. SOC. ( B ) ,  
66 (1969). 

homologues while the pK, values remain the same. Therefore with corn, 
pounds 68a'-j' the assignmer.t of pK, and pK, is the reverse than it was 
in the ;)receding case161. 

Similarly, the basicity of benzamidines of type 69 was also studied163. 
The results are given in the Table 13. On the basis of analysis of the data 

//N-R' 
c6 5-c, 

N-R2 

H3 
I 

(69) 

given in the Table 13 as well as on the basis of U.V. spectrophotometrical 
data, the pK, values were ascribed to the amidino group. 

5. Variously substituted amidines 
In a study of the compiexes of a-hydroxyamidines pK, as well as pK2 

values for the amidino and for the a-hydroxy group have been determined 
using a titration method32. Substances of the type 70 have been studied, 
and the results are given in Table 14. 

R 
I 

H 0-C-CGH 5 

I 
C-NH2 
NNHr 

(70) 
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Froin : I  e data given in the Table 14 it appears that increasing the 
length cif ::,e side chain R, both the values of pK, and pK, are increased3,. 

In a s:?i~!y of the tautomerism and isomerism of N-halogenoamidines 
it L 5 : 2 ~ ~ ~ ~ ~  t k :  this group of substances shows a low basicity (pK 
about -1. j) More precise data are, however, not given. 

TAB! E 14. Acid dissociation constants for some r -  
hydroxy aniidincs (70), measured ai 25°C and at an 

ionic strength of 0.1" 

R PK1 P K2 
-- 

H 10.82 2 0.01 12.52 k 0.05 
CH, 10.96 2 0.01 12-72 2 0.05 
C2H 5 11.06 0.01 12-96 t 0.05 

a Reproduced by permission from R.  0. Could and R. F. 
Jameson, J .  Chen,. SOC., 296 (1962). 

S. Basicity of Amidoximes 

I. Unsubstituted and substituted amidoximes 
The data concerning basicity of unsubstituted as well as substituted 

amidoximes are given in Table 15. 
While it is well known that amidoximes add a proton in acid media, the 

site of Frotonation is a matter for controversyz4* 157* 168* I7l* 173. According 
to  the latest it is presumed, on the basis of the comparison of 
intensities as well as from the position of absorption bands, that the nitro- 
gen atom N--  is very nearly sp2 hybridized and conjugated with the ~i 

orbit of the C=N double bond. In the case of sp3 hybridization of the 
iV1 atom, some shifting of the valence vibrations of the NH, group should 
take place to lower wave number values (3520 and 34iO cm-l-+ 3380 
and 331C cm-') 144. On the basis of the analogy found between the amides 
and amideximes the following scheme was proposed : 

QH O H  
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TABLE 15. pKa values for unsubstituted and substituted arnidoxirnes 

Aniidoxirnc 
Photo- Potentio- 
metrical metrical Ref. 

Oxalic diarnidoxime 

Malonic acid arnidoxirne 
Phenylacetic acid amidoxirnc 
Benzarnidoxinic 

Salicyclic arnidoxirne 
o-Toluic arnidoxime 
p-Toluic arnidoxime 

Cinnarnic arnidoxime 
N-methyl benzarnidoxirne 
N-ethylbenzarnidoxirne 
N-diethylbenzarnidoxime 
N-Oxirninobenzyl piperidine' 
N-Oxirninobenzyl rnorpholined 
N-phenylbenzarnidoxirne 
N-P-naphthyl benzarnidoxime 
N,N'-diphenyl benzarnidoxirne 
N,N-diethylbenzarnidoxime 
N-phenyl-N'-nz-tolylbenzaniidoxime 
N-phenyl-N'-p-tolyl benzarnidoxi me 
N-Phenyl-N'-m-chlorphenylbenzarnidoxi me 
N-Phenyl-N'-p-chlorphenylbenzarnidoxime 
N-Phenyl-N'-m-broniphenyl benzarnidoxime 
N-Phenyl-N'-p-brornplienyl benzamidoxime 

3.02 
2.96" 2.95" 

11.31" 1 1.37" 
10.62 
4.77 
5.24 
4.99 
5.03b 
4.99b 
4.03 
5-14 
5*03b 
4.98b 

5.38 5.36 
5.42 
5.62 

5-16 5.10 
4.1 1 4.07 
4.1 1 4.35 
4.03 
4.14 4.29 

5.25 
4.29 
4.40 
4.03 
4.05 
4.04 
4.09 

166 
167 
167 
168 
166 
166 
166 
169 
169 
166 
166 
171 
170 
25 
25 
25 
25 
25 

17! 
25 
25 
17 
25 
25 
25 
25 
25 
25 

' Water solution 
25% Ethanol-water solution 

CHz-CHZ 

CHz 
/ \ 

/ \  / 
N 

PhC CHZ--CHz 

h m  
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TABLE 16. p K ,  values for some malonic amidoxime hydrazide derivatives 

(from ref. 174>" 

Amidoxime-hydrazide PKiX 

HON H 
/ \ 

/ \ 

/ \ 
/ 

/ 
CCHzCONHN=C 

\ 
/ \ 

HON CH3 
/ \ 

/ \ 

/' \\ 
/' \ 

CCH2CONHN=C 

CH=CHCeH,N(CH&p HzN 
HON H 

CCH2CONHN=C 
\ 

CH=CHCsHS H ON 
HON H 

CeH40H-O H2N 

CCH2CONHN=C' 

CH3 H2N 
HON H 

CCH2CONHN=C 

CsH5 HzN 

4.58 

4-30 

3.9 1 

4.03 

4.1 1 

-~ 

a Reproduced with permission frOii1 J .  Mollin, J. Sevfik, J.  Rubin and E. Ruiifka,  
Monatsh. Chem., 92, 1201 (1961). 

2. Amidoxirnehydrarides of malonic acid 
This group of nitrogen-rich substances also undergoes protonation in 

acid medial7'. With the use of a titration method the pK-values were 
determined and are given in Table 16. On the basis of these data, equation 
23 was proposed for the protonation : 
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3. 3-Am i noam idoxi mes 
Several papers144* i75-177 deal with the study of the structure as well 

as the basicity of 3-aminoamidoximes. For the dissociation equilibria with 
this group of substances equations 24 and 25 have been proposed: 

>NHZ / NHZ 
+ NH3-R-C +NH3-R-C + H C  (24) 

\ N-OH %-OH 
I 
H 

+ H +  (25) 

NOH 
+ N H 3-R-C r NHz-R-C 

\ \ 
NH, MHZ 

and the respective pKl and pK,-values referring to the above equations 
were determined. On the basis of comparisons with aminonitriles and witli 
amines, the pK, value was ascribed to the dissociation of the amidoxime 
group (equation 24), and the pK, value was ascribed to the dissociation 
of the amino group (equation 25). Comparing the pK values of the cor- 
responding aminonitriles with the pK, value of amino ainidoximes it 
becomes clear that the ba~ici tyl '~ ,  is lower in the nitrile, owing to the 
stronger electrophilic effect of the nitrile group compared with the 
amidoxime group. On the other hand, the pK, and pK, values given of 
aminoamidoximes are lower than the pK-values of amines and ami- 
doximes. 

Evidently, with aminoamidoximes basicity decrease of the amino 
function takes place through the influence of the electrophilic effect of the 
amidoxime group. The electrophilic inductive effect of the positively 
charged group again lowers the basicity of the amidoxime group 14.* 

(equation 25). 
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Dihydrazidine 494 ofimines 36 
s-tetrazines 455 183,415 

formatior, from amidrazones 496 Dissociation constants, of N-niono- 
by oxidation 537 and N,N’-disubstituted benz- 

formation from oxadiazoles 51 1 amidines 602 
formation in amidrazone/nitrile Dithioesters, reaction with amidra- 

reaction 495 zones 521 
formation in imidate/hydrazine re- synthesis from imidate salts and 

action 434, 501 hydrogen sulphide 426 
in complex with transition metal 

ions 539 

from amidines 3 I9 &configuration, of N,N-dimethyl- 

Electrochemical preparation, of ami- 

Dihydrobenzodiazepines, synthesis 

Dihydroformazans 493,519 benzamidine 10 
formation in imidate/hydrazine re- 

action 434, 437, 501, 503, dines 243,244 
504 of amidrazones 245 

infrared spectra 176 of hydrazidines 245, 246 
oxidation 249 of imidic esters 242,243 
p.ni.r. spectrum 177 Electrolytic oxidation, leading to 
reduction 249 amidines 243,244 

Dihydroisoquinolincs, synthcsis from of amidincs 247 
amidines 323 of hydrazidines 249 

Dihydro-s-tetrazinc, formation by of hydroxyamidoxinies 250 
amidrazone oxidation 537 of oximehydrazides 250 
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Electrolytic reduction, leading t o  ami- 

dines 243,244 
leading to  imidic esters 242 
of amidoximes 243,244,250 
of aniidrazones 249 
of cyclic arnidines 248,249 
of hydrazidines 249 
of hydroxamic acid halides 250- 

of imidic acid halides 250 
of iniidic esters 246, 247 
of oximehydrazines 245 
of triazoles 245 

252 

Ti-Electron density, in the Pariser- 
Parr-Pople theory 29,32 

of allylic anion 19 
n-Electron energy 32 

relation to activation energy for 
rotation 67 

Electronic spectra, of amidines and 
aniidinium salts 37-41 

Electron spin resonance spectra, of 
amidoximes 169,170 

Enolate-ammonium zwitterions 96 
Enzyme inhibitors, amidines as 266- 

Ephedrines, ORD curves 151 
Epoxides,reactionwithamidines 317 
Exner's graphical method 185 

of imidates 41-43 

270 

Fluoborates, imidoyl, intermediate in 
synthesis of amidines 300 

triethyloxonium, reaction with 
amides 301 

Folic acid derivatives 260-262 
in one carbon tiai-ijCers 261 

Force constants, calculation for acet- 

Formamidines, action on active meth- 

;c-bond energy, of phenyl substi- 

catalysts for carboxylate ester hy- 

N,N'-diaryl, dipole moment 9 
hydrolysis 350, 35 1 
U.V. absorption maxima 40 

aniidinium cation 45,48, 49 

ylene compounds 3 14,3 I5 

tuted 30 

drolysis 380 

Formamidine. (cont.) 
dihalomethyl, aminolysis of 300 
disulphide, from thiourea 243 
IH-n.m.r. spectra 57-59 
I5NN--H coupling constants 74,75 
restricted rotation in 116-120, 164 
structural determination 61 
N-trisubstituted, mass spectra 75- 

Formamidiniuni salts, cis-trans equi- 
79,165 

librium constants 66, 126 
cis-tmrs isomerism 66, 125 
hydrolysis 356 
restricted rotation 124-127 

Formamidoximcs, infrared spectra 
167 

molecular structure 5 
structural determination 61 

Formazans, acid-base properties 
172, 173 

chromatography 176 
dihydro- --see Dihydroformazans 
infrared and Ranian spectra 173, 

n.m.r. spcctra 175 
oxidation 249 
reduction leading to amidrazones 

synthesis 435 

174 

513,514 

from aniidrazone/substituted hy- 

from i midate/hydrazine react ion 

ultraviolet and visible spectra 

Forrnimidatcs, N-substituted, syn- 

drazine rcaction 519 

503 

174, 175 

thesis of 408 
synthesis 401,467 

Free radicals, of amidrazones 537, 
538 

Geometrical isomerism--see Config- 

Glycols, conversion lo imidates 390, 

Grignard reagents, reaction with inii- 

Group additivity 548-550 

uration 

391 

datcs 458,459 



666 Subject Index 
Guinea pig complement, inhibition 

by amidines 268,269 

Halo-alcohols, conversion to  imidates 
followed by ring closure 445, 
446 

a-Haloazoniethines, intermediates in 
iniidoyl halide tautonierisin 
94,95 

Haloformamidines, condensat ion with 
acetylenic Grignard reagents 
323 

Haloformatcs, reaction with amidra- 
zones 532,533 

a-Kalogenoiminiurn salts. configura- 
tion 103-103 

Halogens, for N-halogenation of irni- 
dates 462 

a-Haloketones, reaction with aniidra- 
zones 526 

I-Iammett F constant, correlation with 
pK valucs for aniidincs 602, 
604 

Hammett G constant, relation to pK 
162 

Hansch analysis, of biological activity 
269,270 

Heteroatoni parameters, for amidines 
22 

for iniidic acid derivatives 24 
Histidine, biosynthesis 258, 259 

catabolism 259, 260 
Hoesch reaction, for synthesis of inii- 

Hiickel method, for nllylic anion 19, 
date salts 394 

20 
for amidines 22-24 
for aniidinium cations 

for aniidrazones 24, 26 
for iniidntes 24, 75 
for iniidoyl chlorides 74, 25 
for study of cn'ect of phcnyl sub- 

stitution on aniidines 28 
for thioiniidatcs 24, 25 

18, 19, 21, 
22 

Hydrazidcs, alkali, addition to nitriles 
499,500 

Hydrazincs, acyl, reaction with imi- 
dates 503 

addition to ketimines, carbodi- 
imidcs and s-triazine 500 

addition to nitrile coniplexes 498, 
499 

addition to nitriles 495-498 
disubstituted, reaction with imi- 

dates 437, 438, 504 
rnonosubstituted, addition to 

nitriles 497 

502 
reaction with imidates 435-437, 

reaction with thioimidates 505 
reaction with amides 507, 508 
reaction with amidines, leading to 

reaction with aniidrazones 5 19 
reaction with iniidatcs 433-438, 

reaction with iniidoyl halides 505, 

reaction with orthoesters 404, 405 
reaction with thioimidates 505 

Hydrazoic acid, reaction with imi- 
dates 450,45 1 

Hydrazonates, aryl, rearrangement 
of 203 

product of imidate salt/nionosub- 
st itutcd hydrazine react ion 
436 

reaction with amidrazones 523, 
524 

reaction with ammonia or anlines 
509,510 

Hydrazones, conversion to amidines 
305,306 

Hydrazonojrl halides, reaction with 
ammonia and amines 510, 
51 1 

Hydrogen bonding--wc also Dinieri- 
zation 

intermolecular, of amidines 590- 
593 

of N-r-butyl-N'-alkylsulphonyl- 
amidines 596 

intl-arnolecular, of amidines 593- 
597 

aniidrazones 507 

501,502 

506 

Hydrzzidines--secDihydrofornia~ans of amidoxinies 599, 600 
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Hydrogen bonding, intramolccular Hydroxamic acid halides, clectrolytic 

of bcnzimidazoles 593,594 Hydroxamic acid oximes, hydrolysis 
of glyoxalines 593 kinctics 364, 365 
of sulphonylaniidines 596 w.-Hydroxyamidines, acid dissociation 

involving amidincs 566, 590-597 constants 608, 609 
involving amidoxirnes 566, 599, metal complexes 146-1 50, 570- 

involving imidates 597-599 optical rotatory dispersion 140- 
involving metal complexes of anii- 

doxirnes 589 Hydroxyamidoximes, oxidation 250 
involving metal complexcs of M- reduction 250 

hydroxyamidines 573 N3-Hydroxyaniidrazones, from ami- 
Hydrogen sulphide, action on inii- drazones 5 18 

dates 425,426 Hydroxylamine, reaction with ami- 
Hydrolysis, of acetarnidines, N,N'- drazones 518 

diary1 353, 354 reaction with iniidates 438, 439 
mechanism 366 4-Hydroxy-l,2,4-triazoles, formation 

of acetamidiniuni salts 356 503,5 18 
of amidrazones 5 I8 Hypohalites, for formation of N-halo- 
of 2-aryltetrahydroimidazo [ I  ,5-n]- imidatcs 462,463 

(cont .) reduction 250-252 

600 576 

146, 151, 152 

quinazolines 363 
mechanism 372 lmidatc bases 413 

mechanism 360 N-substituted, pyrolysis 419-422 
of benzamidinium salts 356 formation from their salts 433 

of ~-dimethylaminnmcthylene unsubstituted, pyrolysis 419 

of formaniidines,N,N'-diar)il of palladium(r1) 409 
nucleosides 355 lmidate complcxes, of chromium 41 1 

350-353 of platinum and iridium 409, 410 
mcchamism 366 of rhcniurn 410 

of formatnidiiiium salts 356 Iniidatc polymer 47 I 
of  hydroxamic acid oximes 364, Iniidatcs 86-see also Irnidate bases 

365 and Imidate salts 
of iniidates 422-425 acyl derivatives 461,462 

eflect of buffers 423 rearrangenicnt of 220-229 
mechanism 422 alcohnlysis 426-428 
pH rate profile 423 alkyl, rcarrangemcnt of 205-220 
practical use 425 allyl, rcarrangement of 205-230 

of imidatc salts 135, 136, 138 aromatic, reduction 246,247 
of imidazolines 357,358,364 aryl, rearrangcment of 190-205 

of imidazolinium ions 360, 361 chromatography 182 

of mandclarnidine 354 conformation and reactivity 132- 

mechanism 369, 370,372 =-bond order and bond length 27 

mechanism 370, 37 1 C-==N bond vibration 48,52 

of tetrahydrofolic acid derivatives 138,414-416 
359,360 conversion to azcpincs 455 

355,356 conversion to bcnzimidazoles 444, 
of tetrasubstituted amidinium ions conversion 10 azincs 4.5 1-457 

mechanism 369 445 
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Imidates (conr.) 
conversion to benzoxazoles 447, 

conversion to imidazoles, imidazo- 

conversion to oxadiazoles 449, 

conversion to oxazines 457 
conversion to oxazolcs 445-447 
conversion to  substitutcd triazines 

conversion to tetrazoles 450,45 I 
conversion of thiadiazoles 450 
conversion to thiazoles, benzothia- 

zoles, isothiazoles 448,449 
conversion to 1,2,4-triazolcs 450, 

524 
dipole moments 10-13, 36, 84, 

182, 183,415 
electrolytic preparation from 

phthalazines 242 
E:Zratio 84 
geometrical isonierism 98-103, 

A'-halo, properties and reactions 

syiz and anti forms 415, 464, 

448 

loncs, imidazolines 442-444 

450 

158 

414-416 

462-465 

465 
Huckel calculations for 24,25 
hydrogen bonding 597-599 
hydrolysis 422-425 

incorporating boron derivatives 

infrared and Raman spectra 178- 

intermediates in Pinner synthesis of 

ionization energy 32 
n.m.r. spectra 84, 99, 100, 181, 

oxidation of 459,460 
Pariser-Parr-Pople calculations for 

phosphorus and antimony deriva- 

photochemistry of 467,468 
pK,values 15 
rate of formation 177 

kinetics of 177, 178 

41 1 

181,416 

amidines 292-296 

41 4 

35,36 

tives 465-467 

Imidates (cant.) 
reaction with amidrazones 470, 

523, 524 
reaction with amino acids and their 

simple derivatives 439-441, 
445,45 1,452 

reaction with ammonia 429-431 
react ion with disu bst i t u ted hydra- 

zines 437,438,504 
reaction with Grignard reagents 

and metal alkyls 458,459 
reaction with hydrazinc or its 

hydrate 433-435,501,502 
reaction with hydrogen sulphide 

425,426 
reaction with hydroxylaniine 438, 

439 
reaction with monosubstituted 

hydrazines 435-437,450,502, 
503 

reaction with primary amines 431, 
432 

reaction with proteins 441,442 
reaction with secondary amines 

reaction with tertiary amines 

reduction of 460,461 
N-substituted, conversion to imi- 

reduction to primaryamines' 460 
synthesis by reaction of imidates 

with amino acid esters or 
aniides 440 

synthcsis from hydrazidoyl and 
hydroxamoyl halides 398 

synthesis from simple imidates 
406,407 

432,433 

433 

dazolones 442 

sulphonyl derivatives 461,462 
synthesis, by photochcmical reac- 

by Pinner synthesis 389-394 
by reaction of amino compounds 

and ortho csters 402-405 
by reaction of imidoyl halides 

with alkoxides and phenoxides 
398,399 

by reaction of nitriles with alco- 

tion 412,413 

hols 394-398 
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Imidazolinium ions, hydrolysis, kin- imidates, synthesis (cont.) 

by transesterification 405,406 etics of 360, 361 
from amides and thioarnides mechanism 370,371 

399-402 lmidazolone, formation from imi- 
from aminesand thion esters 412 dates 439,440,442 
from metal complexes and Imidazo triazolcs, synthesis from imi- 

organometallic compounds dazole substituted amidines 
408-41 1 323 

408 amides of-see Amidines 
from unsaturated systems 407, Imidic acids 4 

. tautomerism 88, 178 N,N-bis-imidoacylainines-see Irni- 
thermal decomposition 417-422 dines 
~i -> x* transition energy 39 esters of-see Imidates 
trimerization 453,454 halides-see lrnidoyl halides 
ultraviolet and visible spectra 41- hydrazides-see Aniidrazones 

uses 470,471 thermochemistry, estimated 550- 
X-ray study 183,415 556 

alcoholysis of 426-428 Tmidines 4,86 
conversion to imidazolines 443, synthesis, from reaction of amidra- 

444 zones with imidates 470 
conversion to I ,3,4-thiadiazoles Imidoates 387-see Imidates 

450 Imidochlorides-see Imidoyl halides 
hydrolysis 135, 136, 138 Iniidocsters 387-see lmidates 
infrared spectra 178, 179 lmidoyl fluoborates, intermediates in 
quantitative analysis 159 synthesis of amidines 300 
reaction with a,P-mercapto-arnine lmidoyl halides 4, 86 

spontaneous decomposition 391 configuration of 103-1 08 
N-substituted, pyrolysis 41 8 dipolc moments 105, 185 
synthesis by Hoe,jch rcaction 394 Hiickel calculations for 24,25 
unsubstituted, pyrolysis 41 8 infrared and Raman spectra 183, 

imidazoles intermcdiate in reaction of acet- 

43,181,416 hydroxaniides-see Amidoximes 

Imidate salts 566 Imidic esters 387-we Imidates 

salts 448 ii-bond order and bond lengths 27 

Imidazolc derivatives-see also Benz- 184 

synthesis from amidines 3 18-323 arnide with HCI 296 
synthesis from imidates 442, 443 N-methylation 108 

Imidazolinediones, synthesis from mn1.r. spectra 104,106, 184 
amidines and ethyl oxalate reaction with alkoxides and phen- 
322 oxides 398,399 

synthesis from amidines and oxalyl reaction with amines 298 
chloride 321 rcaction with hydrazines 505, 

lmidazolines, dipole moments 506 
hydrolysis, kinetics of 357, 358, reduction 250 

364 tautomerism 94-96 
mechanism 369-373 thermochcmistry, estimated 562- 

salt with a I ,2-alkyldiaminc Iniidoyl sulphonates, internicdiate in 
443,444 synthesis of amidines 300 

synthesis, by reaction of an imidate 564 
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Imines, x-bond order and bond Infrared spectra (cont.) 
length 27 solvcnt cffect, for imidates 179, 

dipolc moment 36 180 
ionization energy 32 substituenteffect, for imidatcs 180, 
Pariser-Parr-Pople calculations for 181 

Inner complexcs, of boron complexes 
therniochemistry, estimated 550- with amidines 583 

x -> x* transition energy 39 Ionization encrgy 32 

34,36 

556 of formamidines 569 

Imino ethers 387-see Imidates Iso-amides 387 
Iminolate silver salts, conversion tc Isocyanates, reaction with amidra- 

Iminol form, of bcnzamidc 43 rsoiniides 468, 469-see Imidates, 
Iminopeptide structure, by reaction acyl derivatives 

of a-amino acid with imidate Isonialeiniides, rearrangement of 224 
base 439 Isomerism, syn-anti, of N-halo-imi- 

iniidates 400 zones 533-535 

Infrared spectra 43-57 dates 41 5,464,465 
evidencc for hydrogen bonding in of imidates 414-416,598 

amidines 592 Isomerization, cor,formational, of 
of acetamidine 43,44, 159 arnidines and aniidinium salts 
of acetamidinium cation 44,45 380 
of acetimidates 178-180,416 thermal, of N,N,N,'-triarylbenzami- 
of amidines, N,N'-disubstituted dines 38 I ,  382 

55,56, 160-1 62,592,593 Isonitriles, conversion into N-sub- 
of amidoximes 168 stituted farmimidates 408 
of amidrazones 5 16 Isothiazoles, synthesis from imidates 

515 Isothiocyanates, reaction with ami- 

171 reaction with amidrazones 534, 

Ail,N'-disubstituted 170, 171, 449 

N1,N1,N3-trisubstituted 170, dines 336 

unsubstituted 172 535 
of amidrazone salts 171 
of amino amidoximcs 167 Kallikrein inhibitors, arnidincs as  
of benzimidates 179 269 
of butyrimidates I79 Ketene-aminohemiacetal tautomer- 
of N-chloro-chloroformimidoyl ism 88 

chloride 184, 185 Kctencs, reaction with amidrazones 

173,174 Ketiniines, addition of hydrazines 
of formamidoxime 166-168 500 
of hydrazidines 176 u-Keto-csters, reaction with amidra- 
of methyl forminiidate hydrochlo- zones 502 

ride 179 Ketones, reaction with amidrazones 
of oxaniidoxime 167 524,526 
ofoximes 167 synthesis, from imidates 458 
of sulphonylamidines, substituted a,  F-unsaturated, reaction with ami- 

of trichloroacctamidines, N-sub- reaction with aniidrazones 531, 

of di- and triphenyl formazans 533,534 

597 dines 327, 328 

stituted 160 532 
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P-Keto nitriles, condensation with Molccular orbital calculations, for 

Kjeldahl estimation 158 Molecular structure, of arnidincs 5 ,6  
Koopmans' theorcm 32 of amidinium salts 6-8 

amidines 327 amidrazones 170 

Mumm rearrangement 221 

Lactam-lactirn tautonicrism 87 
Lactanis, reduction to cyclic arnines 

Lactim ethers 388 
46 1 

leading to fused pyridazines 453 
leading to fused pyrimidines 453 

Lactones, condcnsation with amidines 

Lander rearrangcrncnt 21 I 
L.C.A.0.-M.O. calculations, for sub- 

stituted 1,5-diphenylformazans 
I73 

329 

Magic Methyl I07 
Mass spectra, of amidincs, N,N,N'- 

trisubstituted I66 
of formamidine, N,N,N'-trisub- 

stitutcd 75,79, 165 
a,$-Mercapto-arnine salts, reaction 

with imidate salts 448 
Mercuriamidines, in amidine analysis 

158 
Mesomeric moment, of the amidine 

group 7, 10 
Metabolism, of p-butoxyphenylaccto- 

hydroxarnic acid 276 
of semi-cyclic arnidine tranquilliz- 

ing drugs 275,276 
Metal alkyls, reaction with imidates 

458,459 
Metal complexes, conversion to imi- 

date complexes 408-41 1 
formation constant for amidoximes 

589 
of amidrazoncs with transition 

mctal ions 538, 539 
of a-hydrosyamidines 570-576 

ORD spectra 146-1 50 
Microspectrophotometric deterniina- 

tion, of forniazans 175 
Molccular association, effect on C=N 

bond vibration 48 
of amidines 56, 57 

Neber type rearrangement 463 
Newman-Kwart rearrangemcn t 

NH2 deformation vibration, of 

of acetamidiniurn cation 44 
NH2 group vibrations, of acctam 

of acetaniidiniurn cation 44 
NH vibrations, of acetamidinc 

198 

amidine 43,44 

43,44 

44,56 
of formamide 5 3  

197, 

acet- 

iidine 

43, 

of A'-phenylamidines 53 

drazones 513 
Nitrazoncs, reduction leading to ami- 

Nitrenes, from amidoximes 306 
Nitrite complcxes, addition of hydra- 

zines 498,499 
Nitriles, conversion to amidines 286- 

296 
by action of alkali aniide anions 

286,287 
by addition of amine salts 290, 

29 1 
by addition of ammonia and free 

amines 288,289 
by addition of ammonium salts 

289 
by condensation with amino- 

magncsium derivatives 288 
by reaction with nictallatcd 

amincs 287,288 
through imidoester intermediates 

convcrsion to amidrazones 495- 

conversion to iniidatcs by Pinner 

292-296 

49 7 

synthesis 391 
failure of reaction 392,393 

reaction with alcohols, base-cata- 
lysed 394-397 

failure 395 
in neutral solution 397, 398 
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Nitriles (cont.) 
a,P-unsaturated, reaction with ami- 

with acidic a-hydrogen atom 395 
Nitrilium salts, from imidoyl halides 

94,107 
Nitrites, reaction with amidrazones 

535 
Nitrous acid, reaction with amidra- 

zones 535,536 
Nuclear magnetic resonance spect.ra 

57-75-see also Carbon-I3 
n.m.r. spectra and Proton 
magnetic resonance spcctra 

dines 327,328 

of acetamidinium salts 164 
of amidines, trisubstituted !55 
of amidrazones i72,516,517 

of benzamidines 110, 111,  113- 

of benzamidinium salts 121, 123 
of benzimidates 18 1 
of formamidines 
of forniamidinium salts 125 
of formazans 175 
of imidates, open chain 
of imidoyl halides 
of 0-methyl imidates, cyclic 99, 

414 
of S-methyl thioimidates, cyclic and 

open chain 102,414,415 
of oxamidoxime 168,169 
of phenylacetimidates 11, 181 
of trichloroacetimidates 181 

“-substituted 515 

115,164 

1 16-1 18, 164 

99, I00 
104, 106, 184 

Nucleophiles, amidines as 373- 
380 

Nucleophilic substitution, of amidra- 
zones 518,519 

Nucleosicles, N-dimethylaminometh- 
ylene, hydrolysis kinetics 355 

Optical rotatory dispersion, of a- 
hydroxyamidines, cyclic 151, 
152 

open chain 140-146 
of metal complexes, of amidines 

Organometallic compounds, convcr- 
146-1 50 

sion to imidates 408-41 1 

Orthocarbonates, reaction with ami- 

Ortho estcrs, conversion to arnidines 
drazone 533 

309,310 
cyclic, preparation 428 
preparation, by alcoholysis of imi- 

date salts 426-428 
reaction with amides 404 
reaction with amidrazones 521, 

reaction with hydrazinc derivatives 

reaction with primary amines 403, 

Oxadiazole derivatives, conversion to 

523 

404,405 

404 

amidrazones 51 1,512 
synthesis, from amidines 318 

from amidrazones 521,522 
from imidates 449,450 
from mono-acyl hydrazine/imi- 

date base reaction 436 
Oxadiazolium salts, conversion to 

amidrazones 51 1,512 
Oxamidines, synthesis from primary 

aniines and cyanogen 289 
Oxathiadiazole derivatives, synthesis 

from amidines 3 18 
Oxazines, synthesis from amidines 

337 
synthesis from imidates 457 

Oxazole derivatives, synthcsis from 
amidines 317, 318 

synthesis from imidates and cc- 
amir.0 acids 445 

Oxazolincs, synthcsis, by reaction of 
imidates with alkanolamines 
445-447 

from amidines 317 
from imidates prepared from 8- 

halo-alcohols 445,446 
Oxidation-see also Electrolytic oxi- 

dation 
of amidrazones 537 
of imidates 459,460 

Oximehydrazidcs, polarographic oxi- 
dation 250 

Oximehydrazincs, reduction to ami- 
drazones 245 

Oxinies, infrared spcctra 167 
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32-37 of amidoxime-hydrazides of malo- 
empirical parameters 33 nicacid 611 
for ally1 anion 34, 36 of amidoximes, substituted and un- 
for amides 35, 36 substituted 610, 612 
for amidines 34-36 of amidrazones, cyclic 516 
for calculation of x -+ x* transition vinylogous 170 

energy 39 of amines 14,612 
for dipole moment calculations of 3-aminoamidoximes 61 2 

36,37 of aminonitriles 612 
for imidates 35, 36 ofammonia 14 
for imines 34, 36 of benzamidines, N- and N'-aryl 
for thioimidate 35, 36 substituted 608 

Pariser-Parr-Pople method 28, 29, pKvalues, of amidines 14, 17, 18 

Pharmacological activity, of cyclic diacidic 606,607 

Phenanthridincs, synthesis 324 N-monosubstituted 162,601, 
Phenoxides, reaction with iniidoyl 602,634 

halides 398,399 N-trisubstituted 601-603 
o-Phenylenediamines, condcnsation of formazans of the bcnzimidazol 

with imidates or thioimidates series 172,173 
444 of N-halogcnoamidines 609 

with imidates or thioimidatcs of imidates 15 
445 of sulphonylamidines 604,605 

532,533 relation to  Hammett G values 

606 Proteins, modification, by di-imidates 

imidates 464 reaction with imidates 441,442 

amidrazones 536 acctamidines 60,62,63 

465-467 Purines, biosynthesis 256, 257 

halo-imidates 464-466 synthesis from amidines 322 
reaction with imidates 466 Pyrazoles, by reaction of amidrazones, 

Photochemical reactions, leading to with a,@-acetylenic ketones 

of imidates 467,468 with 1,3-dicarbonyI compounds 

amidines '274,275 N,N'-disubstituted 601 -603 

N-mono-substituted, condensation of a-hydroxyamidincs 609 

Phosgene, reaction with arnidrazones of thioimidates 15 

Phosphamidines, tautomerism 605, 162 

Phosphites, reaction with N-halo- 441,442 

Phosphoruscompounds, reaction with 

Phosphorus derivatives, of imidates of formamidines 57-59 

Phosphorus halides, reaction with N- electrolytic reduction 248 

Proton magnetic resonance spectra, of 

imidates 41 2,413 532 

529 pH rate profile, for irnidate hydrolysis 
423 Pyridazines, synthesis of 453 

Phthalazines, electrolytic reduction, from amidrazoncs and 1,4-dicar- 
to amidines 244 bony! compounds 530 

to imidic esters 242 from amidrazones and a,@-un- 

of imidates 389-394 Pyridinc derivatives, synthesis from 
Pinnersynthesis, of amidines 292-296 saturated ketones 531 

side reactions 389 amidincs 323,324 
steric hindrance 400 synthesis from imidates 451 
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Pyrimidine derivatives, synthesis by 
reaction of arnidines, with P- 
dicarbonyl compounds 324, 
325 

with diketene 329 
with P-dinitriles, P-cyano ester 

and p-keto nitriles 326, 327 
with rnalonic derivatives 325, 

326 
with trichloroniethylpropiolac- 

tone 329 
with a,  F-unsaturatcd esters, nit- 

riles and carbonyl dcrivativcs 
327-329 

synthesis from imiaatcs 451-453 
Pyrolysis, of azobisisobutyramidines 

of benzarnidines, N,N,N’-triaryl 

of irnidatc bascs, N-substituted 

38 1 

381,382 

41 9-422 
unsubstituted 419 

unsubstituted 417, 418 
of imidate salts, N-substituted 418 

Pyrrole derivatives, synthesis from 
formarnidincs 3 16, 3 17 

Quinazolincs, reduction 248 
Quinolinc derivatives, 2-amino, syn- 

thesis 323 
from diarylformarnidines 3 I5 

Rarnan spectra 43-57 
of acetamidinc hydrochloride 46, 

of amidincs, N,N,N’-trisubstituted 
162 

of N-chloro-chlorothioforniirnidoyl 
chloride 184 

of diethyl acctarnidine 56, 162 
of forrnazans 174 

arrangcnicn ts 

acyclic 221-223 
cyclic 223-226 

47,159 

Rearrangement-scc rrlso named re- 

of acyl imidates 220-229 

Rearrangement (corrt.) 
3f alkyl and ally1 imidates 205- 

220,421,422 
catalysed 210-216 

of aniidines 230-234 
of arnidoxinics 233 
of aryl hydrazonates 203 
of aryl irnidatcs 190-205,419-422 
of N-ar y I p h t h a 1 i so i ni i des 224 
of N-arylsuccinisoirnidcs 224 
of N,N’-biisomaleirnides 224 
of N-halo-irnidates 463,464 
of isomaleirnides 224 
of thioimidates 229,230 

Reduction-see also Electrolytic re- 
duction 

offorrnazans 513, 514 
of iniidates 460,461 
of nitrazones 5 13 
of tetrazolium salts 514 
of 1,2,4-triazoles 514 

Rotational barriers, absence in N,N- 
1 29,13 1 

for acctaniidinium halidcs 64, 129, 

for amidines, N,N-dimcthyl sub- 

dirnet 11 y l ace tam i dine 

I64 

stituted 67, 68 
simple 380 
trisubstituted 67-72 

for aniidinium cations 67 
for arnidoxirnes 13 I 
for benzamidincs 109-1 I5 
for formamidines 116-1 19, 164 
for quatcrnary arnidinium salts 

124 
Rotational isomerism 56 

substituted 64-66 

G I ,  64 

i n ace t am id i n i u rn cations, N, N-d i- 

in amidincs, N-alkyl-substituted 

SCF-molecular orbital energies 32 
Schiff bases, conversion to amidines 

G-x Separation 18,28 
S i I ic i u ni t e t ra h a I ides, present in am i- 

dine formation from phenolic 
acids and amincs 300 

304,305,309 



Subjec 
Silyl amidrazones, synthesis of 172, 

Silylation, of amidrazones 5 17 
Silyl hydrazidines, synthesis of 172 
Singlet transition energy 37 
Skeletal normal vibrations, for a 

planar molecule X Y Z z  45, 48 
Smiles rearrangement 205 
Solvent effect, on v(N-H) wave 

number for imidates 179, 180 
Stability constants, for amidoxime 

complexes 589,590 
for CU" and Ni" complexes of a- 

hydroxyamidines 572,573 
Stereochemistry, of pyrolysis of un- 

substituted imidate salts 417 
Structure, of substituted amidrazones 

515 
Substitucnt emect, of phenyl group, on 

basicity of benzamidincs 11, 
16 

on =-bond energy of amidines 
28,30,3 1 

on infrared spectra, of imidates 
180,181 

Sulphinyl halides, reaction with 
amidrazones 524 

Sulphonamidcs, reaction with dialk- 
ylformamides 299 

504,s 17 

reaction with imidoesters 295 
Sulphonylamidines, infrared spectra 

structure and hydrogen bonding 

synthesis from sulphonamides 295, 

Sulphongl halides, condcnsation with 

Sultones, reaction with amides and 

Syn-anti isomerism, of N-halo-imi- 

597 

595-597 

299,3 10 

imidates 462 

thioamides 301 

dates 41 5,464,465 
of imidates 414-416,598 

x-System, delocalized 18 

Tautomerism, amide-imidol 43, 87, 
388 

imidate-enamine 178 

t Index 675 
Tautomerism (cont.) 

ketene-aminohcniiacetal 88 
lactam-lactini 87, 388 
of amidincs 3,88-9 1 

N,N'-disubstituted 55, 56, 603 
N-monosubstituted 53,54 

of arnidinium ions 602 
of amidinium salts, N-trisubsti- 

tuted 91,92 
of amidoxinics 599 
of amidrazones 

of arylsulphonylamidines 92,93 
of N-halogenoamidincs 94, 609 
of imidoyl halides 94-96 
of phosphamidines 605,606 
of sulphonylamidines 595 

hydrolysis of 359, 360, 362 
mechanism 37 1, 372 

93, 94, 506, 514, 
515 

Tetrahydrofolic acids, cyclization 362 

Tetrahydroimidazo[ 1,5-n]quinazo- 
lines, hydrolysis kinetics 363 

mechanism 372 
Tetrahydropyrimidines, acetylation of 

374 
preparation and resolution 152 

s-Tetrazines, conversion to amidra- 
zones 513 

Diels-Alder reaction with imidates 
455 

formation from amidrazones 496, 
5 16,537 

formation in imidate/hydrazine re- 
action 434,435,456, 501 

unsymmetrically 3,6-disubstituted, 
synthesis of 457 

Tetrazoles, formation from iniidates 
by action of hydrazoic acid 
450,45 1 

Tetrazolium salts, polarographic re- 
duction 245,246 

reduction leading to amidrazones 
5 I4 

ultraviolet and visible region spectra 
174 

Thermal decomposition-see Pyroly- 
sis 

Thermochemistry, estimated, for ami- 
dines 55G558 



676 Subject Index 

Thermochemistry, estimated (cont.) Thioimidates (cont.) 
for amidoximes 561 N-substituted, oxidation 459 
for amidrazones 559-561 ii -+ x* transition energy 39 
for imidoyl halides 562-564 Thioimidate salts, conversion to ami- 
for imines and imidic acids 550- dines 303 

556 Thiol esters, synthesis by hydrolysis of 

imidates 178 Thiols, use in Pinner synthesis of thio- 

338 Tnionesters, conversion to amidines 

from amidines 31 8 conversion to imidates 412 

Thermogravimetric analysis, of acet- thioimidate salts 426 

Thiadiazines, synthesis from amidines imidates 390 

Thiadiazole derivatives, synthesis of, 29 3 

from imidate salts 450 synthesis from imidates and hydro- 
in mono-acyl hydrazine/thioimi- gen sulphide 425 

date base reaction 436 Thionyl halides, reaction with anii- 

Thiophosgene, reaction with amidra- 
of imidate salts with a,@- zones 532,533 
mercapto-amine salts 448 Thiourea, diaryl, conversion to sub- 

thesis 448 Thrombin inhibitors, amidines as 

303,304 Tiemann rearrangement 233 

Thiazoles, synthesis of 448 drazones 533 
Thiazolines, synthesis, from reaction 

Thiazolin-4-ones, 2-substituted, syn- stituted acetamidines 304 

Thioamides, conversion to amidines 269 

conversion to imidates 399-402 Titanium complexes, use in synthesis 
reaction with hydrazines 508, 509 of amidines from amides 301, 
synthesis from amidines 312, 313 302 

Thiocyanates, of aliphatic amines, Tranquillizing drugs, metabolism of 

Thioimidates 4 Transesterification, of imidates 405, 

chemical shifts 102 Transition metal ions, complexes 
configuration 10 1 of, with 0-alkyl-I-amidinourea 
isomcr ratio for cyclic and linear 

103 with I-amidino-2-thiourea 581, 

addition to nitriles 290 275,276 

S-alkyl, activation parameters 102 406 

579, 580 

anthelmintic activity 272 583 
x-bond order and bond lengths 27 with 1-amidinourea 580-582 
C-N bond vibrations 52, 53 with amidoximes 585-590 
condensation with o-phenylenedi- with amidrazones 538,539 

dipole moment 36 576 
Hiickel calculations for 24, 25 Transitions, 12 -> x* 37,41 

Pariser-Parr-Pople calculations for Triazaindcnes, synthesis of 323 
35,36 1,2,4-Triazine-oxides, preparation 

pK,values 15 518 
reaction with ethanolamine, leading Triazines, electrolytic reduction 245, 

to 2-oxazolines 446 249 
reaction with hydrazincs 505 reaction with hydrazincs 500 
rearrangement of 229,230 review 520 

amines 444,445 with a-hydroxyamidines 570- 

ionization energy 32 z -> X* 37,39,41 



Subject Index 677 
1,2,4-Triazoles, formation from rcac- Triazines (cont.) 

substituted, formation from imi- tion of amidrazones (cont.) 
dates 158,455 with ynamines 535 

synthesis of, by co-trirnerization of 1 ,2,4-Triazolines, formation by re- 
two imidates 454 action of amidrazones with 

dates with s-tetrazines 455 I ,2,4-Triazolium salt, conversion to 

453,454 formation from amidrazones and 

formation from amidrazones and 

by Diels-Alder reaction of imi- ketones 524,525 

b? trimerization of imidates amidrazoncs 512,513 

from amidines 331-337 acid chloride 521 
from amidrazones and a, P-acety- 

lenic ketones 532 aldehyde acetals 526 
from amidrazones and dicar- formation from oxadiazoles 51 2 

bony1 compounds 527, 528 1,2,3-Tricarbonyl compounds, reac- 
from imidatela-hydrazino-acid tion with amidrazones 528, 

reaction 438 529 
from imidate/monosubstituted Trypsin inhibitors, amidincs as 266- 

hydrazine reaction 437 268 

dines 336,337 

528 amidines 38,40, 162, 163 

Triazinethiones, synthesis from ami- 

1 ,2,4-TriazinonesY synthesis of 502, Ultraviolet absorption spectra, of 

1,2,4-Triazo]es, acylamidrazones as ofamidiniurn chlorides 38, 40,41, 
precursors for 519 144 

4-arylmet hylene derivative, amidra- Of formazans 74, 175 

formation from amidrazones 523- Of tetrazolium 174 

formation from hydrazinelimidate acylating reagent 302, 303 

zones prepared from 514 of imidates 41-43, 181, 416, 417 

526,537 Urea, substituted, reaction with an 

reaction 434.501 
formation from imidate/monosub- 

stituted hydrazine reaction 
436,437,450,503 

formation from oxadiazoles 512 
formation from pyridine-4-carbox- 

amidrazone 495 
formation from reaction of amidra- 

zones, with cc-bromopropio- 
phenone 526,527 

with carbonyl compounds 525, 
526 

with 1,3-dicarbonyl compounds 
530 

with N-dichloro-methylene benz- 
amide 533 

with dithio-esters 521 
with imidates 524 
with ketcnes 534 
with orthoesters 523 

Visible region spectra, of formazans 
174 

of tetrazolium salts 174 
Vitamin B1, synthesis 325 

X-ray spectra, of imidates 415 
of methylp-bromobenzimidate 183 

Ynarnines, conversion to sulphonyl- 

reaction with arnidrazones 535 
amidines 310 

Z-configuration, of N,N-dimethyl- 

Zero-differential-overlap approxima- 
benzamidine 10 

tion 29 
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