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Foreword 

The general plan of the present volume is again the same as des- 
cribed in the Preface to the series, printed on the following pages. 

This volume was originally planned to consist of seventeen chapters, 
out of which three did not materialize. These should have been 
chapters on the “Directing and Activating Effects’? and on the 
“Syntheses and Uses of Isotopically Labelled Azomethine Groups”’, 
both in which cases the scarcity of the information available on the 
subjects was the decisive factor, and a chapter on the “Biological 
Formation and Reaction of the Azomethine Groups”’. 

SAUL PATal 
Jerusalem, September 1969 
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The Chemistry of the Functional Groups 
Preface to the series 

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

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

With these restrictions, it is realized that no plan can be devised for 
a volume that would give a complete coverage of the subject with no 
overlap between chapters, while at the same time preserving the read- 
ability of the text. The Editor set himself the goal of attaining 

1* Ix 
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reasonable coverage with moderate overlap, with a minimum of cross- 

references between the chapters of each volume. In this manner, 

sufficient freedom is given to each author to produce readable quasi- 

monographic chapters. 

The general plan of each volume includes the following main 

sections: 

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

retical aspects of the group. 

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

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

or by introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics 

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

quantitative methods of determination including chemical and physi- 

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

mass spectra; a chapter dealing with activating and directive effects 

exerted by the group and/or a chapter on the basicity, acidity or 

complex-forming ability of the group (if applicable). 

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

(ec) Special topics which do not fit any of the above sections, such 
as photochemistry, radiation chemistry, biochemical formations and 
reactions. Depending on the nature of each functional group treated, 
these special topics may include short monographs on related func- 
tional groups on which no separate volume is planned (e.g. a chapter 
on “Thioketones’ is included in the volume The Chemistry of the 
Carbonyl Group, and a chapter on ‘Ketenes’ is included in the volume 
The Chemistry of Alkenes). In other cases, certain compounds, though 
containing only the functional group of the title, may have special 
features so as to be best treated in a separate chapter as e.g. ‘Poly- 
ethers’ 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. 
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Moreover, a serious problem is caused by authors who deliver their 
manuscript late or not at all. In order to overcome this problem at 
least to some extent, it was decided to publish certain volumes in 
several parts, without giving consideration to the originally planned 
logical order of the chapters. If after the appearance of the originally 
planned parts of a volume, it is found that either owing to non-delivery 
of chapters, or to new developments in the subject, sufficient material 
has accumulated for publication of an additional part, this will be 
done as soon as possible. 

It is hoped that future volumes in the series “The Chemistry of the 
Functional Groups’ will include the topics listed below: 

The Chemistry of the Alkenes (published) 
The Chemistry of the Carbonyl Group (published) 
The Chemistry of the Ether Linkage (published) 
The Chemistry of the Amino Group (published) 
The Chemistry of the Nitro and Nitroso Group (Part 1, published, Part 2, 

in preparation) 
The Chemistry of Carboxylic Acids and Esters (published) 
The Chemistry of the Carbon—Nitrogen Double Bond (published) 
The Chemistry of the Cyano Group (in press) 
The Chemistry of the Amides (in press) 
The Chemistry of the Carbon—Halogen Bond 
The Chemistry of the Hydroxyl Group (2n press) 
The Chemistry of the Carbon—Carbon Triple Bond 
The Chemistry of the Azido Group (in preparation) 
The Chemistry of Imidoates and Amidines 
The Chemistry of the Thiol Group 
The Chemistry of the Hydrazo, Azo and Azoxy Groups 

The Chemistry of Carbonyl Halides 

The Chemistry of the SO, SOz, —SO,H and —SO;H Groups 

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

The Chemistry of the —PO3H, and Related Groups 

Advice or criticism regarding the plan and execution of this series 

will be welcomed by the Editor. 

The publication of this series would never have started, let alone 

continued, without the support of many persons. First and foremost 

among these is Dr. Arnold Weissberger, whose reassurance and trust 

encouraged me to tackle this task, and who continues to help and 

advise me. The efficient and patient cooperation of several staff- 
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members of the Publisher also rendered me invaluable aid (but un- 
fortunately their code of ethics does not allow me to thank them by 
name). Many of my friends and colleagues in Jerusalem helped me in 

the solution of various major and minor matters and my thanks are 
due especially to Prof. Y. Liwschitz, Dr. Z. Rappoport and Dr. J. 
Zabicky. Carrying out such a long-range project would be quite im- 
possible without the non-professional but none the less essential 
participation and partnership of my wife. 

The Hebrew University, SAUL PATAI 
Jerusalem, IsRAEL 



10. 

AN 

12. 

13. 

14, 

Contents 

. General and theoretical aspects 
C. Sandorfy 

. Methods of formation of the carbon-nitrogen double 
bond 

Shlomo Dayagi and Yair Degani 

. Analysis of azomethines 
David J. Curran and Sidney Siggia 

. The optical rotatory dispersion and circular dichroism 
of azomethines 

R. Bonnett 

. Basic and complex-forming properties 
J. W. Smith 

. Additions to the azomethine group 
Kaoru Harada 

. Cycloaddition reactions of carbon-nitrogen double 
bonds 

Jean-Pierre Anselme 

. Substitution reactions at the azomethine carbon and 
nitrogen atoms 

R. J. Morath and Gardner W. Stacy 

. syn-anti |somerizations and rearrangements 
C. G. McCarty 

Cleavage of the carbon-nitrogen double bond 
Albert Bruylants and Mrs. E. Feytmants-de Medicis 

Electrochemistry of the carbon-nitrogen double bond 
Henning Lund 

Photochemistry of the carbon-nitrogen double bond 
Gunnar Wettermark 

Imidoyl halides 
R. Bonnett 

Quinonediimines and related compounds 
K. Thomas Finley and L. K. J. Tong 

Author index 
Subject index 

61 

149 

181 

259 

255 

299 

327 

363 

465 

505 

565 

597 

663 

731 
7795 



pul 16 62.64 8 sot veoh | 
ja 

= i 7 ha i. : 

— en A ek thet .: } ae oye 

; ae 
‘a sistbon ‘lt “300 

aie route reer 

ee bikin eae ib 

ti! he 

‘——- 

a 
. 

| = 
i utet 

=). is radbas. eraperr His oi 4h  ausitaagt onan 
a if 

ames" on c. arto nag 
= ? 3 Vai . i A _ f = O76 7 : * 4 5 Oe on « & ‘ Z cs a 
. % / 7 

a - : ae tal on han djen J 

| b Pa . atta ne : £907) nant hes er or athe ee tt 

ip, 5 : ; , ; of +o cates ; 

rh bail? ct gtk | >be newt 

wht. bood oft nuntinpadise Wal Te voiatenelt: 
7 1G ott oft fi 

ra wets . \ voitin-iedins ant hiv cheer niga 

“De Dripra hae * , 

evvited A veGient 
‘ 7 oe 

pei, 4 pa 5 

* ee 
A ie 1S 
a o 

4 

om 

n chrundnes Bialey Bros rime a WO 
3 a xi At % 4 

“Ss =e A ee ni. ie 

oy me) diye 

es 

ws 



CHAPTER 1 

General and theoretical 

aspects 

C. SANDORFY 

Université de Montréal, Canada 

I. InTRODUCTION ; 1 
II. Some Prystco-cHEMICAL ares 2 
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B. Overlap Integrals 4 
C. Dipole Moments 4 
D. Bond Energies 5 

Til. Quantum CHEMICAL ASPECTS 6 
A. The Nitrogen Atom; Hybridization 6 
B. The z Electrons of the Azomethine Group: Empirical 

Methods . : : 5 5 10 
1. The Hiickel etnad : ; : : : 5 10 

a. Estimation of parameters . : : ; 3 
2. Calculations on the azomethine prote . : : 18 
3. Inclusion of overlap ’ 22 

C. The z Electrons of the Avaimedine Bue Gavuiteutpinical 

Methods . ‘ : ; 3 24 

D. The o Electrons; a Fiickel- or Palculation ; ‘ ‘ 31 
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ma ‘* hs ' 
IV. INFRARED AND RAMAN SPECTRA s : : : : 237 

V. ELEecTRONIC SPECTRA 3 ; 3 : : 46 

A. Non-conjugated Meeusethioe Gr oup ; : : ; 46 

B. Conjugated Azomethine Ct : ? ; F ; 49 

VI. AcKNOWLEDGEMENTS : 3 fe : : ; 56 

VII. REFERENCES . : : : : : ; : : 56 

i 

I. INTRODUCTION 

In previous volumes of this series the carbon-carbon double bond and 

the carbonyl group were dealt with extensively. The azomethine 

1 



2 C. Sandorfy 

group is, in many respects, intermediate between the two, and we 

shall find it useful to compare the properties of these three groups. 
Certain analogies and differences are obvious. All three groups have 

two electrons in z orbitals and these account for some of their most 

need Note my: 

TE Aas vo 

characteristic properties. While carbonyl groups are necessarily end 
groups, both atoms of the C=C and C=N groups can be located at 
internal positions in chains or rings. The nitrogen and oxygen atoms 
in these groups possess lone pairs of electrons which account for other 
distinctive properties of the azomethine and carbonyl groups. 

The C=N group occurs in many organic molecules of fundamental 
importance which were extensively studied by quantum chemical as 
well as by ultraviolet and infrared spectroscopic methods. Surprisingly, 
the C—N unit itself received less attention and we shall make an 
attempt to remedy at least partly this situation. The biological impor- 
tance of the C—N group is also very great and this is one more reason 
to give it careful and detailed attention. 

c=6 

Il. SOME PHYSICO-CHEMICAL DATA 

The author envies his distinguished colleagues who wrote the cor- 
responding chapters in the first two volumes of this series relating to 
the C=C and C—O groups?.?. In fact, data on such quantities as 
dipole moments, bond energies and interatomic distances are plentiful 
in the literature for these groups. Unfortunately this is not the case for 
the C—=N group. The unstable character of the simplest azomethine 
compounds is probably the main reason for this. An attempt has been 
made to gather together all available data, however. 

A. Internuclear Distances 

The distance usually quoted for the C—=N double bond is 1-29- 
1-314 for the non-conjugated group and 1-35 or 1-36A for aza- 
aromatic compounds (see, for example, pages M 131, M 141, M 150, 
M 162, M 179, M 217 in reference 3). 

Layton, Kross and Fassel* found a linear relationship between the 
infrared CN stretching frequency and the internuclear distance. From 
their very carefully prepared diagram, which is based on a great 
number of data, one can see that typical distances are 1-47 & for the 
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C—N bond, 1-29-1-31 for the C—=N bond and 1-35 or 1-36 for the aza- 
aromatic C—N bond. The C—N bond length in linear conjugated 
molecules of the C—C—C=N type is not significantly longer than the 
length of the isolated C=N bond. This is similar to what was found for 
1,3-butadiene. 
The following table contains some representative data. 

TABLE 1. Some typical bond lengths. 

C—C 1537. CG—N 1-47 N—N 1-47 C—O 1-40 
(Ethane) 
c=C Peo, GN 1-36 C—O 1-29 
(Benzene) (ring conj.) (strongly conj.) 
c—G 15350 9 G—N 1-30 N=N 124 C=O 1-21 
(Ethylene) 
C=C 1-205 C=N 1-16 N=N 1-09 
(Acetylene) 

The values for ethane, ethylene, benzene and acetylene are from 
Stoicheff*, Dowling and Stoicheff®, Langseth and Stoicheff’ and 
Christensen, Eaton, Green and Thompson® respectively. (See also 
Costain and Stoicheff°*.) These were obtained from high resolution 
rotational Raman spectra and are better than +0-003. The other 

data quoted in the table are less accurate and represent averages of 
data obtained by different methods on different molecules. 

The length of the C=N bond is difficult to determine. On the as- 
sumption that there is complete resonance in melamine: 

HN N NH 
ee ee 

C fc 

iid 
\ 7 
NHo 

and taking all CN distances equal (1-35 A), Palmer?° computed it by 
supposing that C—C in benzene bears the same relation to C—C 

(1-54 4) and C=C (1-33 4) as C—N in melamine does to C—N 

(1-47 A) and C=N(X). 
Then 

ye 

1-47 — 1:35 — 1-54 — 1:39 
147—X 1-54 — 1:33 
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whence X = 1-30. With (C=C) = 1-339 we obtain 1-304 for (CN). 

Bond length—bond order curves are available for CN, CO and OO 

bonds (Orville-Thomas?!, Morris and Orville-Thomas**) and natur- 

ally, CC bonds. (See, for example, Daudel!*, Coulson*.) 

B. Overlap Integrals 

Overlap integrals provide some insight into bonding conditions. In 
general, they are larger the shorter the bond. An increase in polar 
character decreases their value. The following (7-7) overlap integrals 
are taken from the famous paper of Mulliken, Rieke, Orloff and 
Orloff1® where they are given as a function of the internuclear distance 
and the nuclear charges. Slater atomic orbitals were used to compute 
them. 
We used the bond distances given in Table 1 and Z,;, = 3-25 for 

carbon, 3-90 for nitrogen and 4-55 for oxygen. 

TABLE 2. Some typical overlap integral values. 

C=C 0-246 C=—N 0-208 c= 0-186 
(Benzene) (ring conj.) (strongly conj.) 
C=C 0-271 C—=N 0-230 © 0-218 
(Ethylene) 
C=C 0-335 C=N 0-297 
(Acetylene) 

C. Dipole Moments 

The reader would no doubt be interested in knowing the value of 
the bond moment for a hypothetical C—N bond. Smyth!6-17 esti- 
mates it to 0-9 p. The following values taken from his book are of 
interest (Table 3). 

TaBLe 3. Some typical bond dipole moments. 

C=C 0-0 pb 

= 0:9 p 
Cc=O 2:3D 
=S 26D 

INE==O) 2:0D 

C=N 3:5 D 

Smith 18 computed 0-45 p for the C—N bond (if the bond moment 
of H—C is 0:4 p). Because of this and our considerations of the pre- 
vious section, we believe that the contribution of the 7 and o bonds to 
the 0-9 D of Canes is roughly the same. 
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The following data measured by Everard and Sutton? are given by 
McClellan?9: 

N-n-butylethylidenamine 1-61 + 0:03 D 
N-ethylbutylidenamine 1-67 + 0°05 p 
N-n-butylpropylidenamine 1-61 + 0-02 
N-n-propylbutylidenamine 1*59 + 0-02'p 
N-isopropylbutylidenamine 1-61 + 0-02p 
N-n-butylbutylidenamine 1-61 + 0-03 p 
N-isobutylbutylidenamine oor t30-03:p 

Sastry and Curl?*-?? measured the dipole moment of N-methylmethy]- 
enimine CH,—NCH, in the gas phase by microwave methods and 
found it to be 1-53 p. 

From these data, taking the C—H, C—N and —CH, bond and 
group moments equal to 0-4, 0-45 and 0-4 D, it is easily estimated that 
the C—N bond moment must be close to 1 p*. 

D. Bond Energies 

As Cottrell puts it, ‘The bond energy term as thermochemical bond 
energy is a quantity assigned to each of the bonds in a molecule, so 
that the sum over all bonds is equal to the heat of atomization of the 
molecule (a positive quantity, on the thermodynamic sign convention).’ 

This is a delicate concept. A good discussion of the implications can 
be found in Cottrell’s book”. 

The heat of atomization is the enthalpy change, 4H, for the reaction 

AiBmCn*** ——> IA + mB + nC +--- 

but the states of the molecules on the left and the atoms on the right 
should be exactly specified. Furthermore, a generalized use of bond 
energies requires the supposition that they are constant from molecule 
to molecule. Clearly this transferability can only be approximate. 
Cottrell’s data imply the definition of the bond energy sum as ‘the 
heat of atomization in the ideal gas state at 298-16°k to the atomic 
elements in their ground states at this temperature’. The numerical 
values of the bond energy terms involving carbon depend on the 
knowledge of L,, the heat of sublimation of carbon. Cottrell?° used 
170-9 kcal/mole. The values given by Cottrell and quoted here were 
calculated from the original data of Coates and Sutton**. 

* The dipole moment of Me,CHCH=NCH,CHMe, has been recently 
measured by M. Asselin in D. W. Davidson’s laboratory on a sample prepared 
by D. Vocelle. The result was 1-56 + 0-05 p. 
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Tasie 4. Some typical bond energies. 

Ewc—o) = 

Exo) 

Exc) 

Ec» = 
Ec=n = 

ll 
Ec=n) 

Ew=n seems to vary by about 10 kcal/mole from molecule to 

82-7 kcal/mole 

145-8 kcal/mole 

199-6 kcal/mole 

72:8 kcal/mole 
147-0 kcal/mole 

212-4 kcal/mole 

Ew—o) = 85-5 kcal/mole 
Evc=o) = 179-0 kcal/mole 

(in ketones) 

Ew—n = 39-0 kcal/mole 

Ewen) = 101-0 kcal/mole 
Ewen) = 225-8 kcal/mole 

molecule. As can be seen it is not very different from Eco). 
We believe that the best we can do under the circumstances is to 

give data which were obtained in the same laboratory under similar 
experimental conditions. 

Another collection is found in Palmer’s book?° (Table 5). 

TABLE 5. Some bond energy data. 

Ew—c) 
(C=C) 
(c=0) 
(C—N) 

Ewc=n) 
(C=N) 

(C—0) 
(C=0) 

83 kcal/mole (ethane) 
146 kcal/mole (ethylene) 
200 kcal/mole (acetylene) 
69 kcal/mole (amines) 

142 kcal/mole (isobutilidene-n-butylamine) 
214 kcal/mole (acetonitrile) 
82-6 kcal/mole (dimethylether) 

175 kcal/mole (acetone) 

Palmer also gives some detailed examples of the calculation of bond 
energies from thermochemical data. E,c_y) is considered as one of the 
less well-known bond energies, but it is satisfactory from the point of 
view of this article that it has been determined for an aliphatic Schiff 
base. 

Ill. QUANTUM CHEMICAL ASPECTS 

A. The Nitrogen Atom; Hybridization 

The nitrogen atom has one more electron than carbon and this 
simple fact, with the underlying arrangement of atomic orbitals, is 
perhaps at the origin of the great structural versatility and adapt- 
ability of nitrogen compounds. 

The configuration of the nitrogen atom in its ground state is 

N 1s22s22p3 
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The three ‘equivalent’ p electrons yield three terms*, which are com- 
patible with the Pauli principle: *S, 2D and ?P. Of these, according to 
Hund’s rule and in agreement with observation, 4S has the lowest 
energy, so this is the ground term of the nitrogen atom. In this the total 
spin projection Sis $, since 2S + 1 = 4, that is, all these p electrons have 
parallel spins. This means that the configuration is actually 

N’ [s725°2b,.2p,2p. 

and the atom is prepared for forming three covalent links at right 
angles to each other. 

The valence angles are, however, significantly different from 90° in 
most nitrogen compounds, indicating that the N atom enters into 
molecules with a modified orbital arrangement. There is nothing sur- 
prising in this. The ‘pure’ s, p,... wave functions were solutions of 
the Schrédinger equation for the hydrogen atom, and although the 
successful interpretation of the periodic system and the whole volume 
of atomic spectroscopy show that the orbital picture obtained in the 
hydrogen atom problem is essentially applicable to higher atoms, there 
is no reason to expect that atoms can be built into molecules with 
their unchanged atomic orbital arrangement. This is, indeed, not the 
problem. The problem is rather to know if we can build good ap- 
proximate molecular wave functions from the pure 5,p,... functions 
or if it is better to use combinations of them for that purpose. The two 
approaches are actually equivalent, but for the understanding of the 
principles of stereochemistry and for the adapting of the wave functions 
to molecular symmetry, the hybridized atomic orbitals have certain 

advantages or at least a higher descriptive value. 
Just as in the case of carbon, the ‘pure’ 25, 2p,,, 2p, 2p, orbitals of 

nitrogen can be combined to yield tetrahedral, trigonal and digonal 

hybrides. There are, however, certain differences. 

(a) In the case of carbon, the *P ground state is issued from con- 

figuration 15? 25? 2p,.2p,; one of the p orbitals is empty and the 2s 

orbital is doubly occupied. Hybridization increases the number of 

covalencies from two to four. 
In the case of the 4S ground state of nitrogen, all three 2p orbitals 

are singly occupied and 2s is doubly occupied. Since in this case we 

have five electrons to place instead of four, we shall have three orbitals 

ready to enter into covalent bonds before as well as after hybridization 

and the number of valencies does not change. (This applies in the case 

of oxygen also.) 

* The reader may like to consult G. Herzberg, Atomic Spectra and Atomic Structure, 

Dover Publications, New York, 1944, p. 130. 
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(b) The possibility of having a lone pair of electrons on the nitrogen 

atom is a highly important fact from the point of view of purely 

chemical as well as spectral and other physical properties of nitrogen- 

containing molecules. Hybridization offers very good qualitative in- 

formation on this. Let us compare the configuration of nitrogen under 

the different possible hybridizations: 

Example 

Unhybridized N : 1s?:2s" 2p 22; 2p; N 

Tetrahedral N._ 1s* te, tes té, te,” NH, 

Trigonal IN Us* trip trig tri, 26.7 aniline 
or NOs try is tri,” 29, pyridine 

Digonal News? di, dig 2032 0-- 
or N 15? di, di,? 2p, 2p, C=N 

We notice, and this will be essential in what follows, that in the case of 
trigonal hybridization (which prescribes a coplanar arrangement) the 
lone pairs occupy either a symmetrical unhybridized 2p orbital whose 
axis is perpendicular to the plane defined by the axes of the trigonal 
hybrids, or an asymmetrical hybrid orbital whose axis is in the 
plane, leaving only one z electron in the unhybridized 2 orbital. 
Molecules like pyridine and other aza-aromatic compounds have 
this latter type of hybridized nitrogen and this also applies to the 
azomethine group, the main subject of this book. 

Thus we think of the C=N group as having both C and N atoms 
trigonally hybridized, with each of these atoms contributing one z 
electron and the nitrogen having an asymmetrical lone pair orbital in 
the plane of the group, the valence angles being close to 120°. 

NE ee 
G=N 

eS 
Somewhat more mathematically we may describe the conditions as 
follows. Suppose that we could solve exactly the Schrédinger equation 
for the nitrogen atom and the 2s, 2, ... wave functions would be exact 
wave functions. Since the Schrédinger equation is linear, any linear 
combination of these solutions is itself a solution. We are interested in 
trigonal hybridization with the molecular plane being the xy plane. 

Then 

tri, = a,5 + bx + cy 

trig = dg5 + box + Coy (1) 

gS + bgx + cay trig 
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with S = dos % = top. and y= Pon, 

We have nine coefficients to determine. The hybrid wave functions 
must be normalized and mutually orthogonal, as were the original 
‘pure’ functions. Thus we can write 

24 5.2 + 6,2 

Ag? + by? + 6? = 
a2 b,? +"¢,7 = 

A142 + bib + CCQ = 

a,a3 + bbz + ¢ycg = 0 

A243 + bobs + Cotzg = 0 

(2) 
oOo — — 

There are six relationships for nine unknowns. If we want three 
identical hybrids (but for their orientation in space) they must clearly 
have the same admixture of the 2s orbital which has spherical sym- 
metry. 

Then 

a, = 4, = a, 

We shall choose the axes as shown: 

y 

Z 

and require that the axis of tri, lie in the x axis. Then #2, cannot 
contribute to tri,, since the xz plane is its nodal plane and since its 
positive and negative lobes are symmetrically placed with respect to 
this plane. It follows that 

6, = 9 

With a = 1/V3 and using the relationships of equation (2), we 
finally obtain: 

Al v2 
ie /3 Pos + v3 bop, 

; ] 1 
tig = V3 os — = bop, + V5 Hop, (3) 

; ] at 
tr1;'= V3 Pos — V6 55, 5 200 
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Once equations (1) and (2) were given it would have been possible to 
obtain equation (3) by simple group theoretical considerations?°. 

However, the three hybrids are identical only if there is threefold 
symmetry around the atom and all three angles are equal (D3 because 
of the requirement of coplanarity), as in CH,* or BF3. If this condition 
is not fulfilled, the perturbation by the other atoms will cause the 
hybrids to be different. Then the coefficients a, b, c, can be deter- 
mined from the experimentally known angles?°:?9. 

The reader who wishes to know more about hybridization is re- 
ferred to the relevant works by Coulson*, Cotton ?®, Pitzer?’, Eyring, 
Walter and Kimball?° and especially Julg2°-?°. 
We conclude this section in drawing attention again to the pos- 

sibility of having a lone pair in either a z or an sp? hybrid orbital on 
trigonally hybridized nitrogen. We believe that this is of fundamental 
chemical and biological importance, and together with the variability 
of the angles of hybridization it makes possible the formation of 
nitrogen containing molecules with all the delicate differences in 
physico-chemical properties necessary to produce the phenomena of 
life. 

B. The x Electrons of the Azomethine Group; Empirical Methods 

I. The Hiickel method 

There are only two z electrons in an azomethine group and they are 
responsible for many characteristic properties of this group. Our first 
task will be to examine their behaviour in the light of the various 
approximate methods used in quantum chemistry. We start with the 
simple Hiickel molecular orbital method. 

Most organic chemists to-day are familiar with the LcAo—mMo 
method in its simplest form*. In the case of ethylene, with only the two 
a electrons considered, the molecular orbitals are of the form: 

& = CaXa + CBXB (4) 

where c, = +¢ for reasons of symmetry. yg and yg are atomic 
orbitals, that is, wave functions which an electron would have in the 
free atoms A or B; ¢ depends only on one electron’s coordinates. 
The energy of an electron in molecular orbital ¢ is obtained by use o 

* For simple worked examples the reader may refer among others to Streit- 
wieser °°, Sandorfy?1, Salem %? and Julg29. 
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the variational method, which minimizes the energy with respect to 
the coefficients c, and cy. Supposing the wave functions are real 

| (caxa + ¢exs)H(caxa + Cap) Az 

| (Caxa + CpXp)? dr 

Ca” IxsHxa dr + 2cacy Ixsxe dr + cp? I xsAve dr 

€,7 Jxa? dr + 26.6 | xaxs dr + ue I xe? dr 

E= (5) 

E= 

In equation (6) J xaHyx, dr is called a Coulomb integral, because it 
represents the energy due to the electrostatic forces between one 
electron and the core formed by the nuclei and the other electrons in 
their spheres that we do not want to consider explicitly. The integral 
f xaHyz dr is called the resonance integral. It contains two atomic 
orbitals and has no classical analogue. It would vanish if the two atoms 
were at infinite distance and it may be taken as a rough measure of the 
strength of the bond. Ix aXp Ut is an overlap integral. The contribu- 
tion to this integral of a given volume element is different from zero 
only if both y, and xg are different from zero in that volume element, 
that is, where the two orbitals overlap. It is usually roughly pro- 
portional to the resonance integral and to the energy of the bond. 
The following notations are widely used: 

Coulomb integral a, = H,, = | x,Hy, dr 

Resonance integral _f,, = H,,; = | x-Hy, dr 

Overlap integral Sis = [xs dr 

Indices 7 and s represent atomic orbitals, and because of the require- 
ment of normalization 

Sir = I xexr dr = 1 

We then have in the case of ethylene 

geet Ca7Hag + 2¢acpHap + Cp*Hpp 
—s5 OO (7) 

CaS aa + 2CacpS an + Cp” App 

In order to find the minimum value of the energy with the given wave 

function, we consider it as a function of the coefficients c, and cg, compute the 

derivatives of equation (7) with respect to these coefficients separately and 

equate the derivatives to zero. Then we obtain the set of equations 

6x(Haa — ESga) + (Hap — ESap) = 0 

ca(Has — ESgp) + ¢3(Hps — ESpp) = 0 
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In the simple Hiickel approximation the overlap integrals are neglected ®**. 

(Also all Coulomb integrals are taken equal for carbon atoms as are all the 

resonance integrals for C—C bonds.) Resonance integrals between non- 

bonded atoms are neglected. 

Then we have, with the above notations 

(a — E)e, + Beg = 0 8 
c,B + (a — E)cg = 0 (8) 

or with y = (« — E)/B 

Cay + CR = 0 (9) 

Cn + CBy = 0 

and y = -+1 
Therefore 

Ep=atBo (y=!) 
E,=a—8 (y= +1) 

where FE, is the energy of the orbital of lower energy. 

From equation (15), after normalization 

$, = 0:707x,4 + 0°707xp (10) 

ho — 0:707x4 — 0-:707y 

Since in the ground state both electrons are in ¢;: 

Eo 

Eee (11) 

Evtotay = 2a + 28 

The electronic charge densities** are simply 

Cha 205° =1 and a= Td = | 

and the bond order *°%¢ 

Pap = 2€alp 

Then, with the normalized coefficients 

E= J (Caxa + nxn) (Cava + Sax) At = (¢q” + Cp”)a + 2cacpB 

and, for the two electrons 

Etotaty = (Ya + 9p)% + 2PanB = 2a + 2B (12) 

where P,, is the Coulson bond order. As to the actual values of a and B, it is 
preferable to choose suitable empirical values. This can remedy at least a part 
of the errors inherent in the method. 
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Thorough criticisms of the LcAo—mo method in its various approximations 
have been given by many authors and it would be out of place to do it here. 
The method proved highly useful in interpreting and correlating many 
chemical and spectral facts, however, and it certainly gives more information 
about the physico-chemical properties of molecules than the traditional 
method of dashes and + and — signs. Yet the reader knows that the latter 
was sufficient to produce that prodigious world called organic chemistry. 
So let us use the Hiickel tcao-mo method as an empirical device of wave 
mechanical inspiration with some confidence*. The method is expected to 
give better results when it is trying to explain ‘trends’, that is the gradual 
change in properties from molecule to molecule, than in explaining the 
behaviour of one given molecule f. 

a. Estimation of parameters. For many purposes it is not actually 
necessary to know the numerical value of « and £. As we have seen, 
the electronic charge densities and bond orders, for example, can be 
obtained without them. In comparing different molecules, however, 

we must know how « and B zary. 
It is reasonable to suppose that if we replace a carbon atom by a 

nitrogen atom, the greatest part of the variation of «, would be due to 
the difference in interaction of the z electron with the carbon and 
nitrogen cores. It is therefore logical to link «, to quantities like the 
ionization potential or electronegativity of the respective atom. 

Electronegativity was first introduced by Pauling *” as a semi-quantitative 
concept. Pauling’s electronegativities were linked to bond energies and the 
partial ionic character of bonds. The values of his original electronegativities 
(X) for some elements are: 

H  -219 (2-0) 
Cs 
N 3:0 (3-15) 
O 3:5 (3-60) 
F 40 (415) 
Cl 3-0. (3-10) 

where the numbers in brackets are the somewhat modified values computed 

by Bellugue and Daudel®*. If D.4_ 4) and Dg _») are the energies of covalent 

* We recommend that those who are not engaged in research in quantum 

chemistry read the review of the approximations involved in mo theory by 

Streitwieser (reference 30, pp. 99-101). 

+ This chapter has been written in the belief that most of those who will read 

it are organic chemists. It is thought that they may like to have some more 

information on hand relating to quantum chemical methods. This is the purpose 

of the paragraphs given in small print. The theoretical chemist will of course 

find these elementary. 
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bonds A—A and B—B and D,,-_ ») that of A—B (which has a partial ionic 

character), then the difference between D4 _) and the arithmetic mean of 

Dia-a) and De - py 18 

4= Diwa-s at Dea -ay a Dea-»} (13) 

and 

X, — X_, = 0:208V 4 

where J is in electron volts. Then X,, for example, is obtained by com- 
paring such differences relating to two or more A—Y bonds. Thus the units 
for the above given values for Pauling’s electronegativities are (ev)? 
multiplied by an empirical factor. 
Mulliken *®?-*° found a more rigorous way of defining electronegativities. 

He proposed the electronegativity to be taken for the arithmetic mean of 
the first ionization potential and the electron affinity of the atom. Ap- 
proximate theoretical justification for this was given by him and by Moffitt*?. 

In tcao language we can say that atoms A and B are equally electro- 
negative if in equation (4) c,? and cy? are equal. For this it is necessary, 
however, that the Coulomb integrals «, and «, be the same. Thus Mulliken 
took the negative of the Coulomb integral (« and f are inherently negative) 
as the absolute theoretical electronegativity. The Coulomb integral is not a 
purely atomic integral, and therefore electronegativities can be assigned to 
individual atoms in an approximate manner only. In fact it should and does 
vary, in general, from one molecule to another. Now Mulliken has shown 
that the interatomic terms in @ are either small or cancel each other in a 
fairly good approximation, and he obtained for the electronegativity 
equation (14): 

Xx = 54 + Es) (14) 

The electronegativity scale based on this formula parallels the one of 
Pauling so that 

(Xa a Xz) Pauling ~ 0-36(X, Sa X3) Muntixen (15) 

where Mulliken’s values are expressed in ev and Pauling’s in (ev)? (see 
above). 

It would be advantageous to change the units so that the Coulomb 
integral a is taken equal to Mulliken’s electronegativity, but in units of 
the resonance integral B (or a suitably chosen £, if more than one 
different 8 is used for a molecule). Since according to equation (15): 

Xyunticen ~ 2-8X panting 

it would be easy to say that 

Xyrunixen ~ BXpauting 
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if B was equal to 2-8ev and Xp,uin, dimensionless. This may be 
accidentally true for a given C—C 7 bond and may serve for some 
qualitative reasoning. At any rate, since for many purposes « and B 
may remain indetermined, it is customary to keep a, of a carbon atom 
as a reference without giving it a numerical value and then take for 
nitrogen, for example, 

SCS (Xy ie Xo) Pautine Bo 

or 

Oy = % + AXAB, where f/ is a parameter (16) 

Using this expression, the secular equation is easier to solve. In the 
case of nitrogen 4X would be about 0-5, and in the case of oxygen, 
about 1-0, using Pauling’s original electronegativities. To start with 
one can put A = 1. (For the parameters recommended by Streit- 
wieser, see reference 30, p. 135.) 

Mulliken pointed out that the ionization potentials and electron 
affinities entering the definition of electronegativity (equation 14) are 
not those of the free atom but should be taken in the appropriate 
valence state*?-*°, A valence state is not a state of the free atom. When 
we say that an atom is in a valence ‘state’, we mean that its electronic 
configuration and energy are what they would be if the atom could be 
taken out of the molecule with all bonds severed but with no change 
in the arrangement of its orbitals. In general, these configurations 
contain equivalent electrons (same n and / quantum numbers), 
and therefore more than one state is issued from them since the total 
angular momentum and spin quantum numbers (L and 5’) may take 
several values. 

In forming a valence ‘state’ the centre of gravity of all spectro- 
scopic states issued from the given configuration is taken. (To con- 
figuration sp? of carbon three spectroscopic states belong: °P, 1D and 
19; to sp?:5S, §D, °P, 1D, °S and *P.) In the case of nitrogen, to con- 
figuration s7p* belong *S, 2D and ?P, and to sp*:*P, 7D; *S, 2P. In most 
cases these states are not all precisely known. 
They may be taken from experiment or computed by the theory of 

atomic spectra developed by Slater**, Condon and Shortley** and 
Racah** and fitted to available spectroscopic data. Many of these 
states are not ‘pure’ and their observed energies belong to a mixture 

involving identical terms issued from other configurations (con- 
figuration interaction). Furthermore, if the atomic orbitals are hy- 
bridized in the valence state then a promotion energy has to be added 
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to the energy computed as the centre of gravity of the spectroscopic 

states, and the calculation of the promotion energy involves certain 

approximations. Naturally, ionization potentials and electron affinities 

(and thus electronegativities) are in general different for different 

oxidation states and vary also with hybridization. So, for instance, the 
electronegativity of carbon is supposed to increase in the order 
tetrahedral < trigonal < digonal**. 

The best sources for finding valence state ionization potentials and 
electron affinities at present are the publications of Pilcher and 
Skinner*® (and previous ones by Pritchard and Skinner**) and by 
Hinze and Jaffé*’. 

The data in Table 6 are taken from their papers. They are all in ev, 
s = 2s,x = 2p,, etc., te = tetrahedral, tri = trigonal. 

It appears clearly from these data that J, and E, cannot be consid- 
ered as a property of an atom as a whole, but as a characteristic of an 
orbital of a given type in the respective valence state of that atom. It is 
by no means indifferent, for example, if in C tri, trig, trig z the electron 
is taken away from (or added to) a trigonal hybrid orbital or a 2p, 
orbital. Since this is so it is necessary to define orbital electronega- 
tivities rather than atomic electronegativities. Hinze and Jaffé*" 
defined as orbital electronegativities half the sum (in ev) of the 
ionization potential and electron affinity for the relating valence 
state and orbital. In order to preserve the linear relationship between 
Mulliken’s and Pauling’s electronegativity scales they worked out a 
formula (equation 17) converting their orbital electronegatives X,,, 
which are basically of the Mulliken type, into Pauling-type electro- 
negativities (Xp). 

0-168(2X, — 1-23) = Xp (17) 

The ratio Xy/Xp is approximately equal to 3-2 ev, [instead of 2-8 
from equation (15)]. The values they obtained for X, and Xp for the 
cases of interest to us are given in Table 6. If, following Mulliken, we 
take Xy, = « for the Coulomb integral to be used in the Hiickel 
LcAo—mo method, then for the z orbital in trigonal hybridization we 
have for carbon «, = 5-60 ev and for nitrogen, with the lone pair in 
a trigonal hybrid, «y = 7-95 ev. The respective ‘Pauling’ values of 
Hinze and Jaffé are Xp = 1-68 and 2-47. 

The concept of orbital electronegativity has been considerably 
developed through works by Sanderson 48, Iczkowski and Margrave ?9, 
Klixbiill- Jorgensen °°, Hinze, Whitehead and Jaffé5! and Klopman®?, 
We shall use this concept in the course of this discussion. Concerning 
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the numerical value of the resonance integral B the situation is con- 

fused. Estimates can be based on comparing calculated and experi- 
mental values of heats of hydrogenation, heats of formation or 
electronic excitation energies. These quantities themselves usually 
depend on certain assumptions and are affected to a variable extent by 
the approximations introduced into the Hiickel Mo method. Estimates 
vary from perhaps 1-5 to 3-5 ev for carbon 7z electrons (cf. reference 
30, pp. 103-110). 

The situation is much better in the case of the ratios of the B values 
in going from one molecule to the other. As Mulliken first observed, 
the 8,, vary roughly linearly with the overlap integrals S,, (computed 
with Slater orbitals) which themselves vary with the internuclear 
distance for the same pair of atoms and are easy to compute. If we take 
for_reference (f)) the resonance integral for a 7-7 bond in ethylene, 
the following data illustrate the relationship between the internuclear 
distance (A), S,, and 8,, for two z electrons: 

TaBLE 7. 7z Internuclear distances, overlap integrals and 
relative values of resonance integrals. 

(A) Srs B/Bo 

1-205 0-335 1-24 
1-339 0-271 1-00 
1-397 0-246 0-91 
1-537 0-193 0-71 

With some caution the B-S relationship can be extended to hetero- 
atomic molecules. Also, if the axes of the two z orbitals are twisted 
relative to one another by an angle of # the relationship: 

B = Bo cost 

is approximately valid ®*-54, With the overlap integrals taken from the 
tables of Mulliken, Rieke, Orloff and Orloff1® we have for the re- 
spective non-conjugated z— bonds: 

EE 0-271 1-00 
es 0-230 0-85 
(E—6 0-218 0-80 

2. Calculations on the azomethine group 

Let us now make a simple calculation for the two z electrons of the 
azomethine group. We shall use simply: 

ey = Xo + 0-58 
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and 

B as Bon a Bo (18) 

The secular equation is: 

Co(%e — E) + tyB = 0 19 
CoB + ty(oe + 0-58 — E) = 0 ee) 

or if we put: 

to —E 
1 

Coy + ty = 0 (20) 

fo + tx(y + 0:5) = 0 

Equation (19) yields y, = —1-281 and y, = +0-781. Since B is a 
negative quantity (as is «) y,; corresponds to the ground state (£,) and 

Eo = & + 1-2818 (21) 

for one z electron. In the Hiickel approximation the double of this 
represents the contribution of the two z electrons to the total energy. 
The charge distribution is 

0-76 |-24 +0:24 —0:24 

Cc N or C N 

This predicts a fairly large dipole moment of about 1-50 p if the C=N 
distance is taken as 1-30 A. (One effective charge and an internuclear 
distance of 1A would mean 4°8pD.) Clearly the amount of charge 
transferred from the carbon to the nitrogen is a function of ay — a 
and it is almost certainly less than 0-24. 

It is instructive to rewrite the ground state wave function in terms 
of valence-bond structures. For ethylene we obtain 

bot = (0:707x4 + 0-707xg) (1) (0:707x4 + 0-707x_) (2) 

where | and 2 represent the coordinates of electron | and 2 respectively. 

Por = O-Syxa(1)xa(2) + O-5yx4(1)xB(2) 
+ 0-5y4(2)xe(1) + O-5ye(1)xx(2) (22) 

This means that the three possible structures have the following 

weights (their share in ¥2,, = 1, neglecting overlap): 

Can Cat C. Cs Cae Cae 

2o/¢ BOE D575 

2+0C.C.N.D.B. 
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The share of the ionic structures is highly exaggerated, a well-known 

defect of the simple Hiickel mo method. For the azomethine group we 
obtain, with the above normalized coefficients, 

Dror = (0°616y¢ + 0-788yy) (1) (0-616y¢ + 0-788) (2) 

0:380xe(1)xo(2) + 0-485xo(1) xn (2) + 0-485x6(1)xm(2) (23) 
+ 0:620yy(1)xn(2) 

GFN CoN Ch ONS 
14-57, 477, 38-57, 

It is seen that the difference between the weight of Ct N~ and C~ N* 
is equal to the effective negative charge on the nitrogen (247%). So 
this can be considered as a measure of the ionic character of the bond. 

Since the Hiickel Mo method attaches too great an importance to 
ionic structures, an often-used method to improve the situation is the 
so called charge-effect method or w technique. It is based on the idea 
that the electronegativity (and Coulomb integral) of an atomic orbital 
depends on the electronic charge in that orbital. Thus if, as in our 
example, an atom in the molecule attracted to itself a charge equal to 
0-24 electrons its electronegativity is diminished since it now attracts 
the other electrons less. This was pointed out by P. and R. Daudel®5, 
Laforgue®® and Wheland and Mann°’. If q, is the electron charge 
density in a given orbital (1-24 in our example, not — 0-24) then the 
‘original’ Coulomb integral can be modified according to 

a, = & + (1 — g,)wBo (24) 

where w is a dimensionless parameter chosen to give agreement with 
experimental data. With the modified «, we repeat the Hiickel cal- 
culation which will yield a second g,, which can again be used®° to 
obtain a twice improved value for «,, and so forth. This is an iterative 
procedure which can be repeated until «, and g, are in conformity with 
each other. This amounts to a certain self-consistency and somewhat 
better treatment of electronic repulsion in the simple Hiickel mo 
method °®®. 

Most of the earlier authors used w = 1, but Streitwieser5® recom- 
mends w = 1-4 for carbon as well as for heteroatoms. This number is 
based on agreement with observed ionization potentials and with 
results obtained by the semi-empirical Pariser-Parr—Pople method®?:®°, 

With w = 1-4 and ay = a, + 0:58 we have: 

0-895 1-105 
Cc N 



1. General and Theoretical Aspects 21 

It is interesting in this respect to invoke an idea originally due to 
Sanderson *® which then became a crucial point in orbital electro- 
negativity theories. According to it, since the electronegativity of an 
atom in a molecule depends on its charge density q, the electro- 
negativities of both atoms bonded together must become equal. Sub- 
sequently this idea has been applied to the bonding atomic orbitals 
rather than the whole electron distribution around the atoms. 
Iczkowski and Margrave*® observed that it is possible to obtain 
electron affinities from the extrapolation of successive ionization 
potentials using an equation of the form 

E(q) = aq + bq? + cg’ + dgh +--- (25) 
where g is the number of electrons in the ao*! and a, db, c, are constants. 
Then the assumption is made that gq is actually the electron density of 
the Ao so that it may have either integer or fractional values. The 
derivation of equation (25) with respect to g gives: 

Fy ma + Bl + Seq? + Ady? + (26) 

The constants can be determined from observed ionization potentials. 
If we plot dE/dg against g then the area below the function for two 

values of g, say g, and go, gives the energy for the addition of g2 — 94, 

electrons. 
If, as usual, only the first two terms in equation (25) need be con- 

sidered 
E=aq+ b¢?? (27) 

and 
dE 
— = 28) a a + 2bq (28) 

From these we obtain with g = | 

Ee=a+b=f (29) 

the ionization energy (J,) of the simply filled orbital in the given 

valence state. 
With q = 2 we have: 

E=20+46=,+k, (30) 

the sum of the ionization energy (J,) and the electron affinity (£,). 

From equations (29) and (30) we obtain that: 

31, — E, = 
Reel ee and bux 9 
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In this approximation the electronegativity becomes: 

dE R+E& x= (5) ede hea ae 
dg) q=1 a 

\ 

(31) 

which is the same as Mulliken’s definition. 
It is then tempting to use equation (28) and find the charge density 

making the orbital electronegativities of the C and N orbitals equal. 

For carbon with Hinze and Jaffé’s values *” 

dE 31, — E. 
ey ee ew ea Esk 

= 4(3 x 11-16 — 0-03) + (0-03 — 11-16)q¢ 

and for nitrogen 

dE ay eae 
= + Xy = (Ge) = 4 + 269 = 5 (Ey. dag 

= 4(3 x 14:12 — 1-18) + (1:18 — 14-12)¢ 

With g = 1 — q being the effective charge 

(1 — g)(0-03 — 11-16) + 4(3 x 11-16 — 0-03) 
= (1+ g)(1-78:—. 14-12),4.406 x, 1412 — 1-78) 

whence g = +0-100. 
Then our charge distribution is: 

0-90 1-10 
cS N 

Mulliken’s electronegativities are then with gg = 0-9 and qy = 1-1 
6:72 ev for both C and N, which is almost the same as the mean 
value of the respective electronegativities computed from Mulliken’s 
original (J, + £,)/2 (5-60 ev for C and 7-95 ev for N). 

The last charge distribution is practically the same as the one ob- 
tained with the w technique with w = 1:4 and ay = a, + 0:58. It 
yields a 7-dipole moment equal to 0-62 p with an internuclear distance 
of 1-30 A. The author believes that this is reasonable. 

3. Inclusion of overlap 

The situation changes when overlap integrals are included in the 
LCAO—Mo method. 

In the case of the two z-electron system of ethylene the secular 
equation becomes: 

(a — E)e, + (8B — ES)cz = 0 

(8 — ES)c, + (a — E)cg = 0 (32) 
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We can divide throughout by (8 — ES) and put, according to a sug- 
gestion by Wheland *+ 

~@-E a 
4 =~ BES (33) 

Then 

Cay + Cg = 0 
Ca + Cay = 0 ee) 

This is the same as we had in the treatment without overlap integrals, 
so we do not need to make a new calculation. The y and the coefficient 
are the same as before except for normalization. The condition for the 
latter is now 

(Caxa + CaxXp)” = Ca” + Cy” + 2cacpS = 1 (35) 

whence with S = 0-271 

ca = 0-393 fa" a 0-393 26 xCpS = 0-213 

and we obtain the following diagram (for the two 7z electrons): 

0-786 0-426 0-786 
Cc ——— C 

Thus we now have an overlap charge of 0-426 electrons whose centre 
can be located at the midpoint of the internuclear line. For the C—N 
group we can write: 

(a os E)eg + (B = ES) ¢y = 0 

(B — ES)co + (oy — E)ey = 0 
If we want to express ay aS &, + some supplement we encounter 

difficulties in dividing by (8 — ES). Therefore, according to Mulliken *°® 

and Wheland®! we introduce a new resonance integral 

y=B-Se (B=y + Sa) (37) 

(36) 

Then 

(8 — ES) =y + S(a — E) (38) 

Substituting equation (38) into (36) and dividing throughout by y we 

obtain 

(“= E = + ( Sha =e op 
Y y 

(1+ s%—=)., + (== + se. =0 

where cy = % + 5 and 8 is expressed in y units. 



24 C. Sandorfy 

Introducing, according to Wheland, 

a-HK a-—-E y 

Esa Seager 
we obtain, multiplying through by (1 — Sy) 

Coy + ty = 0 
Co + ey(y + 8(1 — Sy) = 0 

If for the sake of simplicity we take S = 0:23 and 6 = 0-5y, we obtain 

0-564 0-359 1-077 
Cc ——— N 

These charges seem to be too great. Intuitively, since y has a larger 
value than B we should use a lower value for 5. With 6 = 0-2y we 
obtain: 

0-712 0371 0-916 
Cc ———_ N 

If we divided the overlap charge equally between C and N we should 
have again about 0-1 electron for the effective charges, as was found 
above. Actually the centroid of the overlap charge is expected to be 
somewhat closer to the nitrogen atom, giving a little more negative 
charge to the latter. It is interesting that the overlap charge changed 
only slightly in going from C=C to C=N. In fact the main difference 
is that about one tenth of an electronic charge was transferred from C 
to N. 

C. The x Electrons of the Azomethine Group; Semi-empirical 
Methods 

The simple Hiickel molecular orbital method implies many ap- 
proximations. In spite of this it had a remarkable success in interpreting 
the physico-chemical properties of z-electron systems; nevertheless, it 
is necessary to remedy some of its fundamental weaknesses. 

(a) The Pauli exclusion principle was not adequately taken into 
account since no spin wave functions were introduced. Therefore, spin 
was not allowed to exert any influence on the energy levels. An obvious 
consequence is that excited states where two electrons are in singly 
occupied orbitals will have the same energy whether they are singlet 
or triplet; the method cannot separate them. 

(b) The method does not take explicit account of the mutual re- 
pulsion energy between the electrons, although one might say that this 
energy is ‘averaged out’ and included in the core potential, which in 
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turn is expressed in terms of parameters determined by comparison 
with experiment. 

In order to obey the Pauli principle we must multiply the wave 
functions depending on the space coordinates of the electrons by 
adequate spin functions, take into account all the possible permuta- 
tions of electrons between the molecular orbitals and form a properly 
antisymmetrized combination of them with respect to the exchange of 
the coordinates of any two electrons. This leads us to so-called Slater 
determinants. One of them is sufficient to describe a configuration 
where all the electrons are placed in closed shells. Then we have to 
extend the Hamiltonian operator to include all the interactions be- 
tween the charged particles forming the system. 

Even so, while the mutual repulsion between the electrons is 
allowed to exert an influence on the energies, it will not directly affect 
the wave functions. This will allow electrons of different spin to find 
themselves in the same volume element too often. (The Pauli principle 
does not keep these separate.) The so-called correlation problem arising 
from this fact is one of the major topics of modern quantum 
chemistry ®?. It will not be dealt with in this chapter. It is partially 
allowed for through configuration interaction. Four configurations are 
possible for our two-electron system. In the one of lowest energy both 
electrons will be in ¢,. This is necessarily a singlet. Then we can excite 
an electron to ¢, thereby freeing the spins. The resulting configuration 
may be either singlet or triplet. Finally both electrons can be put 
into ¢o. 

te aE. Zag 1E. 

The antisymmetrized total wave functions corresponding to these 

configurations are, with the bar meaning f spin: 

oP “vi [#1(1)¢1(2) — 1(1)41(2)] 

a 5 + [bs(1)$a(2) — Fall) #a(2) + Fi2da(l) — $4(2)ha0)] 

°W. = —= [¢1(1)b2(2) — $1(2)$2(1)] 
v3 

ts a. s [2(1)$2(2) — $2(1)$2(2)] (40) 
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The Hamiltonian of the system can be written as follows: 

2 

H = T(1) + Ho(l) + T(2) + Ho(2) + — (41) 
12 

where 7'(1) and 7(2) represent the kinetic energies of electrons (1) and (2), 
H,(1) and H,(2) the potential energies arising from the interactions of 
electrons (1) and (2) with the core that remains of the system if we formally 
remove the two = electrons. ¢?/r;, is the repulsion potential between the two 
electrons (1,5 is the distance between the electrons). 

The energies of the configurations are then computed from the variational 
formula. 

LD a | ty, Hyp, dr (42) 
and so on. 
We shall not go into details. This treatment is essentially the same as the 

one given by Parr and Crawford ®® for ethylene and it was given in full 
elsewhere *+. Substituting the wave functions given under equation (40) and 
the Hamiltonian under equation (41) into (42) we obtain the energies in 
terms of molecular integrals. Among these there are molecular core integrals 
of the type 

Hyer = | $(1)[T(1) + Ho(1)]6. dr (43) 
and molecular integrals of the Coulomb type 

2 

Jy = [ (Hill) = $,(2)4,2) de (4 
and of the exchange type 

Ky = | &(1)$,(1) = 44(2)$,(2) dr (5) 
For a closed-shell configuration the well-known expression for the total 
electronic energy is 

E=2 » fare te Si =e (2J;; — Ki) (46) i 1 4 
where the summation is extended to all occupied molecular orbitals i, j and 
Ji = Ky. 

The next step is to introduce the expression of the molecular orbitals ¢; in 
terms of atomic orbitals. Then the molecular integrals are transformed into 
integrals over atomic orbitals. The core Hamiltonian introduces so-called 
penetration integrals of types 

(P92) = [xa(IET() + Holt) xe(1) a 
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and 

(P+ ql) = | xa(I)ET(1) + Ho(1)]xu(1) de (47) 
where g and / represent atomic orbitals centred on the respective atoms. It 
is customary to separate in H(1) the term relating to the electron’s ‘own’ 
atom, assuming that H) = >, H,*. 

Then [71 ) + H,*(1)] can be considered as an operator whose atomic 
orbital yp is an dipea fiinction, 

[Z(1) + Hp*(1)]xp = Wapxn (48) 
with the eigenvalue Woy representing the valence-state ionization potential 
of an electron in x,. This is one of the Goeppert-Mayer and Sklar ®* ap- 
proximations. (It is hard to justify.) Thus we eliminate the kinetic term and 
the one-centre penetration integral (P*+:p) from the expression of the 
molecular core integral. 

The e?/r;2 term of the Hamiltonian introduces a number of integrals of 

type 
(Pbpb), (Pb/99), (Pb/ba), (ba/bq) 

where 

(oplaa) = { xo(1)x0(1) = ye(2)ra(2) de (49) 
and so on. These atomic integrals are cf the one-centre Coulomb, two- 
centre Coulomb, Coulomb-exchange and exchange type respectively. In a 
two-electron problem their number is moderate but in larger molecules it 
becomes prohibitively great and there will be many three- and four-centre 
integrals among them. 

This is one of the reasons why the above-described antisymmetrized 
molecular orbital (AsMo) method as such is seldom used. Another reason is 
that this method does not include any other minimization of the energy than 
the one applied in obtaining the simple Hiickel orbitals. Still another reason 
is that serious objections can be made against the theoretically computed 
values of certain integrals, especially those of the (pp/pp) and (pp/qq) type 
when they are used in the framework of this method due to electron cor- 
relation and core polarization effects. 

Better wave functions are obtained by applying the Hartree-Fock self- 
consistent-field (scr) method or the configuration interaction method or a 
combination of the two. Roothaan has shown © how the scr procedure can 
be applied to Slater determinants formed from Lcao molecular orbitals 
while the energy and charge distribution in each molecular orbital depends 
on the electron distributions represented by all the molecular orbitals. For 
a closed-shell state the expression to minimize is equation (46). Since the 
molecular integrals themselves depend on the coefficients of the atomic 

orbitals in the molecular integrals the procedure is of an iterative nature. In 
2* 
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the configuration interaction method, improved wave functions are obtained 
by taking linear combinations of the wave functions of configurations of the 
same multiplicity and symmetry: 

w = Spy + Sais + eee (50) 

and the energy is minimized with respect to the 5,. 

Pariser and Parr ®* and Pople ® introduced some simplifying features into 
the Asmo-c1 and scr methods respectively. They proposed the neglect of 
differential overlap, that is, the neglect of all atomic integrals containing a 
product over two different atomic orbitals [like y,(1)x,(1)] either once or 
twice. This is a sweeping simplification whose meaning and justification was 
and still is discussed by many authors. Furthermore, in the Pariser—Parr— 
Pople method the Coulomb integrals (and these are the only two-electron 
integrals which remain) are adjusted empirically and the core integrals are 
treated as parameters. 

One-centre Coulomb integrals which have a certain physical meaning 
are equated to the difference of the related valence state ionization poten- 
tials and electron affinities. 

66,67 

(pb/pp) =I-— A (51) 

They can also be adjusted by diminishing the Z,,; number of the orbitals 
using spectral data ®»7°, . 

The two-centre Coulomb integrals are determined according to Pariser 
and Parr®®? in the following way. For distances r > 2-8 A they are com- 
puted from the uniformly charged sphere formula: 

(oblaa) = (71975 /r){[1 + (5) (Ry — Re] 
+ [1 + (=) zs R)) ev (52) 

—i 

in which 

4-579 
i, = Z, 

where Z, is the effective nuclear charge according to Slater. 
For distances smaller than 2-8 A they are determined from the equation 

ar + br® = 3[(pp/pp) + (4q/¢9)] — (pb/4q) (53) 
in which the constants a and 6 are obtained by fitting values obtained from 
equation (52) for r = 2:80 A and r = 3-704. 

Another way of adjusting the two-centre Coulomb integrals was proposed 
by Mataga and Nishimoto7?. These authors assumed the values given by 
the expression: 

< 10>" em 

e2 

a -r¥ oq 
(Pb/99) = (54) 
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The parameter a is determined, in the homonuclear case, from the equation 

2 

— = (pp/tp) = Ip — Ap (55) 
and for the case of two different atoms by taking as e?/a the arithmetic mean 
of the e?/a of carbon and nitrogen for example. They found agg = 1-328 A, 
Gcoy = 1-212 A and ayy = 1-115 A. The values obtained in this manner are 
somewhat lower than the ones determined by Pariser and Parr’s formulas. 

In the case of two z electrons, the core integrals become 

Hiper? == £1 (xe + xn)Ho(xe + xn) dr 

=4[ I xcHoxe dr JxwHoxn dr + I xcHoxn dr + IxnHoxe dr 

= t[eo + ay + Boy + Bro] (56) 

Ayer? = 4/ (xe — xn) Ho(xe — xn) dr 

= 4(a¢ + ay — Bow — Bre) 

where from equation (49) 

de = fxo(1)[T(1) + Ho(1)]x0 dr 

= IxclT + Ho* + Ayt)xye dr (57) 

= Wo, + (Hy* :cc) 

In the polyelectronic case there will be a sum of integrals of the type 
(H,*:56). According to Goeppert-Mayer and Sklar’s second approxima- 
tion the neutral (spherical) Hamiltonian is often introduced instead of the 
ionic Hamiltonian. 
B is treated as an adjustable parameter to fit experimental data. 
The similarity between the Hiickel and Pariser and Parr methods may be 

seen clearly. The parameters do not have necessarily the same numerical 
values, however. The « and f of the Hiickel method are imagined to con- 
tain a term representing the energy due to the repulsion of the other electrons 
whereas in the Pariser and Parr method they do not, since these interactions 
are included explicitly. 

Readers who are interested in details of the methods we have 
mentioned will find derivations and worked examples in the books of 
Parr7?, Daudel, Lefebvre and Moser’*, Daudel’® and Salem”®. 

We now return to the two z-electron problem of the eS tener. 

group. We tried several choices of parameters. The one we show 
gives the first 7-7, singlet-singlet transition energy correctly. It is 
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approximately 7 ev (see p. 47). This can be obtained by the 

following selection of parameters: 

Wy carbon 11-22 ev 
W,., nitrogen 14-51 ev 

both equal in absolute value to the valence state ionization potentials 

given by Pilcher and Skinner*°. 
The Z,;, values were for carbon 3-25, for nitrogen 3-90, and 

Bon —2:7 ev. (Pariser and Parr®® originally used — 2-58 ev’”.) 
The initial Hiickel coefficients were: 

db; = 0:667x¥—o + 0°745xn 

do = 0:745y¢ ie 0-667yy 

These values, however, are not important. Only the number of 
iterations needed to achieve self-consistency depends on the original 
coefficients. 

The Coulomb integrals were taken to be:®° 

(CC/CC) = 10-53 ev 

(QC/NN) = 7-82 ev 

(NN/NN) = 12-27 ev 

Self-consistency was obtained after six iterations. The total electronic 
energy turned out to be — 29-24 ev. Taking account of the repulsion of 
the nuclei it became — 36-85 ev. The transition energies calculated 
with the orbitals obtained from the iteration of the ground state were: 

first singlet-triplet 3°97 ey 

first singlet-singlet 7:05 ev 

Next, configuration interaction was applied. The diagonal elements 
in the secular determinant represent the energies of the three singlet 
configurations 

OC > 

in the order given and the off-diagonal ones the interaction terms 
between them: 

— 36°85 — E 0-00 1-54 

0-00 —29:80 — E 0-87 = 0 (58) 

1-54 0-87 — 25:59 — E. 
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The numbers are given to two decimal places only; the exact value of 
the 1-2 off-diagonal term was actually 0-000267. This again depends 
on the original choice of the Hiickel coefficients but the final results do 
not. In ethylene the singly excited configuration has different sym- 
metry from the two others, so that this term and the 2-3 term (here 
0-87) are exactly zero. The ground state interacts more strongly with 
the doubly excited state and this causes a lowering of its dipole 
moment. 

The charges are, for the resulting three singlet states: 

Ground state 0:8] 1-19 
(mainly gs) c N 

First excited state 1-0] 0-99 

(mainly ——*) C N 

Second excited state 1-18 082 

(nainly TSF) iG N 

In the ground state this would lead to a dipole moment about 
double what we arrived at previously, i.e. 1-12p. The excitation 
energies are 7-09ev (or 57,219cm~?) and 11-83 ev (or 95,446 
cm~*). The respective oscillator strengths are f = 0-37 and 0-009. We 
have no experimental guide relating to the latter transition which 
would be symmetry forbidden in ethylene. 

The triplet state is unique and its energy is not affected by con- 
figuration interaction. The singlet-triplet separation given above is 
certainly too great. 

It is possible to obtain the lower dipole moment by lowering the 
W,, of the nitrogen atom to about 13-5 ev but then the excitation 
energy becomes too high. We did not try to introduce further refine- 
ments. 

D. The o Electrons ; a Hiickel-type Calculation 

The o framework has not until now been explicitly considered. In 
the present section a Hiickel-type calculation concerning the o electrons 
will be presented. Early works on o-electron systems were based on 
bond or group orbitals7®. The first ‘individual electron’ calculations 
on saturated hydrocarbons and their derivatives based on modified 
Hiickel methods were made by Sandorfy and Daudel®°, Sandorfy®’, 
Fukui, Kato and Yonezawa®?:®?, Klopman ®*-®° and were followed by 
the ‘extended Hiickel method’ of Hoffmann ®°, who used the Wolfsberg 
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Helmholtz parametrization 8’, and by the more elaborate treatment of 

Pople and Santry7°, who made a thorough study of the causes of 

delocalization in o-electron systems. 
We are going to consider the following model: 

C 

ea ao 9 Be 

cHEN, 
XS ae 

Ca c 

The molecular orbitals will be built from the nine sp? hybrid atomic 
orbitals shown on the above diagram. Number 3 is the orbital con- 
taining the lone pair. Since our main interest is in the C—N group, the 
other carbon atoms are of interest only in as much as they make up 
the environment of the C=N group and their orbitals not shown in 
the diagram are disregarded. Also disregarded are the two z electrons 
and the Is electrons, the latter being thought to form the core with 
the nuclei. 

The following parametrization will be adopted: 
(a) Coulomb integrals will be taken equal to the arithmetic mean of 

the valence state ionization potentials and electron affinities with 
values given by Hinze and Jaffé*’. Thus, for the carbon sf? orbitals: 

Wb AS:62 iced 95 

For the nitrogen sp? orbitals the corresponding value would be 

as eS = 12-87 ev 

Tt will turn out, however, that with this value an unrealistically great 
amount of negative charge would accumulate on the nitrogen atom. 
For this reason, this integral will be varied in order to explore its 
influence on the charge distribution. 

There is an uncertainty concerning the choice of «3, the Coulomb 
integral relating to the orbital containing the lone pair. The corre- 
sponding ionization potential found in the tables of Pilcher and 
Skinner *® is 15-19 ev and we may use this for «3, taking the electron 
affinity as zero. However, from the lone pair orbital electronegativities 
given by Hinze, Whitehead and Jaffé®! it can be inferred that this 
parameter should have a much lower value, perhaps 5 ev. Anyway, 
we varied a too, our calculation being of an exploratory nature. 
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The resonance integrals, 8, were estimated in the following way. 
The 7-7 Boy was assumed to be 2-70 ev since this gave us reasonable 
results in our z-electron calculation. Then we supposed that all B 
values are proportional to the overlap integrals so that 

efU23 = 420-718 
and 

Bis = 8-43 eV. 

We computed the overlap integrals from the tables of Mulliken, 
Rieke, Orloff and Orloff1®. The presumed internuclear distances 
were: 

c 

ae 1-30 
Cc N 

Asi eS 

and all angles were taken for 120°. Z, = 3-25, Zy = 3-90. 
Then the overlap integrals were: 

S,, = 1-000 Sig = 0 Sag = 1-000 
Si. = 0-718 Si_ = 0-096 Sog = 0 
Siz = 0-149 Si, = 0-096 Sag = 0 
Si, = 0-149 Si5 = 0 Sos = 0-059 
Sas = 0-216 S26 = 0-083 

Soq = 0-184 S33 = 1:000 Si,= 1-000 
Sog = 0-184 Sgenr oD Sis = 0-647 
Sog = 0-083 S35 = 0:149 Syg= 0-114 

Sg = —O-116 Syy = 0-040 
Soy = —0-:045 Sy, = —0-045 
Szg = —0:040 Sy, = —0-116 
Sg = 0-114 

Sss5 = 1-000 Seg = 1-000 Szq = 1-000 
Sse = —0:078 Sz = 0-690 Sra = 0-146 
Ss7 = 0-118 So, = 0-096 S79 = 0-096 
sq = 0-012 Sao = 0-000 

Ss = —0-005 

Seg = 1-000 Sg = 1-000 
Seo = 0-690 
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The reader who is accustomed to z-electron problems will be 
interested to see that many of the long range overlap integrals have 
quite appreciable values. 

This is a fact which may help in the understanding of some dis- 
tant atom effects in saturated organic molecules. Overlap integrals 
between hybrids occurring in o-electron problems can be considerably 
greater than those entering z-electron problems. 

Here are some of the charge distributions we obtained. 

Ties = 15-19 ev Go = a&,- = 9:00 ev 

Oe in 

1-998 
1-020 
(ROE 1-051 

mae ee 

0:966 4 
cS 

—0-020 —0:096 
ea -- 

II, a3 = 10-00 ev me => O4 => 9-00 ev 

0-997 
1-925 

1-027 

C2863 [Ort poet 

1-027 1-072 

he mee 

€ 
—0:017 —0:061 
Canin 

III. &3 = 8-00 ev Qo => 4 => 9-00 ev 

C 

1-041 

Gaze? 1-078 N 

wu As 1-127 

as 0:966 

Cc GS 
—0:033 40-057 
C——N 

From some other calculations we only give the charge distribution 
around the nitrogen atom. 
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Tase 8. Charge densities in o orbitals on the N atom. 

a3 ag = q2 q3 q4 

15-19 10-00 1-237 1-999 1-275 

10-00 10-00 B25 1-908 13298 

8-00 10-00 e242 1-630 1-362 

15-19 11-00 1-480 1-999 1-536 

10-00 11-00 1-491 1-881 1-550 

8-00 11-00 1-516 1-442 1-609 

15:19 12-87 1-901 1-999 1-894 

10-00 12-87 1-900 1-808 1-894 

8-00 12-87 1-906 0-971 1-904 

7-00 12-87 1-909 0-568 1:911 

7-002 12-87 1-851 0-513 1-740 

@ Overlap integrals between non-neighbours neglected. 

The first observation that emerges from these data is the great 
sensitivity of the charge distribution to the choice of parameters «3 and 

@y = o,. Only I and II seem to give reasonable results with an 

effective negative charge between 0-05 and 0-10 on the nitrogen atom. 

(See the small diagrams in I, II and III in which the numbers repre- 

sent g,; + ds + Yq for carbon and gy + g3 + Ya for nitrogen, respec- 

tively.) Higher values of «, yield unreasonably high charges on the 

nitrogen atom. We have to conclude that in these Hiickel-type cal- 

culations the Coulomb integral of N should not be much higher than 

the one of C. 

(@q.= 8°37 and On =-9-00 ev) 

The effect of «3 is of course very great on the charge distribution in 

the lone pair orbital. Since this orbital would serve as a proton ac- 

ceptor for hydrogen bonding and other intermolecular associations, it 

would seem to be contrary to experiment to have an appreciable 

positive charge on it, even though the centre of the charge distribution 

is far from the nucleus. For this reason, according to our results ag 

should not be lower than 10 ev. 

We should now put together our o and z calculations. We could 

make a calculation choosing f values to take o-m interaction into 

account. We could also consider the effect of the g, and g, on each 

other’s Coulomb integrals in an iterative matter, as in the w technique. 

However, in view of the approximate character of these calculations 

we shall refrain from making further refinements. Let us consider, for 

the time being, our 7 and o charges as additive. (Cf. the diagram on 

p- 20 and IT on p. 34.) 
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Pariser-Parr—Pople type calculations have been made on saturated 

molecules by Pohl, Rein and Appel®*, Pople, Santry and Segal®®, 

Kaufman®°, Klopman®, Skancke%?, Katagiri and Sandorfy °? and 

others. A deeper look at the problem was recently made by Cook, 

Hollis and McWeeny®*. These methods have not been applied to our 

problem. 

* fae ‘ 
E. SC=N*< and >C—N 

we Piamieee 
The ions that are produced from the Sco=n group by protonation 

ie . 

and deprotonation of the nitrogen atom play an important role in 

chemical reactions. The knowledge of the charge distribution in these 
ions and the theoretical parameters which are necessary to obtain 
them are therefore of considerable importance. A successful attempt in 
this direction has been made by Brown and Penfold °°. 

They treated the problem by both the Pariser and Parr method 
completed by configurational interaction, and by the scr method with 
Pople’s approximations. 

Their choice of parameters was somewhat different from the one we 
have used above, but most of the differences are not essential. The 
Coulomb integral for N~ constitutes a certain problem. Brown and 
Penfold used the ‘virtual hydrogen atom approximation’. ay for a 
negatively charged nitrogen is different from that for neutral NH 
because the value of the penetration integral (Hy:NN) for the 
penetration of the 27 nitrogen orbital into a neutral hydrogen atom 
changes greatly when the proton is removed. A similar problem arises 
for N* if a proton is added to the nitrogen atom. For N~ the 
situation is intermediate between that of a negatively charged nitrogen 
atom, in which both electrons which originally formed the N—H bond 
are accommodated in an sf? nitrogen orbital, and that of a neutral 
nitrogen atom with ‘a nearby electron occupying the 1s orbital left 
behind by the removed proton’. 

Similarly ‘N* could be treated as a positively-charged nitrogen 
atom or as a neutral nitrogen atom with an adjacent proton’. The 
numerical values of the integrals were given by Brown and Penfold. 
We reproduce here the charge distributions they obtained. They refer 
to the z-electron distribution. 

It is seen that extra charges on the nitrogen cause a reversal of the 
electronegativities for N~ and rather large effective 7-electron charges 
for both N~ and N*. 
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TABLE 9. -Electron charge densities. 

SCFMO ASMOCI 
CH,—NH 0-938 1-062 0-953 1-047 

Cc N Cc N 

0-385 1-615 0-425 1-575 
CH,—=NH,+* 
ate Cc N Cc N 

k. 1-529 0-471 1-480 0-520 
CH,= 

ie: Cc N Cc N 

Based on these semi-empirical calculations Brown and Penfold gave 
the approximate supplements to the Hiickel Coulomb integrals as 

+1-4 for Nt, +0: for N, — 1-1 for N- 

With these values the charge distributions are the same as the ones 
obtained by the Pariser—Parr—Pople calculations. 
We have to mention that the internuclear distances in these cal- 

culations were 
C—H 1-071 A N—H 1-014A GN T-36,4 

The latter value corresponds to the C—N distance in heterocycles 
rather than to a C=N group in an aliphatic environment. The charges 
we arrived at earlier in this chapter were somewhat higher than the 
ones of Brown and Penfold. However, even ours, which are of the order 
of 0-1 electron, are still much lower than traditional values. 

IV. INFRARED AND RAMAN SPECTRA 

By far the greatest number of data to be found in the literature relate 

to the C=N stretching frequency. In most cases it is a strong and 

fairly sharp band (e about 100-300), located at somewhat lower 

frequencies than the bands of carbonyl groups in similar environments 

and close to C=C stretching frequencies. The following typical 

values summarize these facts. They relate to groups in a purely 

aliphatic environment in the absence of strain, steric hindrance or 

other complicating factors and to dilute solutions in so-called neutral 

solvents. 
v(cm~1) (litre mole~? cm~?) 

C=O I715 400-1000 

C=N 1670 100- 300 

The corresponding force constants are in the harmonic oscillator 

approximation 
CG 11-9 dynes cm~+ 
C=N 10:6 dynes cm~+ 
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Infrared spectra of purely aliphatic imines are scarce in the literature. 

The values shown in Table 10 were measured in 1968 by J. Cobo in the 

author’s laboratory. 

Taste 10. C=N infrared stretching frequencies (non-conjugated). 

ie 

C=N—R” 

R2 

Viiq. or solid Voci4 

R’ RY Re (cm~+) (cm~*) 

CH; H C,H; 1671 bas 
CH; H C3H, 1673 1673 

C,H; H Cloris 1670 eas 
C3H, H C3H, 1670 1670 
(CH) 2H H CH,C,H; 1661 1668 
CH; CH; CeHii 1660 aa 

CH; CH C3H- 1661 1659 

Fabian and Legrand ** found 1673 cm~? for C,H; —-CH—N—C;H, in 
CCl,. Kahovec 97-98 and Kirmann and Laurent ®? measured the Raman 
spectra of 18 aldimines (R”=H) and found in all of them a band 
between 1674 and 1665 cm7?. 

Generally speaking, there is very little difference between infrared 
and Raman frequencies and between the spectra of pure liquids and 
solids and their solutions in CCl,, or other not very associative solvents. 
The CN frequency in trialkyl ketimines (no H on the two double 
bonded atoms) is somewhat lower, about 1660 cm~?. 

If there are one or more groups conjugated with the C=N group 
the frequency is usually lower. The data in Table 11 were also 
measured by J. Cobo. 

It may be seen that phenyl groups lower the C=N frequency more 
than the vinyl groups and that a phenyl group on the nitrogen 
causes further lowering. Similarly two phenyl groups on the carbon 
give a low frequency, showing that the axes of the z orbitals in the 
C=N and phenyl groups are far from being perpendicular to each 
other. 

In 1956 Fabian, Legrand and Poirier!°° published an extensive 
review on the infrared and Raman spectra of imines. The following 
two tables are reproduced from their paper. Table 12 gives a general 
view of C=N band frequencies and Table 13 gives C=N stretching 
frequencies in amidines. Reference 100 should be consulted for details. 
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TasLe 11. C=N infrared stretching frequencies (conjugated). 
R’ 

pe 
C=N—R” 

R” 

R’ R’ R" Me tan) 
CH,—CH H CH. 1655 1655 
CH,CH—CH H C.eHi1 1657 ——— 

CH;CH=CH H C3H, 1656 1658 
C,H; H CH,CH(CHs3)2 1640 1646 
C,H; H C,H; 1625 1628 
C,H; CH; C.Hs 1627 1639 
C,H; C,H; C,H; 1611 1619 

Oximes have somewhat wider frequency-ranges but do not differ 
greatly from the imines in their C—N frequency. In hydrazones the 
band does not usually appear? 

R’ R’ 
Seg Me 
C=N—NH, C_NONHO Oe 
fe 

R’ R” 

This is probably due to the compensating action of the amino group 

making the change of the dipole moment during the vibration near- 

zero. Where two C=N groups are conjugated, e.g. 

(CHs)2C—=N—N=C(CHs)2 

the frequencies are about 1660 in the infrared and about 1625 in the 

Raman spectrum. Since these molecules have at least an approximate 

centre of symmetry, the two bands correspond in all likelihood to the 

antisymmetrical stretching mode appearing in the infrared and. to 

the symmetrical mode appearing in the Raman spectrum. 

In general, C=N vibrations exhibit a lesser degree of localization 

than C—O vibrations. This is expected, since whereas the oxygen atom 

is always an end atom in C—O, the nitrogen atom in imines is not and 

its stretching is therefore more likely to involve motions by neighbour 

atoms. However, the proper understanding of this observation would 

require extensive theoretical work perhaps in the style of Bratoz and 

Besnainou !02:198, We deliberately refrain from attempting to interpret 

small differences in frequencies. These are due to a combination of 

yarious electronic, mechanical and steric changes and all possible 

explanations would be purely speculative. 



Taste 12. Ranges for C=N stretching frequencies *°. 

Non-conjugated Monoconjugated Diconjugated 
2. 5. Pre gue a we ont Se hee eee eee ee 

—CH=N— R—CH=N—R’ Cs;H;—CH=N—R’ C,H;—CH=N—C,H,; 

1665-1674 cm~+ 1629-1656 cm~+ 1626-1637 cm~? 

(19 compounds) (20-30 compounds) (7 compounds) 

—C=N— R—C=N—R’ C,H;—C=N—R’ C.H;—C=—N—C,H; 

| 
| R” ig CH, 

1649-1662 cm~? 1640-1650 cm~+ 1630 solid 
(6 compounds) (2 compounds) 1640 solution 

8 
C=NH R C.Hs 

C=NH C=NH 

R’ R 
1640-1646 cm~? 1620-1633 cm~? 
(associated) (associated) 
(5 compounds) (7 compounds) 

—CH=NOH R—CH=NOH C,H;—-CH=NOH 
1652-1673 cm~+ 1614-1645 cm~? 
(associated) (associated) 
(8 compounds) (8 compounds) 

Ae we R CoH; 
PN 
C=NOH C=NOH 

R IY 
1652-1684 cm~-+ 1620-1640 cm~? 
(10 compounds) (3 compounds) 

—C=—N— C,H;—C=NCH3; C,H;—C—=N—C,H,; N 
| | | | 
S S eis R SCH; SCH; 

1627-1640 cm~? 1622"em-=* 1611 cm-? 
(5 compounds) N 

| | 
sees 
1607-1613 cm~+ 
(2 compounds) 

ica ne oe es CsH;— —=N—CH, C,H;—C—N—C,H; 

| 
NH NHC,H; NHCH, NHR 
| 1675 Raman 1635-1651 cm~? 1620-1630 cm~-1 
R 1685 I.r. according to (11 compounds) 

; solvent 

ean CH. A GeNS Rs, 6G, GEN Sa ase 

N NR’R’ NRR’ 
Sor 1614-1621 cm=? 1582-1597 cm-} 

(2 compounds) (4 compounds) 
nC 

—C=N— 1664-1690 cm~+ 1645-1667 cm-1 Cs.H;—C—N—C,H; 
| (oxazolones) (oxazolones) | 
O OCH; 
| ‘1666 cm~-! 
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Fabian and Legrand! carried out a very useful study on the 

molecular extinction coefficients of the C=N stretching vibration. 

This is how they summarize their results: ‘The intensity of absorption 

due to —C(Z)==N— is highest when Z represents an oxygen con- 

taining group or one containing a second nitrogen (imino ethers or 

amidines). It decreases when Z is a sulphur-containing group, an 

alkyl or a hydrogen (imino thioethers, ketimines or aldimines). ‘The 

presence of an oxygen or nitrogen containing substituent on the nitro- 

gen of the imino group (oximes and hydrazones) further weakens the 

absorption.’ 
Numerically, the following ranges can be given: 

(a) « > 350 when Z is NRR’ (amidines or OR (imino ethers) 

(b) € © 250 when Z is R (ketimines) or SR (imino thioethers*) 
(c) eis between 180 and 140 when Z is a hydrogen (aldimines). ‘The 

conjugated aldimines tend to have extinction coefficients closer to 
the higher limit of this range 

(d) « < 30 for oximes?° 
(e) ¢€ is practically zero for hydrazones. 

Fabian, Delaroff and Legrand?°” found unusually high extinction 
coefficients (~ 900) for N-alkyl-N’-phenylbenzamidines. Leonard and 
Paukstelis?°® gave infrared frequencies for the positive ion 

ions 
ea toe 3 

mostly for chlorate salts. They all have strong infrared C—N* 
stretching bands. We reproduce here some of their data (Table 14). 

Some of the frequency differences are hard to explain. It is clear, 
however, that C—N* groups have in general higher frequencies than 
C=N groups. This is in accordance with the theoretical results of 
Brown and Penfold®®, supposing proportionality between bond 
energies and force constants. Conjugation clearly lowers the frequency 
as expected but the effect of the various hydrocarbon radicals linked 
to the azomethine carbon atom is not predictable. 
Many C—N?* containing molecules were studied by Edwards and 

Marion and coworkers?®*1+11 and by Witkop and his collabor- 
ators112-114, Witkop indicated a range of 1639-1626 cm~! for aromatic 
Schiff bases and 1672-1646 cm~? for their salts. 

The C=N bonds in oximes were listed in Table 12. The reader may 
be interested to consult the book by Colthup, Daly and Wiberley 5 for 
a good review of the C=N vibrations. 
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TABLE 14. C==N?* infrared stretching frequencies !°%, 

Compound Structure v (cm~*) 

+/ 
N 1687 
\ 

N-isopropylidenepyrrolidinium y= N | 1690 

+ 

N-2-butylidenepyrrolidinium N 1680 

N-3-pentylidenepyrrolidinium ek 1665 

W-cyclohexylidencpyrrolidinium apt 1665 

N-isopropylidenedimethylaminium 

N-cyclohexylidenemorpholinium @: N O 1640 
ey 

CeHs H 

\ — 

N-1-methylcinnamylidenepyrrolidinium - N | 1622 

CHsg 

Many molecules containing the C=N double bond exhibit cases of 

chelation or metal complex formation. 

A typical example for the former is N-salicylidene-2-aminopropane 

(SA) 
BME CH, 

Le, ‘i 

N.. 
Hc 4 

O 

whose structure has been confirmed by Teyssie and Charette+*®. A 

broad, concentration-independent band centred at about 2700 cm7? 

gives evidence of a strong intramolecular hydrogen bond. The C=N 

stretching band is at 1634 cm~* in this case, showing the joint effect 
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of conjugation and hydrogen bonding. In the liquid state only small 

fractions of these molecules form dimers with O—H.---O or O—H.---N 

type hydrogen bonds. 
Teyssie and Charette also measured the infrared spectra of a number 

of metal complexes of SA and similar compounds. Here are a few of the 

—N stretching frequencies they obtained: 

SA (SA)aCo (SA)aNi_ (SA)gCu = (SA)a Zn’) | GSA) Pd 
1634 1607 1612 1617 1619 1624 (cm~+) 

In a more recent paper Kovacic!” reported the infrared spectra of 

copper complexes of salicylideneanilines: 

OH 

These have the general structure 

CG 
In Nujol mulls the C=N stretching frequency is in the range 1616-1603 
cm~? while in methylene chloride solution it is between 1612 and 1602. 
In these complexes the phenolic C—O vibration appears at 1330-1310 
whereas in the free anils it is found between 1288 and 1265. In the 
salicylidene anilines themselves an internal hydrogen bond is formed, 

O—H 

Gos Q 
R R 

causing a weak and broad OH band between 3100 and 2700 cm~?, 
Clearly the nitrogen with its lone pair is an excellent proton acceptor, 
as it is in aza-aromatic compounds in which the nitrogen atom has 
essentially the same hybridization. 

In polymeric salicylidene anilines Marvel, Aspey and Dudley1® 
found the C=N absorption at 1637-1616 cm~? in the free bases and 
at 1656-1606 in the metal chelates. 
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As pointed out at the beginning of this section, the near-totality of 
infrared and Raman studies relating to imines concerned themselves 
with the C=N stretching frequency. There is little that can be done 
about it at this stage. A brief group theoretical treatment might, 
however, be useful at this point. 

The 

model has only C, symmetry since the carbon atom attached to the 
nitrogen is not collinear with the C—N bond. 

The character table is rather simple: 

Cc; E On 

A’ I 1 X,Y; Rz Cie y’, Zz, xy 

A’ 1 —1 z, Rx, Ry yz, xz 

Fr 15 5 
i, 4 4 
I, 4 4 
Ve 4 —4 

I is the reducible representation based on the 3N rectangular 
coordinates, where NV = 5 is the number of atoms, It reduces to 

P= 10A' 5A" 

Subtracting the components of translation and rotation which are 
shown in the character table we obtain: 

IY TAs 4A" 
Thus we expect seven totally symmetrical and two non-totally sym- 
metrical vibrations. 

Some futher insight is gained if we use internal coordinates. We 
expect N — 1 = 4 stretching vibrations, 2N — 3 = 7 in-plane vibra- 
tions and N — 3 = 2 out-of-plane vibrations*?. 

I, is the reducible representation based on the stretching coordi- 
nates, or more exactly the increments of the four internuclear dis- 

tances between neighbours, I", the one based on the four in-plane bond 

angles (their increments) and I, on the four out-of-plane angles, 
which are of course zero at the vibrational equilibrium. Three of 
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these latter correspond to the out-of-plane motions of the three peri- 

pheral carbon atoms and one to the twisting of the C—N bond in 

which one of these two atoms moves upwards and one downwards. 

We obtain 

lr, = 4A'; DT, = 4434 = 44" 

This follows since stretching and in-plane bending coordinates 

cannot change sign upon reflection in the molecular plane. The 

out-of-plane bending coordinates must, however. 
This, however, would give 12 normal vibrations, although we can 

have only 9. Thus there are three redundancies. Since the total 

number of in-plane vibrations is 7 and since there cannot be redun- 

dancy among the stretching coordinates, one of the in-plane bending 
modes must be eliminated. This is naturally linked to the interdepen- 
dence of the angle increments around the central carbon atom. There 
must be then two more redundancies among the four out-of-plane 
modes we obtained, as shown by Iyip. 

Finally we have the following normal vibrations: 
(a) Four stretching modes, one of them will be essentially a C—N 

motion. The three others will contain various amounts of C—Cand 
N—C motions. These are likely to be located in the 1300-1000 
cm? range. 

(b) There will be three in-plane bending modes, two of them of 
Bo ae 

mainly CCC type and one of mainly CNC type. 
(c) There will be two out-of-plane vibrations which are expected to be 

strong because they involve a considerable change of dipole- 
moment perpendicular to the molecular plane. Because of the low 
symmetry of the molecule, we cannot tell without a complete 
normal coordinate analysis how much out-of-plane bending and 
how much twisting they will contain. Naturally, if there are one or 
more hydrogens replacing the peripheral carbons the corre- 
sponding frequencies will be much higher. 

V. ELECTRONIC SPECTRA 

A. Non-conjugated Azomethine Group 

Little is known about the electronic spectrum of the SCHERER 
y 

itself in a purely aliphatic environment. 
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Since there are two 7z electrons, an sp? lone pair and, of course, 
o electrons, there should be 7* <n, of <n, w* <7 and o¥ <a 
transitions, both singlet-singlet and singlet-triplett. The whole spec- 
trum is expected, however, to lie in the far ultraviolet and, probably 
because of the unstable character of these compounds, it has not been 
reported. 

Recently G. Bélanger, D. R. Salahub and P. Sauvageau in the 
author’s laboratory measured the spectrum of CH;CH=NC3H, pre- 
pared by D. Vocelle between 2000 and 1200 A (Figure 1) in the gas 
phase, using the procedure by Lombos, Sauvageau and Sandorfy??°. 

(A) 
2000 1900 I800 1700 1600 1500 1400 1300 1200 1150 

180 

160 CA Ch-N-C 

L=|-Ocm P=|!Omm 

140 

120 

WE joo 

80 

60 

40 

20 

50:0 55:0 60:0 65:0 70:0 75-0 80:0 85:0 
kk 

Ficure 1. The far ultraviolet absorption spectrum of CH;CH—NC3H;. 

Unfortunately the spectrum consists of broad bands, making the 

interpretation difficult. There is a strong, diffuse band centred at about 

1700 8, having a molecular extinction coefficient of nearly 8000. 

Since the alkyl groups absorb only from 1600 A down this band must 

be due to the C==N group. The main contributor to its intensity 1s 

+ In this article, Herzberg’s convention of always writing the upper state 

first in transition symbolism is used. 
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in all likelihood the first 7* < 7 transition. Ethylene has a broad band 
centred at 1620 A in the gas phase but extending to 2000 A1?1-122, 
The 7* < 7 absorption in simple carbonyl compounds like formalde- 
hyde is at higher frequencies, about 1550 A??%, 

Since we could not detect any absorption bands at frequencies 
lower than 2000 A we shall tentatively admit that the 7* <n, o* <n 
or o-7 transitions must be under the shoulder of the strong band, the 
a* <— n band perhaps between 2000 and 1900 A and the o* <- n band 

(A) 
2000 19001800 1700 1600 1500 1400 IZ00 200 1150 

CH, 
\ 120 CH-CH=N-C,H, 
/ 

CH, 

Z=!Ocm /P=1-3mm 

120 

WS 

80 

40 

50:0 52;0 60:0 65:0 70:0 75:0 80:0 850: 7 
kk 

Ficure 2. The far ultraviolet absorption spectrum of (CH;)2,CHCH=NC,H;. 

at about 1800 A. The asymmetrical shape of the strong band would 
appear to confirm its composite character. At frequencies higher than 
1700 A there should be Rydberg transitions and transitions due to 
the o electrons. We cannot go further. The energy of the lone pair 
compared with the energy of the z electrons or its ionization potential 
is not known. 
(CH;),.CHCH—NC,H, has a similar spectrum (Figure 2) but 

the shoulders between 50,000 and 55,000 cm~! are more pronounced. 
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Platt*?* and Sidman?!*5 estimated that the 7* < n transition lies at 

2100 A if the YCSN-eroup carries only aliphatic substituents, at 2500 

if conjugated with a vinyl group and at 2900 if on a benzene ring. 
It 1s Interesting to compare the position of the 7* <n band for 

various unconjugated lone pair containing groups: 

BN 
=~ 2000-1900 A (2) 

—NO, 2700 
~ 
C26 2800 

Fst 
aod 3700 
he 
cs 5500 

o 
—N=O 6800 

We cannot expect that C=N and C—O should behave in a very 
similar manner. Among other things, hybridization is different in 
the two groups ?*° and the z electrons are more strongly bonded in 
C—O (cf. Berthier and Serre?). No singlet-triplet bands were found 
up to the present time. 

B. Conjugated Azomethine Group 

Much more is known about the spectra of compounds in which the 
C=N group is substituted by aromatic rings. 
Many of these spectra were measured in the early forties by Hertel 

and Schinzel+?°, Kiss and Auer??” and Kiss, Bacskai and Varga 128, In 
the much more recent work of Jaffé, Yeh and Gardner+?°, which 
deals mainly with azobenzene derivatives, there is a new interpretation 
of the spectrum of benzalaniline, C;H;CGH==NC,H;, which is com- 
pared with the spectra of stilbene and azobenzene. The spectra of these 
three compounds are given in Figure 3. Stilbene has, of course, no 
a* <n transition. In trans-azobenzene there are two of them, and both 
seem to contribute to the broad weak band at about 44004. In 
benzalaniline, the energy of the lone pair is likely to be close to the 
average of the two n levels formed by the two lone pairs of azobenzene 
but the relating excited 7 orbital must be considerably higher. ‘There- 
fore the 7* <n transition of benzalaniline is expected to lie at higher 
frequencies. Unfortunately it is hidden under the envelope of the next 
a* <7 band. Jaffé, Yeh and Gardner??° located it at 3600 A with 
€ 20100. 
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The other bands in these spectra are 7* <- 7. The apparent peaks 
are given in Table 15. 

Taste 15. Apparent peaks in the spectra of stilbene, benzalaniline and 
azobenzene??°, 

a*<—n a* <7 (A) 

(A) pp 
Stilbene 3000 2280 2000 
Benzalaniline 3600 3000 2600 
Azobenzene 4400 3200 2300 
Conjugate acid of azobenzene 3100 4200 2900 2350 

Jaffé and coworkers carried out Hiickel calculations and applied 
Platt’s scheme to interpret these spectra. The lower frequency 7* <— 7 
peak is due to transitions between z orbitals largely localized in the 
central double bond. The frequency peak is due to transitions between 
orbitals largely localized in the phenyl rings. Other bands due to 

40 

30 

0:10 

200 250 300 

DN (mp) 

Ficure 3a. Spectra of trans and cis-stilbene in heptane and ethanol respectively. 
Reprinted by permission from H. Suzuki, Bull. Chem. Soc. Japan, 33, 381 (1960). 
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d ( my) 
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5,000 

50 45 40 30 30 ; 25 20 
= -3, 

v(cm xlO ) 

Ficure 3b. The spectra of cis- and trans-azobenzene in 95% ethanol. Reprinted 
by permission from H. H. Jaffé and M. Orchin, Theory and Applications of 
Ultraviolet Spectroscopy, John Wiley and Sons, New York, 19621%4, 

weaker transitions of mixed type probably contribute to the intensity 
of the lower frequency 7* < 7 bands. 

The data given in the table are approximate and represent band 
centres. Further details are given in references 130 and 131. The cvs 
isomer of benzalaniline does not seem to have been studied. 

The 2600 A bond in the spectrum of benzalaniline has a much lower 
intensity than the corresponding bands for stilbene and azobenzene. 

3+0.C.N.D.B. 
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Jaffé, Yeh and Gardner ?}?° show that this is due to the lower symmetry 

of benzalaniline and that the phenyl central double bond type 

transitions become the greater contributors to this band in the case 

of benzalaniline. 
Kanda!32 measured the gas phase spectrum of benzalaniline. He 

found two band systems at 2940-2833 A and at 2488-2351 A with a 

vibrational interval of 273 cm~}. The 7* < 7 bands of benzalaniline 

are not very sensitive to solvent effects. 

» (mp) 
230 300 530 400 

Ex 10° 

Ficure 3c. The spectrum of benzalaniline in 95% ethanol. Reprinted by 
permission from H. H. Jaffé and R. W. Gardner, J. Mol. Spectr., 2, 120 (1958). 

Charette, Faltlhansl and Teyssie+®* studied the ultraviolet spectra 
of a series of N-salicylidenealkylamines (SA) and their aryl-substituted 
derivatives in different solvents. Spectacular changes occur when the 
inert solvents are replaced by hydrogen bonding solvents. We repro- 
duce here the spectra of N-salicylidene-2-aminopropane in cyclo- 
hexane, methanol and formamide (Figure 4)1%*, 
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In cyclohexane there are three bands in the ultraviolet at 2170, 
2540 and 3180 A in order of decreasing intensity. In methanol the band 
at 2170 A remains practically unchanged while the intensity of the two 
other bands decreases. At the same time two new bands appear 
at 2760 and 4000 A. This by far exceeds the usual solvent shifts. 
The phenomenon seems to be the same in all hydrogen bonding 
solvents, only the relative intensity of the old and new bands changes. 
All the above-mentioned bands are clearly 7* < 7 bands as shown by 

¢ 
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Ficure 4. Absorption spectra of SA in cyclohexane ( ); methanol (—--—-); 

formamide (—-—-—-- ). Concentration 10-4m; 6 = 1 cm**. 

their high intensities and red shift character in order of increasing 

solvent polarity. The new bands do not correspond to the positive or 

negative ions of the molecule. The anion is obtained by dissolving SA 

in 0-1n sodium methylate. There is a strong band centred at 3500 A 

in its spectrum instead of the two new bands described above. The 

cation SA—H? is obtained in glacial acetic acid or by addition of 

gaseous HC] to a methanol solution. It has two strong bands at 

2750 A and 3500 A. 
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Spectra of many other ortho-hydroxy compounds, mainly those of 

naphthalene and phenanthrene derivatives, were examined by Voss?#° 

and by Muszik1%°. Examples are: 

and 

The solvent and temperature changes in the spectra of these mole- 
cules can be interpreted on the basis of NH/OH tautomeric equilibria 
which are highly sensitive to environmental effects. The spectra taken 
in different solvents intersect each other in isosbestic points confirming 
this assumption. 

The long wavelength bands appearing in the polar solvents can be 
assigned to the NH form. Cis—trans isomerism is a complicating 
factor 19°, 
Charette ?%* also considered the possibility of the opening of the 

intramolecular hydrogen bond and the formation of intermolecular 
hydrogen bonds in polar solvents. 

If the hydroxy group is replaced by a methoxy group the above- 
mentioned spectacular changes upon changing the solvent do not occur. 
On the other hand, the p-hydroxy derivatives exhibit such changes 
while the m-hydroxy derivatives do not, showing again the involve- 
ment of tautomeric forms. 

Bruyneel, Charette and de Hoffmann?!** explained the kinetics of 
the hydrolysis of 0-, m-, and p-hydroxy-n-benzylidene-2-aminopropanes, 
invoking tautomeric equilibria. 

Mason?8", in a study of the electronic spectra of hydroxy derivatives 
of N-heteroatomic systems, observed that these systems can exist, in 
general, as any one of four different species: the neutral enol (1), the 
cation (2), the anion (8) and the zwitterion (4a) or amide (4b). For 
example: 



1, General and Theoretical Aspects 

Peete 
(1) (2) (3) @) 

He found that the lowest energy transition of a given compound lies 
at wavelengths which show the order zwitterion > anion > cation > 
enol (the enol having the highest frequency) and that the spectrum of 
the zwitterion shifts considerably towards the red on changing from 
aqueous to non-polar solvents. Chatterjee and Douglas?*8 carried out 
similar studies on o-hydroxy aromatic Schiff bases and found that the 
order for these compounds is zwitterion > cation © anion > enol. 
They measured the spectra of N-methylsalicylaldimine, N-salicylidene- 
aniline and N-methoxybenzylidene-o-hydroxyaniline and followed 
them by Hiickel molecular orbital calculations. 

According to Voss!*> the compounds of the type 

Ord 
Tio 

are not fluorescent at room temperature. At low temperature in 

solution or in rigid glasses, however, the NH-form is fluorescent. 

Muszik2%¢ found that the NH form of the molecules of type 

Ka -O) 

x 
is fluorescent and that the fluorescence intensity increases in solvents 

favouring the NH form. 
In conclusion, it is obvious that still very much remains to be done. 

We have no definite understanding of either the electron distribution 

in azomethine compounds, or of their electronic spectra, or of their 
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vibrations. This chapter can do no more than to assemble some pre- 
liminary results, ask questions and express doubts. If only it could 
stimulate further research! 
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Il. INTRODUCTION 

In this article we have tried to give a descriptive review of the 
various routes leading to the formation of the carbon-nitrogen 
double bond. In view of the vast number of reported syntheses of 
C—N bonds appearing in the literature, several limitations had to 
be observed. 

Only reactions resulting in the formation of stable and well-defined 
products were considered. Cases in which azomethines are only 
intermediary or transient were omitted, unless these can be isolated 
under appropriate conditions. 
Compounds in which the C=N bond describes only one form of a 

mesomeric system, such as in hetero aromatic rings, diazo compounds, 
etc., were not considered. 

The material was primarily arranged according to mechanistic 
types of formation of the C—N bond, and not by the types of the com- 
pounds containing this bond. First to be discussed are methods in 
which the C=N bond is formed by the binding together (through 
condensation, coupling, etc.) of separate carbon and nitrogen com- 
ponents. Next, methods which involve an existing carbon-nitrogen 
bond, are considered and finally, rearrangement reactions leading to 
C=N bonds are discussed. 

The references to the literature were largely limited to open-chain 
and simple alicyclic azomethine compounds. Alkaloids or steroids are 
only occasionally included. Excluded from this review are C—N con- 
taining compounds which are discussed elsewhere in this or other 
volumes of this series, such as quinonimines, isocyanates and aci-nitro 
compounds. Also omitted for this reason are the numerous hetero- 

cyclic compounds containing C=N bonds which are prepared by 

1,3-dipolar cycloadditions. 
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Il. REACTIONS OF CARBONYL GROUPS WITH AMINO 

GROUPS AND RELATED REACTIONS 

The condensation of amines with aldehydes and ketones has numerous 

applications, for preparative uses (e.g. heterocyclic compounds) ; for 

the identification, detection and determination of aldehydes or 

ketones; for the purification of carbonyl or amino compounds (e.g. 

amino acids in protein hydrolysates*); or for the protection of these 

groups during complex or sensitive reactions (e.g. amino acids during 

peptide synthesis”). 
In this section will also be discussed condensations of derivatives of 

carbonyl compounds which give the parent compound during the 

reaction and interchange reactions of azomethines with other 

amines or carbonyl compounds, which proceed by essentially the same 

mechanistic pattern as the carbonyl condensations themselves. 

A. Condensations of Aldehydes and Ketones with Amines 

I. Primary amines 

The condensation of primary amines with carbonyl compounds was 
first reported by Schiff*, and the condensation products are often 
referred to as Schiff bases. The reaction was reviewed *:°. 

The experimental conditions depend on the nature of the amine and 
especially of the carbonyl compound which determine the position of 
the equilibrium 

RR’CO + R’NHg ——— RR’C=NR’” + H,O (1) 

Usually, it is advisable to remove the water as it is formed by distil- 
lation or by using an azeotrope-forming solvent®:’. This is necessary 
with diaryl or arylalkyl ketones, but aldehydes and dialkyl ketones can 
usually be condensed with amines without removing the water. 
Aromatic aldehydes react smoothly under mild conditions and at 
relatively low temperatures in a suitable solvent or without it. In con- 
densations of aromatic amines with aromatic aldehydes, electron- 
attracting substituents in the para position of the amine decrease the 
rate of the reaction, while increasing it when on the aldehyde®. In 
both cases, a linear sigma-rho relationship was observed. 

With ketones, especially with aromatic ones, higher temperatures, 
longer reaction times, and a catalyst are usually required, in addition 
to the removal of the water as it is formed. 

The reaction is acid catalysed. However, only aldehydes and ketones 
which do not aldolize easily in acidic media can be condensed with 
amines in the presence of strong acid catalysts (e.g. concentrated 
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protonic acids®, BF, etherate?°, ZnCl,791!-18 or POCI;!*). For 
methyl ketones, only weak acids should be used, while for methylene 
ketones, which are less sensitive to acid-catalysed aldolizations, 
stronger acids may be used as catalysts*. Ultraviolet irradiation is 
reported? to promote the formation of azomethines from aldehydes. 
This is explained?® as a light-promoted autoxidation of part of the 
aldehyde to the corresponding acid, which in turn acts as a catalyst. 

Aromatic aldehydes and aliphatic or aromatic ketones give with 
amines quite stable azomethines. However, those from primary 
aldehydes which contain a —CH,CH=-N— group undergo very 
easily aldol-type condensations, so that in the reactions of such al- 
dehydes with amines, polymers are usually formed?>. The condensa- 
tion can be stopped at the dimer or the trimer stage. For example, 
acetaldehyde gives with aniline a mixture of two isomeric dimers, 
‘Eckstein bases’, which probably have the following structures?®: 

CHsCHCH,CH=NPh = and = CHgCHCH=CHNHPh 
| | 
NHPh NHPh 

The same products are also obtained by the reaction of aniline with 
aldol. Other aldehydes give similar dimers*®?8. Secondary aldehydes, 
whose azomethines are incapable of forming «,f-unsaturated imines 
which would result in polymerization, give the monomeric imines*’. 
Primary aliphatic aldehydes can give azomethines with various 
amines if the reaction is carried out at 0°c, and the product distilled 
from KOH ?%?°, 

Acetone and 2-butanone react with aromatic amines to give sub- 
stituted dihydroquinolines??:?? : 

~ 
PhNH, + (CHs),CO ——> 

N 7 

H . 

Isopropylidene amines, however, can be easily prepared by the method 

of Kuhn?3, which uses a complex of the amine hydriodide with silver 

iodide, which is soluble in DMF. This forms with acetone an insoluble 

complex of the azomethine with AgI. The free base can be isolated 

from the complex by the addition of KCN or triethylamine: 

(CHe)gCO + RNHo+HI-2Agl a> (CHs)2C=NR-HI-2Ag! CN. (CHs)aC—=NR 

R can be an aliphatic or an aromatic group, and even a hindered one 

(e.g. 2,6-dichlorophenol). 
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Isopropylideneaniline is formed also by the reaction of aniline with 

acetoacetic ester 24, through a route similar to the alkaline hydrolysis 

of acetoacetic ester: 

CHeCOCH,COoEt CNHs CH,COCHaNHPh "8 (CHy)gCO + (PhNH)2CO 

PhNHz PhNHz PhNHe2 

cHecCH,cooet PRNHR Ch cCH,CONHPh SS (CH,)2C=NPh + (PhNH)2CO 

Neh NPh 

c,8-Unsaturated ketones do not condense with amines or ammonia 

to azomethines, but rather add them to the double bond to form B- 

amino ketones?°. 
«-Bromo ketones react with alkyl amines to give «-hydroxyimines; 

epoxides are formed as intermediates ®. 

Phe et ce PC —=-C(CH Jo: ———-> PEG OM 

EtNH O NEt 

The reactions of formaldehyde with amines were reviewed *:15. The 
N=CH, function is very sensitive to polymerizations, and except 
for isolated cases19-?7, e.g. RgzCN==CHz, only trimers which have 
the s-triazene skeleton, or linear polymers, could be obtained; 
methylenimines are proposed*:+5 as intermediates in their form- 
ation. Schiff bases of «-amino acids are usually not stable enough for 
isolation. However, those derived from o-hydroxybenzaldehyde and 
related aldehydes are stabilized by chelate formation, and can be 
isolated 7°, 

In the formation of azomethines, both anti and syn isomers may be 
formed. However, as the energy barrier between them is low, the 
isolation of a pure isomer is impossible as a rule; there are only few 
proven exceptions to this rule, e.g. the case of 

NH 2 ae 

Cl C==NCH,CH,N O 
| eee: 
Ph 

where two isomers whose configurations were proved by w.v., ir. 
and n.m.r. spectra were isolated 9. 

It must be borne in mind that although usually an azomethine is 
formed by the condensation of an amine and an aldehyde or ketone, in 
a few cases the tautomeric enamine is more stable and is the one which 
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is preferably obtained; for example, enamines which are stabilized by 
intramolecular chelate formation °°: 

HgC ys OEt 

boy 

PhcH, 1 

2. Ammonia 

Ammonia does not give azomethines with formaldehyde or with 
primary aliphatic aldehydes*, but either ‘aldehyde ammonia’ ad- 
dition compounds or polymers, of which hexamethylenetetramine is 
one of the best known. 

Aromatic and secondary or tertiary aliphatic aldehydes, however, 
give condensation products of three moles of aldehyde with two 
moles of ammonia®*?~*3; 

3 RCHO + 2NH3 ——> RCH(N==CHR)2 

These compounds, especially those derived from aliphatic aldehydes, 
are unstable, and decompose on heating or distillation: 

Ar——— Ar 

a al 

Ar 

(a) ArCH(N=CHAr),2 —2> 

(b) (CH3)e2CH[N=CHCH(CHs)2]2 === ey eee 

H (NH 

(CHs),C=CH 

(CH,)gC—=CHN=CHCH(CH,)2 + (CHs)2CHCH=NH 

\ne 

(CH,)aCHCH=NH (CHs)eCHCH.NHs 

eer 
(C H3)2C—=CH 

(CH,)2C—=CHNH, 

(c) R3CCH(N=CHCRz)z ——-> ReaCCH=NCHCRz + RaCCN 

Aromatic ketones give imines with ammonia under drastic con- 

ditions, e.g. by bubbling dry NH, through the molten ketone a, by 

heating alcoholic solutions of the reactants in sealed tubes to high 
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temperature ®, by using AICI, as catalyst at high temperatures *° or 

by passing NH, with the ketone over ThO, at 300-400°°’. Ammonium 

salts (e.g. thiocyanate) may serve as an ammonia source in reactions 

with reactive ketones*®. 
When the imine is capable of cyclization a cyclic imine is isolated: 

2 CH;COCHOHCH, + NH; ——> (ref. 39) 
HC. CH, 

OH OH 

HsC 4 CHs 

2 (CHe)aC(OH)COCH, + NHs ——> Hic C(OH)(CHs)2 (ref. 39) 
HeC-===N 

: a © Ph 

(CHg)2C(OH)COCHS Sa IN ieee Gi ©). ne N (ref. 40) 

3 

3. Secondary amines 

The reaction of secondary amines with carbonyl compounds 
cannot lead to azomethines without a rearrangement. However, when 
a salt of the amine is treated with an aldehyde or a ketone, an im- 
monium salt is obtained: 

+ 

RaNHHX\+R’,CO ——=> RIN=CR4 X= 

Since azomethinium perchlorates are less hygroscopic than other 
salts and are easier to isolate and recrystallize, the amine perchlorates 
are often preferred for this reaction*!:**. Fluoroborates, while less 
convenient, are less explosive and safer to use*?. 

In some cases, a neutral amine may be used when zwitterion for- 
mation is possible, e.g. *° 

HN PhCH—N= 
PhCHO + 4) | —> N 

yy 

O o- 

Some secondary cyclic amines may give a neutral azomethine 
either by ring opening ** or by rearrangement‘: 
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ArCHO + HNC] » ArCH=NCH,CHsNC] 

O O 
HNN 

ArCHO +. | ee ACO NN 
HN. ~NH 
a / NH 

O 

B. Condensations of Aldehydes and Ketones with Other Amino 
Groups 

I. Amino group attached to oxygen 

In these condensations, oximes, O-alkyl oximes, O-acyl oximes, and 
compounds in which the C==N—O group is part of a cyclic system 
are formed. The reaction is usually easier than that with amines and 
milder conditions are required. The equilibrium here is in favour of 
the oxime formation. Hydroxylamine and its derivatives, which are 
sensitive and decompose in their free form, are supplied as their salts, 
which are then completely or partially neutralized by the addition of a 
base or by basic ion exchangers*’, or by carrying out the reaction in 
pyridine **. The latter method is used especially for the oximation of 
difficultly soluble ketones *® and of steroidal ketones *®-®°, 

The basicity of the reaction medium is of high importance. The 
dependence of the rate of the reaction versus the pH of the solution 19:54 
shows a rate maximum at a pH close to neutral. The addition of an 
aqueous base to hydroxylamine hydrochloride or sulphate produces by 
a buffering effect a pH close to the optimum. Sometimes the reaction 
is carried out in a buffer solution (e.g. in aqueous NaH,PO,°*?). Al- 
though the reaction is acid catalysed, it is only rarely carried out in 
the presence of strong acid (e.g. conc. aqueous HC1°*°). 

Sodium hydroxylamine disulphonate, which is easily prepared by 
bubbling SO, through a solution of sodium nitrite and sodium bisul- 
phite in water, is frequently used without isolation **: 

NaNO, + NaHSO,3 + SOg ——> HON(SO3Na)o 

HON(SO3Na)2 + RR’CO ——» RR’C=NOH + 2 NaHSO, 

Only a few reactions of hydroxylamine with carbonyl compounds in 
strong basic media are reported. They are useful for the preparation of 
sterically hindered oximes®®, The hindered ketone (e.g. acetyl- or 
benzoyl mesitylene) in a solution of potassium t-amylate in t-amyl 

alcohol is allowed to stand for a long time (32 to 450 days; a ‘lethargic 
reaction’) at room temperature with hydroxylamine hydrochloride. 
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The oximes, which could not be obtained otherwise°® because the 

ordinary reaction is very slow®”, are thus obtained in good yields. 

When the reaction was tried under reflux, much lower yields were 

obtained, probably due to the decomposition of free hydroxylamine at 

these conditions. The reaction of hydroxylamine with ketones in very 

strongly basic media proceeds through a mechanism which is different 

from normal amino-carbony] condensations. Here, the attacking agent 

is probably either the anion 1 or 2°°. 

OH-. = 
NHJOR === NHOR == Neos 

(1) (2) 

Alternative methods to prepare oximes of highly hindered ketones 

are by the action of hydroxylamine on a ketimine®* (see Section II.G) 

and by the reaction of hydroxylamine with the hindered ketone under 
very high pressures (about 9500 atmospheres) °°, which gives good 
yields (about 70%) of oximes like that of hexamethylacetone. The 
positive effect of the pressure on the rate of reaction is explained by the 
assumption that the rate-determining step of the reaction leads to a 
highly polar transition complex from reactants that are neutral or 
much less polar®. 

Whereas amines or ammonia usually add to the carbon-carbon 
double bond of «,B-unsaturated ketones, hydroxylamine condenses 
normally in acidic media with the carbonyl group to give oximes; in 
basic media, both condensation and addition occur, together with 
secondary reactions?°, On the other hand, O-methylhydroxylamine 
only adds to the double bond of «,8-unsaturated ketones, while with 
B-diketones it gives mono-O-methyloxime?>:®°. 

Ketones which are stable in strong acids (e.g. fluorenone) give 
oximes by reaction with nitromethane in hot (190-200°) poly- 
phosphoric acid®!. Nitromethane is hydrolysed to formic acid and 
hydroxylamine, and the latter in turn reacts with the ketone to give 
the oxime. 

Oximes can be isolated in two configurations, anti and syn. The 
isolation of one or the other may be achieved by changing the ex- 
perimental conditions of the reaction. As the anti isomer is usually 
more stable®? thermodynamically, the syn isomer can be isomerized 
easily to the anti form, as by the action of acids ®*. One of the methods 
for the elucidation of the configuration of a given oxime is to isolate 
and identify the product of its Beckmann rearrangement. Here the 
reader must bear in mind that all the configurations which were 
assigned by that method to ketoximes up to 1921 are opposite to the 
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presently accepted ones. This was due to the erroneous mechanism 
which was suggested for the Beckmann rearrangement until it was 
clarified by Meisenheimer ®, 

N-Alkylhydroxylamines give nitrones with aldehydes and ke- 
tories for 9", 

ReCO + R’NHOH ——> ss + H,0 

O 

When the aldehyde or ketone have a-hydrogens, an aldol-type 
condensation of the nitrone follows its formation ®7-®, e.g. 
(CHs)2CO + PhNHOH ——> [(CHs)2C=N(O)Ph] ——> (CHg)2CCH,CCH, 

N  N(O)Ph 

HO Ph 
Cyclic nitrones are more stable against aldolization and can be 

dimerized with basic catalysts, e.g. sodamide ®. When the aldolization 
product is not desired, a condensation of the hydroxylamine with an 
acetal instead of a ketone is favourable ®. 

N-triphenylmethylhydroxylamine gives with benzaldehyde an 
O-trityl derivative’°. Probably a nitrone is formed initially, and then a 
rearrangement leads to the less hindered and more stable O-trityl 
oxime: 

PhCHO + Phs3CNHOH ——> PPC = NEP ——» PhCH=NOCPh, 

O 

2. Amino group attached to nitrogen 

Reactions with hydrazine. In the reactions of carbonyl groups with 
hydrazine, either one or two of the available amino groups may con- 
dense to form hydrazones or azines respectively. 

Aldehydes and dialkyl ketones react readily, usually just by shaking 
the reactants in water or in alcohol, and in most cases only azines are 
obtained”. In order to obtain the hydrazone, the reaction should be 
carried out in a large excess of hydrazine”? and in the total absence of 
acids. Alternatively, the hydrazones may be prepared indirectly by the 
action of hydrazine on the azine”?:’*. Hydrazones from benzaldehyde 
or substituted benzaldehydes with electron-donating substituents are 
very unstable, and azines are slowly precipitated from their alcoholic 
solution. p-Dimethylaminobenzalhydrazone cannot be obtained at all. 

On the other hand, p-nitrobenzalhydrazone is stable and is un- 
changed by refluxing its alcoholic solution. It forms the azine, how- 
ever, by the addition of a little acid7?’”*. 
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Aryl alkyl ketones on refluxing in alcohol or acetic acid give 
without an acidic catalyst a hydrazone; in the presence of mineral 
acids, an azine is formed >’, 

Diaryl ketones need more drastic conditions’’:’8; in some cases 
a water-removing agent ®°:79 has to be added, or the reaction has to be 
carried out at high temperatures 7®:8°. Usually, only hydrazones are 
obtained, but at higher temperatures in an autoclave an azine may 
be formed ’°. The azine, however, can be prepared from the hydrazone, 
either by acidifying its alcoholic solution and allowing it to stand at 
room temperature ”®, or by refluxing the hydrazone with an excess of 
ketone “*-®1-82, By the last method, mixed azines may also be pre- 
pared 74.82, 

B-Diketones and hydrazine give usually monohydrazones®*, while 
y-diketones give an internal cyclic azine, a 4,5-dihydropyridazine 
derivative **: 

Re 

R” 

RCOCH,CHR’COR” + NH,NH, ——> ll 
~ 

Be Ns 

cis-1,2-Cyclopropane dicarboxaldehyde gives with hydrazine a trimer 
of the corresponding internal azine®: 

NEA 

OHC CHO Com 
S NH2NHe 
> 

B-Halo ketones give with hydrazinea five-membered cyclichydrazone®*: 

ake 

(CH3)2CCICH,COPr-n + NH,NH, ——> H.C | 
ane 

Cyclic keto nitrones react with hydrazine to give a rearranged 
hydrazone®’: 

O mes 
O Os 
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Reactions with substituted hydrazines. The reactions of alkyl and 
N,N-dialkylhydrazines with aldehydes and ketones give usually 
normal substituted hydrazones"?:8°, The N-hydrogen of the alkyl 
hydrazones formed from aromatic aldehydes is labile, and might add 
to the carbonyl group of another molecule of the aldehyde when the 
latter is in excess; the product depends on the experimental con- 
ditions: 

ArCHO + CHgNHNHg pec > CHsNN=CHAr (ref. 43) 

ArCHOCH; 
SLOW CHaNN=CHAr 

HAr (ref, 89) 

CHsNN=CHAr 

An enormous number of aryl hydrazones was prepared for the 
identification of carbonyl compounds. Phenylhydrazones, especially 
the nitro-substituted ones, are very stable towards hydrolysis, even by 
strong acids, and are usually prepared in strongly acidic media, usually 
alcoholic HCl or H,SO,. 

As with other amines, the reactions of aryl hydrazines with form- 
aldehyde does not give the simple methylene hydrazines. -Tolyl]- 
hydrazine is reported to give with formaldehyde in acetic acid 
N-methylene-p-tolylhydrazine®° together with its polymer. The same 
reactants give in water 

p-TOoNN=CH2 

CHe 

>-TokIN=CH; 

analogous to the product from methylhydrazine and aromatic 
aldehydes ®°, and in ethanol [(CH,—N) (To)NCH,],0*°. 

B-Dimethylamino ketones give with phenylhydrazine, through an 
elimination of dimethylamine, a five-membered cyclic hydrazone®’. 
The intermediate open-chain hydrazone was also isolated %. 

PhNHNH, —Me,NH 
PhCOCH,CH,N(CH,)y —————> ERG AN Hele oa 

NHNPh 
luevud Ph 

NNHPh NA 
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A number of monotosylhydrazones of a-diketones, which serve as 

starting materials for the preparation of a-diazo ketones, were prepared 

from «-diketones and tosylhydrazine ®**-%, 
Semicarbazide and thiosemicarbazide are also widely used as 

‘carbonyl reagents’. The semicarbazones are generally easier to 

hydrolyse than the corresponding oximes or hydrazones. As with the 

formation of oximes, there is an optimal pH for the formation of 
semicarbazones }3:51.94,95, 

The formation of semicarbazones from ketones and semicarbazide 

is catalysed by aniline®®, Here, the mechanism is different from the 

normal general acid-catalysed formation of semicarbazones. First, an 
anil is formed which is then interchanged with the semicarbazide. 

| 
(1) RgCO + PhNHg =——> RaC=NPh + H,O 

fi 
(2) RegC==NPh + NH2gNHCONH,: — ReC=NNHCONHg + PhNHa 

The rate of the attack of semicarbazide on Schiff bases is faster by 
several orders of magnitude than on the free carbonyl; the reason is 
probably the much higher basicity of azomethines in comparison with 
their parent carbonyl compounds. 

Osazones and related compounds. Since the first isolation of sugar 
osazones by Fischer®’, their structure and the mechanism of their 
formation has intrigued many chemists. 

Osazones may be prepared by the action of an excess of a substi- 
tuted hydrazine on an a-diketone, but in most cases they are prepared 
from a-hydroxy, a-halo, a-methoxy, a-acetoxy or a-dimethylamino 
ketones. 

The reaction of aryl hydrazine with e-hydroxy ketones or aldehydes 
(including sugars) may lead to either an aryl hydrazone or to an 
osazone, or to a mixture of both. The results depend upon the ex- 
perimental conditions, on the relative amounts of the reactants, and 
on the structure of both the hydrazine and the carbonyl compound. 
Usually, in the presence of strong acids, hydrazones are obtained 9°19, 
In mild acidic media, such as acetic acid, both osazones and hydra- 
zones might be obtained. In acetic acid—water mixtures, the higher the 
concentration of HOAc, the higher is the proportion of osazone to 
hydrazone*°*. Hydrazones are also formed in neutral aqueous or 
alcoholic solutions ®:?°°, In alcohols or in water, substituted phenyl- 
hydrazines give hydrazones with both aldoses and ketoses when the 
substituent is an electron-attracting group (nitro, carboxy, carbo- 
ethoxy, bromo), whereas when the substituent is an electron- 



2. Methods of Formation of the Carbon-Nitrogen Double Bond 75 

repelling group (methyl, methoxy), hydrazones are obtained only 
from aldoses and not from ketoses. Phenylhydrazine reacts with both 
types 10%, 

«-Halo ketones, too, may give with hydrazines either hydrazones or 
osazones, or both, depending on the structure of the halo ketone and 
the hydrazine and on the experimental conditions. Brady’s reagent (an 
aqueous methanolic solution of 2,4-dinitrophenylhydrazine containing 
H,SO,) gives with some halo ketones?°? osazones, whereas with others, 
a-halo hydrazones are obtained’®:®°, The a-halogen in these hydra- 
zones is very labile, and gives in methanol a-methoxy hydrazones }°?-18, 
and in acetic acid «-acetoxy hydrazones}. «,8-Unsaturated hydra- 
zones may be formed by elimination?°%, An excess of DNP transforms 
them all to osazones. The best procedure to obtain hydrazones is 
therefore to carry out the reaction in a concentrated mineral acid 
(e.g. 12n hydrochloric acid) °°. 

Chloral?°* and dichloroacetaldehyde?® also gives osazones with 
aryl hydrazines, as do a-methoxy ketones*®® and «-dimethylamino 
ketones. 

a-Halo ketones give glyoximes with hydroxylamine in a similar 
reaction 1°; 

RCOCHXR’ + NH2zOH ——> RC=NOH 

RC=NOH 

Alkylamines give with «-bromo ketones «-hydroxy imines”°, while 

fluorinated ketones give only additions to the C—O bond to form 

amino alcohols without the formation of a C=N bond??°. 

The problem of the structure of the osazones was reviewe 

The currently accepted structure of the osazones was first proposed by 

Fieser and Fieser?1* and was later proved by chemical, spectral 

(uv. and n.m.r.), polarographic methods*’*-*?4 and by x-ray 

analysis1!5 to be a ‘quasi-aromatic’ system: 

d 111,112 

H Ph ~y 

N. 
Hoe SH 

\ it 

H ASA, 
ior Ph 

OH 

This structure explains why, in the osazonization of sugars by phenyl- 

hydrazine, the oxidation of the hydroxy groups of the sugar is confined 

to only one hydroxy group adjacent to the carbonyl. Indeed, in the 
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reaction of sugars with N-methyl-N-phenylhydrazine, where no 
chelation and formation of the ‘quasi-aromatic’ system is possible, all 
the primary and secondary hydroxyl groups are oxidized and con- 
verted to hydrazones, and alkazones are formed?*?®: 

CHO CH,OH CH=NN(CH,)Ph 

HOH), or bo + NH,N(CHz)Ph ——> [C=NN(CH,)Ph]q 

H,OH (CHOH)q-1 H—NN(CH,)Ph 

H,OH 

The ‘quasi-aromatic’ structure explains also the differences in 
spectra and in chemical properties between sugar and non-sugar 
osazones*!?; The Cg, hydroxy group which is absent in the non- 
sugar osazones stabilizes the ‘quasi-aromatic’ ring formation. 
An intriguing problem in the osazone formation is the mechanism 

of the oxidation of the hydroxy groups by the aryl hydrazine. Aryl 
hydrazines are known to oxidize primary or secondary alcohols 
containing at least one aromatic or ethylenic substituent to give 
aldehydes or ketones, isolable as their hydrazones!!7. A mechanism 
similar to the one proposed for the oxidation, i.e. 

x Sov FES 
a oe co SNH, “ 

CHOH + ArNHNH, — > | y~ | | —— C=O + NH,* + NH,Ar o v 7 Y On. .-NHAr Y 

was also proposed for the formation of osazones11®, and the only 
difference is the substitution of the hydroxyl by an aryl hydrazine 
group prior to the oxidation step: 

eer Xe 

CHOH + ArNHNH, ——~> CHNHNHAr 
va va 

Y i 

x = “H eats 

Wy + Cais 
/HNHNHAr + ArNHNH,; —— ur | iS ———> 

y ArNHN... ~NHAr Hy 

a y 7S NNHAr + NH,* + NHaAr 

This mechanism explains why the reaction is acid catalysed, and why 
the formation of osazones is favoured with phenylhydrazines with 
electron-attracting substituents+!®, an effect which is opposite to the 
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substituent effect in the formation of hydrazones. However, «-hydroxy 
ketones and related compounds may be converted to osazones through 
other mechanisms, one involving unsaturated azo intermediates of the 
type C—C—N—NAr?!°:120, which were isolated in some cases 12°, 

x x 

y+ NH,NHAr —)<X ee r¥YX 

O NNHAr NNHAr 

| 
aie N—=NAr N=NHAr 

3. Other amino groups 

Aldehydes and ketones react normally with the following types of 
amino compounds: 

Carbamates, NH,NHCOOR??!, aminoguanidine!2?, sulphen- 
amides *?°, nitramine+?*, chloramine 125, phosphinic acid hydrazides 12° 
and triazane derivatives12’, 
Very few cases of condensations of carbonyl groups with amidic 

amino groups are reported. Urea reacts with benzoin to give a gly- 
oxalone derivative 12°, 

HOAc PhCOCHOHPh + CO(NH,). OS Ph—>——-Ph 
NO UNH 
Za 
O 

Sulphonamides react with aldehydes under the influence of Lewis 
acids (ZnCl, or AICI,) 12°. 

ArSOgNH2 + RCHO ——> ArSO,N=CHR 

An interesting reaction between an amidic NH, group and’ an 
amidic carbonyl group was reported. Ureas condense with dimethyl- 
formamide in the presence of various acy] chlorides**°. 

RNHCONH; + HCON(CH,)2 eser> RNHCON=CHN(CHo)2HC! 

C. Reactions of Amino Groups with Amidic, Esteric and Related 

Carbonyl Groups 

The amidic carbonyl group does not react normally with amines. 
Very few cases are reported of the reaction of hydroxylamine with 
amides to give amidoximes, e.g. 
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N C—NH H XM a cra 

Ph~ ~o~ NOH NOH 
(ref. 131) (ref. 132) 

However, thioamides are much more reactive, and aromatic thio- 
amides !8%, thioureides1**, thiolactams!*° or thiourethanes**° may be 
condensed with amines1°’, ammonia}*6, hydroxylamine***:’%* or 
hydrazine?®°, 

One case is reported of a reaction of benzoyl chloride with an 
amine?*s 

HS, SH , ‘ 
Phceech. =~ ICL : si le 

HN NH, Ph oN 4 oP 

Substituted amides are condensed in three steps with amines, with 
POC], as a condensing agent?*9: 

O ©POGEI, NHR” 

| + Nee ees 
RCNR’R” + POCIz ———> RC==NR’R” C]- ———> RC=NR’R’ Cl Sat 

ee 
oe RONRR” 

Similarly, amines react with the product formed from N, N-disubsti- 
tuted amides and aryl sulphonyl chlorides, with the formation of 
amidinium salts 14°: 

HCONMe, + ArSO,Cl ——> Me,N=CHOSO,Arci- SNH2, 
RNHCH=NMe, ArSO37 

Hydrazones react with similar amide-sulphony] products to give amide 

hydrazones **?; 
R” R*? 

| | 
RR’C=NNHz + ArSO,OC=NR"”, Cl- ——> RR’C=NNHC—NR”, ——> 

SO.R 
RR’C=NNHCR’=NR"s ArSO3- > RR’C=NN=CR’NR”, 

D. Other Carbonyl—Amino Condensations 

N,N-Bis(trimethylsilyl)amines react with ketones, and new C= 
bonds are formed by the elimination of trimethylsilyl groups: 

‘ : ” ZnCl ‘ ” RR’CO + (MesSi)2NR Srznca? RR’C=NR (ref. 142) 

R2CO + (Me3Si)2NNa ——> R,C=NSiMe, (ref. 143) 
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E. The Mechanism of the Carbonyl-Amino Condensation 

The mechanism was discussed in detail in another volume of this 
series 1%, It is a two-step mechanism, consisting of an initial addition of 
the amine to the carbonyl to form a carbinolamine, followed by 
dehydration to give the C=N bond. Both steps are specific and general 
acid catalysed. The differences between the various types of amino 
compounds in regard to their condensations with carbonyl groups are 
quantitative rather than qualitative, and stem from differences in the 
relative magnitude of the rate and equilibrium constants of both steps. 
For additional information and for references regarding the mechanism 
the reader is advised to turn to the review mentioned?*. 

F. Reactions of Amino Groups with Potential Carbonyls 

Carbony] derivatives, which are easily transformed to aldehydes and 
ketones, condense with amino compounds sometimes even more 
readily and in better yield than the parent carbonyl compounds 
themselves. 

I. Hydrates, acetates, ketals and other esters 

gem-Dihydroxy compounds?** and their acetates**® react with 
amino groups as readily as their parent carbonyls. 

Acetals and ketals react with amino groups**® either on refluxing 

in a solvent or on removal of the alcohol formed in the reaction by 

distillation. The reaction has a marked advantage when the parent 

carbonyl compounds are unstable. N-Benzalsulphonamides can be 

prepared from benzaldehyde acetals by distillation of the alcohol as it 

is formed ?4". 
N-Alkylhydroxylamines give with ketals the corresponding nitrones 

smoothly ®°, Benzohydroxamic acid reacts with benzaldehyde acetal 

on heating in vacuo and benzaldoxime is formed ***. It is assumed that 

first the nitrone N-benzoylbenzaldoxime is formed, which then acts 

as a benzoylating agent towards another molecule of benzohydroxamic 

acid: 

PhCONHOH + PhCH(CEt)2 ——> [PhCON(O)=CHPH] eee 
? PhCH==NOH + PhCONHOCOPh 

By using the hydrochloride of the hydroxamic acid, a rearrangement of 

the nitrone takes place: 

PhCONHOH-HCI + PhCH(OEt)2 > PhCON(O)=CHPh ——> PhCOON=CHPh 
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Under the same conditions, benzophenone ketal gives a cyclic product 

with benzohydroxamic acid: 

O—N 
Le 

PhCONHOH + Ph2C(OCEt)2 ———> PheC 

O—C—Ph 

Thioacetals and disulphides behave like acetals**®, e.g. 

RCH,SSCHR + NH,NH, ——> 2 RCH=NNH, 

Ortho esters react like acetals with ammonia’°°, amino com- 
pounds1!51, and sulphonamides1®?, and imidoates are formed. An 
excess of the amino component causes the substitution of the OR 
group, and amidines are formed?°?: 

PhNHg + CH(OEt)s ——> PhN=CHOEt 72> phN=CHNHPh 

Urea and N-alkylureas react with ortho formates?®: 

2 RNHCONH, + HC(OEt)s ——> RNHCON=CHNHCONHR 

In the presence of acetic anhydride, only imidoates of the type 
RNHCON=CHOEt are formed ?**. 

Ethyl orthocarbonate reacts similarly with sulphonamides?°°: 

TsNHa + C(OEt), eee" > TsN=C(OEt)s 

2. Enols, enol ethers and phenols 

Enolic forms of aldehydes or ketones (e.g. «,8-diketones) react with 
amino compounds like normal carbonyls’°®. Enol ethers (vinyl 
ethers) require acid catalysts'®’, probably to hydrolyse the ether 
prior to condensation: 

BFs—EtgO 
os RCH=CHOCH, + NH.2OH-HC! RCH2zCH=NOH 

Certain phenols, especially polycyclic ones, behave like their keto 
tautomers and give with aryl hydrazines the corresponding aryl 
hydrazones, which can be transformed by the route of the Fischer 
indole synthesis into substituted carbazoles+®°, e.g. 

OH NNHPh cS 

Y Nee ~ bonny i 
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3. gem-Dihalides 

Azomethines are formed from gem-dichloro or dibromo compounds 
and amino compounds, usually in an excess of the amine. The re- 
action has found special uses in cases when the reaction with the parent 
carbonyl compound is sluggish, e.g. with diaryl ketones 1°°-1®°, Ketones 
give usually only the anti isomer, whereas from gem-dihalides, both syn 
and anti isomers may be obtained ?*:16°, 

Isocyanide dichlorides (iminophosgenes) behave like other di- 
chlorides towards amines, and give carbodiimides by their reaction 
under nitrogen ?®: 

RNHg*HCl + ArN=CCl, —7—> RN=C=NAr 

N-Arylidenesulphonamides are obtained from benzal chloride1®, 
benzotrichloride?®* or benzophenone dichloride *®* and aryl sulphon- 
amides. 

Diiodomethane reacts with secondary amines to give methylene- 
immonium iodides?*: 

+ 

CH,l, + HN Kay 4 Ne=CH. I~ 

G. The Interchange of Existing C—N Bonds 

I. With amino compounds 

In these reactions, the formation of a new C==N bond depends on 

the equilibrium 

RagC=—NR’ + R’NH2 === ReC=NR’ + R’NH2 (2) 

Equilibrium constants for the displacement of substituted benzal- 

anilines by aryl amines were measured and compared. ‘Relative 

displacement abilities’ of a number of amines were obtained by 

comparison with that of sulphanilamide, which was taken as one. The 

following values are given: p-anisidine, 30-38; aniline, 14-15; 

m-nitroaniline, 1-15; sulphanilamide, 1-0; p-nitroaniline, 0:36. The 

equilibrium was found to be governed by the empirical equation 

alog Koy + blogwt+c=0 

where w is the displacement ability of the amine and Koz its ionization 

constant. 

Thus hydroxylamine, hydrazines or semicarbazide give good yields 

of oximes, hydrazones or semicarbazones, respectively, by reacting 
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with anils®%165, Hydrazones are similarly formed from oximes 
and hydrazines16¢, Removal of one of the components of the equi- 
librium will shift the reaction into completion in favour of one 
product. Hence, most C=N compounds can be easily obtained from 
ketimines by their reaction with amino compounds, when NHg is 
eliminated by heating 197-167-168, The last method is especially useful 
for the preparation of azomethines of sterically hindered ketones which 
cannot be prepared directly from the parent ketone®®. 

The conversion of hydrazones to azines by the effect of acid cata- 
lysts can be regarded as a displacement reaction which follows the 
mechanism 7° 

Ht ReC=NNH: 
RaC=NNH, === R,C—NHNH, Bacay — 

+NH,N=CR, 
—NH2NHe2 —H+ 

RaC—NH,NH, === R,C+ == * R,C=NN=CR, 
| 
NHN=CR, NHN=CR, 

The reverse path describes the also-known conversion of an azine to 
a hydrazone by an excess of hydrazine™?:73, 

Nitrones also yield azomethines with a variety of amino com- 
pounds *®°, On the other hand, nitrones are formed by the interchange 
of an imine with N-substituted hydroxylamine”. 

Phenylhydrazones with difluoramine yield N-fluoroimines through 
a mechanism which involves a cyclic intermediate1”°: 

Fie 

ne HC N-©NHPh 
(CHs)gC=NNHPh + HNF, ——> ° Sy ore ae Bi WA 

HG) “NF x 

: F 
+ es 

—— (CH,)2C—=NF + [PRNH=N ——> PhH + N,] 

2. With carbonyl compounds 

The formation of a new C—=N bond by this interchange reaction is 
reported with acetone or 2-butanone imines!7!, hydrazones172 and 
selenocarbazones*’®, which react with aldehydes or ketones: 

(CH,)aC—=NR + R{CO ——> (CH,).CO + R{C=NR 

The acetone or 2-butanone is removed by distillation. 
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The main application of the reaction is the generation of ketones 
from their oximes, which are usually quite stable to hydrolysis, by the 
reaction of the oximes with formaldehyde®!:53174, The initially 
formed methylenehydroxylamine is unstable and is immediately de- 
composed to ammonia and formic acid. 

RgC=NOH + HCHO ——> R,C=O + [CHa=NOH —22> HCOOH + NHg] 

H. Azomethines by the Cleavage of C—C Bonds with Amines 
Compounds containing carbon-carbon double bonds activated by 

strong electron-attracting groups react with amino compounds to give 
azomethines 175.176; 

RCH=CX, + R’NH, ——> RCH=NP’ + CH2X2 

An intermediate addition product of the type RCH(NHR’)CHX, 
was isolated in the reaction of benzalacetylacetone with aniline. 

Secondary amines might also displace the active methylene com- 
ponent to form an immonium salt?#?: 

(CH,),C-—=CHCOCH, + HN }Hc10, <> (CH), Con | Co. 

Styrene derivatives undergo hydrazinolysis with hydrazine in the 
presence of sodium hydrazide, and hydrazones are formed?*": 

PhCH=CHR + NH NH, S2NENHS. paCH, + RCH=NNH, 

Under similar experimental conditions, hydrazones are formed from 
B-halo-«-phenylalkanes, probably by elimination to yield an alkene 
with subsequent hydrazinolysis of the latter+7®. 

lll. NITROSO-METHYLENE CONDENSATIONS 

Aromatic nitroso compounds react with active methylene groups to 
form anils. The condensation, known as the ‘Ehrlich—Sachs re- 
action’?79, is catalysed by bases such as sodium hydroxide, potassium 
carbonate and piperidine. The reaction is often accompanied by the 
formation of nitrones as by-products. Both products probably emerge 
from a common aldol-type intermediate, which either loses water to 
form the anil or undergoes dehydrogenation yielding, the nitrone?®°, 

ath0,  ArN=CXY 
ArNO + CH,XY ——> monn oO 

a> ArN=CXY 

4+.C.N.D.B. 
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The oxidative side reactions are mainly ascribed to the unreacted 

nitroso compound, which is thereby reduced to the corresponding 

amine or azoxy compound?*?, 

O Oo 
t t 

ArN(QH)CHXY + 2 ArNO ——> ArN=CXY + ArN=NAr 

Examples of methylene compounds which condense with aromatic 

nitroso compounds to give anil or nitrone or a mixture of both are 

benzyl cyanides1®2, malonic esters*®*, a-methylene ketones 184° fluo- 

renes!85 and cyclopentadienes+®°. Bis-methylene compounds such as 

tetralones may form dianils*®’: 

OCHs3 

os P-ONCsH,N(CHs)2 

H.C 
O ee CH3O = NCgHgN(CHg)2 

H3C NCgHsN(CH,)2 
O 

Compounds possessing reactive methyl groups, such as 2,4-dinitro- 
toluene and 9-methylacridine (the latter also under acid catalysis*®*), 
may react similarly with aromatic nitroso compounds, yielding anils 
and/or nitrones. The aldonitrones formed in such cases may be trans- 
formed to the isomeric anilides189:19°, 

The anil-nitrone product ratio in these condensations seems to be 
affected by a variety of factors, including reaction medium, catalyst, 
time and temperature, and no satisfactory generalization can be 
reached. Thus, in the reaction of p-dimethylaminonitrosobenzene with 
aryl acetonitriles, weak bases such as piperidine and low reaction 
temperatures favoured nitrone formation ?*, whereas sodium hydroxide 
or anhydrous potassium carbonate and high temperatures yielded 
mainly an anil?®?192. On the other hand, in the condensation of 2,4- 
dinitrotoluene with o-nitrosotoluene, piperidine favoured anil forma- 
tion, while sodium carbonate lead to the formation of a nitrone. In 
some condensations, the absence of water was found to increase anil 
formation up to 99% 1°". Prolonged reaction time was shown to in- 
crease nitrone—anil ratio in the reaction of 2,4-dinitrotoluene and 
p-dimethylaminonitrosobenzene. With 9-methylacridine, the anil- 
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nitrone product ratio varied with the nature of the substituents on the 
aromatic nitroso compound?®%, Using an excess of the nitroso com- 
pound increases nitrone formation?®®-1%1, Air oxidation is probably 
also a contributing factor in the formation of nitrone. It has been 
suggested 1°* (admittedly without strong basis) that aliphatic active 
methylene compounds tend to produce predominantly anils, whereas 
activated toluenes are more likely to give nitrones. 

Methylene compounds activated by a quaternary pyridinium group 
react with aromatic nitroso compounds, to yield solely nitrones. The 
pyridinium group is expelled in the process. The reaction, known as 
the Kréhnke reaction, was reviewed by Kréhnke in 1953 and 19631°%°, 
Formation of nitrones in this reaction is not due to oxidation, but to an 
intramolecular step in which the lone electron pair on the nitrogen of 
the aldol-type intermediate displaces the pyridine from the neigh- 
bouring carbon: 

fj ~ fn 
RCH,—N \ x es ReH Ny anno, 

Vi RCH 
ee \ —-> t+ NC) 

4 eae O<NAr 

Pyridine can also be displaced from the intermediate hydroxylamine 

derivative by nucleophiles. Thus the treatment of benzylpyridinium 

halide with p-nitrosodimethylaniline1®* or with nitrosophenolates*°’ 

followed by aqueous potassium cyanide gives high yields of a- 

cyanoanils. 

fj 
ArCH,—N \ Br- + on(C) nec “KOM. 

oo ArC(CN)==N N(CHg). + N + KBr 

However, these «-cyanoanils are prepared more simply and con- 

veniently from the appropriate aryl acetonitriles*°°:*°. 

IV. FORMATION OF OXIMES VIA C-NITROSATIONS 

Compounds containing an active methylene or methyl group are 

readily nitrosated by a variety of nitrosating agents. The initially 
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formed C-nitroso intermediates undergo usually a rapid prototropic 

isomerization to oximes: 

RCH2R’ ——> RCH(NO)R’ ——> RCR’=NOH 

The nitrosation requires the presence of an electron-attracting group 

on the atom adjacent to the one being nitrosated. Nitrosation is 

usually carried out with nitrous acid or one of its esters. Excess nitro- 

sating agent has to be avoided since it reacts with the oximino com- 

pound, e.g. 

RR’C==NOH + EtONO ——> RR’C=O + N20 + EtOH 

C-Nitrosation has been reviewed, covering the literature until 

1959". ". 

A. Nitrosation of Primary and Secondary Carbons 

The ketonic carbonyl strongly activates an adjacent carbon for 
nitrosation. In methyl alkyl ketones the methylene group is nitrosated 
in preference to the methyl group?”?: 

RCH,COCH; + MeONO <> RCCOCH, 
I 
NOH 

With identical methylene groups on both sides of the ketone, such as in 
symmetrical alicyclic ketones, «,a’-dioximino compounds may be 
formed ?°?:293, Chloro ketones such as chloroacetone?°* and phenacyl 
chloride?® are readily nitrosated to the corresponding hydroxamic 
acid chlorides, whereas oximation of «-bromo ketones is reported to 
occur preferentially at methylene groups not containing Br2°, 

CHsCOCH,.Cl ——-> CH,;COCCI=NOH 
PhCH,zCOCH 2Br ——-> PhCCOCH,Br 

NOH 

If a carboxyl group is situated on an atom adjacent to the active 
methylene, very ready decarboxylation follows the nitrosation. A 
cyclic mechanism, anologous to that attributed to decarboxylation of 
B,y-unsaturated carboxylic acids, has been postulated for the nitro- 
sative decarboxylation ?°’. 

O=N 
a) HO—N 

H CR, -—— \ co = 2 CR, + 2 

O 
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A single alkoxycarbonyl group does not activate an adjacent 
methylene group for nitrosation. When an additional activating group 
is present, as in arylacetic esters, B-keto esters, malonic esters and cyano- 
acetic esters, oximation occurs readily?°°, Oximation of aliphatic 
mononitriles has not been reported, but glutamic and adipic nitriles, 
in which a methylene is situated in «-position to a single cyano 
group, have been oximated in quantitative yields?°°. 

Primary nitroalkanes are nitrosated to nitrolic acids. The reaction is 
usually carried out by treating the nitronate salt with acidified alkali 
nitrite 2°? or with N,O, 2?°. 

RCHNO,Na + NaNO, —=24> RC(NO,)—=NOH 

Hydrocarbons possessing a methylene group of pronounced re- 
activity such as cyclopentadiene 2"! and fluorene?1? can undergo base- 
catalysed nitrosation. Relatively inactive compounds such as alkyl 
benzenes and alkyl pyridines can be nitrosated if a sufficiently strong 
base, e.g. alkali amide in liquid ammonia, is used as catalyst??°. 
Under such conditions various alkyl heteroaromatics, e.g. methyl 
pyrimidine?!* and pyridazine-N-oxides?!*, have been oximated. 

B. Nitrosation at Tertiary Carbons 

While compounds containing a nitroso group on a tertiary carbon 
are relatively stable (usually as dimers), nitrosation of active methine 
groups carring two electron-attracting groups may lead to C—C bond 
cleavage. Thus nitrosation of «substituted B-keto esters results in the 

formation of «-oximino esters?°°. 

RCOCH(R’))COOR” ——> Met: 

NOH 

c-Substituted B-keto lactones behave similarly?1®, The cleavage is 

catalysed by bases or by acids. 

Eto NLO OFt N—O7 

OFt- ge ditucoor’ eS Re + Ecoor” 

9 of ny 
RC—C—COOR” 

| on OH N—OH 
O R’ ie fl | E 

ee Rak le COOR <i + peere 

O R Oo R’ 
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a-Substituted B-keto acids, like unsubstituted ones, undergo 
decarboxylation rather than deacylation. Decarboxylation also takes 
place upon nitrosation of alkylmalonic and cyanoacetic esters?°°. o- 
Substituted B-diketones are converted to «-oximino ketones??”. 

Nitrosations of aliphatic carbons carrying diazo groups are ac- 
companied by the loss of nitrogen. Thus diazo ketones react with 
nitrous acid or with nitrosyl chloride to give the corresponding 
hydroxamic acid or its chloride, respectively 778: 

NOH 

BE RCOG—OH 

RCOCHN, 

C. Nitrosation at Aliphatic Unsaturated Carbon 

Few cases have been recorded in which compounds were nitrosated 
at unsaturated carbons to give oximes. These include nitrosation of 
hydrazones to give azo oximes (nitrosazones) 21° and the nitrosation of 
an enamine to an «-imino oxime 2?°: 

RONO 
ArNHN=CHR "NaOEt > ArN=NCR=NOH 

io" 
N CHCOOEEt N CCOOEt 

or a i-AmONO Or a 
CCIsCOOH” 

or, 9 Oo “Oo 

D. The Mechanism of the C-Nitrosation 

Nitrosation agents may be represented as X—NO (X=OH, OR, 
NOg, halogen, etc.) where X functions as a carrier of a potential 
nitrosonium ion, NO* ?°7-221, Under basic catalysis, the carbanion 
formed from the active methylene compound attacks the nitrogen of 
the nitroso group, and a C-nitroso compound is formed: 

“S) Z.! 
RCH" * N=O ——> R,CHNO + X- 
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The acid-catalysed nitrosation has been envisioned222 as an 
electrophilic attack of a nitrosonium ion or of its carrier on the enolic 
form of the active methylene compound: 

oO OH eo 

RCH, UR RCH OR RCH he 
+ 

NO NO 

This mechanism would require the rate of the nitrosation and the 
rate of the enolization under equal conditions to be the same. Since 
this has not been experimentally observed, it was suggested that the 
nitrosonium electrophile initially attacks the carbonyl oxygen of the 
keto form 223; 

O—NO O NO 

slow fast ie 
NO* + RCOCHsR’ ——“> R—C—CH,R’ ——> p—l_dur’ ——> etc, 

E. Free-Radical Nitrosations 

Non-activated aliphatic saturated hydrocarbons undergo photo- 
chemical nitrosation to give oximes in high yields?2+. The reaction is 
carried out by the irradiation (at 325-600 my) of the hydrocarbon in 
the presence of nitrosyl chloride and HCl or of nitrogen monoxide, 
chlorine and HCl. NOCI or Cl, generate free chlorine radicals, which 
in turn initiate the formation of hydrocarbon radicals. The latter 
subsequently react with NO and C-nitroso derivatives are formed: 

Nod] —2—> No +.cr 
eo 

Cl’ + RH ——> R' + HCI 
R''+ NO ———» R—NO 

The HCl formed catalyses the isomerization of the nitrosoalkane to 
the corresponding oxime. Owing to the lack of specificity, the reaction 
has been largely limited to cycloalkanes, such as cyclohexane. The 
photo-nitrosation of the latter to cyclohexanone oxime has found 
important industrial application in the production of caprolactam, 
monomer of Nylon 622°. 

Nitrosation of hydrocarbons in the presence of nitrogen monoxide, 

using high energy y-rays, has also been achieved °°. In this case the 

hydrocarbon free radical is formed directly by the irradiation. 
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F. Transnitrosations 

Active methylene compounds have been oximated without catalysis 

by aromatic N-nitrosamines *°°: 

x * 
CH, + PhaNNO ——> a + PhaNH 

The effect of various p-substituents in the phenyl rings of Ph,NNO 

on the yield of the reaction ?2” support the assumption that the N—N 

bond cleavage depends on the electron attraction of the phenyl 

groups. Aliphatic N-nitrosamines, in which the N—N bond is 
strengthened by electron donation from the alkyl groups, require acid 
catalysis for the transnitrosation reaction ?®®. 

Under the simultaneous influence of light and an acid, N-nitro- 
samines may undergo intramolecular transnitrosation to yield 
amidoximes??8 29 ; 

RCH,N(NO)R’ <-> RCNHR’ 
| 
NOH 

For example, WN,N-dibenzylnitrosamine photo-isomerizes to the 
corresponding amidoxime in 90% yield. A suggested mechanism in- 
volves photo-elimination of the species N—OH from the hydrogen- 
bonded, 1:1 complex of the N-nitrosamine and the acid, followed by 
its addition to the resulting imine. When a methine group is present 
adjacent to the amino nitrogen, the imine is the final product of the 
elimination ??°; 

RR’CHN(NO)R” <> RR’C=NR” 

In the presence of an olefin, photo-addition of the N-nitrosamine to 
the carbon-carbon double bond takes place in high yield, the dialkyl- 
amino group being attached to the less substituted carbon atom 2°°; 

RCHg=CH, + R’R’NNO ae RCCHNR’R” 

NOH 

By a similar reaction, 10-substituted anthrone oximes were prepared 231, 

Re 

OOO: + OOO 
R 

NOH 
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In unsymmetrically substituted olefins, in which the intermediary 
tertiary nitroso compound cannot tautomerize to an oxime, the 
reaction results in a carbon-carbon bond fission 2*!: 

RaCo-CRs ; 
RC 38+ CR, 

RsC=CR; + R’NNO 42> N Nr” — “Tl ll Bg NOH +NRz 

V. DIAZONIUM SALT—-METHYLENE CONDENSATIONS 

Aliphatic compounds containing an activated methylene group 
couple with diazonium salts to form aryl hydrazones ?%?:233, The 
reaction is regarded as an electrophilic attack of the diazonium ion on 
the carbanion derived from the methylene compound, forming an 
unstable azo compound which spontaneously tautomerizes to a 
hydrazone: 

x an or 
- 4 

Ar—N=N+ + CH = ——> | Ar—N=N—CH ——> Ar—NH—N=C 
i ae 

Y Y ¥ 

The reaction is usually carried out in cold aqueous solutions buffered 
with sodium acetate, but the pH of the medium can be lowered for 
strongly activated methylene compounds. The activating effect of the 
substituents (X and Y) for the coupling can be arranged according to 
Hiinig and Boes?** in the decreasing order: 

—NO, > —CHO > —COCH,; > —CN > —CO,Et 

>—CONH, > —COOH > —SO,CH,; > —SOCH, > —C,H; 

Thus, for example, the reactivity of various 8-dicarbonyl compounds 

towards ferrocenyl diazonium salts was found to be?*°: 

CH,COCH,COCH, > CH,COCH,CO,Et 
~ CH,COCH,CONHPh > CH,(CO,Et), 

Other activating groups are the tertiary sulphonium and quaternary 

pyridinium ions, and heterocyclic residues such as 2-pyridyl and 

2-quinolyl. 
Q* 
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When one of the activating groups is a carboxyl, coupling is ac- 
companied by decarboxylation, resembling the ‘nitrosative decar- 
boxylation’: 

CH, pp 

CH,COCH,COOH + ArN? ——> 

CH;COCH=NNHAr + CO, 

Active methyl groups situated at the 2 or 4 position to the ring 
nitrogen of heterocyclic compounds such as a-picoline??® and 9- 
methylacridine 2%" can also couple with a diazonium salt to yield a 
hydrazone. The activity of the methyl group is increased if the 
heteroatom is first quaternarized to the onium salt. 
A methinyl carbon carrying at least two activating groups reacts 

with diazonium salts to form an unstable azo compound, which is 
subsequently transformed to an aryl hydrazone by hydrolytic cleavage 
of one of the electron-attracting groups. 

x Xx x 

ve ke H2O b 
RCH + ArN,* —— > }| R— eae ——> R—C—=N—NHAr + YOH 

Ss 
or Y 

The reaction is known as the Japp—Klingemann reaction, and has 
been reviewed *°?.788, Groups that usually undergo splitting are 
carboxyl, acyl, and alkoxycarbonyl. The scission of the latter probably 
follows a prior saponification. 

Examples: 

RCOCHCOOH + ArN,*+ ——>» ArNHN=CCOR + CO, 

R’ R’ 

RCOCHCO-Et + ArN,+ ——> ArNHN=CCO,Et + RCOOH 

R’ R’ 

a a + ArNg* ——> ArNHN=CCOOEt 

k R 
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In diacylacetic esters, the acyl group corresponding to the weaker 
acid is more readily cleaved. For example?°?: 

la Cre + ArNg* ——> ArNHN=CCOOEt + CHsCOOH 

COPh bop 

Seat ichals + ArNg* ——> ArNHN==CCOOEt + EtCOOH 

COCHs3 OCHs 

The behaviour of various 2-substituted cyclohexanones illustrates 
the tendencies of various activating groups to undergo splitting re- 
lative to that of the ring carbonyl. The reaction can follow two courses, 
either side-chain splitting or a ring opening. With 2-carboxyl and 
2-formyl groups, the side-chain is preferentially cleaved, whereas the 
corresponding ethoxycarbonyl and acetyl residues are more strongly 
bound and consequently the cyclohexanone ring is opened 2°8:24°, 

oO 

COOH NNHAr ‘ 

ts a CO. 

COOEFt NNHAr 

AN EtOCOCCH,CH,CH,CH,COOH 

O 0 
bce NNHAr 

=< + HCOOH 

o 
aes COCH, eae 

/ ArNzt 
= ChiaeOcCh Cod.GH CH COOH 

Phe 

r 

The reaction of benzenediazonium ions with tribenzoylmethane 

was formerly thought to proceed via an O-azo derivative of the enolic 

form (8) 241: 
heat 

(PhCO)3CH + PhN* ——> (PhCO),C=C(Ph)ON=NPh ——> 
(3) (PhCO)C(Ph)N==NPh 

(4) 
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This suggested a general alternative route to diazo coupling of 

B-diketo esters and triketones*?:298, Renewed structural assignments 

of the reaction products have, however, shown?*? that the C-azo 

compound 4 is formed directly as the primary coupling product. It 

can subsequently undergo competing rearrangements to the enol- 

benzoate 5 and the triketone 6. 

oe 

Sena ne Ph 

N==NPh 

(5) 

ee 
P NN siti h 

Ph 
(6) 

The C-azo intermediates of the normal Japp—Klingemann reaction 
have also been isolated in several cases?**~24®, by performing the 
reaction at low temperatures and in weakly acid media. The subse- 
quent hydrolytic cleavage of the C-azo derivative to an aryl hydrazone 
is catalysed by either base or acid. The mechanism is probably anal- 
ogous to that of the cleavage of C-nitroso esters. 

HO N-NAr oH NNHAr 

On + RCLECOOR ——> RG + «00k 

N==NAr On’ O R’ 

RCO=CCOOE: wate 
Hot N-=NAr OH NNHAr 
OR’ i H aoe 

RE oe — RE + COOK 

OR oO R 

Other nucleophilic reagents (like ethanol, phenol and aniline) also 
catalyse the cleavage 2**. 

Primary nitroalkanes couple in their aci-nitro form with diazonium 
salts to give aryl hydrazones of «-nitro aldehydes ?*?; 

RCH,NO, + ArN2* —————o R—C—NO, 

I 
NNHAr 
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The reaction is usually carried out by adding the nitronate salt to 
the weakly acid diazonium solution. With nitromethane the main 
product is a nitro formazane?4”, 

CHsNO, + 2 ArNg*+ ———> ArNHN=C—NO, 

N==NAr 

Secondary nitroalkanes yield stable azo compounds. In the reaction 
of aryl dinitromethanes and diaryl nitromethanes with benzene- 
diazonium ion, migration of a nitro group occurs to give a p-nitro- 
phenylhydrazone ?°?: 

PhCH(NO,)2 + PhNz ——> pro-nn{()) NO, 

NO, 

Diazoalkanes couple with diazonium salts to form an unstable 
azo diazonium ion which rapidly loses nitrogen. In the presence of 
excess chloride anion, the apparently formed azo carbonium ion yields 
an azo chloride which tautomerizes to the hydrazone derivative?*8: 

ArNo* + CHzN, ——> [Ar—N= —=N—CHs—Ns= Mes 
Ar—N=N—CH,] <=> ArN=NCH,Cl ——> ArNH—N=CHCI 

Methanol can also act as a nucleophile to give the methoxy analogue 
ArNHN==CHOCH;. In the absence of such nucleophiles, the 
intermediary carbonium ion rearranges to give a cyanamide which 
may be alkylated by another mole of the diazoalkane. 

NA 
CHeNa 

ea. aap NH ONS > Ar—NH—N ——> 

———> Ar—N—Ca=N 

bi, 
Aryl hydrazones may also be formed by diazonium coupling with 

unsaturated carbon atoms in tertiary enamines and various vinyl 

compounds. These reactions were reviewed 797,799, 

craps ae pecan Sy 

VI. ADDITIONS TO CARBON-CARBON DOUBLE 

OR TRIPLE BONDS 

Simple acetylenes require high temperatures and pressures for their 

reactions with amines. The enamine formed undergoes a tautomeric 

shift to form an azomethine, e.g.?*9 

CH=CH + EtNH, ——> [CH2==CHNHEt] ——> CHsCH=NEt 
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In the cases where aldol-type condensations are possible, the yields are 

only moderate due to the formation of higher amino compounds**?. 

In the presence of mercuric chloride, an aldol-type product can be 

isolated 2°: 

CH=CH + ArNH, 28°2> ArNHCHCHsCH=NAr 
| 
CHsg 

Acetylenes activated with strong electronegative groups add amines 
much more readily 251, and the enamine might undergo a prototropic 
shift to give a C=N bond, e.g.®° 

PhC=CCOPh + CHz30NH, ———> PhC=CHCOPh == dan eclcreat 

NHOCHg NOCHgs 

B-Chloroacetylenes add alkali amides with eliminations of an alkali 
chloride, and unsaturated imines are formed ?°?. 

Activated ethylenes add amines in a reaction accompanied by 
dehydrogenation 7°: 

(CFs)aC—=CHBu + EtNH, —22> (CF,)zCHCBu=NEt 
In the presence of sodium hydroxide, hydrazine adds similarly to 
conjugated dienes, and the hydrazo compound formed undergoes 
dehydrogenation to an azine?**: 

2 CH=C(CH,)C(CH,)=CH, + NM NEg 
(CHs)gC—=C(CHg) CH=NN=CHC(CH,)=C(CHs)e 

The reaction of aryl ethylenes with nitroso compounds leads to the 
cleavage of the double bond and to the formation of nitrones?°>:?°°, 
The proposed mechanism involves an addition to the double bond, 
followed by cleavage?®®: 

2 PhCH=CH. + 2 PhNO ——> Ph—CH——CH, ——>» Ph—CH 
| | 

Ph—N N—Ph Ph—N(O) 

CH, 

N(©)Ph ——> PhNHCHO 

Acetylenes add two molecules of nitroso compounds to form 
dinitrones 25" ; 

PhC=CPh + 2 PANO ——> PhN(O)=C(Ph)C(Ph)—=N(O)Ph 
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Aromatic nitro compounds undergo a photochemical reaction with 
acetylenes to form anils, which then might react further 2°8, 

PhNO, + PhC=CPh —“-> [PhNO + PhgC=C—O] ——> 
PON fk COS ipa CN —Ph 

ph,¢—t—0 

The additions of nitrosyl chloride and related nitrosyl compounds to 
olefins or to acetylenes at low temperatures give nitroso compounds, 
which, depending on their structure, may dimerize or undergo a 
prototropic shift to give an oxime?°?-?6°, At higher temperatures, 
oxidation and chlorination may take place. 

Azides add to double bonds activated by aromatic systems?®, by 
ether groups (vinyl ethers) 26? or by amino groups (enamines) 7°, 
forming a triazole ring, which loses nitrogen spontaneously or by 
heating to form an azomethine: 

NA 

O O 

+ PhN, ——> ear | iM 
NR, 

Nh 

N==N 

«-Azidoethylenes undergo on heating or by irradiation an internal 

cycloaddition with elimination of nitrogen, and azirenes are formed, 

sometimes together with ketenimines, their rearrangement products, 

ee. 

nt mali Phyqua (ref. 264) 

No 

CF,CF=CF, —2-> CF,CF=CFN, oo FCA y-F (ref. 265) 
N 

CH,C=CRCOOEt pH HCE —COaEt + CHN=C=CRCOOE (ref. 266) 
Xi N 

3 
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Nitrogen fluoride adds to double bonds, and in a basic solvent the 

addition product loses HF to form either an imino nitrile or a diimine: 

NFs NF 

RCMa=cHy ees, RCH—CHNF, oS rl_en (ref. 267) 

PhCH=CHPh -N2> PhCH—CHPh —2~> PhC—CPh (ref. 268) 

NF, NFo NF NE 

Vil. FORMATION OF C=N BONDS THROUGH YLIDS 

A. With Carbonyl Compounds 

Aldehydes and ketones react with iminophosphoranes to give Schiff 
bases and imines 110.269 271, 

PhgP=NR + R’R7CO ——> R’R’C=NR + PhsPO 
PhgP—=NH + RR’CO ——> RR’C=NH + PhsPO 

Analogously, ketenes give ketenimines?°?:?"1. 
The mechanism of the reaction is of the Wittig type, involving the 

formation of a betaine intermediate?"?: 

RjP==NR’ + RICO ——> toes ——> RsPO + RZC=NR’ 

-O—CR’ 

Instead of iminophosphoranes, phosphoramide anions may be 
wsedi2 12 Tepe 

(EtO),P(O)NHR +> (EtO),P(O)NR ~2> RN=CHR’ + (EtO)2PO.- 

Phosphazines similarly form azines?"*:275; the method is especially 
valuable for the formation of unsymmetrical azines. 

Sulphur ylids, such as thionylaniline +47 -27°-?"7 or sulphur diimides?”® 
also react with aldehydes to form azomethines: 

RN—S=<O 4 CHO, > RN 6-20. <--> BAE-GHR mea 

te 
PhCHO RN=S=NR + PhCHO ——> PhCH=NR + RNSO ———> 2PhCH==NR + SO, 

B. With Diazo Compounds and Azides 

Phosphoranes give azines with diazo compounds?"9:2®°; 

R | ; ; ; 

PhCOCHN, + PhsP—CHR os ee Ae pe —— 

RCH=NN=CHCOPh + PhP 
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Azides give Schiff bases with phosphonium ylids2*!; the triphenyl- 
phosphine whieh is formed in the reaction might give an imino- 
phosphorane with an excess of the azide. 

+ - as 

PhsP—CHPh + PhN3 ——~2> PhgP—CHPh ——> PhP + PhCH—NPh 
| 

-NPh 
(PhsP + PhNs —~2> PhgP—=NPh) 

C. With Isocyanates 

Isocyanates in the presence of catalytic amounts of triphenyl- 
phosphine, -arsine or -stibine oxides react with elimination of CO,, 
and yield carbodiimides?7!-?62.283, The reaction proceeds via the 
formation of an iminophosphorane: 

PhN—C—O 
PhNCO + PhsPO ——> atts b ——=> PhN==PPh; + CO, 

a 
+ 

PhsP—N—Ph 
| — Ph3PO + PhN==C—=NPh 

~O—C=NPh 
Ph3P==NPh + PhNCO ———> 

The relative reactivity of these oxides as catalysts was found to 
be Ph3As > Ph3P > Ph,Sb?8%. Other oxides that catalyse the reac- 
tion are 1-ethyl-3-methyl-3-phospholine-1-oxide?®?:284, 1-ethoxy-2- 
phospholine oxide?®°, J-ethyl- or 1-phenyl-3-phospholine oxide, 
triethylphosphine oxide, and even pyridine oxide and dimethylsul- 
phoxide?®*. No carbodiimides were obtained with catalytic amounts 
of diphenylsulphone, diphenylsulphoxide, trimethylamine oxide or 
4-nitropyridine oxide?®°, 

According to the proposed mechanism, iminophosphoranes also 
give carbodiimides with isocyanates ?°°-?"1, The reaction was used to 
prove the presence of an unstable iminophosphorane by the car- 
bodiimide it forms with an isocyanate?®®: 

ClgP—NCH 
CH3NH,-HCl + PC|. ee 52 3 3 [ClsP—=NCHs] CHgNCO 

| 
CH,tt cl, 

CH3N=C=NCH, 

In another variation of the reaction, CO, reacts with imino- 
phosphoranes to give isocyanates, which then react with excess of the 
iminophosphorane to form carbodiimides 7°:78", 

Phosphoramide anions can also be used with isocyanates to give 
asymmetrical carbodiimides?"?/?78; 

(EtO).P(O)NHR = ane> RN=C=NR’ 
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The formation of carbodiimides by these reactions is discussed in a 
recent review °°, 

Isocyanates react similarly with phosphoranes to form Soret 
mines?°°| ¢.2, 

PhsP—CPh, + PhNCO ——> Ph,C—=C—=NPh + PhgPO 
However, when using phosphonium monoaryl methylide, a proto- 
tropic shift causes the formation of an amide 7°: 

PhaP—CHAr + PhNCO ——> l a l 
-O—C=NPh HO—C—NPh 

PhsP—CArCONHPh 

PhaP—CHAr PhaP—CAr | 

D. With Nitroso Compounds 

The products of the reactions of ylids with nitroso compounds 
depend on the nature of the ylids. Phosphoranes give with nitroso 
compounds azomethines and a phosphine oxide 29° ?9?: 

RR’C==PPhzg + PhNO ——> RR’C=NPh + PhgPO 

Similar results are obtained with phosphazines?°?. On the other hand, 
sulphoranes?°t and arsonanes?°? both give nitrones with nitro- 
sobenzene: 

O 
5 + 

RR’C—SMe, + PhNO ——> RR’C=NPh + S(CH,)2 
O 

= t 
RR’C—AsPhg + PhNO ——> RR’C==NPh + PhaAs 

Both types of products are obtained through the same class of 
betaine intermediate; the anil is formed by a Wittig-type oxygen 
transfer: 

tnee gars — > Z—O + }=N—Ph 
~ Se = 

O—=N—Ph O—N—Ph 
oar + ant ph 

A mechanistic possibility in the formation of the nitrone is an 
intermediate containing an oxazirane ring272.2%; 

o- 

Phac—éMe, + PRNO——>] PheC—N—Ph | ——> 
*SMe., 

O O 

cig ret PhoC N—Ph PhgC==NPh 
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The rearrangement of the oxazirane ring to give a nitrone is well 
known *°9.292; however, no oxazirane derivative has yet been isolated 
from reactions of this type. 

e-Sulphonyl carbanions behave in a very similar manner towards 
nitrosobenzene, giving a nitrone2%: 

SO,Ph SO,Ph 

Ph—-N-O Ph—N->0 

Diazo compounds also behave like ylids towards nitroso compounds, 
giving a nitrone 166.291; 

+ 

ann Phac—N=N] _j, 
PhoC—N==N + PhNO ——> = 

Ph—N—O- 

PhaC 
PhaC 

Oo}; —— || 
Ph—N—O 

Ph—N 

The reaction of pyridinium salts with nitroso compounds in the 
presence of a base, the Krohnke reaction’ (see Section Ht), can be 
regarded as proceeding through the intermediate formation of a 
pyridinium ylid: 

In some cases, a pyridinium ylid could be isolated, e.g. 9-fluorenyl- 

pyridinium 7%: 
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E. Other Reactions of Ylids 

Iminophosphoranes add to the triple bond of dimethyl acetylene 
dicarboxylate?%*.?9” ; 

CCOOCH, PhaP_ CCOOCHs PhsP=CCOOCHs 
PhgP==NAr + || | Il ano 

CCOOCH, Ar—N—CCOOCH, ArN=CCOOCHs, 

The reaction proceeds readily when Ar is phenyl or £-bromopheny] ; 
when Ar contains a strong electron-attracting substituent, the reaction 
does not take place, probably owing to the reduced nucleophilicity of 
the phosphoranes. 
A similar reaction is the addition of phosphazines to dimethyl 

acetylenedicarboxylate 79". 
Dimethyloxosulphonium methylide reacts with 1,3-dipoles to give a 

mixture of products containing the C=N bond. The main products are 
formed by the following scheme, illustrated for benzonitrile oxide 2°, 

2 Sat enn a |. —DMSO PhC=N—O + CH,S(CH,)z ——> | PhC—CH,—S(CH,),| —-=2MSO _, 
| I 2. +CHaS(CHa)a 

n 6 iu 

‘ T_T dom PhC—CH,—CH,—S(CH,), No é 
y | — DMSO O 

| 
oO” eas (30%) 

HON 

Nitrile oxides react with phosphoranes and iminophosphoranes2°° to 
give the 1,3-cycloaddition products, which undergo elimination or 
rearrangement on heating to give ketenimines or carbodiimides, 
respectively. 
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+ = + ~ 
ArC=N—O + CH,—PPh; ——-> Ar—C—N—O hey CHa==C=NAr + PhzPO 

+ = + = 
ArC=N—O + PhN—PPh,; ——> Ar—C—N—O et ArN==C==NPh + Ph3PO 

| 
PhN—— PPh; 

VIII. TAUTOMERIZATION OF AMIDES AND 
THIOAMIDES AND RELATED REACTIONS 

The formation of amidates and thioamidates from amides and 
thioamides was reviewed 2°°, 

A. Alkylation and Acylation 

Alkylation of amides by alkyl halides in the presence of a base 
gives usually N-alkyl amides. However, when dimethyl sulphate is 
used as a methylation agent, O-methyl derivatives may be obtained 
from amides®°!, anilides%°?, ureas®°% or lactams: 

RCONHPR’ + (CH3)2SO04 ——> RC(OCH,)=NR’+HSO,CH, 

N,N-Dialkylamides are similarly alkylated to immonium salts 
with dimethyl sulphate or with trimethyloxonium fluoroborate. 
Alkyl halides, however, may O-alkylate hydroxamic esters?°®-3°”, 
Amides react with ethyl chloroformate to form, after decarboxylation, 
an O-alkylation product ®: 

I = h RCONH, + CICOOEt ——> Ghseesauh = OO, RCOEt 

NH-HCl NH-HCl 

N-Substituted amides of y-halo acids undergo intramolecular 
alkylations®°°. In acidic, neutral or mildly basic media (pH 2-10), 
O-alkylation to a tetrahydrofuran derivative takes place, whereas in 
strongly basic media, pyrrolidone derivatives are formed by N- 
alkylation, together with the product of the O-alkylation, in a ratio of 

nine to one*?°; 

Ph NPh 
CoN 
Y > 10 BECHCH,CONHPh > ° 
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Kinetic data for the above reaction®!® in water suggest an Syl 

mechanism: 

NHPh ~NPh 

[ ee Keg “S: S 

Br Br 

4| ks | 

NPh Ph 
ae CON 

The observed rate constant for the disappearance of the amide, ky, was 
found to obey the following relationship: 

ky = ky + [(ke + kg) Ki/Ky][OH~] 

where K,, was the ion product of water, taken as 10**. 
A related reaction is the intramolecular O-alkylation of N- 

(bromoethyl) amides, catalysed by methoxide ions*1?: 

Ar 

War OCH; O 
ArCONHCH,CH,Br ——> 

Electron-withdrawing groups on the ary! group facilitate the reaction. 
Again an Syi mechanism was proposed: 

O OF 
- | “ 

(1) ArCONHCH,CH.Br [=> Are NICHACH,br —— Are=NCH,CH,Br 

o CH,Br 9 etesane CH, ae . &. O 

(2) ArCs, -CHs slow ArCx, CHa a ne | 

Phosphonate groups may also serve as leaving groups in the reaction, 
e.g. in the cyclization of ArCCONHCH,CH,OPO(OR),°!2. N-(f- 
hydroxyethyl)amides give similar products in the presence of alumin- 
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ium oxide at 300-500°, while N-(y-hydroxypropyl)amides give under 
the same conditions six-membered heterocyclic compounds®?3: 

O 
R 

RCONHCH,CH,CH,OH 2222 a 
300-500° 

Thioamides are much more susceptible to S-alkylations than amides 
to O-alkylations. Alkyl chlorides and bromides give S-alkyl products 
with thioamides***1°, N-alkyl, N-aryl and WN,N-dialkylthioam- 
ides $*9-818, thioureas*!", thiohydroxamates*18, and thiourethanes 22°, 
without a catalyst. Thioureas with ethyl chloroformate, in the presence 
of triethylamine, yield $-carbethoxyisothioureas®?°, which are less 
susceptible towards decarboxylation than their O-analogues, 

S-Arylation of thioureas takes place through their reaction with 
diazonium salts in mildly basic solution 327. 

PhNHCSNHPh + ArNa* ~22*> PhN=C(SAr)NHPh 

Acylation of amides with acyl chlorides in the presence of a strong 
base gives both N- and O-acyl derivatives %??. 

Another method of O-alkylation of amides is the reaction of their 
silver salts with alkyl halides. Amides and anilides give imidoates by 
O-alkylation, whereas N-methylamides show JA-alkylation®?*, y- 
Halopropionamides give an internal O-alkylation with silver fluoro- 
borate ®2*. O-Acylation might also be carried out by the silver salt 
method *?°, 

Diazomethane gives O-methylation with certain amido groups, e.g. 
with hydroxamic acids *° or other amides *?": 

RCONHOH 22> RC(OCH,)=NOCH, 

B. Cyclization of Amides 

N-Acylamino acids, under the influence of acetic anhydride or 
acetyl chloride, undergo cyclization with the elimination of water to 
form azolactones (oxazolones) °?°: 

O 
Sia Ae ane: gh 

NHCOR’ Pe? 
R’ 
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Oxazole derivatives are formed also from keto amides when the pro- 

duct is stabilized by aromatization *”°. 

O O 

oO + MeO; ——= poh CH,OSO3- 

NHCOPh N 

Monoamides of those dicarboxylic acids which are capable of forming 

a cyclic anhydride give with carbodiimides isoimides of the corre- 

sponding anhydride ®9°:9*?: 

COOH 
( N,N’ _N,N‘-dicyclohexylcarbodiimide 

CONHPh 

N-(Hydroxymethyl)amides add to ethylenes to form an oxazine 

derivative **?: 

N 
RCONHCH,OH + R’R’C=CH, ——— > R’ 2 2 of h, 

N-(B-Arylethyl)amides, under the influence of acidic catalysts (P2O;, 
POCI,, PCl;, ZnCl,, AlCl;, SOCI,), undergo cyclization to form a 
dihydroisoquinoline (Bischler—Napieralsky reaction) °°: 

CHz 
“CHa 

UNH H,0 UN 

CO 
| R 
R 

Oximes which are capable of forming by Beckmann rearrangement, 
a suitable amide, also undergo a Bischler—Napieralsky cyclization (i.e. 
PhCH,CH,CR=—NOH. N-arylsulphonyloximes of the same type (e.g. 
PhCH,CH,CR—NOSO.Ph) give the same product on heating only, 
without a catalyst. 
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C. Fixation of Enolic Forms in Thioamides 

Heavy-metal ions form complexes with the enolic forms of thio- 
amides*** or hydroxamic acids**5, The chelating complexation 
stabilizes the enolic form: 

S 
| NR 

=a 

N 

Co 2 eee) SoC + 
ee ONEIR Guns ns : a 

N 
N 

oe 

RN | 
we 

Oxidation of thioamides which affect the sulphur atom may give 
either a disulphide °°: 

NR NR 
F | KaFe(CN)s,OH 

nO 
or lo, H+ 

PhCSNHR 

or a hydroperoxide of the enolic form **’: 

aa 

ArNHCSOAM +222» ArN=COAr’ 

D. Substitution of the Enolic Hydroxyl Group 

Anilides react with PCI, to form imidoy] chlorides in a reaction that 
is the first step in the Sonn and Miller aldehyde synthesis %°*:399, 

RCONHPh —<%> RCCI=NPh 

When R is aliphatic, the chloride is unstable, and decomposes spon- 
taneously**°. Benzohydroxamates**? and hydrazides **? giveanalogously 
imino chlorides: 

PhCONHOEt ——"> PhCCI=NOEt 

PhCONHNHPh —<2> PhCCI=NNHPh 

N,N-Disubstituted amides give with POCI,°°?:34% or with phosgene *** 
an immonium salt in the first step of the Vilsmeyer—-Haack reaction: 

HCON(CHs)2 “2 CICH=N(CH,)2CI- 

NCOEt SSC Nt=CCIEt  Cl- 
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Grignard reagents react with anilides to give anils**°. 

RMgBr + R’CONHPh ——> RR’C=NPh 

IX. ADDITION REACTIONS TO NITRILES, ISONITRILES, 

NITRILE OXIDES AND RELATED COMPOUNDS 

A. Addition to Nitriles 

I. Reduction 

Controlled catalytic hydrogenation of nitriles to imines is usually very 
difficult; only low yields of imines are obtained when it is attempted to 
stop the reaction at the imine stage, due to secondary reactions **®. 
Formamidines are obtained by the catalytic or electrolytic reaction of 
cyanamides °4”. 

Reduction by lithium aluminium hydride is much more controllable, 
and in some cases, imines can be obtained in fair yields **®, although 
usually a mixture of a primary amine and an azomethine is obtained®*®. 

PhCN “4s PhCHNH» -+ PRCH—NCH,Ph + NH, 
597, 

Nitriles are reduced by SnCl, and HCI (the first step of the Stephen 
aldehyde synthesis) to give the tin chloride complex of the imine *°?-%°°, 
The reaction probably proceeds through addition of HCl to the 
carbon-nitrogen triple bond, followed by reduction of the iminoyl 
chloride: 

RC=N > RCCIRNH 22225 (RCH=NH,) SnCl,2- 

This complex is either hydrolysed to an aldehyde, or is converted to the 
free imine by the addition of an excess of anhydrous ammonia or 
triethylamine **!. 

Hydrogenation of nitriles with Raney nickel in hydrazine gives the 
azine of the corresponding aldehyde*°?. The reaction probably pro- 
ceeds through an addition of the hydrazine to the nitrile to give an 
imino hydrazide, which is then reduced to the hydrazone from which 
the azine is formed: 

NH 
| RCN + NH,NH, ——> RCNHNH, —75> RCH=NNH, ——> RCH=NN=CHR 

Similarly, nitriles are reduced in the presence of semicarbazide to the 
semicarbazones of the corresponding aldehydes 1®, 
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2. Addition of alcohols and thiols 

The preparation of imidoates from alcohols or phenols and nitriles 
(Pinner reaction) was reviewed ®°°. The reaction is usually carried out 
in dry ether or dioxan in the presence of dry HCl, and the imine 
hydrochloride is separated 9°°:35%, Instead of HCl as a catalyst for the 
addition, an oxonium salt may be used *°*, 

OR’ 

RCN S80*8F7. RC=NR’ BFA- SOS REAR’ BF,- 

Vicinal diols add to cyanogen chloride to form cyclic iminocar- 
bonates*°°: 

Zee O LOH 
PAN C=NH- HCI 

0 

) 

C—OH 
HOS 

Phenols give iminocarbonates (ArO),C-=NH:HCl with BrCN or 

CICN *°. 
y-Hydroxy nitriles undergo under the influence of HCI an internal 

addition to form iminolactones °°”: 

_ 
CN CHOH HCL HN | 3O. .CH, 

chy = 
HO Sis 

Nitriles react with enolizable ketones to give the addition product of 

the aldol 25°: 

: ° OCR=NH 

RCN + ca —— ers 

The addition of alcohols to nitriles can also take place under basic 

(ethoxide) catalysis*°°. Imidoate formation is promoted by the in- 

fluence of electron-attracting groups on the nitrile. Cyanogen can add 

either one or two molecules of an alcohol in basic media*°°.**?: 

ROH + (CN), ——> NCC(OR)=NH 22> HN=C(OR)C(OR)=NH 
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Thiols also add to nitriles or to cyanogen, under acidic or basic 
conditions 9®°-362.363, forming thioimidoates. 

3. Addition of amino compounds 

The addition of amines to nitriles to give amidines requires acidic 
conditions, e.g. AlC1,°°*. With cyanogen, diamidines are formed *®, 

NH 

RR’NH + (CN)2 ——> RR/NU-CNRR’ 

NH 
whereas with cyanamides, guanidines are formed ***. Dicyanamides 
give biguanides with nitriles °°’: 

ArNHg + NaN(CN)2 —“<-> ArNHCNHCNHAr 

NH NH 

The addition of a-amino acids*®* or of o-aminobenzoic acids *® to 
BrCN is accompanied by HBr elimination, and oxazoles or oxazines 
respectively are formed. The reaction with a-amino acids was used in 
peptide synthesis *®*: 

RCH(NH,)COOH + BrCN ——> 

R i c © RCHINH.)COOH 

HN ee 

NH 

NHgCONHCHRCONHCHR’COOH 

The amino groups of thioamides%"° or sulphonamides”! also add to 
cyano groups under strongly acidic conditions: 

PhCSNH, + CH3CN ——-> CH,C(NH3)—=NCSPh-HCI . 

NHzSO3NH2 + CHsCN —“> NH,SO,NHC(CH,)=NH-HCl 
The reaction of o-dicyanobenzene with alcoholic HCI to give a cyclic 
derivative’? proceeds probably through hydrolysis of one cyano 
group to an amido group which then in turn adds to the other cyano 
group: 

NH 

CN gton, He! 
aT arn NH Ore 

O 
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Hydrazines?®-378 and hydroxylamine?®9:3°S.362,374.375 add to nitriles 
to give iminohydrazides and iminohydroxamic acids, respectively: 

RNHNHg + R’CN ——> RNHNHCR’=NH or RNHN=CR’NHz 

NH2OH + RCN ——»> HN=CRNHOH or RC(NH2)=NOH 

Excess hydrazine may displace the imino group®”*, Hydrazides of 
cyanoacetic acid undergo an internal addition ®”’, e.g. 

PhNt—NHPh a> PhNI———NPh 

COCH,CN O NH 

The same product may be obtained by heating the hydrazide of 
chloroacetic acid with KCN. 

B-Dialkylamino cyanides undergo an internal addition reaction on 
heating with HCl, with the subsequent elimination of an alkyl 
chloride?’8: 

ns a Ph NH 
PhaC(CN)CHCHaNEts “H+ | PhaCo=NH-HC! } —> | Ph 6 | Say 

CH,CH,NEt, NEt, 

4. Aldol-type additions of aliphatic nitriles 

Under the influence of strong bases (e.g. sodamide), acetonitrile 

forms an aldol-type dimer *79:®°, 

N 

cH.cN Sa. CHicw > CH,CCH,CN 

Suitable dinitriles undergo a similar internal condensation with 

ethoxides 9®° or sodamide derivatives *** as catalysts: 

CH,CN 

(CHyp 2 > 
CH,CN CN 

NH 
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Certain trinitriles form analogously bicyclic compounds **?: 

acetal ue iNeed pola 

CNESEN CN sy 
HN” ~N NH 

H 

5. Addition of Grignard reagents 

One of the best methods to prepare imines is by the addition of a 
Grignard reagent to a nitrile ®-9®°. In the regular work-up by aqueous 
reagents, a ketone might be formed. Hence, in order to obtain the 
imine, the decomposition is carried out with dry HCl or with anhydrous 
ammonia *8*, or preferably with absolute methanol *®°. Sterically 
hindered ketimines such as phenyl 2,2,6-trimethylcyclohexyl keti- 
mine %8°, phenyl ¢-butyl ketimine®®’ or dimesityl ketimine?** are 
more stable to hydrolysis, so they may be obtained in aqueous media. 

The kinetics of the addition reaction were studied®®* and a 
mechanism was proposed in which diarylmagnesium is the reactive 
species : 

A 7 

AraMg + PhCN ——> J QZ preresseseeree C—Ph | ——+ Ar,C=NMgPh 

Since the rate is strongly dependent on the MgBr,/Ar.Mg ratio, a 
transient complex was proposed, i.e. 

Ar2Mg-MgBrz + PhCN ——> 

x 5 8 
canes C=Ph 

Ar—Mgeeesssseeeen \ > ArzC—=NMgPh- MgBr, 

Br Mg—Br 

A p value of —2-85 for the op relationship suggests the carbanionic 
character of the aryl group in the aryl magnesium bromide. 

6. Addition of aromatic compounds 

Aromatic compounds which are reactive towards electrophilic 
reagents (e.g. phenols or phenol ethers) add to nitriles, usually in the 
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presence of a Lewis-acid catalyst (Hoesch synthesis). The reaction was 
reviewed °®°, When phenols are used, imino ethers are formed as by- 
products as a result of a Pinner type reaction. «,8-Unsaturated nitriles 
add the aromatic compounds at their carbon-carbon double bond 
rather than at the nitrile group. 

Certain heterocyclic compounds, e.g. pyrroles, can also be condensed 
with aliphatic %°°-391 and aromatic **? nitriles. Usually, the imines are 
not isolated but are hydrolysed directly to give the corresponding 
ketones. 

The Gattermann aldehyde synthesis *°? also involves an addition to 
a nitrile; however, the unstable aldimine thus formed is not isolated. 

B. Addition to Isonitriles 

Due to their divalent character, isonitriles undergo insertion re- 
actions rather than addition. Isonitriles insert into the O—H bond 
of unsaturated alcohols under the catalytic influence of cuprous 
chloride®®? or of saturated alcohols with copper(1 or m) oxide*%* to 
give an imino ether in almost quantitative yields: _ 

RNC + ROH —2O-> RN=CHOR’ 

Analogously, isonitriles give amidines with amines *°°: 

4D” CuCl Rw 

Other reported insertions of isonitriles are the following: with hydroxyl- 
amine to give amidoximes *" ; with halogens to give iminophosgenes** ; 
with dry hydrohalogenic acid or acyl halides to give imidoyl chloride 

derivatives®®* and with sulphenyl chlorides to give imidoyl chloride 

thio ethers *°9: 

PhNC + NH,OH ——> [PhN=CHNHOH] ——> PhNHCH=NOH 

RNC + Brg ———> RN=CBre2 

RNC + HX ——> RN=CHX 

PhNC + CH,COCI] ——> PhN=CCICOCH, 

RNC + R’SC]| ——-> RN=C(CI)SR’ 

The reaction of isonitriles with Grignard reagents constitutes a 

special case of the insertion reaction*°°. Cyclohexyl isocyanide and 

phenylmagnesium bromide give an iminomagnesium compound, 

which yields on hydrolysis mostly a variety of dimerization products in 

proportions which depend on the relative amounts of the reactants and 

on the temperature: 
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Ph MgBr Ph 

i H2O 
RNC + PhMgBr ——> | RN=C > ae i aes 

Mgx Ph MgBr 

PhC=NR PhCHNHR = PhCHNHR- PhCHs 
Rie! soles + | 

PhC=NR PhC=NR PhCHNHR = PhCHg2 

Isocyanides also insert into immonium salts *°*: 

RaN=CR,Y~- + RYNC ——> RgNCRZC(Y)=NR’” 

Some nitroso compounds yield with isonitriles a cyclic, 1,2-oxazeti- 

dine derivative, which on heating in vacuo decomposes into a iso- 

cyanate and a carbodiimide*™. 

CF3,N—C—NCHg, 400° GF 3N=G==NGE, 

— CFsNO+2CHsNC —> | | —— 
O—C=NCH; ~ +CH3NCO 

C. Additions to Nitrile Oxides, Fulminates, Isocyanates and 

Related Compounds 

Nitrile oxides form in some of their 1,3-dipolar additions C—N 
bonds. In most cases the nitrile oxides are obtained in situ, and are not 
isolated. For example, with an olefinic compound cycloaddition to an 
oxazole derivative takes place *®?: 

Asté RCNO + a 
Hay R SN ? 

With HCl, a chloro oxime is formed *°*; with amines, amidoximes*°° 
and with a Grignard reagent a ketoxime*. 

Nitrile oxides give with phosphoranes a betaine intermediate, which, 
depending on the structure of the reactants, can yield on heating 
either an azirene or a ketenimine*®: 

CH, 
PhNCO + (CH,),C-—=PPhs ——> Ph—y—7/-CH, 

N 
CH 

EtOCONCO + CH,C(COOEt)=PPh, ——> EtOCO—/ coort 
N 

PhRNCO + CH,C(COOEt)=PPhs ——* CH,C(COOEt)=C=NPh 
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Fulminates also add various reactants with the formation of C—N 
bonds. Thus, mercury fulminate undergoes Friedel-Crafts type 
reactions with aromatic compounds *°°: 

ArH + Hg(ONC), ~“2> ArCH=NOH 

Fulminic acid itself trimerizes to the so-called ‘metafulminic acid’ 

which is a dioxime of isoxazolinedione *"9. 

NOH 
HON 

3 HCNO ——> 
O—N 

The free acid also adds chlorine*!® and HCl4"" to give dichloro- 
formaldoxime and formohydroxamoy] chloride, respectively: 

HCNO + Cle ——> ClzC=NOH 

HCNO + HC] ——> CICH=NOH 

Nitrile ylids also undergo 1,3-cycloadditions*??: 

R 
+ RCH=CH, ——> PhNA, Ph 

oe Ph O 

Ph-——N-Ph 
+ PhCH=NPh ——> Pho, Ph ' 

or non-cyclic additions to amines, alcohols, thiols, phenols or car- 

boxylic acids *1?: 

PhC=N—NPh + XH ——> PhC(X)=NNHPh 

when X is RO, RS, RNH, or RCOO. oe 

Isocyanates react with carbonyl compounds*?%, including amidic 

carbonyl groups*#*, with elimination of CO, and the formation of 

azomethines and amidines respectively. The reaction probably 

5 +C.C.N.D.B. 
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proceeds through a 1,2-cycloaddition to form a four-membered ring as 

an intermediate: 

PhN——-C=O 
PhNCO + ArCHO ——> | —> PhN=CHAr + CO, 

ArCH—O 

cu(())so,nco + HCON(CHs)2 ——* chi(())S0.N—CHN(CH + CO, 

Alkyl chlorides with a carbonyl or an aryl group in the «- or B- 

position undergo cycloaddition with thiocyanates; the reaction 

proceeds through a nitrile salt intermediate **®. 

PhCH,CH,Cl + RSCN Cs oie ies ta ZN 

le SR 

PhCH—N Ph N 
PhCHCICOPh + RSCN S24> 4, tl 6 | 

Ph—CX¥ C—SR nee 

. N 
(CH,),CCICH,COCH, 2s CX 

SOLER 

Organic cyanates add in basic media various compounds having a 
labile hydrogen, such as alcohols, phenols, thiols, amines, active 
methylene compounds, etc., e.g.9°°-416 

ROCN + R’OH ——> ROCOR’ 
| 
NH 

ROCN + R’SH ——> ROCSR’ 
| 
NH 

R’ 

ROCN.+ R’NH, ——> ROC—NHRY forces 
| | 
NH NH lie 

ROCN + CHeXY —— > ROC—CHXY ===> ROC=CXY 
| | 
NH NH, 
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X. OXIDATION OF AND ELIMINATION FROM NITROGEN 

COMPOUNDS 

A. Dehydrogenation and Oxidation of Amines 

Compounds containing C—=N bonds are only seldom prepared by 
oxidation or dehydrogenation of amines. Even when C=N bonds are 
formed initially, and further oxidation is avoided, the imines formed 
are usually hydrolysed to carbonyl compounds or converted into 
secondary reaction products. 

Primary amines of the type RCH,NH, undergo dehydrogenations 
on a copper chromite-nickel catalyst in the presence of K;PQOu,, 
and a mixture of products is formed, among them azomethines*?’. 
The following reaction scheme accounts for some of the products 
formed: 

BCHiCcHO 3s RCH.CH;OH 

HzO 

Bre is RCH CH Ne 3 BCH CH. NHGH.CH.R —2> 
oe 3 

= H BOLCe NCH cre ee Se seer 

CHCH,R 
RCHCH==NCH,CH.R, etc. 

| 
CH,CHR 

Catalytic dehydrogenation of secondary amines containing an a- 

hydrogen with Ni, Pt or Cr catalysts yields azomethines***: 

RaCHNHR’ —~2> RagC—NR’ 

The dehydrogenation can also be carried out by sulphur**®, by amyl 

disulphide *2°, by selenium *?? or by sodamide in liquid ammonia *??. 

Dehydrogenation of a secondary amine can also be effected by an 

organic hydrogen acceptor in a reaction involving hydride transfer. 

For example, hexamethylenetetramine gives an azomethine by the 

reaction with a secondary amine*??: 

(ArCH2)2NH + CsHiz2Ns ——> ArCH==NCH2Ar 

Among the compounds which may be used as hydrogen abstractors are 

formamide, formanilide, N,N’-diphenylformanilide, formic acid and 

derivatives of diaminomethane*?*. One of the steps in the Sommelet 

reaction is also regarded as a dehydrogenation through a hydride 

transfer mechanism *?°: 

ArCH,NH2 + [CH2=NH] ——> ArCH=NH + CH3NHe 
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An interesting case of a dehydrogenation is the reaction of a lithium 

derivative of a secondary amine with o-bromoanisole**®: 

OCHs OCHs 

= + LiBr + R,CHNR’Li + 
R,C==NR’ 

Aliphatic amines are oxidized by permanganate, usually in ace- 
tone solution. Primary carbinylamines as a rule give aldehydes, and 
the imines are not isolated *?’. Secondary carbinylamines R,CHNH, 
give an imine R,C—NH **®, while in neutral aqueous acetone or ¢- 
butanol either a Schiff base or an azine is obtained, depending on the 
amount of the oxidant 42°. Cyclohexylamine is oxidized by potassium 
permanganate in the presence of an excess of formaldehyde*®*° or 
acetaldehyde** to nitrosocyclohexane or to cyclohexanone oxime. 
Substituted benzyl amines ArCH,NH, give with a neutral per- 
manganate solution a number of products, among them azomethines 
of the type ArCH=NCH(Ar)NHCOAr; the intermediate is sug- 
gested to be an unstable imine, AY'CH==NH *°?. 

Secondary amines containing a-hydrogens (R,CHNR’) give by 
oxidation with permanganate *?.*3* or with MnO,*°° stable azo- 
methines. 

Oxidation of amines with hydrogen peroxide *** in the presence of 
sodium tungstate *®’, or with persulphate *°°, does not stop at the imine 
stage, but proceeds further to give an oxime (from primary 
amines) 497-488 or a nitrone (from secondary amines) *°°, 

t-Butyl peroxide oxidizes primary amines to give, via an imine, the 
corresponding ketones **°. t-Butyl hydroperoxide oxidizes primary or 
secondary amines to axomethines: 

t-BuOOH RR’CHNHg => RR’C=NCHRR’ (ref. 440) 
-BuOOH (ReCH)2NH ————-> R,C—=NCHR, (refs. 440, 441) 

Kinetic **° and e.s.r.441 data suggest a free-radical mechanism **!: 

(1) (RCH2)aNH + t-BuOOH ——> (RCH,),NH---HOOBu-t 

(2) (RCH2)2NH--- HOOBu-t ——> (RCH,)zNOH + t-BuOH 

(3) (RCH2)aN—OH + t-BuOOH ——> (RCH,)gN—O’ + t-BuO* + H,O 

(4) (RCH2)aN—O* + (RCH3)2NH ——> (RCH,)s2N—OH + RCH,NH—CHR 

(5) RCH2NHCHR + t-BuO* ——> RCH,N=CHR + t-BuOH 
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Hypochlorites oxidize both primary *4? and secondary #3 amines to 
imines or azomethines; the reaction proceeds via the formation of an 
N-chloramine, which then loses HCI to form the imine, 0 e5 

ReCHNH, —2C> RCHNHC! HC. RCH=NH 
a-Amino acids undergo a similar oxidation with hypohalites, ac- 
companied by decarboxylation ***: 

RR’'CCOOH S22, RRCCOONa ——> RR’C=NR” + CO, + NaCl 

NHR” Meire 

Mercuric acetate in dilute acetic acid oxidizes cyclic secondary *4° or 
tertiary **°-447 amines to imines or to immonium salt respectively. The 
mechanism is a concerted f-elimination by the attack of an acetate 
ion on the mercury—amine complex: 

(7 OAc 
= 

. + Hg(OAc), + ACO- ——> aa | 
N N N 

Dp) ; 

*H gOAc 

Other oxidants reported to convert amines to imines are chromic 
acid *%*, ferric chloride ***, silver oxide**®, S,0,2- /Ag***9 and lead 
tetracetate *°°. Oxygen difluoride oxidizes primary amines to oximes *5?, 
The oxidation of tertiary amines with chlorine dioxide gives an 
aldehyde through the formation of intermediary immonium salts *5?: 

ArCHaN(CHs)2 22> ArCH=N(CHs)2 22> ArCHO + (CHs)2NHo 
Oxidation by electrophilic agents. Tertiary amines or amine oxides con- 

taining at least one «-hydrogen are attacked by electrophilic reagents 
to form ammonium salts, which in turn yield immonium salts by 
elimination. The following scheme *°*? illustrates some of the reactions 
of this type: Now : yp Brz or NBS (RCHz)3N C(NO,) 

HNO, or 

NO*BF,- 

(a) (RCH,),NBr (b) (RCH,)sNNO (c) (RCHs)sNNO, 

—HBr | tno) —HNO, 

pease or (RCH,)zN—CHR aa 
| ee —HSO,~ 

(d) (RCH,)sNOH (e) (RCH,)s3NOSO, - 

Sa eee (RCH,),N-+O me 
(a) ref. 454; (b) ref. 453; (c) ref. 455; (d) ref. 456; (e) ref. 457. 
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To the same class of eliminations belongs the reaction of substituted 
diaminomethanes with chlorine or with acyl halides *°°: 

Cl 
| + 

(ReN)2CHe + ls ar ReaNCH2NRoe Cl cree eel REN==CH. Cle + R2NCl 
+ 

FS 

(ReN)2CHe + R’COCl ——> RaN—CH2NRe Cl- ——> RgN=CH, Cl~ + RgNCOR’ 

COR’ 

B. Oxidation of Hydroxylamine Derivatives and Other Compounds 

Some monosubstituted hydroxylamines may be oxidized to oximes 
or to C-nitroso compounds (or their dimers*®?) by benzoquinone*®, 
by nitrates *®° or by oxygen catalysed by copper(m) salts *®?. 

N,N-Disubstituted hydroxylamines are oxidized by miscellanous 
oxidants, including atmospheric oxygen, to nitrones: 

RCHN(R’)OH —2L> RCH=N(O)R’ 

More information on the choice of conditions and on the products of 
the oxidations can be found in a recent review 19°. In the oxidation of 
N-acylhydroxylamines, the acyl group is easily eliminated during the 
reaction, and an oxime if formed 1**-462-463, In the case of N-aroyl- 
hydroxylamines, the oxidation may be accompanied by a rearrange- 
ment of the produced N-acyloxime (nitrone) to an O-acyloxime**8: 

PhCONCHPh, 22> PhsC—=NOCOPh 

OH 

Careful oxidation of substituted hydrazines with FeCl, or HgO may 
give hydrazones or azines*®*, Bromine can also be used*®® and the 
mechanism of the oxidation is probably similar to that proposed for 
tertiary amines ‘5; 

(CHs)eNNHCH3 ——> [(CHs)zN=NCHg]Br- ——> [(CH,)aNHN—CH,]Br- 
The oxidation of N-benzyl-N-phenylhydrazine is accompanied by 
a rearrangement to a hydrazone ‘4°: 

: : 2 PhCHaN(Ph)NHa —2—> [PhCHaNPh=N] ——> [PhcH=Ni(Ph)NH] ——> 
PhCH==NNHPh 

Azo compounds containing «-hydrogens are oxidized to azines by 
free radicals 46’: 

RR’CHN—NCHRR’ ——> RR’C—=NN=CRR’ or ClgC 
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C. Oxidative and Reductive Eliminations 

Tertiary amines containing N-methyl groups (e.g. in alkaloid 
systems) are reported to undergo N-demethylation by oxidation with 
lead tetracetate *®°, 

OLE Olt 
us 
CHs 

The very stable perfluoroazalkanes undergo a reductive defluorina- 
tion with ferrocene *®: 

Cr CrcrCh Nr CEICE.CE.CEENE 

Cor CF NE-CFCF, 
The mechanism proposed for the reaction involves as first step a one- 
electron reduction of the N—F bond, followed by elimination of an 
«-fluorine as an anion: 

R’ R’ 
= ee -/ e- i r. 

ae ee Bal, en a — => R,C=NR’ 

Eds hs F CF 

Manganese pentacarbonyl hydride can also be used for the de- 
fluorination *7°. 

D. Elimination from Substituted Amines 

Amines substituted on the nitrogen by anionic leaving groups X 
eliminate HX easily, and a C==N bond is formed. JN-halo- 
amines 767 »268.442-444.471 are converted to azomethines by alkalis or 
just by heating; N,N-dihaloamines give nitriles, e.g.?°7 

NF, NFe NF 
II 

Fierce NLP, sr RCH cH, SA ocN 

N-nitroso 47? or nitroamines*’* give azomethines by losing nitroxyl or 
nitrous acid, respectively. 

N-Aryl sulphonamides, especially N-tosyl derivatives, undergo 
elimination under the influence of a strong base*"*. 

base RCH,N(R’)SO,Ar ———> RCH=NR’ 
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This reaction requires an easily removable «-hydrogen; compounds of 
the type RCH,N(Ph)Ts undergo elimination by alkoxides in toluene 
at room temperature when R is a fairly strong electron-attracting 
group (PhCO, p-nitrophenyl), but not when R is H or a phenyl group. 
Sulphonamides of primary amines (RCH,NHTs) do not undergo this 
elimination, since the N-hydrogen is abstracted by the base more 
easily than the C-hydrogen*’®. Tosylhydrazines undergo a similar 
elimination *’®, In some cases, the N-tosyl compound need not be 
isolated prior to the elimination, and a hydrazone is formed directly 
from a substituted hydrazine by the reaction with tosyl chloride *®°:4"": 

(CHg)aNNHCHg => (CHs)aNN=CH, 

In the reaction of O-acetyl arene sulphohydroxamic acids with a 
base, both the arene sulphonyl and the acetyl groups are eliminated, 
and.an oxime is obtained *®: 

Bs 

ArCHgN(OAc)SO,Ar’ o> ArCHaNSOgAr! oes 
ArCHgNO ——> ArCH=NOH 

The elimination of the benzene sulphonyl group from N’,N’-diethyl- 
benzene sulphonhydrazide by a strong base is accompanied by a 
rearrangement to a hydrazone‘*”®: 

PhSOgNHNEtg ——> CHgCH=NNHEt 

Eliminations of HX from substituted amines in which the X group 
is on the a-carbon are also well known. The elimination of water or an 
alcohol from «-hydroxy or alkoxyamines is the final step in the con- 
densation of amines with carbonyl compounds or their acetals, 
respectively. Acid-catalysed elimination of an alcohol from e-alkoxy 
tertiary amines gives an immonium salt15-479, 

RoC(OR’)NRZ —-—> R,C=NR% + ROH 
Immonium salts are also reported to be formed by elimination of 
cyanide ions from «-cyano tertiary amines *®°: 

CN AgNO, + 
N es N N@sa 

An amine having two strong electron-attracting groups in the B- 
position will lose an active methylene compound to give an azo- 
methine1””; 

PhCHCH(COCHa)a ——> PhCH=NPh + CH,(COCH,). 
NHPh 
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Very few eliminations from a-halo amines are reported; among 
them is the elimination of HF from hexafluoromethyl amine *®! in the 
gaseous phase: 

KF 
(CFa)aNH jaoege? CFaN=CFe 

The reduction of gem-chloronitroso compounds to oximes may proceed 
through an elimination of HCl from an intermediate «-chlorohydro- 
xylamine *®?: 

ReCCINO —2-> [RzCCINHOH] —Cs R,C=NOH 

An interesting elimination reaction leading to the formation of 
hydrazones is that of hydrazo derivatives of the onium salts of certain 
heterocyclics #83 : 

(-Y ( {C—NHNHR (C=NNHR’ 
7 , we = Ne x- NH3NHR’ Ne se~ N 

R R R 
X= Hal, EtSO;, BFz: ie alwOR.SRy R’ = H, COPh, COOCHs, SO2Ph, CHO 

When R’ is hydrogen, azines are formed. In pyridinium systems, 
attack may take place either in the « or in the y position, e.g. 

+ 

ct Kec, + PhCONHNH, —=!24> PHCONHNH{ ICH, aot; 

PhCONHN <_\-cH, 

Azomethines are formed by elimination of amines from derivatives 
of diaminomethane?*-***, The mechanism of the acid-catalysed re- 
action is described ?° as 

- 

ArNHCH.NHAr ArNH2CHzNHAr === ArNH, 
—H+t 

+ CH,NHAr === * CHa=NAr 
Phenyl isocyanate may be used as an amine acceptor *®°: 

(RNH)2CHPh + PhNCO ——> RN=CHPh + RNHCONHPh 

N-alkylamides are dehydrated to ketenimines*®°: 
, _P2Os 

RgCHCONHR oyridine RoG=Ca NR’ 

and thiosemicarbazones are catalytically desulphurized to formami- 
drazones 48’: 

PhCH=NNHCSNH, 22's. phCH=NN-=CHNH, 
5* 
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Reactions of ureas, thioureas, isothioureas and related compounds to 
give carbodiimides were reviewed in detail recently ?°°, and therefore 
will not be included in the present treatment. 

XI. REDUCTION OF NITRO COMPOUNDS 

The reduction of an aliphatic nitro compound containing an a- 
hydrogen may be stopped at the oxime stage. 

RR’CHNO, tH! > RR’C=NOH 

Direct reduction with Zn and acetic acid gives only poor yields due to 
complete reduction to amines*8’, while stannous chloride gives 
better results *®°. Nitrous acid also transforms certain nitro compounds 
into oximes*9° by displacement of the nitro group by the nitroso 
group: 

CHsCH(NOg)COOEt + HNO, ——> [CH3CH(NO)COOEt] ——> CH3,CCOOEt 
| 
NOH 

Catalytic hydrogenation of e-chloro nitro compounds gives good 
yields of oximes **?: 

Cl . Of a One NO 2 

Nitro compounds are reduced to oximes by their reaction with sub- 
stituted benzyl halides, and the aldehyde corresponding to the benzyl 
halide is obtained *®!. The reaction is thus related to the Sommele 
reaction. . 

ArCH2X + RR’CHNO, “27S rRRYC=N(O)OBz] ——> RR’C—=NOH + ArCHO 
The reduction of nitro compounds with trialkyloxonium salts 492, 
gives a mixture of the oxime and the O-alkyl oxime: 

()-No#H + (_)-Nos + CH;CHO 

747, 9% 



2. Methods of Formation of the Carbon—Nitrogen Double Bond = 125 

Sodium salts of aci-nitro compounds react with diethyl ether in the 
presence of HCl, and a chloro oxime is formed *°°. The nature of the 
reducing agent was not reported, but it is probably again an oxonium 
salt formed from the ether with HCl. 

PACH=NO,- PhCCI=NOH 

Nitro olefins yield different products, depending on the choice of the 
reducing agent. With Zn-—acetic acid*%* or on catalytic reduction 49% 
(especially in acidic media) 49°, a saturated oxime is formed. The 
catalytic hydrogenation of nitrostyrene with Pd in ethanolic HCl gives 
a mixture of phenylacetaldehyde oxime and phenylnitrosoethane 
dimer; the relative amount of the oxime increases with the concentra- 
tion of the HC1*°’. Reduction of nitro olefins with SnCl, in HCI gives 
an oxamoy]1 chloride *%°: 

RC=CRNO, ne. RCCICR=NOH 

whereas with lithium aluminium hydride in the cold, an imine is 
formed #9; 

PhCH=CHNO, —O > PhCH,CH=NH 

While the reaction of benzene with f,y-unsaturated nitro compounds 
in the presence of AICI; gives the normal addition product 
R,CHCRPhCR,NO,Q, «,6-unsaturated nitro compounds give oxamoyl 

chlorides under similar conditions®°°-°°1, The proposed mechanism 
involves intramolecular oxidation—reduction °"?: 

AICI 

RgC=CHNO, — > [RgCPhCH=NO2H] ——> RaCPhC(OH)=NOH ——*> 
3 RaCPhCCI=NOH 

In favour of the mechanism is the isolation of a hydroxy oxime 

derivative in the reaction of aci-nitro compounds with benzoyl 

chloride *??. 

CHgCH=NO,- + PhCOC]l ——> CHgC(OH)=NOCOPh 

Reduction of y-nitro ketones with Zn in aq. NH,Cl causes cycliza- 

ion to cyclic nitrones, 4'-pyrroline-1-oxide derivatives **9*.°®, 

rLC—Gr, 

HAC COR L ae 
NG, Nv 

} 
O 

R 
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XI. FORMATION OF AZOMETHINES BY 

REARRANGEMENTS AND PHOTOCHEMICAL REACTIONS 

A. Prototropic Shifts 

The simplest type of rearrangement leading to a C—=N bond is the 
prototropic shift, which is spontaneous in many cases. Among the 
important classes of this type of shifts are: (a) The azo—hydrazo shift, 
CH—N—N = C=NNH5° (see Section III); (b) The enamine- 
imine or immonium salt transformation C—CNH = CHC=N or 

CSUN CHC—N ==504; (c), The C-nitroso—oxime shift (see’Section 
IV); (d). The transformation between two isomeric azomethines, 
CHN=C = C=NCH, where the equilibrium is in favour of the more 
conjugated imine®°*. The base-catalysed shift of the last type is 
believed to proceed through an azaallylic anion as one intermediate®°>: 

OH- 
PhCH(CH3)N=CArz PhC(CHg)==Na=CAra ~ PhC(CH3)=NCHAr 

B. Rearrangements through Nitrene Intermediates 

Compounds containing C—N bonds may be obtained also by the 
Beckmann, Hoffmann, Lossen, Curtius and Stieglitz rearrange- 
ments. Since these were reviewed recently *®®, the main types leading 
to C=N bonds will be outlined only: 

1. Azide decomposition, thermal or photolytic 

(sj, BCHNe > a RC (ref. 506) 

(b) RCOCR’R’N, —~2> [RCOCR’R’N:] ——> RCOCR’=NR” (ref. 507) 

reeRgCNy 23> fron: | SS Ree (ref. 508) 

The photochemical reaction is catalysed by triplet sensitizers and is 
believed to involve an azide triplet®°°; 

(d) RCH=CR’N, —~2>[ RCH=CR’N:] ——> RC———CHR’ + RCH=C—=NR’ 
Ne 

(See Section VI; refs. 264-6) 

(ec) CF,CHFCEN, => ale CHER EN N: | —— CF,CHFN=CF, (ref. 510) 
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2. Decomposition of tetrazoles2®2 

N 

ArN——CR —N— = " ai r Ar—N=CR _xy, ArN=CR 
| | ——-> | N R 
N N- H SN Ns 

ArN=C=NR 

3. Rearrangement of triaryl methylamine derivatives (Stieglitz 
rearrangement) ‘°2-419,511 

Ph;CNHOH 

PhsCNHC| —2- [PhgCN:]——> Ph,C—NPh 

Bon, —43 

4. Beckmann-type rearrangements 

(a) ArC(CN)=NOTs “°F [arc(CN)(OEt)N:] ——> 
EtOC(CN)=NAr E> (EtO),C—=NAr (ref. 512)* 

HON 
| 

(b) CHgCCH(CH,)2 ~—2> CHsCCI=NCH(CHs), (ref. 513) 

5. Rearrangements to hydrazones via diazenes 

Be oa au N: oN N 

(a) RCH,NR’NH, —22> [RCH,NR’N:] ——> 
RCH,N=NR’ ——> RCH=NNHR’ (ref. 466a) 

(b) RCHjNR’NHTs > [RCH,NR’NTs —=> RCH,NR’N:] ——> 
RCH,N=NR’ ——> RCH=NNHR’ (refs. 478, 514) 

(c) NH + NazONNO, ——~> N—N: | —— fs (ref. 515) 
ee 

(Angeli’s Salt) N 

6. Reactions of diazo compounds 

In some of their reactions, diazo compounds behave as nitrenes, 
e 516 2 

ReCNo ee Races + Ne 

RoC: + ReC=N—N: ——> RgC=NN=CRe 
* Recently a mechanism involving a nucleophilic attack by an ethoxide ion was pro- 

posed for this reaction 2°, 
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+ ° . 

7. Rearrangements via imidonium ion (R,N:) intermediates: acid- 

catalysed decompositions of azides°*’ 

DD Dal- 
S + | Na (ref. 51%) 

N 

79:87, 2:27 

(while irradiation of cyclopentyl azide gives 557, imine°°®?). 

(b) ArgCHNg —=*> [ArsCHNH] ——> ArCH=NAr (ref. 519) 
(c) ReCO + HNg + EtOH + HCl ——> RC(OEt)}=NR-HCI (refs. 300, 520) 

O 
Ni. Ot 

? t5 2M 
(d) + HN, + EtOH + HC| ——> om 

(re ) 

(e) CHs(CHe)3Nz3 + (CHs)30* BF4~ ———> [ CHs(CH2)sN(CHs)Na* SSS 

CH3(CHa)sNCH3] ——> CHgCH2CH,CH=NCH, + CHs(CH2)sN=CH2 
80%, 10% 

4 CHSCH,GHaN(CHs)=CH, BFe- (ref. 522) 

C. Rearrangements through Other Free Radicals 

Tertiary N-nitroso amines containing e-hydrogens are decomposed 
with rearrangement by irradiation, and azomethines are 
formed 228 229.523 | 

(RCH2)aNNO —“-> NO + (RCH,)gN° ——> (RCHa)aNH + RCH,zN=CHR 

The photolysis in acidic media gives amidoximes, which are obtained 
as follows ®?*: 
Oe —> RN=CHR’ + [HNO] ——> RNHCHR’ ——> RNHCR’ 

I 
N=0O.---+H* *N—OH NOH 

N-Nitrosamides behave similarly 5°, 
Irradiation of nitrites causes migration of a nitroso group to a y- 

methyl or o-methylene group: an oxime is formed by tautomerization 
(Barton reaction) 957-526, 

ONO" ‘CPLR = Oh “/CHRNO: GEOR “eRENOR 
er oe 
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The reaction proceeds through the initial formation of an alkoxy 
radical, followed by stereospecific intramolecular hydrogen abstraction 
and recombination of the carbon radical with NO, when a nitroso 
monomer or dimer or an oxime is formed. The reaction was mainly 
used in steroidic systems. 

Azo compounds containing «-cyano groups are decomposed to 
ketenimines by refluxing in an inert solvent ®?’: 

RR’C(CN)N=NC(CN)RR’ —~2> [2 RR’CCN] ——> RR’C=C=NC(CN)RR’ 

+ RR’C(CN)C(CN)RR’ 

D. Other Rearrangements 

N-alkyl or acyl oximes (nitrones) isomerize to their corresponding 
O-alkyl or acyl oximes, in some cases spontaneously, or under the in- 
fluence of heat or acid catalysts: 

PhCONHOH-HCI + PhCH(OEt)2 ——> [PhCON(O)—=CHPh] ——> 
PhCOQN=CHPh (ref. 148) 

PhaCHN(OH)COPh 22> [PhaC—N(O)COPh] ——> PhaC—=NOCOPh (ref. 148) 

PhgC=N(O)CHPh, 75> PhaC=NOCHPh, (refs. 70b, 528) 

N-Benzoylaziridines undergo a benzoyl group migration °° to form 

hydrazones: 

R’. NCOPh 

. | ——> RR’C=NN (COP), 

R NCOPh 

: . . : : oy OO is 
£-Nitroso nitro compounds rearrange to oximes in basic media°*°:; 

R 
R,C(NO)CHR’NO, —>> R,C(NO)CR’=NO,, ——> reread ee — 

a oN, 

pee ——> R,C(NO,)CR==NOH 

NO, NO- 

Nitroso dimers containing «hydrogens are transformed to N-acyl- 

hydrazones with acid catalysts °°?. 

RCHgN(O)=N(O)CHaR <> [RCH=N(O)N(OH)CH2R] ——> RCONHN=CHR 
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Il. INTRODUCTION 

The methods for detection and measurement of azomethines are 
scattered through the literature. First, the diverse nomenclature is 
responsible for the scatter; material can be found under azomethine, 
Schiff base, anil, imine and ketimines. Also, specific compounds such as 
benzylidene aniline can also be found as benzalaniline (or benzani- 
line), benzalanil (or benzanil) or as the Schiff base of benzaldehyde 
and aniline. Material is also found under measurement of aldehydes 
and amines where these compounds were first transformed to a 
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150 David J. Curran and Sidney Siggia 

measurable azomethine. In addition, there are diverse analytical tools 

available to detect and measure azomethines. 
This chapter is broken down into the various approaches amenable 

to analysing compounds via the azomethine group. In their order of 

presentation, these are: chemical methods, electrochemical, infrared 

absorption spectroscopy, mass spectroscopy, nuclear magnetic res- 

onance, and fluorescence and other photochemical approaches. 

Ultraviolet absorption is not included in this chapter since it is 
discussed in Chapters | and 4. 

il. QUALITATIVE CHEMICAL METHODS 

There has been very little done on qualitative chemical methods 
designed specifically for azomethine compounds. In most cases, hydro- 
lysis of the Schiff base to the corresponding amine and carbonyl 
compounds with subsequent identification of these entities is the ap- 
proach of choice. 

Tarugi and Lenci! devised a test for Schiff bases which involved 
treatment of the sample with phenol and hypochlorite; an intense blue 
colour results. However, nitro compounds, amino acids, amino alde- 
hydes and some primary amines also give the test. 

Marcarovici and Marcarovici? did some microscopic identification 
of azomethines using microcrystallity parameters. 

Feigl and Liebergott® devised a colour test for aromatic aldehydes 
using thiobarbituric acid which results in orange products. Azo- 
methines which cleave in acid to yield aromatic aldehydes also give the 
test. Used to test the method were benzalazine*, benzylideneaniline, 
resorcylaldoxime*, salicylazine*, 4-hydroxybenzaldoxime*, and m- 
nitrobenzaldazine*. 

Ill. QUANTITATIVE CHEMICAL METHODS 

The quantitative chemical methods for measuring the azomethine 
group fall into two categories: (1) those based on the basic properties 
of the group and (2) those based on the hydrolysis of the azomethine 
to the parent carbonyl compound and measurement of this group. 

A. Acidimetric Titration Methods 
The basic nature of the azomethine group has long been known; thus 

the name Schiff base. However, the general low level of interest in this 

* Oximes and azines are not normally considered azomethines ; however, they 
do contain the C=N group and were included in the reference cited. 
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group did not encourage work in its measurement. Also, there were the 
problems of (a) the weakly basic nature of the group which made 
accurate analysis difficult; (b) differentiating the azomethine from its 
original amine; and (c) the ease of hydrolysis of the azomethine back 
to its original amine. These problems were difficult to overcome until 
the advent of non-aqueous titrations. 

Wagner, Brown and Peters* first encountered a non-aqueous 
titration which detected the azomethine group. The investigators were 
concerned with differentiating primary amines from their secondary 
and tertiary counterparts. They accomplished this, forming the azo- 
methine by reacting the primary amine with salicylaldehyde. The 
resulting Schiff base had a lower basicity than the secondary and 
tertiary amines and could be detected by potentiometric titration in 
isopropanol as shown in Figure 1. 

100 

100 

Electrode potential (mV) 200 

300 

5 10 

O-5N HCL in isopropyl alcohol (mi) ’ 

Ficure 1. Titration of a mixture of secondary and tertiary butyl amines with 

the azomethine of n-butylamine (with salicylaldehyde). The break at 250 mv 

indicates the end-point of the azomethine titration. Reprinted with permission, 

reference 4. 

Siggia, Hanna and Kervenski® extended the work of Wagner, 

Brown and Peters to aromatic amine systems still using salicylaldehyde 

but substituting a mixture of glycol—isopropanol solvent for solubility 

purposes. 
Both of the above cases worked well for differentiating primary from 

secondary and tertiary amines because the azomethine had such a 
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reduced basicity. One merely ran a titration before and after the 
addition of salicylaldehyde and the difference in the stronger base 
content of both systems was equivalent to the primary amine content. 

Siggia and Segal ® took advantage of this decreased basicity between 
the azomethine and its parent amine to determine carbonyl compounds 
in various situations. Lauryl amine was added to the sample; the 
carbonyl component formed the Schiff base which lowered the lauryl 
amine content. Glycol-isopropanol mixture was the solvent used. 
Potentiometric titration differentiated the unreacted lauryl amine 
from the azomethine. This work revealed the lability of the azo- 
methine linkage to acid. The investigators were limited to the use of 
salicylic acid as titrant; mineral acids caused hydrolysis back to the 
parent compounds. 

All the above workers, though measuring the azomethine grouping, 
were not concerned with this purpose and hence the methods were not 
optimized in this direction. Fritz’, while investigating the use of 
different solvents for titrating amines, found that titration with 
perchloric acid using acetonitrile as solvent gave better differentiation 
between the azomethine and its parent or related amines than did the 
solvents used by Wagner et al. and Siggia et al. He proposed that 
primary amines could now be determined by a direct measure of the 
azomethine formed, rather than by the decrease in strong base (re- 
quiring two titrations) used by the earlier investigators. 
Freeman ® elaborated on the work of Fritz and looked at three pro- 

cedures already established for titrating organic bases but which had 
not been thoroughly investigated for titration of azomethines. 

|. Procedure A 

Involves titration of the azomethine in glacial acetic acid and is 
essentially the titration Fritz® used for amines. This procedure yields 
good titration for azomethines, however it will not distinguish the azo- 
methines from the parent and other amines. In acetic acid both types 
of compounds have the same order of basicity. Figure 2 shows the 
titration of such a mixture. 

MeEruop: Dissolve a sample containing the order of 3 mequiv. of azomethine 
in 50 ml of glacial acetic acid. Titrate with 0-1n perchloric acid in acetic acid. 
The endpoint can be determined potentiometrically or visually, using methyl violet 
indicator to a blue-green endpoint. For the potentiometric titration an ordinary 
pH meter can be used except that millivolts are read. Glass versus calomel electrodes 
have been used, though Fritz recommends glass versus a silver wire with a thin 
coating of silver chloride®, 
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Ficure 2. Titration of | to 1 mixture of aniline and N-benzylideneaniline in 
acetic acid. 

2. Procedure B 

Involves potentiometric titration of the Schiff base in chloroform 
with perchloric acid in dioxan. Figure 3 shows a typical curve with 
definite differentiation between azomethine and parent amine. 

800 

700 

w Lh oO eo ©) 50 
Millivolts 

3 o 
100 

° 8 16 24 32 40 48 56 64 72 

Millilitres HCLO, in p-dioxan (0-1N) 

Ficure 3. Titration of N-benzylidene-n-hexylamine containing 107, n-hexyl- 

amine in chloroform. 

Meruop: Dissolve a sample containing about 0-3 mequiv. of total base in 25 

ml of chloroform and titrate potentiometrically (as in procedure A) with 0:01N 

perchloric acid in dioxan. The titrant is standardized against purified diphenyl 

guanidine in chloroform via potentiometric titration. 
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3. Procedure C 

Involves potentiometric titration of the sample in acetonitrile as 

solvent with perchloric acid (in dioxan solution). Figure 4 shows an 

example of such a titration. 

900 
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Wey ge «(e440 

Millivolts 

Millilitres HC lO, in p-dioxan (0-1N) 

Ficure 4. Titration of N-benzylideneaniline containing 10% aniline in aceto- 
nitrile. Reprinted with permission, Ref. 8. 

MeEtuHop* : Dissolve the sample containing about 3 mequiv. of total Schiff base and 
amine in 50 ml of acetonitrile and titrate potentiometrically with 0-1n perchloric 
acid in dioxan. Run a 50 ml blank on each batch of acetonitrile. 

With the exception of N*-p-methoxybenzylidinesulphathiazole, the 
potential change at the equivalence point using procedure A was so 
great (70 to 100 mv per 0-1 ml of volumetric solution) that no record of 
the potential change was necessary. For the sulphathiazole Schiff base, 
the potential change was of the order of 10 to 15 mv per 0-1 ml of 
titrant, and its exact determination required recording to note its 
position. However, when procedure CG was employed for this sub- 
stance, a much greater break in the titration curve occurred which 
obviated the need to plot points. 
When faced with titrating a sample containing azomethine where no 

free amine or water is suspected, procedure A is recommended since it 
has a sharp endpoint, easily detected by indicator alone. Any free 
amine would be included in the analysis. Water in the sample could 
cause hydrolysis when the sample is dissolved in the acetic acid. 

Procedure B can be used for azomethines in mixtures with amines 

* Figures 2—4 and the method of procedure C are reprinted from reference 8, 
with permission. 
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(some water can be tolerated). However, from the work reported by 
Freeman it will not work well in cases where the amine portion of the 
azomethine is aromatic. These azomethines are very weak bases. Note 
that Figure 3, which illustrates procedure B, uses n-hexylamine as the 
amine portion of the azomethine, while Figure 4 for procedure C has 
aniline as the amine portion. Procedure C is thus recommended for 
the most general utility of the acidimetric methods. 

Table 1 shows some azomethine compounds used by Freeman with 
one of the acidimetric methods and one of the hydrolytic methods. 

TasBLe 1. Comparison of volumetric and gravimetric results.* 

2,4-Dinitro- 
phenyl- 

Procedure A Nitrogen hydrazone 

Schiff Base (7%) (7%) (7%) 

N-n-Butylidene-n-butylamine 99-6 99-6 — 
N-Benzylidene-n-butylamine Ooo 99-6 100-0 
N-Benzylidene-n-hexylamine 99-4 99-4 100-2 
N-p-Chlorobenzylidene-n- 

hexylamine 100-0 99:9 100-9 
N-p-Methoxybenzylidene- 

benzylamine 98-9 98-9 99-8 
N-p-Methoxychlorobenzyl- 

idenebenzylamine O94 99:5 100-1 

N-Benzylideneaniline 99-7 99-8 100-2 
N-n-Butylideneaniline 99-0 99:1 — 

1,2-Bis(benzylideneamino)- 

ethane o9°7 99-8 100-1 

N+-p-Methoxybenzylidene- 

sulphathiazole 97-8 97-6 98-3 

* Reprinted in part with permission, reference 8. 

Pichard and Iddings? titrated ketimines potentiometrically, much 

in the same manner as procedure A above. They also used glacial 

acetic acid as solvent, perchloric acid as titrant, glass versus platinum 

as electrodes or crystal violet as indicator. They successfully titrated 

diethyl ketimine, w-cyclohexylpentyl-2-butyl ketimine and 2-butyl-o- 

tolyl ketimine. However, amines and other basic substances are usually 

also titrated in the above system. 

Pohloudek-Fabini et al.1°” used non-aqueous titrations to determine 

halogenated and non-halogenated azomethines. Thiocyanate-sub- 

stituted Schiff bases did not titrate and were determined gravi- 

metrically with 2,4-dinitrophenylhydrazine. 
6* 
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Hara and West!°° tried titrating azomethine compounds via high 

frequency non-aqueous titrations using pyridine as a solvent. The end- 

points were poor, however. 

B. Hydrolytic Methods 

Azomethines easily hydrolyse, especially under acidic conditions, 
back to the original amine and carbonyl compound: 

R R 
NS 

Egger PS nlae fs + R’NH, 
ra 

R’ R’ 

where R’ and/or R” can be hydrogen. 
The analytical approaches involving hydrolysis of the azomethine 

proceed through determination of the resultant carbonyl compound. 
Freeman® utilized the 2,4-dinitrophenylhydrazine precipitation, the 
reagent being dissolved in 2N hydrochloric acid, creating the acidity 
needed for hydrolysis. Hillenbrand and Pentz*! used a bisulphite 
addition analysis system and a hydroxylamine system. 

I. 2,4-Dinitrophenylhydrazine method ® 

To about 1 mequiv. of azomethine in 50 ml of ethyl alcohol is added a 507, 
excess of a 1°7, solution of 2,4-dinitrophenylhydrazine in 2n hydrochloric acid. 
A precipitate generally forms immediately and is allowed to stand overnight at 
room temperature to agglomerate. It 1s then filtered, washed with 2n hydro- 
chloric acid and dried to constant weight. Drying above 100°c is not recom- 
mended due to possible decomposition of hydrazone. Vacuum drying at 50—70°c 
as preferred. Table 1 shows results obtained with this method. 

2. Bisulphite method"! 

Twenty-five ml of distilled water are added to each of four 500 ml glass- 
stoppered Erlenmeyer flasks. Two flasks serve for blank determination. Into each 
of the other flasks are introduced weighed samples, each containing 1-2 mequiv. of 
azomethine. The flasks are placed in an ice bath at 0-5°c for 10 minutes. Two 
drops of methyl red indicator (0-67, aqueous solution) are added to all flasks and 
the contents are neutralized with 0-6n sulphuric acid from a burette. On 
addition of the acid the flasks should be swirled to assure complete neutralization 
of the azomethine without an excess of acid. The flasks are returned to the ice 
bath and allowed to stand for 10 minutes. Twenty-five ml of 0-2n sodium 
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bisulphite 1s added into each flask, keeping the tip of the pipette just below the 
surface of the solution. The addition of the reagent should be spaced to allow 
equal reaction times for blanks and sample. The flasks are then removed from 
the ice bath and allowed to stand at room temperature for exactly 30 minutes, 
swirling the contents from time to time. The flasks are then returned to the ice 
bath for 5 minutes. Then they are again removed and to each is added approxim- 
ately 25 grams of crushed ice. To each is added 2 ml of starch indicator (1-07, 
aqueous solution) and the contents are titrated immediately with 0-1N iodine to 
the first blue colour. . 

Compounds run successfully by this method were ethylimine 
polymer, butylimine, N-butylidenebutylamine, N-decylidenedecyl- 
amine, amylimine, N-amylideneamylamine, N-(2-butylactylidene)- 
3-butylactylamine, N-ethylideneaniline, N-butylideneaniline. 

In cases where solubility difficulties occur, a 3:2 mixture of iso- 
propanol and water can be used. 

3. Hydroxylamine method? 

Cases occur where the aldehyde released on hydrolysis cannot be 
determined with bisulphite. In these cases hydroxylamine can be 
used. 

The sample is added to 15 ml of tsopropanol and 10 ml of water. One ml of 
bromophenol blue indicator (0-04°7, in methanol) is added to each sample and 
blank, and the sample is nearly neutralized with 6N hydrochloric acid. The 
final neutralization is completed with 0-5N hydrochloric acid. To both blank 
and sample is added 35 ml of 0-5 hydroxylamine hydrochloride which has been 
neutralized with 0-5N sodium hydroxide to the bromophenol blue indicator 
endpoint. Exactly 3 ml of standard 0-5n hydrochloric acid 1s added to each 
blank and sample and they are allowed to stand at room temperature for I 
hour. The solutions are then titrated with standard 0-5N sodium hydroxide to 

a blue-green endpoint. 

This method has been successfully applied to ethylimine, N- 

isopropylideneisopropylamine, butylimine, N-butylidenebutylamine, 

9-ethylbutylimine, 2-ethylhexylimine, N-(2-ethylbutylidene)-2-ethyl- 

butylamine and «-methylbenzylimine. 

IV. POLAROGRAPHY 

Studies of the polarographic reduction of the azomethine group, first 

reported by Zuman}?-1 in 1950, are complicated by hydrolysis when 
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the polarogram is obtained in an aqueous or mixed aqueous alcohol 
solvent. Von Kastening, Holleck and Melkonian’* utilized the re- 
duction wave of the azomethine group to examine the hydrolysis of 
N-benzylideneaniline and found that the reaction was catalysed in 
strong acid solution by hydrogen ion and in strong base by hydroxyl 
ion. These results are in agreement with a similar study by Dezelic and 
Dursun!® who used the Schiff bases of aniline and toluidine with 
pyrrole-2-aldehyde and their hydrochlorides. In each case an inter- 
mediate pH region was found where the reaction proceeded un- 
catalysed. In these studies, and in all studies reported in the literature, 
the azomethine group reduced at potentials more positive than those 
required for the corresponding carbonyl compounds from which the 
Schiff bases were derived. In many cases, the carbonyl reduction wave 
was also accessible and the polarographic method offered a very useful 
technique for studying the formation and hydrolysis of Schiff bases in 
electrolytic solutions. Dezelic and Durzun obtained a first-order rate 
constant for the hydrolysis of the Schiff base of aniline and pyrrole-2- 
aldehyde at 20°c and pH 9-06 of 6-26 x 10~% min~?. Bezuglyi et al.!® 
have reported a polarography study of the reaction of aniline with 
benzaldehyde and some of its derivatives. Rate constants, equilibrium 
constants and activation energies are given. 
Zuman *?:19-17.18 has obtained equilibrium constants for the reaction 

of a number of carbonyl compounds with various amines. Included 
were the Schiff bases of pyruvic acid with ammonia, glycine, alanine, 
ethanolamine, histidine and histamine; acetone with ammonia, and 
glycine; cyclopentanone, cyclohexanone and methylcyclohexanone 
with NH;, MeNH,, EtNH,, HOCH,CH,NH,, NH,CH,CO.H and 
MeCH(NH,)COOH;; and others. 

Holleck and von Kastening 1° examined the polarographic reduction 
of benzylideneaniline in MeOH-H,O buffers. In acid solution, pH 6, 
only the current-voltage curve for benzaldehyde could be observed. 
The anil showed two waves at intermediate pH but they merged to one 
wave in strongly basic solution. This behaviour is in agreement with 
the work on the pyrrole-2-aldehyde compounds, but Lund2° found 
two waves at pH 13 for the reduction of benzophenone anil. The pH 
dependence of the half-wave potential of the first wave of N-benzyl- 
ideneaniline was examined by Holleck and Kastening and found to fit 
the equation: E, = —0-350-0-075 pH. The process was described as 
a one-electron reversible reduction involving the transfer of one 
proton. The second wave was irreversible and independent of pH. 
The overall reduction process was described as follows: 
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CgHsCH=NHC,H, 

CgHsCH—=NC,H, + le- + fae an —_——]| 

CeHsCH.—NC,Hs 

CsHsCH—NHC,H; 

C.HsCH,NHC,H, <2 — ps 

C.HsCH.—NC,Hs 

The reaction at high pH was suggested as being similar to the 
reduction of aldehydes, but this would not seem to apply to ketimines 
in view of Lund’s observation on the reduction of benzophenone 
anil. 

Further, Zuman’* points out a half-wave dependence on pH at 
constant ionic strength in the pH range 8-5-10 of 90 to 100 mv/pH. 
This suggests that the conjugate acid of the Schiff base is the electro- 
active species and Zuman formulated the reduction process as follows: 

R R 

a ae 
CNR C=NRH 

xe 
R R 

R R 

y Dar et 
C=NRH + 2e~ + 2H* === ="CH—NRH, 

R R 

Only one wave was observed in his work. The kinetics of the ion 
combination reaction might be expected to govern the nature of the 
polarographic limiting current, at least in some region of pH, but in all 
of the systems studied by Zuman this was observed only for the glycine 
case at a pH greater than 10-2. For the other cases, the limiting current 
was diffusion controlled. This was explained by assuming that the rate 
of ion combination was fast compared with the rate of diffusion. 

The polarography of N-salicylideneaniline has been studied by 
Vainshtein and Davydovskaya?!:?? in ELtOH-H,O buffers and they 
obtained diffusion controlled currents for this compound. It was also 
observed that the reduction waves of salicylaldehyde in the same 
buffer solutions were 15-20%, higher than those obtained from hydro- 
lysis of the anil. The difference was attributed to stability of the inter- 
mediate amino alcohol formed in the hydrolysis reaction, the 
intermediate not being reducible. It would appear that further 
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studies are necessary before any general statements can be made 

concerning the polarographic reduction of the azomethine group in 

aqueous solution. 
Nevertheless, the group is reducible and use can be made of this fact. 

Although there are no reports in the literature on the use of polaro- 

graphy for the quantitative determination of azomethine compounds, 

Schiff bases have been used for the analysis of carbonyl compounds. 

Zuman!2 stated that polarographic determinations of acetone, 

cyclohexanone, and the oxidation product of ascorbic acid were 

possible utilizing the reaction of these compounds with ammonia in an 
ammonium sulphate electrolyte. Conditions had to be carefully con- 
trolled because of the volatility of the supporting electrolyte and the 
necessity for removal of oxygen. In the case of acetone and cyclo- 
hexanone, the equilibrium constants were small so that a low ratio of 
current to carbonyl concentration was obtained. Glycine was later 
recommended as the amine?” and finally, methylamine*®. Van Atta 
and Jamieson ?* investigated n-butylamine as the reagent for determina- 
tion of acetone. A well defined wave at E; = —1-58 v versus s.c.e. 
was found in a solution 1-7m in n-butylamine and 1m in ammonium 
chloride. Equilibrium was established at least as quickly as the 
solution and cell could be prepared for polarization, and oxygen did 
not have to be removed. An equilibrium constant of 8-4 x 1072 was 
estimated for the imine formation reaction. The limiting current was 
determined as the difference in current between that measured at 
—1-75v and that measured at —1-45v. Plots of limiting current 
versus concentration of acetone were linear. The minimum con- 
centration measurable was 0:05 volume % and pure acetone was 
analysed by appropriate dilution. The average accuracy of the method 
was +1% relative. 

Hall?* described a general method for aliphatic aldehydes and 
ketones using hexamethylenediamine (HMD) as the reagent. For 
aldehydes a 2°7, solution of the amine was used as the reagent and also 
as the supporting electrolyte. For ketones, optimum conditions were 
found using a 20% solution of the amine. A difference in half-wave 
potentials of nearly two-tenths of a volt was observed between the 
aldimines and the ketimines in 20% HMD. The former were the 
more easily reduced. Relative errors in the analysis of acetone and 
n-heptaldehyde were a few percent or less using samples sizes up to a 
few milligrams. 

Polarographic reduction of an azomethine compound is the basis for 
a Soviet patent concerning purity control of 1,6-hexanediamine?>. 
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There have been several polarographic studies of substituent effects 
in aromatic azomethines. Dmitrieva and coworkers?® obtained 
differential oscillopolarograms of 19 compounds in dimethylformamide 
using 0-05m tetramethylammonium iodide as the supporting electro- 
lyte. Peak potentials were measured versus a mercury pool reference 
electrode over the range —0-4 to —1-5 v. The peak potential for N- 
benzylideneaniline was —1-40 v. Substitutions included ortho and 
meta chloro in the aniline ring and ortho hydroxy in the benzylidene 
ring. Other compounds included those obtained by replacement of the 
phenyl ring in the benzylidene portion by l-naphthyl and 2-hydroxy- 
l-naphthyl and a series of bisazomethines with substitutions and ring 
replacements similar to those of the monoazomethines. The peak 
potential for «-naphthylmethylene aniline was — 1-27 v. This positive 
shift was attributed to increased polarizability of the molecule due to 
lengthening of the conjugated chain. Substitution of a hydroxy group 
in the ortho position of the aldehyde moiety led to more positive 
potentials in all cases and was explained in terms of intramolecular 
hydrogen bonding. Substitution of chlorine in the ortho or meta 
position of the aniline residue facilitated reduction of the ‘mono- 
azomethines and corresponded to negative induction effects of the 
chloro substitution in these positions. Bisbenzalaniline was reported as 
having three peaks in the oscillopolarogram at — 1-22, —1-28 and 
— 1-36 v. The shift to positive potentials with respect to benzylidene- 
aniline is clear but the source of three peaks is not well understood. 
Stepwise reduction of the azomethine group would account for two 
peaks, but three (or four) peaks would seem to require different peak 
potentials for each of the azomethine groups in the bis compound. 
Chloro substitution in the aniline residue of the bis compounds pro- 
duced positive shifts in peak potential. The magnitude of the shift 
depended on the position of substitution. The shift increased in the 
order 2, 3’; 2, 2’; 3, 3’. Steric hindrance in the 2, 2’ molecule was used 

to explain the trend. Levchenko and coworkers*’ used classical 

polarography in DMF for a study of 30 Schiff bases of the type 

RCH=NR’ where R was phenyl, 2-hydroxyphenyl and 2-hydroxy-1- 

naphthyl and R’ was C,H;, p-CeH;C.H,, p-CgH;C,H,CgH,, 
p-C,H;CH=CHC,H,, p-CsH;CH,CH,C,H,, p-CsH;CH,C.H,, p- 

C,H;OC,H,, p-CsH;SCgHy, p-C;5H;NHC,H, and p-C,H;COQG,.Hy. 

The half-wave potential for benzylideneaniline was reported as 

— 1-38 v versus the mercury pool reference electrode, which was in good 

agreement with the derivative oscillopolarographic value of — 1-40 v. 

The results of this study were in agreement with the work of Dmitrieva 
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et al. Lengthening of the conjugation chain shifted the half-wave po- 
tential in the positive direction, as did formation of intramolecular 
hydrogen bonds. Introduction of an ethylenic linkage between the 
phenyl rings in the o-hydroxy compounds shifted the half-wave poten- 
tial in the positive direction, while introduction of the electron donating 
saturated side chain produced a negative shift with respect to o-hy- 
droxybenzalaniline. 
Two studies of substitution effects in anils in aqueous EtOH solvent 

are available. Both Uehara?® and Dmitrieva, Kononenko and 
Bezuglyi?9 used benzalaniline as their reference compound. Uehara 
reported positive shifts in half-wave potential when the aldehyde 
phenyl ring was replaced with polynuclear arenes and a negative shift 
when alkyl aldehydes were used. Para substitution in the pheny] ring of 
the benzaldehyde portion of the molecule produced positive or negative 
shifts depending on whether the substitution group was an electron 
acceptor or an electron donor, respectively. This is in agreement with 
Dmitrieva’s work in the same solvent and with the work in DMF. 
Dmitrieva reported linear plots of £; versus o,_, of slope 0-23 and 
0-13 at pH 10-5 and 6-8, respectively. Uehara claimed that any sub- 
stitution of the phenyl ring in the aniline moiety produced no appreci- 
able shift in E;, but Dmitrieva showed data for large negative shifts in 
FE, for para substitution by methyl, methoxy and hydroxy groups. 
Slight positive shifts were observed for para substitution by the ac- 
ceptor groups Cl, Br and SO,NH,. Ortho or meta substitution by 
methyl or methoxy also produced negative shifts of E;. The results of 
Dmitrieva’s work were interpreted as confirming evidence for non- 
coplanarity of the two benzene rings and for the suggestion that the 
nature of the substituent on the aniline ring exerts an influence on the 
conformation of the molecule. 

V. INFRARED SPECTROSCOPY 

All frequencies reported for the C=N stretching vibration in com- 
pounds of the type X—C—N—Z where X, Y and Z may be hydrogen, 

| 
x 

alkyl or aryl occur in the region 1680-1603 cm~?. Factors affecting the 
position of the C==N stretching absorption within this band include 
the physical state of the compound, the nature of the substituent 
groups, conjugation with either carbon or nitrogen, or both, and 
hydrogen bonding. The region is considerably narrower than the 
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1689-1471 cm~* region described for all compounds containing the 
CN group*°. An extensive review which covers the literature on 
the ir. and Raman spectroscopy of the carbon-nitrogen double bond 
through early 1956 was presented by Fabian, Legrand and Poirer®!. 
Their findings on azomethines are included here along with work 
published since the time of their review. 

A. Aldimines 

Fabian et al.** concluded that azomethines of the saturated aliphatic 
aldimine type absorb in the region 1674-1665 cm~1, although most of 
the evidence was based on Raman studies. This was confirmed by 
Suydam *? who examined the v,._.. (i.r.) of twenty-five compounds 
and reported a range of 1672-1664 cm~? and by Steele ** who found a 
range of 1680-1666 cm~? for compounds with alkyl groups on the 
nitrogen and the carbon. Suydam’s work showed that neither chain 
length nor chain branching of the groups joined to either the carbon or 
the nitrogen had an appreciable effect on the frequency of absorption; 
a conclusion the reviewers had reached earlier. Further, the frequency 
was reported as the same for the pure liquids as for chloroform 
solutions. Fabian and Legrand** found that N-(n-propylidene)-n- 
propylamine absorbed at 1673 cm~? in CCI, and 1671 cm~+in CHC). 
It would appear that the effect of these solvents on the absorption 
frequency is slight to negligible. The formylidene derivative of 2- 
amino-3-methyl-3-butanol is an exception to the above range of 
frequencies. The absorption band for this compound is at 1653 cm7~?. 
The shift to lower frequencies was attributed to the lack of an alkyl 
group on the carbon atom of the C=N group since an analogous shift 
to lower frequencies is observed for the corresponding carbon-carbon 
double bond situation *?. 

If the aliphatic chain on either the carbon or nitrogen atom includes 
a phenyl group not in conjugation with the C—N group, a slight re- 
duction of the frequency range to 1669-1653 cm~? is found and 

branching in the remaining aliphatic chain produces a slight frequency 

increase *?, 
When the aliphatic chain contains a single ethylenic double bond in 

conjugation with the azomethine linkage, a small reduction in the 

frequency range to 1664-1658 cm~? occurs. If further conjugation of 

the C—C group is achieved with a phenyl ring, a substantial shift in 

frequency to 1639-1637 cm~? is observed *?. _ 

For compounds of the type Ar—CH==N—R, Fabian et al.** found a 

frequency range of 1650-1638 cm~* when Ar is an unsubstituted 
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phenyl group, but Suydam % reported a smaller range of 1650-1645 

cm-!, Steele 2? states that the frequency is lowered to 1650 cm~* when 

the phenyl group is on either the nitrogen or the carbon atom. Nitro or 

halogen substitution in the phenyl ring widens the range somewhat to 

1656-16319? cm7?. 
Compounds of the type Ar—CH=N—Ar have been the object of 

considerable recent interest. In a review article*’, the frequency 

region assigned to these compounds was 1637-1626 cm~*. Clougherty, 

Sousa and Wyman ®® examined seventeen anils and found a frequency 

range of 1631-1613 cm~1 as shown in Table 2. Chemical evidence was 

obtained for the band assignment, since the absorption disappeared 

when selected compounds were reduced to the corresponding N- 

benzylanilines with sodium borohydride. The agreement among 

workers on the peak frequencies of the anils is excellent, as illustrated 
in Table 3. 

Taste 2. C=N Stretching frequencies in aromatic Schiff bases.* 
(Measurements made on Beckman IR-3 spectrophotometer, NaCl 

optics.) 

Frequency °% 

Compound (cmg) 

N-benzylideneaniline® 1631 
N-(2-hydroxy) benzylideneaniline?” 1622 
N-(4-hydroxy) benzylideneaniline 1629° 
N-(4-methoxy) benzylideneaniline® 1630 
N-(2-nitro) benzylideneaniline 1621 
N-(4-acetylamino) benzylideneaniline 1629° 
N-(4-dimethylamino) benzylideneaniline® 1626 
N-benzylidene-2-aminophenol 1629 
N-benzylidene-2-anisidine 1631¢ 
N-(4-methoxy) benzylidene-2-anisidine 16274 
N-benzylidene-4-anisidine® 1629 
N-(4-methoxy) benzylidene-4-anisidine 1626°¢ 
N-benzylidene-4-toluidine 16284 
N-benzylidene- N’-dimethyl-4-phenylenediamine?® 1627 
N-(2-hydroxy) benzylidene-2-aminophenol 1624°¢ 
N-(4-dimethylamino) benzylidene-2-aminophenol 1613 
N, N’-dibenzylidene-4-phenylenediamine 1628 
ee eeeEeESSSSSSSSSSSFSSSMMMmsmmmhshsFeFese 

2 In CCl, solution. 
> Compounds reduced using NaBH. 
¢ In CHC], solution. 
4 As KBr pellets. 

* Reprinted with permission, reference 35. 
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Tasie 3. Reproducibility of the absorption frequency 
for C=N stretching. 
ee ee 

Frequency 
(cm?) Solvent Reference 

a ee eee ee eee 
N-benzylideneaniline 

1631 CCl, 27 
1630 CCl, 26 
1630 CHCl, 28 
1628 CHCl, 26 

N-(2-hydroxy) benzylideneaniline 

1622 CHCl, 28 
1622 CCl, 27 
1619 CCl, 29 
1622 mineral oil 29 

Inspection of Table 3 reveals that a frequency shift of about —8 
cm~* occurs when hydroxy is substituted in the 2-position of the 
benzylidene phenyl ring. Freedman*® seems to be the first to have 
discussed the influence of intramolecular hydrogen bonding on the 
frequency of the C==N stretching vibration. Using N-benzylideneani- 
line as a reference, the shift in frequency for a number of substituted 
compounds (primarily hydroxy substituted) are shown in Table 4. 
The bathochromic shift mentioned above is in accord with that ex- 
pected for a chelated hydrogen bonded system but the analogous shift 
in the C—O stretch for salicylaldehyde is well known to be much 

Tasie 4. C=N Stretching frequencies.?* 

Yo=Nb 
ee R? System (cm~*) (ANS 

H H CH=N 1630(s) 
p-OH H 1629(vw) —1 
o-OH H 1622(s) —8 
H p-OH 1630(s) 0 
H o-OH Rt R 1626(s) zA 
o-OH o-OH 1621(s) —9 

H o-HOC,H, CH==NCH,R? =: 1657(s) +27 
o-OH o-HOC,H, 1634(s) —4 
je —CH,N—CHC,H; 1646(s) +16 
0o-OH —CH,N=CHC,H,— Ra 1634(s) +4 

o-OH 

4 Dilute solutions in chloroform measured in 1:0 mm cell. 
>’ s = strong, vw = very weak. 
* Reprinted with permission, reference 36. 
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larger. The weaker intramolecular hydrogen bond produced by the 

five-membered non-conjugated ring in N-benzylidene-2-aminophenol 

is indicated by a —4 cm~! shift. Further evidence for intramolecular 

hydrogen bonding is obtained by the shift to higher frequencies by the 

N-alkyl compounds when the resonance system is eliminated by alkyl 

replacement of the phenyl ring. Most of this shift can, in turn, be 

eliminated by proper hydroxy group substitution as shown in Table 4. 

N-(2-hydroxy) benzylideneaniline could exist in either the benzenoid 

or quinoid form: 

Minkin and coworkers argue strongly for the benzenoid structure on 
the basis of the u.v. and ir. behaviour®” and the dipole moments *? of a 
number of anils of o-hydroxyaldehydes. They show that the frequency 
of the N-benzylideneaniline compound is only very slightly affected by 
further substitution in the benzylidene or aniline rings, and that 
therefore the six-membered chelate ring is strongly stabilized since it 
resists substituent effects which change the acidity of the hydroxy 
group and the basicity of the nitrogen atom. Further, they show that 
salicylideneaniline hydrochloride has a band displaced to 1652 cm~1+— 
a result which should not be observed if the tautomer has the quinoid 
structure. Bands due to free OH stretching were not observed even 
when the solution was very dilute. Instead, broad diffuse bands at 
2800-2900 cm~* were found which were assigned to an intramolec- 
ularly bound OH:--N group. The phenolimine structure is also 
claimed by Shigorin and coworkers*° for the o-hydroxy anils of the 
naphthyl and benzyl series. 

Heinert and Martell*° have examined the i.r. spectra of the Schiff 
bases formed from 3-hydroxypyridine-4-aldehyde and 3-hydroxy- 
pyridine-2-aldehyde and the amino acids glycine, alanine, valine, 
phenylalanine and glutamic acid. In addition, the o-methoxy and 
unsubstituted Schiff bases were studied and found to have a C—N 
stretching frequency at 1640-1630 cm~1. The spectra of the o-hydroxy 
Schiff bases were noteworthy in that the band at 1650-1625 cm~-1 was 
unusually intense, and a new band at 1510 cm~} appeared. On the 
strength of these observations and the observation by Freedman *® 
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that the bathochromic shift for hydrogen-bonded anils is much smaller 
than would be expected, Heinert and Martell assigned the 1650-1625 
cm~* band to a carbonyl stretching vibration of an amide (amide I 
band) and the 1510 cm™? band to a vinylogue C=C stretching 
vibration. Thus it is proposed that these Schiff bases exist in the 
enamine structure: 

eR, = ao Bi Oe iY 

o) | SE @) 5 | (6) 

R R 

The possibility that the two phenyl rings of the anils may not be 
coplanar is well recognized and the object of some debate. One of the 
principal arguments for or against steric hindrance has been sum- 
marized by Ledbetter, Kramer and Miller*!, and rests on the inter- 
pretation of the reduced intensity of the long wavelength 7 — x* 
transition in the ultraviolet. These workers prepared a series of a- 
cyano-J-benzylidene anils and examined the effect of the cyano group 
on the y,,_, and the long wavelength u.v. transition. The steric effect 
of the cyano group would influence the coplanarity of the phenyl 
rings, but it is alsoin conjugation with the azomethine double bond and 
the aniline ring. These two factors have opposite effects on the fre- 
quency of the C==N stretch. Comparison of the frequency of N- 
benzylideneaniline and that of a-cyano-N-benzylideneaniline revealed 
a bathochromic shift of 20 cm~?. This shift, together with their u.v. 
data, led these workers to conclude that steric hindrance to coplanarity 
in the «-cyano compounds is at best intermediate and that an extra- 
polation to N-benzylideneaniline suggests that steric hindrance there 
must be less than intermediate. Feytmans-de Medicis *? has examined 
the syn-anti isomerism of «-cyano-N-(3-methyl-4-dimethylamino)- 
benzylideneaniline. In absolute alcohol, isomerization is complete and 
both forms yield identical ultraviolet spectra with an absorption 
maximum at 459 my. (molar absorptivity = 17,100). As expected, the 
isomers are resolved in the i.r.; the vey for the syn form was assigned 

at 2210 cm~! while that for the anti form was 2250 cm~? using Nujol 
mulls. 

B. Ketimines 

In contrast to the recent research on the i.r. spectroscopy of al- 

dimines, very little appears to have been published on the i.r. absorp- 

tion of ketimines since the review of Fabian, Legrand and Poirer*?. 
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Taste 5. I.R. C==N stretching frequencies of ketimines. 

NN 

Ysc=Nn 

Azomethine type or compound (cm~*) 

R 

Ms 
C—=N—H (dialkyl) 1646-1640 

ve 
R 

R 

ss 
C—=N—H (alkylaryl) 1633-1620 

ve 
Ar 

Ph 

s 
C=N—H (diaryl) 1603 

ie 
Ph 

R 

S ; 
C=N—R’ (trialkyl) 1622-1649 

ea 
R’” 

R 

BS 
—N—R’ (phenyldialkyl) 1650-1640 

a 
Ph 

CH; 

C—N—Ph (dialkylpheny]) 1658 

i-C,H, 

Ph 

C—N—Ph (phenylalkylphenyl) 1628 (solid) 
is 1640 (CCl,, CHCl,, 

3 shoulder at 1628) 

Ph 

~ 
C—N—CH,CH,OH 1616 

a 
Ph 

Ph 

a 
C—N—Ph (triphenyl) 1614 

ye 
Ph 
a eS ee i ee 
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Their findings are summarized in Table 5. The shift of the absorption 
band to lower frequencies as conjugation is increased is evident from 
the table. 

Staab and Voegtle*® studied a series of double aldimines and 
ketimines. In some cases, the absorption bands occur in frequency 
regions close to those which would be predicted from information 

TaBLe 6. C==N Stretching frequencies of some double 
aldimines and ketimines. 

R Hoe R 
ra L a 
C=N—C—C—N=C 

f ed 
RY Ph Ph R’ 

Yso=N 
Compound Group (R, R’) (crise) 

CH, 
i 

1 C= 1630 

eo 
Ph 

para aa 
2 (CHe)e C= 1635 

ae 

bared 
3 (CH.), C= 1630 

tions! 

Ph—CH, 

t Ca 1640 

Ph—CH, 

Ph 

5 Pel 1610 

ye 
Ph 

CHg i 

6 H,C G2" 1630 

CHg 
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available for the mono compounds. For example, compounds of the 

type 
R H H me 

| 
Nance Nace 

Ph fh 
had an absorption band at 1660 cm~} in most cases when R and R’ 

were aliphatic groups. This is in accord with the frequency region for 

trialkyl type monoketimines (Table 5). Frequencies for other groups on 

the double compound are shown in Table 6. The frequency for com- 

pound 5 is also in accord with Table 5 but those for compounds 1 and 

4 occur at lower frequencies than Table 5 would predict. 

VI. MASS SPECTROMETRY 

The mass spectrometry of azomethine compounds has only been 
recently investigated. Elias and Gillis ** studied a series of substituted 
N-benzylideneanilines using a 70 ev electron beam energy and an 
inlet temperature of 200°c. The molecular ion was the base peak in all 
cases except for ortho substituted compounds. Meta and para sub- 
stituted compounds all underwent loss of the azomethine proton to 
yield an (M — 1)* peak of variable intensity, and peaks typical of 
aromatic structures were observed. The results suggested that fission 
was more easily accomplished at the ring—nitrogen bond rather than 
at the ring—carbon bond. The spectral data are shown in Table 7. 

Ortho substituted compounds gave rise to spectra decidedly different 
from the meta and para compounds. Peaks were interpreted in terms of 
four-membered ring formation. Compounds formed from o-methoxy- 
benzaldehyde were especially interesting since the base peak corre- 
sponded to the parent amine. Formation of the amine ion radical 
from the molecular ion was confirmed by a metastable peak, and a 
mechanism involving two hydrogen transfers was proposed. 

Fischer and Djerassi have studied the mass spectrometry of a number 
of alkylalkyl azomethines**. Included are many of the compounds 
derived from methylamine, ethylamine, and n-butylamine with 
butanal, pentanal, heptanal, 4-heptanone, 5-nonanone, cyclopenta- 
none and cyclohexanone, plus some deutero substitutions in some of the 
above compounds. As expected, the molecular ions were of weak 
intensity except for those derived from the cyclic ketones. In general 
the fragmentation patterns were analogous to those obtained for the 
corresponding carbonyl compounds, but some features were note- 
worthy. 
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TasBLe 7. Principal peaks for mass spectra of Schiff bases. * 

OO. R’ 

Compound R RY m/e with percentage in parentheses 

a H H 181(100), 180(98), 104(4), 90(5), 
77(57) 

8 p-CHg3 H 195(100), 194(78), 193(6), 118(11), 
107(5), 106(7), 91(34), 77(7) 

9 m-CH3 H 195(100), 194(81), 193(8), 118(11) 
91(43), 77(7) 

10 o-CH3 H 195(100), 194(80), 193(7), 180(6), 
119(9), 118(92), 117(16) 

1 H m-CHg 195(100), 194(98), 193(6), 178(6), 
136(6), 104(10), 91(19), 77(45) 

12 p-OCHg3 H 211(100), 210(14), 197(14), 
196(95), 167(13), 77(9) 

13 H p-OCHg3 211(100), 210(92), 167(8), 77(34) 
14 p-NOz H 226(100), 225(35), 196(14), 

180(11), 179(20), 153(9), 
152(12), 151 (5), 149(5), 138(38) 
108(10), 106(46), 105(45), 
103(5), 77(53) 

15 H p-NOz 226(100), 225(10), 180(8), 179(40), 
178(5), 152(8), 104(19), 77(45) 

16 o-OH H 197(88), 196(74), 195(14), 167(6), 

121(8), 120(100), 104(14) 

17 is! o-OH 197(100), 196(77), 168(7), 167(5), 

120(12), 104(6) 

18 o-OH o-OH 213(100), 212(82), 211(10), 196(9), 

184(7), 121(8), 120(84). 

19 H o-OCH3 211(11), 180(5), 119(38), 104(5), 

94(7), 93(100), 91(35) 

20 o-OH o-OCH, 227(63), 226(14), 225(5), 212(7), 

211(14), 196(7), 183(7), 120(32), 
119(6), 110(7), 109(100), 108(6) 

21 o-OCH; o-OCH, 24138), 240(8), 211(17), 196(5), 
183(10), 154(7), 134(5), 132(5), 
124(8), 123(100), 121(9), 
120(19), 119(43), 118(5), 113(7), 
109(5), 108(51), 104(5) 

ae 

* Reprinted with permission, reference 44. 
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In the compounds derived from aliphatic aldehydes and ketones, 

a-cleavage was dominant and produced directly the base peaks in 

CH3,CH=NCH2CH2CH2CH3 

and 
CH,CH.CH,CH=NCH2CH2CH2CHs 

Tass 8. Mass spectra of some Schiff bases of pyridine-2-aldehyde. * 

Oon4 
(Source: 2-2.< 1 0s-itorn) 

R: H CH; CoH n-C3H, i-C,H, n-C,H, 
Mol. Wt.: 106 120 134 148 148 162 

mle 

28 82-3 44-] 74-1 47°8 26-7 DoF 
29 33:1 13-0 53-6 34-0 46-4 33-6 
39 15-1 47-4 40-0 27-4 24-0 19-7 
41 54:3 
42 1-6 81-0 22-7 18-7 42-1 6:3 
51 55:3 48-2 55:2 22:3 44-7 14-6 
iy 100-0 78:5 79:8 43-0 85:9 30-0 
65 7:7 46-6 61-1 41-4 43-9 22:0 
78 36:8 41-5 52:0 2325 a2] 22-0 
79 91-0 36-4 45:5 27:0 55:4 24-5 
92 7-1 49-3 69-0 63-0 71-8 99:3 

105 8-0 25°5 33°5 13-2 18-3 15-2 
106 16-92 11-6 31-6 12-0 12-0 25> 
107 19-6° 
118 19:2 ED 7:3 6:3 77 
119 100-0 100:0 ~~ 100-0 18-1 100-0 
120 43-14 41:5 9-5 325 14:8 
121 22-7 
133 19-0 6-6 100-0 16-5 
134 14-62 12-1 
135 S012 
148 Dage 2:7 
149 9-70 0-7 
162 5-62 
163 96-50 
a ee eee 

% Molecular ion, 
> Pressure-dependent (M + 1)+ peak. 

* The ion intensities of Tables 8 and 9 are standardized on 100 units for the 
base peak. (Tables 8 and 9 reprinted with permission, reference 46.) 
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by cleavage in the chain on the amine portion of the molecule. The 
compounds formed from aldehydes with methyl or ethyl amines gave 
weak peaks arising from 8 and y cleavage, with the latter the more 
intense of the two. A four-membered ring was proposed to account for 
this as illustrated below: 

H,C H,C 
ie C.Hs Ne 

H;° ‘ | tn | m/e 70 (a) 

HG. A 
= SY CsHs NS Ban + a 

4 
+/ 

ot =Gie" | | ee lI mle 70 (b 

Route (b) represents allyl cleavage of a tautomeric enamine molecular 
ion. Another important peak was ascribed to a McLafferty rearrange- 
ment as follows: 

Hic AN AH HGH 4 
"i ae caso" 3+ H_C=N—CH=CH, 
Be wag KR CH, 

mle 57 

Confirmation was obtained from the metastable peak at m/e 55-1. 
Similar arguments were made for peaks arising from « cleavage, y 
cleavage and McLafferty rearrangements for the azomethines of the 
aliphatic ketones studied. 

Schumacher and Taubenest*® reported the mass spectrometry of a 
series of Schiff bases of pyridine-2-aldehyde (C;H,NCH==NR) where 
R was H, CH;, C.H;, n-C,H,, i-C3;H,, n-C,Hyg, cyclohexyl and 
phenyl. The base peak at m/e = 119 for R = CH;3, C,H;, n-C3H, 
and n-C,H, was explained as B cleavage of the aliphatic chain on the 
nitrogen atom. An intense peak at m/e 92 was assigned to the nitrogen 
analogue of the tropilium ion, CgH,N*. A route to this ion was 
proposed from a cyclic four-membered transition state involving loss 
of a neutral molecule as shown on page 174. The spectra are shown 
in Tables 8 and 9. 
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| e 
_ —HCN 

ansaen FH Olam Nee 
N N G] N 

mle 119 sala | 

Zz 

mje 92 

TABLE 9. Mass spectra of some Schiff bases of pyridine-2- 
aldehyde (see Table 8) with R = cyclohexyl and R = phenyl. 

R: Cyclohexyl Phenyl 
Mol. Wt.: 188 182 

mle mle 

27 39-5 
28 61-7 28 38-4 
29 52-1 29 2-6 

39 35:9 
Al 98-3 51 96-3 
De 714 52 77-0 
56 59:5 53 33-0 
65 34-2 63 26-6 
66 1925 64 255 
67 34-1 76 23-0 
78 36:3 77 100-0 
no 60-9 78 56:8 
80 39:1 19 W329) 
83 S277) 
92 49-6 104 32-4 
93 41-2 105 36-2 
105 43-7 154 32-0 
106 36-8 155 43-6 
107 64-0 180 9-8 
118 43-3 181 80-5 
119 47-2 182 83204 
131 61-4 183 38.80 
182 64-0 
145 100-0 
159 30:8 
187 19-2 
188 57-54 
189 96-50 
TE ee ere 

2,0 See Table 8. 
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Mass spectra of a series of double Schiff bases of érans-1,2-diamino- 
cyclopropane have been obtained by Staab and Wiinsche*”. Com- 
pounds investigated were of the type 

R CHN=CHAr 
ne 

ok 
R’ CHN=CHAr 

and are shown in Table 10. 

TasB_e 10. Table of double Schiff bases investigated by 
mass spectrometry. 

R CHN==CHAr 

x 
R’ CHN=CHAr 

Compound R aN Ar 

22 H H p-CgH,N(CHs)2 
23 H H C.eHs 
24 C,H; H C,H; 

25 H ded o-C,H,0OH 

26 C.Hs C.Hs5 C,H; 

Molecular ion peaks were obtained for all of the compounds and the 
relative intensities varied from 6-3°/, for 25 to 91-3°% for 26. The low 
intensity of the peak in 25 was explained as being due to ring formation 
involving the ortho hydroxy group. Base peaks arose from the parent 
ion according to: 

R CH—N=CHAr 

a — [ArC,NH]*+ [ArC3RR’NHa3] * 

Ri Ndu_tiecHar base peak 

Further details should be obtained from the original article where the 

spectra are presented. 
These four reports cover widely different types of azomethine com- 

pounds and indicate the power of the mass spectrometric method. 

The spectra are distinctive in every case both between types of Schiff 

bases and within a given type. Ortho-hydroxy substitution ona phenyl 

ring is especially noteworthy and could be recognized almost by in- 

spection of the mass spectrogram. 
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- VI. NUCLEAR MAGNETIC RESONANCE 

N.m.r. has been applied to the analysis of azomethines predomin- 

antly from a structure standpoint. The discussion below describes 

the areas of azomethine chemistry which have been elucidated by 

n.m.r. 
McCarthy and Martell*® studied the n.m.r. (proton) of acetylace- 

tone and 14 other B-diketone diimine Schiff bases. Chemical shifts and 

coupling constants are given. 

Slomp and Lindberg *® studied chemical shifts of protons in nitrogen 

containing compounds. Among the categories studied were azo- 

methines. A chart is given depicting the chemical shift of the proton 

as related to the configurations around the SC grouping. 

McDonagh and Smith®® obtained n.m.r. spectra to study the 

reaction products of several substituted benzaldehydes with o- 

hydroxybenzylamine. The purpose of the study was to elucidate the 

tautomerism of these compounds. Nelson and Worman®* also studied 

tautomerism of azomethines via n.m.r. 

Rieker and Kessler®2 studied steric hindrance and isomerization of 

the \C=nNe double bond in fifteen quinone anils. Chemical shifts 

and their solvent dependency were studied. Ultraviolet measurements 

were also made and absorption shifts were correlated with ring 

distortions. 
Tori et al.5° studied the relation between allylic or homoallylic 

coupling constants and electron localization on C—N double bonds in 
some Schiff bases and their N-oxides. Coupling constants are also 
reported. 

Staab et al.°* used proton n.m.r. to elucidate the syn- and anti- 
isomerism of Schiff bases. 

Binsch et al.®° used *°N n.m.r. to determine coupling constants in 
nitrogen compounds among which the azomethine group is included. 
The coupling of ?°N to directly bonded protons, to °C, to 1°N, and to 
protons separated by two and three bonds is discussed. 

Dudeck et al.°*°° studied the keto-enol equilibria in a variety of 
Schiff bases derived from f-diketones, o-hydroxyacetophenones, and 
o-hydroxyacetonaphthones. 

Shapiro et al.®° obtained the coupling constants of the geminal 
protons on GH,—N— azomethines. These are listed for eight com- 
pounds. 
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Vill. FLUORESCENCE AND OTHER PHOTOCHEMICAL 

PROPERTIES 

Fluorescence of materials upon irradiation often provides a convenient 
approach to qualitative and quantitative measurements. Azomethines, 
especially the aromatic members, tend to fluoresce and hence a means 
toward analysis is provided. In fact, the fluorescence of the anils 
provides a means to determine some amines®!:®?, It must be kept in 
mind, however, that the fluorescence process is a delicate one and is 
readily influenced by impurities and conditions. Quenching or en- 
hancement of fluorescence is very common and must be watched for 
when this analytical approach is used. 
Nurmukhametov et al.®* studied the luminescence spectra of 19 

azomethines in powder form and in hexane solution. The azomethines 
were of the general formula RO;,H,CH=—NC,H,R’. The results were 

correlated with molecular structure. 
A comprehensive study of azomethines of aromatic aldehydes was 

made ®*:®5, relating the photoluminescent process to concentration, 
temperature and structure. Thermochromic effects were also noted. 
Quenching effects and bathochromic shifts of spectra were also 
reported. 

Terent’ev et al.®° studied some azomethines of various vanillins 

and metal chelates of these compounds. The luminescence is attributed 

to the azomethine grouping. 
The fluorescence of the aromatic azomethines of general structure 

ein) f 

OH R 

is so strong that they are proposed as fluorescent dyes®’. 

In addition to fluorescence, some azomethines undergo isomeriza- 

tion or other photolytic reactions which either produce colour, or 

produce a change in colour. These reactions also have utility as 

analytical approaches. 
Salicylideneaniline shows a phototropy °°, changing from yellow to 

red when exposed to ultraviolet light; the infrared spectrum, however, 

remains the same. This property is amenable to the analysis of this 

azomethine. Mixed crystals with benzylideneaniline exhibited simi- 

lar behaviour. Anderson and Wettermark®® studied the same 

phenomenon with N-(o-hydroxybenzylidene)aniline; N-(o-hydroxy- 
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benzylidene)-f-naphthylamine; N-( p-hydroxybenzylidene) aniline; N- 

benzylideneaniline and N-benzohydrylideneaniline. The dependence 

of the process on solvent and pH was also studied. The kinetics of 

the photo-induced isomerizations were also followed. 

Becker and Richey” studied the photochromic properties of the 

nitrosalicylidene anils and a few substituted salicylidene-o-toluidines. 

The relationship of structural transformation to colour formation 1s 

described. In some instances, fluorescence was also observed. 
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In this chapter it is proposed to discuss the optical dissymmetry 
effects (a term that will be used here to mean optical rotatory dis- 
persion and circular dichroism) of compounds containing the azo- 
methine group. Metal complexes will not be discussed. Systems such as 
aliphatic unconjugated azomethines in which the azomethine chromo- 
phore itself is insulated will be of especial interest, but other substituted, 
conjugated and otherwise related compounds will also be considered. 

181 
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1. ULTRAVIOLET ABSORPTION OF AZOMETHINES 

A. Unconjugated Azomethines 

The chromophoric properties of the azomethine group in an ali- 
phatic environment went largely unnoticed until as recently as 1963. 
In that year Bonnett and his colleagues, who had noted broad bands 
in the spectra of certain alkyl-l-pyrrolines at ~230 my, showed that 
N-neopentylidenealkylamines had a weak absorption band in a 
similar position?-?. Although standard texts seldom refer to it, there 
had in fact been earlier mention of the absorption spectra of aliphatic 
azomethines. For instance, Hires and Balog® had reported the spectrum 
of N-butylidenebutylamine (1), and spectra had also been presented 
for compounds 24, 3° and 4°. 

n-PrCH=NBu-n CL ote 

N 

(1) (2) 
Amex in EtOH 233 my, e155 Amex 229 mu, 2195 

(en) MexCHCH-N{ 
(3) (4) 

Amax in isooctane (245 my), «180; Amax in cyclohexane 245 mu, e74 
300 my, 260 

(values read from published curve*) 

However, all these examples have hydrogen atoms on the carbon atom 
a to the carbon of the azomethine group: consequently the observed 
absorption might well have been ascribable to (a) products (such as 5)? 

Et 

n-PrCH=NBu-n eee preheat Bu-n 3h 
(1) (5) 657% 

which are known to absorb strongly in the 220 my region (see Section 
I.B) and which could arise by an autocatalysed aldol-type condensa- 
tion and/or to (b) a small proportion of the tautomeric enamine (6), 
which would also be expected to absorb strongly in the 220 mu region 

n-PrCH=NBu-n <—— EtCH=CH—NHBu-n 
(1) (6) 

* The 300 mp band may be due to carbonyl contamination (e.g. from 
hydrolysis). 



4. Optical Rotatory Dispersion and Circular Dichroism 183 

by virtue of its analogy with the tertiary enamine system (e.g.8 

MesC=CH-N  O 
Nese 

Amax217 mu, 6600 in 0:001n NaOH). These possible complications 
are avoided by choosing an aliphatic aldo-azomethine with a quater- 
nary carbon adjacent to the carbon of the functional group. Thus from 
pivalaldehyde (under nitrogen) N-neopentylidenealkylamines, which 
are colourless, rather sweet-smelling liquids of reasonable stability, 
may be prepared. These show weak absorption in the 240 my region, 
and such absorption is thus to be regarded as an inherent property of 
the unperturbed azomethine system. In Table 1 the spectra of various 
azomethines of this general type are summarized. 

In those systems where formation of an enamine is possible the 
240 my. band is still seen, but under certain conditions an inflection 
(at ~ 220 mu) can be detected, and this has been ascribed by Nelson 
and Worman’® to the enamine chromophore. Indeed this provides a 
spectroscopic method for estimating the tautomeric ratio: in dilute 
solution in cyclohexane the enamine content may extend up to a few 
percent on this criterion (e.g. N-cyclohexylidene-n-butylamine 57 ; 
N-cyclohexylidenecyclohexylamine <1) but in more polar solvents 

TaBLe 1. Electronic spectra of some unconjugated aliphatic azomethines, 

Nae 

Solvent (mu) Eniax Reference 

(7) Me; CCH—NBu-n EtOH 235 107 1 
Hexane 244 87 1 

(8) Me; CCH=NBvw-s MeOH 233 100 1 
EtOH 236 93 1 
t-BuOH 239 83 1 
Hexane 243 85 1 

(9) Me;,CCH=NBu-t EtOH 242 83 1 
Hexane 250 80 1 

Me 

(10) Me Me EtOH 226 83 2 
fF 

Me ~N 

(11) CH,=NBu-t* Hexane 272 — 9 
Ca eS 

2 In equilibrium with the cyclic trimer (1,3,5-tri-t-butylhexahydro-s-triazine). 
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(ethanol) the enamine tautomer is often not detected. Nevertheless the 
possibility of a contribution from the enamine tautomer must be borne 
in mind whenever the electronic spectra (Table 2)—and the optical 
dissymmetry effects—of azomethines which can form enamines are be- 
ing considered. 

TaBLE 2. Electronic spectra of some enaminizable azomethines. 

Ama 

Compound Solvent (mu) ene Reference 

(12) Me,C==NBu-n Heptane 179 8900 11 
Cyclohexane 246 140 11 
Trimethyl 

phosphate 183 —* 11 
236 —s 11 

CH;CN 235 LS? 12 
EtOH 232 200 11 

(13) [ N Bu-n Cyclohexane 253 197 14 
Me 

Me 

Ai) Me Hexane 230 195 2 
EtOH 221 210 2 

ZA Me 

N 

NBu-n 

(15) Hexane 248 175 15 
EtOH 238 220 15 

HO” 

(16) eee Cyclohexane 229 112 16 

N 

(17) EtOH 243 630 89 

HO 
Verazine 

* Value not quoted in the preliminary communication, 
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Since the azomethine group is a weak chromophore and is located 
rather far into the quartz region, its effect is easily submerged if other 
chromophoric groups are present in the molecule. Thus in some of the 
steroidal azomethines (see Section II.C) the band is partially sub- 
merged in end-absorption and appears merely as an inflection. In 
N-neopentylidene-c-amino acid esters?” (see Section II.B) the band is 
not clearly distinguished from absorption due to the ester chromo- 
phore. 

The absorption band at 240 my has been attributed!® to an 
n—»7f transition involving promotion of a non-bonded electron 
associated with nitrogen. Such electrons are formally sp? hybridized, 

200 

100 

200 250 

d (mp). 

Ficure 1. Electronic spectra of 2,4,4-trimethyl-l-pyrroline (14) ( 
corresponding pyrrolidine (- - - -) in ethanol. 

) and the 

although Lipscomb and his colleagues!® have pointed out that the 
nitrogen lone pair has less 2s character than would be predicted on this 
basis. That the double bond is involved is evident from the observation 
that the 240 my band is absent in the corresponding secondary amine 
(e.g. 2,4,4-trimethyl-l-pyrroline (14) — 2,4,4-trimethylpyrrolidine; 
Figure 1). The observation that acidification of the solution leads to 
the disappearance of the band accords with the postulate that lone- 
pair electrons are involved in the transition. With a suitable system 

+ The analogous quaternary imminium ion appears to absorb with Amax ~ 

220 my. (e.g.2° EtL,;CHCH=N* +) Civ Amax 222 my, €2250 in CHzCN) although 

this location has been questioned 2° and somewhat lower values have been re- 
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such as 1-pyrroline, it may be shown (Figure 2) that protonation is a 

readily reversible process, i.e. 

Me Me 

"oem cts Gs Zo —Me ~Nd: + Me 
z N 

H 

(14) (14a) 

Amex 221 Mp in EtOH = Amex <220 my in EtOH 

(n+ a*) (7 a*) 

200 

100 

* 200 250 

d (mp) 

Ficure 2. Electronic spectrum of 2,4,4-trimethyl-l-pyrroline (14) in ethanol 

( ); on treating with a trace of 6n HCl (— — — -—); on further treating the 

acidified solution with a trace of aqueous ammonia (- - - -). 

corded (eg.2 MegC=CH-N © Amax 196 my, 2650 in 0-01n HCl). 

An additional complication arises because the chemical stability of this system, 
at least under certain circumstances, appears to be open to doubt?°. On the 

basis of the analogy of the spectra of polyalkylethylenes?* the R,C=—NHR ion 
would be expected to show a 7 —> n* transition at somewhat higher energy than 
that of the ternary immonium ion. It may be noted that nucleophilic attack 
of solvent alcohol on the ternary immonium ion would also remove the double- 
bond chromophore. However, the amino ketal so formed would be unlikely to 
regenerate the azomethine group instantaneously under basic conditions (cf. 
14a —> 14). 
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Moreover, the band, which is of rather low intensity, shows the solvent 
sensitivity (hypsochromic shift with more polar solvent) characteristic 
of n > 7* transitions, and the effect of substitution generally parallels 
that of the n — 7* band of the carbonyl chromophore?’?. It is inter- 
resting, however, that the transition is of considerably higher energy 
than has been predicted?*. The low intensity of the band is possibly 
to be accounted for in terms similar to those applied to the pyridine 
n —> 7* transition?®, 

The strong band in the spectra of azomethines at ~ 180 my shows 
a small bathochromic shift with increasing solvent polarity (12, Table 
2) and is attributed to a 7 — n* transition}. 

B. Conjugated Azomethines 

The conjugation of the azomethine chromophore with olefinic or 
aryl groups changes the spectrum considerably, since rather weak 
bands due to n — x* transitions are now submerged by strong absorp- 
tion associated with 7 — 7* transitions. Often bands still appear in the 
230 muy region, but their intensities (« ~ 10,000) leave little room for 
confusion. Further bands or inflections, generally weaker, may be 
observed at longer wavelengths, and occasionally these have been 
identified as n > 7* components, including the special case?* where 
the conjugated azomethine is part of an aromatic ring. Thus®?% 
pyridine in cyclohexane shows a 7 —> 7* band at 251 my (€2000) with 
an inflection (270 my) on the short-wavelength side attributed to a 
n —> 7* transition. Similarly pyrimidine has A,,,, 243 my (€2030) and 
298 my (€326) in cyclohexane. The long-wavelength absorption of 
N-benzylidenealkylamines is the subject of conflicting reports. In some 
cases*:> (e.g. 24, Table 3) inflections in the 280 my region have been 
observed; in others®°, including N-benzylidenemethylamine”*, these 
have not been noted. Benzophenone imine (Ph,C—NH) is reported to 
have a strong absorption at 260 mu (€10,000) and a weaker one at 
340 mu (e125) in absolute alcohol, although the curve presented *’ 
resembles that of the parent ketone rather closely. Several factors (weak 
or unrecognized inflections, stereochemical considerations, hydrolysis 
to carbonyl compound) may be involved here, and evidently further 
experimental work with carefully purified compounds is desirable. 
Although an aryl group appears to conjugate effectively when sub- 
stituted at the carbon of the azomethine group, it may not do so when 

on the nitrogen. Thus the spectrum of N-cyclohexylideneaniline is 
rather reminiscent of that of aniline itself and there is evidence that in 

benzylideneaniline, the spectrum of which differs in detail from that of 
7* 
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stilbene‘, the N-phenyl group is twisted out of the plane of the rest of 

the chromophore?!:32, That the N-substituent is twisted out of plane 

more readily than the C-substituent may be explained in terms of (a) 

the non-bonded distances*? involved, thus: 

H  C=N 
he 

HDS 

mw han 

and (b) the development of orbital overlap between the lone pair and 
the N-aryl system in the twisted conformation. However, steric 
effects may also interfere with orbital overlap between the C-aryl and 
azomethine systems as is illustrated in the series 24> 25—> 26 (Table 3). 

In dramatic contrast to the behaviour of unconjugated azomethines, 
protonation of a C-conjugated azomethine causes a bathochromic 
shift of the absorption band. Table 3 illustrates this effect (22, 23, 28, 
34), and summarizes typical spectra for various kinds of conjugated 
azomethine. 

Braude and his colleagues? have compared the spectra of con- 
jugated azomethines with those of the corresponding polyenes and 
have examined the effect of other conjugating groups such as C—=N 
itself. Conjugation can formally occur here in three ways, of which 
two, the azine (C—N—N=—C) and diimine (—~N=C—C—N—) 
systems, are familiar. With alkyl substituents both show intense 
maxima in the 205-210 my range, although a weak absorption at 
higher wavelength has been reported® for a tetrasubstituted azine 
[(GH2)s;C—-N—N—C(CH,)5, Amax in cyclohexane 308 my, €89]. 
Typical aryl derivatives on the other hand show maxima—often 
multiple maxima—in the 300 my region, e.g.1° in ethanol: 

n-BuN=CMeCMe=NBu-n A206 mu «17,000 
209 18,500 

n-PrCH=N—N—CHPr-n 205 13,000 
208 11,500 

PhN—=CMe—CMe=—=NPh ° 300 2,000 
325 2,000 

PhCH=N—N—CHPh 300 36,000 
308 35,000 

Two areas involving conjugated azomethines deserve special mention 
because of their relevance to biologically important processes. The 
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first concerns the chemistry of vision!°°. The pigments (‘visual 
purple’) of the rod and cone structures of the retina are derived from 
vitamin A aldehydes and proteins (opsins). A characteristic compound 
is rhodopsin, from opsin and 11-cis-retinal (one of the thermodyna- 
mically less stable czs-configurations). It has A. ~ 500 mu. There is 
suggestive evidence (but see below) that rhodopsin contains an azo- 
methine linkage. On exposure to light rhodopsin is ‘bleached’, giving 
metarhodopsin II (A,,,, 380 my) via various intermediates which can 
be detected at low temperatures. On hydrolysis metarhodopsin IT 
gives opsin and all-trans-retinal: hence one of the consequences of the 
initial photo-reaction is cis—trans isomerization (another, presumably, is 
nerve stimulation). The process may be represented as follows: 

Seo 

all-trans-Retinal | |-cis-Retinal 

[on 

Rhodopsin 

Amex 498 Mp 

|» 

Opsin 
Prelumirhodopsin 

(Amex 543 mp) 

| 
Lumirhodopsin 

Hydrolysis erase 497 mp) 

Metarhodopsin II Metarhodopsin | 

(Amax 380 mp) (Amax 478 mp) 

Pieces tee et toy re 

| 
nerve impulse 
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The intermediates in square brackets have been detected spectro- 
scopically at low temperatures and are presumably to be regarded as 
short-lived intermediates in the process at ambient temperatures. 
Their chemical nature is not clear, but it is believed that they are 
derivatives of all-trans-retinal and that the differences are conforma- 
tional ones in the protein moiety. Amongst the further complications 
are (i) isomerization to 9-cis-retinal and its derivatives (e.g. isorho- 
dopsin) and (ii) the occurrence of pigments derived from another 
aldehyde (vitamin A, aldehyde) and from other opsins. 

The evidence for the azomethine linkage is as follows. When 
rhodopsin is denatured with acid, another pigment, indicator yellow, 
is formed (indicator yellow appears to differ from metarhodopsin II 
in the secondary structure of the protein)!°?. Morton and his col- 
leagues*°* showed that the spectroscopic properties of this were very 
similar to those of N-retinylidenemethylamine, the expected batho- 
chromic shift occurring on protonation in each case. Thus indicator 
yellow had A,,,x 365 my. in alkaline solution and A,»,_, 440 my in the 
protonated form: N-retinylidenemethylamine (A,,., 355 my, €57,400 
in petrol) had A,,x 439 my in acid and Ay,x 362 my in alkali. This pro- 
vides good evidence that indicator yellow is N-retinylideneopsin, and 
is supported by the observed reduction of this (and model) compounds 
by sodium borohydride?°?-1°%, Rhodopsin cannot be directly reduced 
by sodium borohydride, but such reduction does proceed on irradia- 
tion. It appears that metarhodopsin II is much more rapidly reduced 
than metarhodopsin I, and the product is regarded as dihydro- 
metarhodospsin IT (Anax 333 my); hydrolysis of this gives N-retinyl 
lysine, and the N-retinyl group is thought to be linked to the e-amino 
group of the lysyl residue!°. 

Evidently the azomethine group in rhodopsin is masked in some 
way: it is still necessary to account for this, and for the position of the 
absorption maxima with respect to the model compounds, since even 
on protonation the N-retinylidenealkylamine system has Ana, no 
higher than ~440 my. Specific interactions with the protein may be 
responsible, and there is some evidence for participation by thiol 
groups in the binding of the retinal to the protein?°’, Charge transfer 
has also been suggested 1°, and the possible role of a retro-double bond 
system deserves consideration. 

: The second area of special interest concerns o-hydroxyarylidene 
Schiff bases, which in the form of pyridoxal derivatives} are involved 
in transamination and racemization reactions of a-amino acids. The 
N-salicylidene alkylamines in general give four bands in the near 
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ultraviolet region (80, Table 3); the spectra are solvent sensitive and 
the band at ~ 400 my, while pronounced in ethanol solution, is almost 
entirely absent in hexane (Figure 3). Hires and Hackl suggested that 
this band is due to a solvated complex of the phenolic azomethine a 
and some other workers®? have supported this interpretation. 

5% Ethanol 

Log « 

200 300 400 500 

d (mp) 

Ficure 3. Electronic spectrum of (S)-(+)-N-salicylidene-a-phenyl ethylamine 
(32) in various solvents. (Reproduced from Smith, Cook & Warren, J. Org. 

Chem., 29, 2265 (1964) by permission of the authors and the editor.) 

Earlier workers °?-°> had noticed that compounds in which intra- 
molecular hydrogen bonding was possible showed the band at 
~400 my, while if such bonding was prevented (e.g. m-hydroxy- 
benzylideneaniline, o-methoxybenzylideneaniline, cf. 30—> 31) this 
band was absent. The extra absorption was therefore attributed, 
rather vaguely, to intramolecular hydrogen bonding. 
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As early as 1941, however, Kiss and Auer®* had considered an 

alternative explanation: a tautomeric equilibrium involving enol- 
imine and keto-amine forms, which may be represented as: 

Enol-imine cis-Keto-amine 

Other workers have favoured this interpretation °°-*1-79-°S and bands 
have been assigned to individual tautomers*?:%” (e.g. for 33 ~ 250 
and ~320 muy. belong to enol-imine form and ~270 and ~420 my 
belong to keto-amine; note that in this case both species are present in 
the solid). Although there is some disagreement?®°, on balance the 
phenol-o-quinonoid tautomerism is strongly supported by the available 
evidence, which may be summarized as follows: 

(a) m-Hydroxybenzylideneaniline does not show the 400 my band 
in ethanol, whereas the o-and f-derivatives do so (at 435 my and 
427 mu. respectively) %*. m- and p- derivatives can hydrogen bond 
intermolecularly, but neither can do so intramolecularly. The p-isomer 
can give a quinonoid tautomer, the m-isomer cannot. Hence it ap- 
pears that hydrogen bonding fer se is not responsible for the ~ 400 mu 
band, but that the capacity for quinonoid tautomerization may be 
sO. 

(b) Hydrogen bonding generally results in a rather small red shift 
for a 7 —> 7* band*,%°; the ~ 400 my band is considerably displaced, 
however, and attribution to hydrogen bonding is therefore is not 
favoured. 
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(c) Increasing the polarity of the solvent increases the €,,, of the 
~ 400 my band in a uniform fashion, although the wavelength of the 
absorption maximum does not change very much, e.g.9” 

OH NPh 
Solvent Cyclohexane CCl, CHCl; CH3,CN MeOH 

Me  Amax(mu) oe 425 428 42 425 
Emax 1400 2000 5400 4600 7000 

(d) Systems which may more readily assume quinonoid forms 
show a more prominent ~400 my band. Thus in general naphthol 
derivatives show such a band (sometimes a doublet, and at longer 
wavelengths) °7 even in hydrocarbon solvents, as the example in (c) 
above shows. 

(e) Data from n.m.r. studies on +°N-salicylideneanilines and related 
compounds provide independent evidence for an equilibrium between 
enol-imine and keto-amine tautomers®’. O.r.d. studies support these 
results 11°, 
An analogous tautomerization is thought to be implicated in the 

thermochromic and photochromic transformations of certain N- 
salicylideneanilines °°. A recent study’®* of the absorption, excitation 
and fluorescence spectra of these compounds has led to the conclusion 
that the photo-reaction produces the trans-keto-amine from the enol- 
imine. The trans-keto-amine, which has A,y,, at longer wavelength 
than the cis-keto-amine, isomerizes thermally to the cis-keto-amine- 
enol-imine system; thus for N-salicylidene-o-toluidine: 

as 

ZN 

CyHiMe 

Enol-imine cis-Keto-amine 

aig ~ 340 Mp eae ~ 425 Mp 

“A 

ZO 

H 

‘ 
C,H,Me 

trans-Keto-amine 

Amex ~465 Mp 
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C. Other Substituted Azomethines 

The ultraviolet spectra of compounds containing an azomethine 

group substituted in various ways are summarized in Table 4. In some 

cases further examples would be desirable to confirm the recorded data, 

and it is important to note that sometimes serious difficulties can arise 

because of autoxidation. For example®*> phenylhydrazones at spectro- 

scopic concentrations are readily autoxidized, thus: 

hexane N—NPh Ons BO ‘ OOH 
Amax in hexane € 

268 mz ‘10,400 
413 mu 140 

In this series as a whole it is always desirable, and in some cases 
essential, that both the compound and the solvent should be freshly 
purified under nitrogen. 

Il. OPTICAL DISSYMMETRY EFFECTS OF 

UNCONJUGATED AZOMETHINES 

The band in the 240 my region ascribed to the n— n* transition of 
the azomethine chromophore is an ‘optically active’ one: in open- 
chain compounds the chromophore behaves as a symmetrical system 
which is dissymetrically perturbed by appropriate neighbouring 
substituents (generally those bearing asymmetric carbon atoms). Such 
azomethines generally have rather low rotational strengths (a < 20). 
In more rigid systems, however, such as 1-piperideines, the chromo- 
phore may be twisted in some way and high rotational strengths are 
then observed. 

Glossary of terms 

The abbreviations and conventions used here are those in common 
use and are as follows. Optical rotatory dispersion (o.r.d.) curves 
represent a plot of molecular rotation [®] in degrees against wave- 
length (A, my). Circular dichroism (c.d.) spectra are plots of the 
difference 4e between the molecular extinction coefficients for left- 
and right-handed circularly polarized light (ie. Je = &, — Ep) 
against wavelength. Another mode of presentation (e.g. Figure 11) 
keeps to the degree unit by plotting molecular ellipticity [6] in degrees 
against wavelength. The differential absorption of the left-handed and 
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right-handed circularly polarized light beams results in the elliptical 
polarization of the emergent beam (4e and [6] are linearly related by 
the equation [8] = 33004e and these are merely alternative ways of 
representing the same information). To preserve uniformity of presen- 
tation in the tables the literature values of molecular ellipticity (which 
turn out to be less common in this series) have been divided by 3300 to 
convert them to de. 
An o.r.d. curve may be fain (i.e. it shows no point of inflection) or 

anomalous. Anomalous curves are of most interest to chemists and are 
observed in the vicinity of the A,,,x of an optically active chromophore. 
The relationship between the electronic spectrum, the optical rotatory 
dispersion and the circular dichroism associated with a single idealized 
optically active chromophore X (A, B and C are non-chromophoric) 
is shown on page 204. 

The o.r.d. curve for such a system is sigmoid in shape as shown, and 
in order to avoid confusion with light absorption data the terms 
maximum and minimum are not used, but such points are referred to 
as extrema, each being either a peak (pk.) or a trough (tr.). If on going 
to lower wavelengths the first extremum is positive, the curve is said to 
show a positive Cotton effect. The circular dichroism in such a case also 
shows a positive Cotton effect, Je being positive as shown, the largest 
value, called a positive maximum, being reached at approximately the 
Amax Value of the conventional light absorption curve. The enantiomer 
of this hypothetical species will show the same light absorption, but 
the o.r.d. and c.d. curves will display negative Cotton effects, 
and will be enantiomeric with the two curves obtained in the first 
case as shown. The highest negative value of de in the second c.d. 
spectrum is termed a xegative c.d. maximum. In real systems several 
chromophores will be present, and this complicates the situation 
especially with respect to o.r.d. work: thus it is not unusual to observe 
a positive Cotton effect in which the first extremum has in fact a 
negative rotation value. This will happen, for example, when a weak 
positive Cotton effect in the accessible region (roughly down to 200 
my.) is superimposed on a strong negative plain curve due to a chromo- 
phore (an ‘invisible giant’) in the far ultraviolet. 

In the tables the molecular rotations at the extrema are reported in 
the form [®]o5, = +7000, while the c.d. maxima are reported as 
Aés17 = —1-7. By convention the values are listed starting at high 
wavelengths. An exclamation sign denotes a rotation at the lowest 
wavelength at which measurements could be (or were) made. As far 

as the magnitudes of the o.r.d. and c.d. effects are concerned, both 
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depend on a quantity termed rotational strength which may be 
formulated in theoretical terms, but which is obtained experimentally 
from the area under the c.d. band. In o.r.d. work the rotational 
strength may be regarded as being roughly measured by the vertical 
distance between extrema, and is reported as the molecular amplitude 
a which may be represented as 

[2] ist extremum _ [®] 2nd extremum 

100 

(the division by 100 is simply for convenience). For further details 
regarding nomenclature and general applications the reader is re- 
ferred to Optical Rotatory Dispersion and Circular Dichroism in Organic 
Chemistry by P. Crabbé (Holden-Day, San Francisco, 1965) and to 
Optical Rotatory Dispersion by C. Djerassi (McGraw-Hill, New York, 
1960). Chapter 12 of the latter book (by A. Moscowitz) and S. F. 
Mason [in Quarterly Reviews, 17, 20 (1963)] give valuable theoretical 
introductions to the subject. 

A. Dissymmetric Substituent at Carbon 

Optically active ketones have been widely studied, but it was not 
until 1965 that optical dissymmetric effects of Schiff bases were com- 
pared with those of the parent ketones. Mason and Vane** examined 
the circular dichroism of (+)-3-methylcyclopentanone (387, X =O) 
and various analogues including the N-butylamine derivative (87, 

X=N—Bu-n). Although both the olefin (87, X=CMez Amax ~ 220 

my) and the triphenyl phosphorane (87, X= PPhg, Amax 416-5 my in 

ore 
x 

X= NBu-n; Aegss = +0:89 (cyclohexane) 

(37) 

isooctane) showed specific absorption in the region examined, neither 

had measurable circular dichroism associated with this absorption. 

Circular dichroism bands were observed, however, with the ketone 

and the azomethine (Figure 4), and it was concluded that only those 

chromophores with classical non-bonding electrons (e.g. C==S and 

C=N) give n—n* transitions which are analogous to that of the 

carbonyl group. The azomethine maxima are at lower wavelength 

than those for the carbonyl chromophore, but although the molecular 

extinction of the azomethine is higher than that of the ketone, 
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MA) 
2200 2600 3000 3400 

OO So ny 

“45000 40000. . 35,000 30,000 
v(cm-!) 

Ficure 4, The circular dichroism (lower curves) and es spectra (upper 
ee of the olefin (87, X = CHg3) ( ), the imine (87, X = NBu-n) 

-) and the ketone (87, X = O) (- — - = (Repceduced from Mason 
and witha) Chem. Commun., 540 (1965) by permission of the authors and the 

editor.) 

the rotational strength, albeit of the same sign, is lower (Figure 4). 
The magnetic moment of the n—>7* transition of the carbonyl 
chromophore has a value of 1 Bohr magneton, whereas that for the 
azomethine group is about 0:5 B.M. 

Similar results have come from rotatory dispersion studies on 
azomethines derived from steroidal ketones?®, as is shown in Table 5. 
The ultraviolet maxima for both carbonyl and azomethine chromo- 
phores suffer typical bathochromic shifts in less polar solvents and the 
optical rotatory dispersion curves move in a similar fashion. 
Two points require further comment. First, in all the azomethines 

referred to above (37-89) the possibility of a contribution from the 

Xx 

- HO 1 

(38) (39) 
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TaBLE 5. Optical rotatory dispersion of some steroidal ketones and related 
azomethines?5, 

Ist Extremum 2nd Extremum Amplitude 
Compound Solvent Amy [®]* Amu. [®]¢ a 

(38) X=O Hexane 320 +5910 275  —6250 +122 
(androsterone) MeOH 313 +7350 276 —7080 + 144 

(38) X=NBu-n Hexane’? 262 +3100 228 —2090 +52 
MeOH 246 +4880 220 —1420 + 63 

(39) X=O (3f-hydroxy- Hexane 323 -—8550 266 +9400 — 180 
5a-androstan-16- MeOH 316 —11,900 282 +11,400 — 233 
one) 

(39) X=NBu-n Hexane 269  -—5200 230 +3630 — 88 
MeOH’ 254 —-—6570 219 +5200 —118 

° A positive sign refers to a peak and a negative one to a trough. 
> Amax 248 mu, €175. 
© Xmax 235 mp, €225. 

enamine form must be borne in mind. While the proportion of enamine 
tautomer may be low, it need not be negligible: N-cyclopentylidene- 
n-butylamine (dilute solution in cyclohexane) has been estimated to 
contain 5% enamine, for example’®. However, the proportion of 
enamine in alcoholic solution is thought to be low?® and since such 
solutions show a marked Cotton effect the assignment of this to the 
azomethine chromophore appears to be satisfactory. Secondly, the 
azomethines can exist in two geometrically isomeric forms. However, 
the length of the alkyl chain of the nitrogen substituent appears to 
have only a small effect on rotational strength’, which is dominated, 
for the systems considered, by the stereochemistry of the C-substituent, 
i.e. the cyclopentane ring. Differences have been noted with geometric- 
ally isomeric oximes, however (see Section IJI.B). 

B. Dissymmetric Substituent at Nitrogen 

1. Alkyl! derivatives 

The first example? of a pair of enantiomeric Cotton effect curves 
(Figure 5) associated with the azomethine chromophore was that of 

N-neopentylidene-s-butylamine (40, absolute configuration*® for 

azomethine from (+ )-s-butylamine shown). Extrema appear at about 

263 mp and 227 my with an amplitude of ~17 in hexane solution. 

Here not only is the formation of an enamine prevented, but the prob- 

lem of geometrical isomerism is avoided, since for steric reasons 

formation of the syn-azomethine (e.g. 40) will be much preferred. An 

alternative way of avoiding this problem is to use a symmetri- 

cal ketone, for example, to produce an azomethine such as the 
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1000 

S00 

-500 

-1000 

Ficure 5. Optical rotatory dispersion of (S)-(+)- and (R)-(—)-N-neo- 
pentylidene-s-butylamine in hexane. 

178-aminosteroid derivative (41), which shows °° a positive Cotton effect 
with an amplitude of 18 in dioxan ([®]o72 + 970 pk., [®]o5, — 800 
tr.; Amax 247 my, €140). In both cases the (S)-configuration at C, of 
the aliphatic amine leads to a positive Cotton effect in the Schiff base ; 
many more examples are needed before a correlation can be estab- 
lished here, however. 

N=CMe, 

Me,C 4 

C=N. 

H Se 

Me Et : 
HO 4 

(40) (41) 

2. a-Amino acid derivatives 

During the course of a study on the interaction of carbonyl groups 
with biologically important substituents (e.g. NHa, SH) Bergel and 
his collaborators®!°? observed that o-amino acid esters suffered 
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mutarotation (at the sodium D line) when dissolved in ketonic 
solvents: L-«-amino acid esters underwent a Jaevo mutarotation, while 
D-a-amino acid esters mutarotated in the opposite sense. With 1- 
tyrosine ethyl ester in cyclopentanone the corresponding azomethine 
was isolated. More recently Bonnett, Klyne and their colleagues17-5* 
have isolated a series of N-neopentylidene derivatives of the type 42. 
These compounds show strong Cotton effects with the first extremum 

COOEt 

CHR?R? O. UNH 
| 

Me,CCH=NCHCOOEt Se 
(42) (43) 

in the 250 my region (Figure 6): the compounds of L-configuration 
show a negative Cotton effect and those of p-configuration a positive 
one. This stands in contrast to the behaviour of the a-amino acids (or 
esters) themselves, where the Cotton effects are weaker, of opposite 
sign, and have the first extremum at lower wavelengths (~ 220 my). 
Generally when R* and R? are alkyl or hydrogen the second extremum 
has been reached, but in other cases (Table 6) this is usually not so. A 
good correlation has thus emerged between the sign of the Cotton 
effect of the N-neopentylidene derivative and the configuration of the 
a-amino acid ester. Certain predictable exceptions have been observed, 
however. For example, when R* contains a powerful chromophore 
this may interfere: N-neopentylidene-L-tryptophan ethyl ester shows 
a negative curve, but an extremum is not displayed in the 250 mu 
region, though such extrema are observed for the derivatives of phenyl- 
alanine and tyrosine. The second small group of exceptions consists of 
those cases in which the azomethine chromophore is removed by 
further reaction. This happens with B-hydroxy-a-amino acid deriva- 
tives where cyclization to the corresponding oxazolidine occurs, e.g. 
43 from serine ethyl ester. Although a Cotton effect of correct sign is 
observed it is quite weak (Figure 6), and possibly arises from a small 
proportion of the open-chain isomer (42, R'=OH, R?=H) present in 
equilibrium with the oxazolidine. It is noteworthy that in ketonic 
solvents, leucinol: and similar 2-amino alcohols mutarotate in the op- 
posite direction to that observed for the corresponding «-amino acid 
esters (e.g. L-(+)-leucinol [a]p + 6-9° in EtOH; max[e], + 49:5° in 
Me,CO): presumably oxazolidine-hydroxyazomethine equilibria 
are again involved **, and these cases, and the related behaviour ** of 
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t-alanine methylamide (— imidazolidone?) merit further investiga- 
tion. 

For the purpose of assigning configuration it is rather simpler ex- 
perimentally to work with the Schiff base derivatives of amino acid 
anions, which are not isolated but are generated in solution®?. When 
the «-amino acid in anhydrous methanol containing two equivalents of 
base (EtsN, NaOEt) is treated with an excess (~ 20 equivalents) of 
carbonyl component (¢-BuCHO, i-PrQHO, cyclohexanone), a con- 
siderable and rapid mutarotation occurs with the development of a 
Cotton effect having its first extremum in the 250 my region (Figure 7). 
The similarity of such curves in both sign and magnitude to those of 
the isolated ester derivatives strongly suggests that the N-alkylidene- 
«-amino acid anion has been formed, thus: 

R R 
| 

RCHO + NE,zCHCOO- -———~ RCH=NCHCOO- + H,O 

Figure 8 illustrates the application of this test to a variety of «-amino 
acids. The curves for p-valine show that either sodium alkoxide or 
tertiary amine can be used to generate the salt. p-Leucine and L- 
leucine give essentially enantiomeric curves, although the second 
extremum is not clearly observed under these test conditions. In the 
absence of powerful chromophores (e.g. tryptophan) and of situations 
where cyclization presumably occurs (e.g. serine > oxazolidine; 
cysteine thiazolidine®*), L-a-amino acids of type 44 give a negative 
Cotton effect under these conditions, while p-c-amino acids give a 
positive one. 

R1R2CH«CHCOOH 

NH. 
(44) 

Thus configurations could be assigned to the following «-amino acids 
under the test conditions®*: alanine, valine, leucine, isoleucine, 
methionine, aspartic acid, asparagine, glutamic acid, glutamine, 
arginine, lysine, phenylalanine, and tyrosine; while tryptophan, 
histidine, serine, threonine and cysteine did not respond characteris- 
tically. Within the stated limitations, this configuration test is both 
sensitive and convenient: it offers advantages over the direct examina- 
tion of the «-amino acids themselves in that the first extremum is ata 
more accessible wavelength and, more significantly, shows a much 
higher rotation. 

The origin of the high rotational strength is not altogether clear. The 
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D-Valine 

D-Leucine 

D-Alanine 

L-Serine 

t-Glutamic acid 

t-Methionine 

a 
L-Leucine 

Ficure 8. Configuration of a-amino acids using N-isobutylidene-a-amino acid 
anions. Test conditions: 5 x 10~* m in anhydrous methanol +2 equivalents 

of NaOR or Et3;N +20 equivalents of isobutyraldehyde. The curves for p-valine 

using NaOH (- — — -) and EtgN ( ) are shown. Both enantiomers of 
leucine (- - - -) are included. 

electronic absorption spectra do not show separate bands for azo- 
methine (~ 240 my) and ester carbonyl (~ 210 my) absorption: thus 

N-neopentylidene-L-alanine ety! ester” (427°R*=R? =H) has 1,,.5 

217 mu, «290 in hexane. It is possible that the observed electronic 

and optical rotatory dispersion spectra represent the envelopes of, 
respectively, absorption and rotation associated with the individual 
chromophores. However, in the one case where circular dichroism has 

been recorded (N-neopentylidene-L-isoleucine ethyl ester in iso- 

octane) a single negative maximum at 229 my has been found®®, and 

it seems likely that the two chromophores are coupled. It is interesting 

to note that electrostatic effects depicted in 45a,b could well intro- 

duce an element of rigidity into the molecule, and confer upon the 
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system the character of an inherently dissymmetric chromophore. In 

the form 45b the system greatly resembles 45¢, which is the twisted 

form of the By-unsaturated carbonyl chromophore associated with a 

negative Cotton effect ®*. 
Et 

cullnes O° a Ne Soe 

RA Go oe ; : 
DENSE Bu-t Ensg_tut ne 

Pa ae 4 . 

quasl ait, | ok H 
equatorial 

(45a) (45b) (45c) 

C. Dissymmetric Substitution at Both Nitrogen and Carbon: 
Cyclic Azomethines 

Compounds containing an azomethine system embedded in a rigid 
or fairly rigid molecular framework are of much interest, since their 
study should provide clear information on the effect of substituents 
upon Cotton effect. For carbonyl compounds the effect of substitution 
in rear octants has been thoroughly investigated®”’, but the difficulty 
of introducing substituents into front octants has resulted in few 
examples, so that the complete rule has not been effectively tested. 
Indeed it is possible that a quadrant rule may be operative*®. 

Since the azomethine group, unlike the carbonyl, has one bond 
directed towards the front octants, it is possible in principle to use 
azomethines to test front octant effects. A difficulty arises here, how- 
ever, because of the lower symmetry of the azomethine function; the 
space around the carbonyl group can be divided up by the nodal 
surfaces of the orbitals concerned in the n—> 7* transition and these 
can be regarded essentially as orthogonal planes. For the azomethine 
group, however, two of these surfaces are expected to be curved 
(Figure 9), and hence the division of space around the chromophore is 
not a straightforward operation ®®. Snatzke and his colleagues®® have 
developed a treatment for the 1-piperideine system in the half-chair 
conformation: this suggests that the effect of the ring itself is dominant 
and leads to the following predicted correlation of Cotton effect with 
the chirality of the six-membered ring: 

ve. . ete. a 
aE? Som 1 UMP Batt W Mentee ce BAS OP Te hd eG BD oh eee es: 

en? ee ee ee eg es ee eee 

*e, 
Pe 

positive Cotton effect negative Cotton effect 
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\ 

(c) 

Ficure 9. Schematic representation of the nodal surfaces of the orbitals involved 
in the n—7* transition of the azomethine group. (a) z-antibonding orbital; 
(b) non-bonding orbital; Diagram (c) represents the unequal division of space 
about the azomethine group by these three surfaces. The yz surface is planar, 
but the xy one is probably slightly curved ,while the xz surface—pertaining to 

the non-bonded orbital, (b)—is likely to be much more so. 

This ‘rule’ has not been sufficiently tested as yet, and evidently 
further substitution or ring fusion (especially at the 2,3 bond) in the 
vicinity of the azomethine function could make an important con- 
tribution. Some examples which illustrate the operation of the rule are 
given in Table 7. 

It is noteworthy that the Cotton effect curves of compounds 50 and 
51 are essentially mirror images (Figure 10); this reflects the enan- 
tiomeric nature of the environments (heavy outline) of the azometh- 
ine group in the two compounds. It has been reported®® that the 
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-3 

x10 

[2] 

-10 

Ficure 10. Optical rotatory dispersion in methanol of 4-azacholest-4-ene (51) 

and 6-azacholesterol (50). 

azomethine (51) shows only end-absorption in the ultraviolet; Dr. 
Wood® has found, however, that this substance, purified via the 
picrate or by thin layer chromatography, has m.p. 103°, Amax 241 mp, 
«148 in ethanol Aja, 256 my, ¢137 in hexane. It is again difficult to 
eliminate entirely the possibility that the enamine is making some 
contribution; that this is not important, however, for 4-azacholest-4- 
ene is suggested by the observation®* that 4-methyl-4-azaandrost-5- 
en-17-8-ol acetate (52) has (a) electronic absorption which is at lower 
wavelengths and which is much less solvent sensitive (Ama, 219 my, 
«8700 in ethanol; Away 221 my, «8500 in cyclohexane) and (b) a 
Cotton effect of opposite sign to that shown by 51. The azomethines 
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(55, 56) derived °°? from atisine (58) and veatchine (54) cannot form 
enamines for structural reasons, but the curves show o.r.d. Cotton 
effects in the 250 mu region which disappear as expected in acid media 
or when the corresponding piperideine (e.g. from 56) is examined ©, 
However, preliminary circular dichroism results? indicate that the 
situation here may be more complex than the o.r.d. curves suggest: 
thus ‘double-humped’ curves, possibly associated with the solvation of 
the azomethine system, have been observed in methanol. 

OAc 

Me 
(52) Atisine Veatchine 

(53) (54) 

The analysis of the optical dissymmetric effects of cyclic azomethines 
possessing other ring sizes has not advanced sufficiently as yet to merit 
detailed discussion. Evidently synthesis of suitable models is now fe- 
quired. Table 8 summarizes various results that have been obtained. 
The azirine (57) is known to hydrolyse readily®’ and consequently in 
this case treatment with acid and then with base does not regenerate 
the original curve: a new Cotton effect appears, however, in the 300 
my. region due to the carbonyl chromophore. With concurchine and 
its derivatives the amplitudes observed are low, and probably partial 
rotations due to other chromophores (amino function, double bond in 
rings A and B) or to solvation are interfering to some extent. Circular 
dichroism studies—especially of possible solvent effects—are clearly 
desirable here, since preliminary circular dichroism measurements 
reveal ‘double-humped’ curves (e.g. 59) for methanol solutions. 

8* 



Taste 8. Optical dissymmetry effects of some cyclic azomethines (azirine and 
pyrroline rings). 

Optical dissymmetry 
Compound Solvent effects - Reference 

MeOH [Ploso — 4520tr 66, 67 
Na / [Ploeg + 230 pk 

Azirine from pregnenolone 

(57) 

HO MeOH [P]oa1 — 13,100tr 66, 68 

\ 
N 

HO 

|-Pyrroline from kryptogenin 

(58) 

EN MeOH [®Josg — 1700 tr 66, 69, 70 
: [®]213 — 1080 pk 

MeOH Aeosg — 0-26 76, 109 
; Aeoo9 + 0-72 

H.N 
Concurchine 

(59) 

et Dioxan Ack = 2-08 59, 71, 109 

HO 
3B-Hydroxy-N-d esmethyl 

cona-5,20(N)-dienine 

(60) 
eS 
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lil. OPTICAL DISSYMMETRY EFFECTS OF CONJUGATED 

AND OTHER SUBSTITUTED AZOMETHINES 

A. Aryl Azomethines 

The high extinction coefficients of conjugated compounds frequently 
result in difficulties in measuring optical dissymmetry effects (unless 
these are very large) in the vicinity of the absorption band. Various 
authors *°:72:74 have recorded o.r.d. data for the benzylidene deriva- 
tives of optically active amines, and although the rotations observed 
are larger than those of the amines themselves, the measurements 
have often had to be confined to limited ranges. Thus the optical 
rotatory dispersion curves®° for (S)-(+)-N-benzylidene-«-phenyl- 
ethylamine (6la) and (S)-(+)-N-benzylidene-a-benzylethylamine 
(61b) are plain positive with rotations rapidly increasing down to 
about 290 mu(!). The rotatory dispersion of several Schiff bases 
obtained from (S)-(—)-c«-phenylethylamine and aromatic aldehydes 
(e.g. substituted benzaldehydes, pyridine aldehydes, furfural, 2- 
formylthiophen) have been measured in the range 486-656 mp”. 
Potapov, Terentev and their coworkers, who made earlier studies’? of 
such systems at the wavelength of the sodium D line, have advocated 

R 
PhCH=N—C—H 

CH, 
(61a) R=Ph 
(61b) R=PhCH, 

the use of these plain curves for the assignment of configuration, in the 

sense that compounds of configuration 61, where R > Me, are ex- 

pected to possess plain positive curves’*. The (')-configuration of 

(+)-1-methyl-3-phenylpropylamine has been assigned in this way. 

The signs of plain curves are clearly more satisfactory for con- 

figurational assignments than are [®]p values: the comparison of 

complete Cotton effect curves is a sounder basis still. Cotton effects 

have indeed been observed in the circular dichroism of certain 

benzylidene derivatives of aliphatic amines: thus ®° N-benzylidene-20- 

a-(§)-amino-38-hydroxy-5a-pregnane (i.e. the N-benzylidene deriva- 

tive of the amine corresponding to 62a, Table 9) has 4eg7q + 1:97 

and Jess, + 1-9 in dioxan. 

Much more attention has been paid to substituted benzylidene 

derivatives. The Russian authors’* have shown, for example, that 
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p-dimethylaminobenzylidene derivatives give plain curves (down to 

about 300 my) of the same sign as those shown by the benzylidene 

derivatives (61), but with much higher rotations. Several groups have 

examined N-salicylidene derivatives (including those with further 

substitution, e.g. nitro-, chloro- and bromo-%°) which, as might be 

expected from the solvent dependence of their electronic spectra (see 

Section 1.B), giverather interesting results. Bertin and Legrand” studied 

the circular dichroism of some azomethines derived from 20-amino- 

steroids (e.g. 62); the 20« derivative in dioxan showed a positive 

maximum at 315 my, and the 208 derivative a negative one at this 

wavelength. 3- and 17-Amino steroidal compounds (e.g. 63, 64) have 

also been examined7®-®°, In the 3-amino system, for example, the 

N-salicylidene derivative of a 3c-amine shows a negative c.d. 

maximum in the 315 my. region: in the examples studied (derivatives 
of Solanum steroidal alkaloids’®) although the magnitude of the 
dissymmetry effect at ~ 315 my is sensitive to a change of configuration 
at position 5, its sign does not change (e.g. 63a, 63b). 

The 400 my band has aroused a certain amount of discussion™® 
since it was originally reported to be inactive’. It appears to be active, 
however, although this activity is often difficult to detect. Snatzke’® has 
reported cases (e.g. 63a) where the effect was not detected in circular 
dichroism spectra, but emerged in rotatory dispersion (both in dioxan). 
In the salicylidene derivatives of «- and B-arylalkyl amines (see below 
and Table 10) this effect is clearly demonstrable in ethanol, which is 
evidently a good solvent in which to look for it (cf. Figure 3). (S)-(+)- 
N-Salicylidene-s-butylamine (65a) shows a weak extremum [®]437 + 
370 in ethanol, but in hexane displays a plain positive curve down to 
375 my. (!). 

Thus although the 400 my band is not generally useful, the Cotton 
effect at 315 my appears to be a valuable means of assigning con- 

figuration to amines of the type R,R,CHNH,, since N-salicylidene 
derivatives of (S)-configuration show a positive Cotton effect, those of 
(R)-configuration a negative one. In applying this sort of correlation 
to a situation where optical dissymmetry effects depend on rotamer 
populations, which in turn depend on the relative size of substituents, 
it must be recognized that the Cahn priority sequence ® will not always 
be the order of decreasing steric requirement. Thus it has been sug- 
gested°° that WN-salicylidene-p-phenylalanine methyl ester (65d, 
p-(R) configuration, yet Aegaq is positive) represents such a case. (See 
also below, where aralkylamine derivatives are considered more fully.) 

Few a-amino acid ester derivatives have been studied: the deriva- 
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tives of D-alanine (65b) and p-leucine (65c) show plain curves in the 
very limited range observed, apparently of opposite signs. Since the 
alanine derivative has a very low rotation it is possible that racemiza- 
tion has occurred here: it is conceivable, however, that hydrogen 
bonding in the salicylidene moiety interferes with the electrostatic 
interaction shown in 45 and that the sign of the curve is determined 
by the relative sizes of the groups at the asymmetric centre. 

This work has been extended by Smith and his colleagues to 
derivatives of a- and f-arylalkylamines. Further penetration into the 
ultraviolet is possible with these compounds and large rotational 
strengths have been observed. It has been suggested ®* that the aryl 
group of the amine moiety interacts with the hydrogen-bonded 
salicylidenimine system to produce an inherently dissymmetric 
chromophore, although this is not attended by any marked change in 
the electronic spectrum (30, 32, Table 3). For N-salicylidene deriva- 
tives of «-arylalkylamines having the (S) configuration (66), three 
positive circular dichroism maxima have been observed in ethanol at 
about 255, 315 and 405 mu: these are assigned to transitions in the 
salicylidenimine system (tautomers, see Section I.B). In addition, 
a negative Cotton effect at ~ 280 my (not shown by f-arylalkylamino 

derivatives) is assigned to the 7—> 7* transition in the aryl group 
of the amine moiety (Figure 11). 

* HO 

(Ar) Ph pe 6) 
CH, (R) 

(66) 

In dioxan solution, 66 shows a shoulder near 410 my. (see Section I.B) 

but this is not demonstrably optically active: only one Cotton effect 

(+ve, ~315 my) is observed down to 275 my. (!). In isooctane the 400 

mu band is no longer discernible even as an inflection, and the 

circular dichroism spectrum shows only the three Cotton effects at 

lower wavelength (Table 10). In general, compounds having the 

configuration 66* again show positive Cotton effects at 255 mp and 

315 mu: this correlation applies even when R is a very bulky alkyl 

group (t-Bu, 69) and has been used to assign configurations’? to 

* When R is an alkyl group having a lower priority than phenyl this is (S): 

when R is alkoxycarbonyl, e.g. 65d, 70, it turns out to be (R). The configurational 

relationship of the aryl group, the salicylidenimino fragment and the hydrogen 

atom is the same in each case. 
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200 300 400 500 600 

d (mp) 

Ficure 11. Electronic absorption (EA), rotatory dispersion (ORD) (both in 
95% ethanol) and circular dichroism (CD) (in absolute ethanol) of (S)-(+)- 
N-salicylidene-a-phenylethylamine. (Reproduced from Smith and Records, 
Tetrahedron, 22, 813 (1964) by permission of the authors and editor.) 

(—)-c-phenyl-n-propylamine and (— )-«-phenylneopentylamine (both 
(S), the configuration of the latter being confirmed by chemical 
methods **). Table 10 summarizes some of the results obtained in this 
series, and gives examples of related f-aryl (e.g. 70, 71) and a, B- 
diaryl (e.g. 72) derivatives. The latter type does not obey the rule 
given above, since (S)-N-salicylidenediphenylethylamine (72) does 
not show a Cotton effect at 315 my in ethanol, and the circular 
dichroism has a negative maximum at 262 muy. In dioxan, however, 
an additional weak positive maximum is found at 319 my. These results 
have been interpreted 79-8? in terms of the summation of rotatory con- 
tributions from intramolecularly hydrogen-bonded conformers of 72. 
In ether—-pentane-ethanol at room temperature the long wavelength 
Cotton effect is not observed, but at — 192° a negative maximum at 
314 my appears: this presumably reflects a change in the conform- 
ational equilibrium of the system7®:®2-83, It is interesting to note that 
both (S)-N-salicylidene-c-phenylethylamine (68) and (S)-N-salicyli- 
dene-c-phenylneopentylamine (69) show increased rotational strengths 
at — 192°, an observation’? which illustrates the difficulty of interpret- 
ation of the Cotton effects of open-chain compounds in simple con- 
formational terms. 
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The reaction of B-diketones with amines leads to 1:1 condensation 

products which may be regarded as internally H-bonded tautomeric 

systems, e.g. 73. Bergel and Butler 84 have examined the rotatory 

Me Me 

pa NHCHR COOEt “lee 
0.4 -N—R 

: O 
(73) (74) 

dispersion of the acetylacetone derivative of L-tyrosine ethyl ester down 

to 300 mp (!): it showed a plain negative curve with [®]350 = 

—12,000 (N-cyclopentylidene-t-tyrosine ethyl ester has [®] = 1000 

at this wavelength). The analogous derivatives from dimedone®® exist 

in the conjugated carbonyl form (74) (and not as the tautomeric con- 

jugated azomethine) and show strong Cotton effects (amplitudes of 
several hundreds) with the first extremum in the 300 my. region. 

B. Other Substituted Azomethines 

Il. Oximes 

Lyle and Barrera®® have observed plain curves for various oximes 
down to about 250 my. Plain negative curves are found for the two 
geometrically isomeric oximes derived from (+)-3-methylcyclo- 
hexanone: however, isomer 75a shows a considerably larger rotation 
than 75b (Figure 12), and the corresponding benzoates have Cotton 
effects of opposite sign and hence are readily distinguished. More 
recently Crabbé and Pinelo®” have reached much shorter wavelengths 
using circular dichroism and have detected Cotton effects in the 200 
my region (Table 11). 

In certain cases the Cotton effect curve is solvent dependent. It may 
be recalled that a change in configuration at C,,) did not alter the sign 
of the Cotton effect for certain 3-N-salicylidenimino steroids (63a, 63b 

H. Me Ls A  ( 

OH Ce 
OH 

B-isomer e-isomer 

(75a) (75b) 
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300 500 700 

d (mp) 

Ficure 12. Rotatory dispersion in ethanol. A, 3-methylcyclohexanone oxime 
(a-form 75b) ; B, the corresponding benzoate; C, 3-methylcyclohexanone oxime 
(B-form 75a); D, the corresponding benzoate. (Reproduced from Lyle and 
Barrera, J. Org. Chem., 29, 3311 (1964) by permission of the authors and editor.) 

in Table 9) although the magnitude of the effect did change. As is 
shown by examples 78 and 79, the movement of the chromophore 
one step nearer does lead to a change in sign (although in the 5f- 
compound a turning point is not apparently observed). Again the 
Cotton effect of geometrically isomeric oximes (80, 81) differ in mag- 
nitude but not in sign (cf. 75a, 75b above). The rotational strengths 
encountered are much larger than those found for the parent carbonyl 
compounds: this is especially so with conjugated systems (e.g. 85, 86, 

OH OAc 

HON OAc NOH 
(85) (86) 
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Tasie 11. Circular dichroism of some oximes and related compounds in 
ethanol §”, 

Compound cd AZ Ae 

(76) (+)-Camphor oxime 215 +0-58 
195* —9-2 

(77) (—)-Menthone oxime 197 —4:3 

(78) 5a-Pregnan-3-one oxime 210 +2-2 
(79) 58-Pregnan-3-one oxime 1952 — 0-82 

(80) 178-Hydroxy-5«-androstan-3-one «-oxime 210 +2:3 
(81) 178-Hydroxy-5a«-androstan-3-one B-oxime 210 + 3-2 

(82) (—)-Methone oxime acetate 217 + 1-45 
1942 —8-5 

(83) (+)-Camphor oxime benzoate 273 +0-05 
230 — 0:47 
210 — 0-48 

(85) Testosterone oxime 246 +14-7 
209 —4-1 

(86) 38,178-Diacetoxyandrost-5-en-7-one oxime 235 —21-5 
eee 

* Lowest wavelength reached: not a maximum. 

in which the chromophores have opposite chirality); and the oxime 
appears to be a valuable and sensitive derivative with which to examine 
the stereochemistry of optically active dienone systems®”. 

2. N,N-Dimethylhydrazones 

The N,N-dimethylhydrazone of (+)-3-methylcyclohexanone has 
an absorption band in the 280 mu region (cf. Table 4), and associated 
with it is found a Cotton effect curve which has the same sign as that 
of the parent ketone, but differs from it particularly with respect to 
the wavelength of extrema, as is shown in Table 12. 

Taste 12. Optical rotatory dispersion of the N,N-dimethylhydrazone of 
(+ )-3-methylcyclohexanone?, 

Solvent Rotatory dispersion a 

Hexane [P]oog + 800 pk; [S]o,, — 2650 tr; + 34-5 
[®]oo7 — 2500! 

MeOH [P]oo2 + 375 pk; [®]oso — 1650 tr; +20 
[®]ois — 2380! 

Parent ketone in MeOH 88 [P]300 + 1090 pk; [®]oro — 1510 tr +26 
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Clearly the study of the azomethine chromophore by optical 
dissymmetry effects has much further to go before a fund of informa- 
tion approaching that available on the carbonyl chromophore is 
attained. The very fact, however, that the azomethine system is 
somewhat—but not alarmingly—more complex than the carbonyl, and 
in particular, has a valence bond projecting towards the front, makes 
this a potential source of new information, especially concerning 
front octant effects. The examination of cyclic azomethines of known 
geometry, of solvent sensitivities, and of the host of possibilities sug- 
gested by Table 4—which has been barely touched—make this appear 
a promising area for further investigation. 
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l. INTRODUCTION 

By virtue of the presence of a lone-pair of electrons on the nitrogen 
atom and of the general electron-donating character of the double 
bond, compounds containing the azomethine group should all possess 
basic properties. These are demonstrated by the acceptance of a 
proton from a Lowry-Bregnsted acid to form the conjugate cation, by a 
tendency to form a hydrogen-bonded complex with a compound con- 
taining a hydrogen atom linked directly with an oxygen or a nitrogen 
atom, and by behaviour as a Lewis base in donating an electron pair 
to a metal atom in the formation of a coordination compound. 

Although these properties should be very closely interlinked, there 
has as yet been very little attempt to correlate them, the relative 
behaviours of various groups of compounds containing the CN 
bond having been studied in relation to these basic functions from 
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quite independent points of view. They will therefore be discussed 

separately here. 

Il. BASIC STRENGTHS 

The strength of a base is normally expressed in terms of the pK, value, 
where pK, = —log,) K,, K, being the acid dissociation constant of 
the conjugate acid!. The stronger the base the higher is the pK, value, 
which for amines ranges from about 10-11 for primary and secondary 
alkyl amines to about 4—5 for aryl amines. Ammonia has a pK, value of 
about 9-2. 

Due principally to the fact that many are relatively unstable under 
conditions suitable for measurement of their pK, values, the basic 
strengths of only very few compounds of which the basic character 
depends on the presence of the azomethine group have been deter- 
mined. The only series of compounds which have been studied in this 
respect are some derivatives of diphenylketimine (Ph,C—NH) and of 
benzylidene-t-butylamine (PhCH—NBu-t). The pK, values for the 
conjugate acids of these bases and of some related compounds are 
shown in Table 1. 

It is very difficult to draw any inferences regarding the effects of 
substituents on the pX, values of the derivatives of diphenylketimine, 
as anomalies abound amongst the data. Diphenylketimine itself is a 
relatively weak base, and the still lower pK, values of 2-hydroxy- and 
2,4,6-trihydroxydiphenylketimine suggest that the presence of a 2- 
hydroxy group produces a large decrease in base strength. On the 
other hand 2,4-dihydroxy-6-methyldiphenylketimine is almost as 
strong a base as 2-methyldiphenylketimine. Again, a 2-methoxy group 
seems to increase the base strength slightly, but 2-methoxy-4-hydroxy- 
diphenylketimine is appreciably weaker as a base than 4-hydroxy- 
diphenylketimine. Halogen substituents exert their expected effect in 
causing a withdrawal of electron density and hence in reducing the 
base strength. The substitution of one of the phenyl groups in diphenyl- 
ketimine by a methoxy group to give iminomethoxylmethylbenzene 
appears to cause about the same reduction in base strength as the 
introduction of a halogen atom into the ring. 

In view of the apparent inconsistencies in the results further studies 
in this series of compounds would obviously be of interest. 

Simple aliphatic imino compounds cannot be studied, and the one 
isolated measurement recorded for a simple oxime serves only to 
underline the extemely weak basic character of the oxime group. 
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TasLe 1. pK, Values of the conjugate acids of compounds containing the 
azomethine group. 

Compound pK, Reference 

Diphenylketimine 7:18 2 
2-Methyldiphenylketimine 6-79 2 
2-Chlorodiphenylketimine 5°59 2 
3-Chlorodiphenylketimine 5-69 2 
2-Hydroxydiphenylketimine 5:00 2 
3-Hydroxydiphenylketimine 7:08 2 
4-Hydroxydiphenylketimine 6:45 2 
2-Methoxydiphenylketimine 7-29 2 
3-Methoxydiphenylketimine 6:59 2 
2,4-Dimethyldiphenylketimine 6-79 2 
2,5-Dimethyldiphenylketimine 6-79 2 
3,5-Dimethyldiphenylketimine 7-18 2 
2,6-Dimethyldiphenylketimine 6:29 2 
2,4-Dihydroxydiphenylketimine 5-00 2 
2-Methoxy-4-hydroxydiphenylketimine 5:99 2 
2,4-Dimethoxydiphenylketimine 8-30 2 
2,4,6-Trihydroxydiphenylketimine 5:20 ve 
2,4-Dihydroxy-6-methyldiphenylketimine 6-75 2 
Iminomethoxylmethylbenzene 5-8 3 
Acetoxime 0:99 4 

Benzylidene-t-butylamine 6-7 5 
p-Nitrobenzylidene-i-butylamine a4 5 
m-Bromobenzylidene-t-butylamine 6-1 5 
p-Chlorobenzylidene-t-butylamine 6:5 5 
p-Methylbenzylidene-t-butylamine 74 5 
p-Methoxybenzylidene-i-butylamine 7:7 5 

p-Chlorobenzylideneaniline 2-80 6 

EE, ae 

Fairly systematic variations are observable in the pK, values of 

benzylidene-t-butylamine and its derivatives. Here, as is to be ex- 

pected, the basicity is increased by the presence of 4-methyl and 4- 

methoxy groups, which tend to increase the electron density at the 

nitrogen atom, and decreased by nitro or halogeno substituents which 

tend to withdraw electron density from it. These effects are very 

similar to, but with the apparent exception of the effect of the methyl 

group are less pronounced than, those observed for the derivatives of 

aniline’. Strong electron withdrawal also accounts for the very low 

basic strength of p-chlorobenzylideneaniline. 
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Ill, HYDROGEN-BONDING PROPERTIES 

The basic character of the azomethine group is also revealed by the 
fact that in aprotic solvents containing it there is a tendency for the 
lone pair of electrons on the nitrogen atom to interact with hydro- 
xylic compounds to yield hydrogen-bonded complexes. An example is 
furnished by the reaction between benzylideneaniline and p-nitro- 
phenol in carbon tetrachloride solution to give the complex 1. 

H 
a 

©)-«< © % Ope 
(1) 

Weinstein and McImrich have made an interesting study of the 
effects of 4- and 4’-substituents on the equilibrium constant for com- 
plex formation in this system ®. The results, together with the values of 
the free energy, enthalpy and entropy changes of the process as 
derived from these figures, are shown in Table 2. In each series of 
monosubstituted derivatives, the association constants show a progres- 
sive decrease as the Hammett o constants of the substituents are 
changed to lower negative and finally more positive values, thus 
showing a direct correlation with the change in electron density at the 
nitrogen atom brought about by the inductive and mesomeric effects 
of the substituents. 

The values of 4S'° derived from the association constant and its 
temperature variation give an indication that it may tend towards 
higher negative values as the value of the association constant de- 
creases. On the other hand 4H° does not seem to vary greatly through 
the series. These results, however, must be taken as indicative only, 
as the method does not permit the evaluation of data suitable for 
precise and detailed analysis. 

IV. COMPLEXES WITH METALS 

A. Introduction 

The most characteristic respect in which compounds containing the 
C==N bond show basic properties is in the formation of complexes with 

metals. These complexes provide some very characteristic series of 
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coordination compounds, and consequently a large number of them 
have been prepared and their properties examined and compared. 

The basic strength of the C=N group is insufficient by itself to 
permit of the formation of stable complexes by simple coordination of 
the lone pair to a metal ion. Therefore, in order that stable compounds 
should be formed it is necessary that there should also be present in 
the molecule a functional group with a replaceable hydrogen atom, 
preferably a hydroxyl group, near enough to the C=N group to 
permit the formation of a five or six membered ring by chelation to the 
metal atom. Among the simplest compounds which meet this require- 
ment are salicylaldimine (2) and its N-hydroxy derivative salicylal- 
doxime (8), and by far the most intensive studies have been made on 
the metal complexes of the former and its derivatives. 

H H 
| | 
c iC 

ol NH Or “NOH 
OH OH 

2) (3) 

The compounds formed with metals by these and other Schiff’s 
bases and known up to about 1964 have been listed and their proper- 
ties discussed in detail by Holm, Everett and Chakravorthy!°, whilst 
some of the salicylaldimine complexes have formed the subject of 
reviews by Sacconi*, and thus only a brief survey of the simpler 
groups of compounds is given here. Coordination compounds of this 
type, however, also include the well-known complexes of dimethyl- 
glyoxime with metals and other water-insoluble compounds, which 
have been used for some time in the detection and determination of 
certain metals. 

B. Complexes of Salicylaldimine and Related Compounds 

The salicylaldimine complexes of the general types 4 and 5 can 
often be made by the direct interaction between the metal ion and the 
appropriate Schiff’s base in alcoholic or aqueous alcoholic solution 
and in the presence of a base such as sodium hydroxide or sodium 
acetate. Under these conditions the N-alkylsalicylaldimines tend to 
hydrolyse, however, so a more generally useful method of preparation 
is to reflux the salicylaldehyde complex of the metal with a slight 
excess of the primary amine in a non-aqueous solvent. This procedure 
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was originally used by Schiff!*, who prepared a number of these 
compounds and proved their compositions. 

(4) (5) 

The coordination complexes formed with divalent metal ions (type 
4) are of considerable interest as they vary in structure from coplanar 
to tetrahedral, not only in dependence on the nature of the divalent 
metal involved, but also on the nature of the substituent on the nitrogen 
atom and the substituents, if any, on the aromatic ring of the salicy]l- 
aldimine molecule. 

An important method of studying the structures of these compounds 
is magnetic susceptibility measurement. The Ni?*+, Pd?* and Pt?+ 
ions all have eight d electrons in their ultimate electronic shells. Hence 
in forming the Ni(i), Pd(1) and Pt(11) complexes, a process which can 
be envisaged as involving coordination of four electron pairs to these 
ions, two alternative structures may arise. If they use dsp? hybrid 
orbitals the bonds formed are effectively coplanar and, the d sub-shell 
being completed, there are no unpaired electrons, so the resultant 
spin S is zero and the compounds are diamagnetic. Alternatively, 
however, they can use sf® hybrid orbitals, in which case, following 
Hund’s rule, there are two unpaired d electrons, so S = 1 and the 
complexes are paramagnetic. 

The cobalt atom contains one electron less than the nickel atom and 
hence in the planar dsp? Co(11) complexes there is one unpaired electron 
whereas in the tetrahedral sp? complexes there are three. In the octa- 

hedral dsp? complexes of Co(1m), however, there are no unpaired 
electrons and so they are diamagnetic. 

The copper atom, on the contrary, has one electron more than the 
nickel atom and hence in both the planar and the tetrahedral com- 

plexes of Cu() there is one unpaired electron. 
The Zn2* ion has a complete group of 10 d electrons in its ultimate 

shell, so the tendency is for it to use sp* hybrid orbitals and form 
tetrahedral diamagnetic complexes. 

The complexes of salicylaldimine itself (R = H) with Ni(n), 

Cu(m) and Pd(m) are all planar and crystallize in isomorphous 
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forms*. They are diamagnetic and have the trans configuration **- 1°. 

The same is true of their N-hydroxy derivatives (complexes of sali- 

cylaldoxime) and of their annular-substituted derivatives. The un- 

substituted complexes of salicylaldimine should therefore have zero 

dipole moments. The evidence” suggests that this is the case, the 

difference between the values of the molar polarizations and molar 

refractions being attributable to atom polarization, which may in 

certain cases be fairly high. 
At the other end of the scale the complexes of Zn(m), which uses 

sp® hybrid orbitals, are all tetrahedral and have closed shell con- 

figurations. Their dipole moments range from 4-97 to 5:13 .p, and 

these values have been used as standards for tetrahedral complexes in 

comparing the moments of other complexes of unknown stereo- 

chemistry ?”. 
In the Ni(1), Cu(m) and Pd(m) complexes with larger substituents 

on the nitrogen atoms, even methyl, ethyl or n-butyl groups, the alkyl 
substituents tend to be displaced out of the plane of the benzene rings 
in the solid state1®19°, These displacements seem to arise from a 
tendency for the groups to attain a trigonal disposition around the 
nitrogen atom, this leading to steric interaction between the N-alkyl 
group and the oxygen atom of the second salicylaldimino group. 

In pyridine solution a number of the Ni(i1) complexes of the N-n- 
alkylsalicylaldimines are paramagnetic, with magnetic moments (2) 
of about 3-1 Bohr magnetons (B.M.). This indicates the presence of 
unpaired electrons, and can be accounted for by the addition of two 
molecules of pyridine to each molecule of complex, as addition com- 
pounds of this composition have been isolated?°:?1. This addition of 
pyridine must be accompanied by a change from square planar 
(diamagnetic) to octahedral (paramagnetic) structure. Even in 
benzene or chloroform solution complexes of this type are slightly 
paramagnetic, with apparent magnetic moments of 0-2 to 1-0 B.M. 
This effect probably arises through the planar monomeric species 
being in equilibrium with dimeric or polymeric forms which are 
paramagnetic**, through assumption of octahedral structure. The 
probability that polymeric species are involved is indicated by the 
fact that a paramagnetic form of the complex of N-methylsalicyl- 
aldimine with Ni(1) has been isolated in the solid state2%. This is so 

* In square planar complexes, the convention in nomenclature is that the 
trans isomer has the same groups of the ligand molecules occupying diametrically 
opposite corners of the square, whereas in the cis isomer they occupy adjacent 
corners. 
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exceptionally insoluble as to suggest that it has an octahedral poly- 
meric structure. Further, Ferguson2+ has shown cryoscopically that 
this compound is partially associated in benzene solution. 

These complexes also develop paramagnetism when fused25, but 
this phenomenon cannot be ascribed solely to polymerization. It has 
been shown that at 180° the Ni(11) complex of N-methylsalicylaldimine 
is transformed into a tetrahedral form which is paramagnetic with a 
magnetic moment of 3-4 B.M. Even at room temperature there 
seems to be quite a close balance between the stabilities of the two 
forms, since in the presence of the corresponding complex of Zn(1), 
which is tetrahedral, the Ni(m) complex also crystallizes from chloro- 
form solution in the tetrahedral form with magnetic moment 3:1 
B.M.*°. In the absence of foreign ions this Ni(m) complex even de- 
velops paramagnetism when heated in solution 23:27:28, 

The essential planarity of these structures in solution at room 
temperature is shown by the fact that both for benzene and dioxan 
solutions the differences between the molar polarizations and molar 
refractions are only 22-44 c.c. for the N-methyl- and N-ethylsalicyl- 
aldimine complexes of Ni(m) and 8-24 c.c. for the N-ethyl-, N-n- 
propyl, N-n-butyl- and N-n-amylsalicylaldimine complexes of 
Pd(m)*’. Although much greater than the differences commonly 
encountered for simple molecules, these figures are. explainable in 
terms of high atom polarizations arising from vibrational motions of 
the rings. Theoretically the Pd-ligand bonds should be more homo- 
polar than the Ni-ligand bonds, and therefore they should be associated 
with higher force constants. In accordance with this view it is found 
that if the molecules are treated as single unidimensional oscillators 
the force constants derived from these values of the atom polarization 
are 2-6 x 10-1? erg/radian? for the Pd(m) complexes as compared 
with 0-9-2:1 x 107}? erg/radian? for the Ni(m) complexes. 

The results of dielectric polarization measurements on these com- 
plexes contrast with those on the corresponding complexes of Cu(u11), 
which will be discussed later. Here the differences (52-99 c.c.) are 
greater than can be accounted for on the basis of atom polarization 
alone. 
When the N-alkyl substituent is still more bulky, as is the case with 

a s- or t-alkyl group, steric influences upon the structure become much 
more pronounced, with the result that the Ni(m) complexes tend to 
acquire tetrahedral configurations. The result is that the N-s-alkyl 
derivatives of the salicylaldimine complexes are much more para- 
magnetic in chloroform solution than are the N-n-alkyl derivatives?°. 

9-+-C.C.N.D.B. 
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Cryoscopic measurements on benzene solutions show that they are 

associated, but not to such an extent as to account for the whole of 

their paramagnetism. This must arise principally from the existence in 

chloroform solution of an equilibrium between the planar form for 

which the resultant spin is zero and the tetrahedral form for which it 

is 1 unit. 
The existence of this equilibrium, which is much better developed 

than for the N-n-alkyl derivatives, has been confirmed by spectro- 
scopic evidence, and it has been shown that it, too, tends to be shifted 
towards the tetrahedral form with rise of temperature’7:°°. The dipole 
moments of these compounds in dioxan solution also differ appreciably 
from zero, the values ranging from 2-34 p for the N-s-butyl- to 4-74 for 
the N-t-butylsalicylaldimine complex of Ni(1), the latter having almost 
the same moment as the corresponding complexes of Co(m) and Zn(m), 
which are known to be tetrahedral’. These observations were of 
considerable interest as they provided the first unambiguous evidence 
for the existence of tetrahedral chelate complexes of Ni(1). 

This dependence of the structure upon the precise nature of the 
substituent of the nitrogen atom arises from the fact that the differences 
in free energy between the planar and tetrahedral forms are not large. 
From spectroscopic measurements the difference has been evaluated 
as just under 3 kcal/mole for the N-n-propylsalicylaldimine complex 
and its 5-substituted derivatives*. As a result the tetrahedral form is 
at too low concentration to be detected at room temperature. On the 
other hand the corresponding differences lie between +0-35 and 
—0:52 kcal/mole for the corresponding N-isopropyl derivatives*?:®2, 
and similar values are observed in the presence of other secondary 
alkyl groups. Hence in solution in bibenzyl or in chloroform the two 
forms coexist at ordinary temperature, whilst at higher temperatures 
the tetrahedral form predominates. 

The structures adopted in the solid state also depend on the relative 
lattice energies, and these may be determined by relatively minor 
structural factors. The latter become very significant when there are 
annular substituents in the salicylaldimine molecule. Thus the Ni(11) 
complexes of N-isopropylsalicylaldimine and of its 5-ethyl derivative 
are tetrahedral and paramagnetic, whereas the complexes of 5-methyl-, 
S-n-propyl-, 5-chloro- and 5-nitro-N-isopropylsalicylaldimines are all 
planar and diamagnetic*!'?. Further, 3-methyl-, 3-chloro-, and 3- 
bromo-N-isopropylsalicylaldimine all form planar complexes with 
Ni(m), but the corresponding 3-ethyl-, 3-isopropyl and 3-t-butyl 
derivatives are all tetrahedral and paramagnetic®°, This difference of 
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behaviour has been attributed in part to the influence of a statistical 
term arising from the different multiplicities of the fundamental 
electronic states, and in part to the greater facility with which the 
alkyl groups can rotate in a tetrahedral structure. Another entropy 
term arises, however, from the greater solvation of the planar forms °°, 
Ring substitution in the 5,6-position of N-isopropylsalicylaldimine 
favours the planar form, whereas 3,4-substitution favours the tetra- 
hedral structure. For the N-t-butyl-substituted complexes the large 
steric repulsions make the tetrahedral configurations the most stable 
even at very low temperatures. 

x-Ray diffraction studies show that an N-phenyl group causes con- 
siderable distortion from overall coplanarity in the molecule 24-6, In 
the solid state the Ni(i) complexes of N-aryl salicylaldimines are all 
either diamagnetic or wholly paramagnetic, the N-phenyl-, N-o- 
tolyl-, N-a-naphthyl-, N-2,4-dimethylphenyl- and N-2,5-dimethyl- 
phenyl derivatives all giving rise to diamagnetic solid complexes, 
whilst those produced by the N-m-tolyl- and N-m-chlorophenyl 
compounds are both paramagnetic. In solution in xylene or bibenzyl 
the complexes of N-phenyl- or f-substituted N-phenylsalicylaldimine 
are all paramagnetic and associated, but it is only at temperatures 
above about 70° that the spectra indicate the presence of tetrahedral 
forms. The Ni(m) complexes of N-m-tolyl- and N-m-chlorophenyl- 
salicylaldimine, however, are more paramagnetic and more exten- 
sively associated in solution. The complexes of o-substituted N- 
phenylsalicylaldimine, on the contrary, are all either diamagnetic 
or only weakly paramagnetic in solution. It appears, therefore, that 
the presence of an ortho substituent prevents association by keeping the 
plane of the N-phenyl ring almost orthogonal to the plane of the 
chelate ring. 

As the cobalt atom has one less electron than the nickel atom, the 
planar complexes of Co(m) contain one unpaired electron and hence 
they are paramagnetic. The magnetic susceptibility is therefore not 
such a sensitive tool in their study as it is for Ni(m) complexes, and more 
reliance has to be placed on other physical properties. The general 
tendency is for the tetrahedral structures to be more favoured than 
they are for Ni(i), Cu(m) or Pd(11) complexes. Thus whilst the com- 
plexes of Co(m) with salicylaldimine and salicylaldoxime both have 
ultraviolet absorption spectra which suggest that they have planar 
structures in solution®’, the N-alkyl derivatives have tetrahedral 
structures °8-*°, In benzene solution these complexes of N-alkyl 
salicylaldimines all have relatively large dipole moments, ranging 
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from 4-62 p for the N-n-butyl-compound to 5-05 p for the N-t-butyl 
derivative”. Although slightly lower than those of the corresponding 
zinc complexes, these values are compatible only with tetrahedral 
structures. The reflectance spectra of the solids show that this structure 
persists in the solid state?”, and the N-n-butyl derivative is isomorphous 
with the corresponding complex of Zn(m), which has been definitely 
shown to be tetrahedral *°. It is less surprising that the Co(m) complex 
of N-isopropylsalicylaldimine is isomorphous with the corresponding 
complex of Ni(i). Cryoscopic measurements in benzene solution have 
shown that both the N-alkyl and N-aryl complexes are monomeric in 
that solvent *. 

Radio-tracer investigations have shown that in its complexes with 
N-phenyl-, N-m-tolyl- and N-o-anisylsalicylaldimine, Co(1) exchanges 
rapidly with Co?* ions in pyridine solution. The complexes are also 
broken down on an ion exchange column, whilst on electrolysis of 
their solutions cobalt migrates to the cathode. All these observations 
indicate that the compounds are relatively labile, as would be ex- 
pected from their high-spin tetrahedral structures *?. Such an arrange- 
ment of the ligands also accounts for the fact that when the aryl ring 
possesses an ortho substituent other than the methoxyl group the 
complexes are very difficult to isolate, presumably through steric 
hindrance to their formation. 

The N-aryl salicylaldimine complexes of Co() have magnetic 
moments of 4-36 to 4-53 B.M. in the solid state and 4-22 to 4:56 B.M. 
in benzene solution. In pyridine solution, however, the values are 
somewhat higher, and unstable adducts with two molecules of 
pyridine have been isolated from the solutions. Hence, in spite of their 
tetrahedral structures, pyridine seems to be able to coordinate with 
these compounds. 

Oxidation of the bis-salicylaldimine complexes of Co (ir) in solution 
and in the presence of an excess of the imine leads to the formation of 
the tris complexes of Co(m1), which have the general structure 5. For 
the preparation of the N-n-alkyl salicylaldimine complexes, atmo- 
spheric oxidation suffices, but a stronger oxidizing agent such as 
hydrogen peroxide is needed to produce the N-phenyl derivatives, 
which tend to be reduced again to the Co (1) complexes on heating in 
solution *%, 

As one salicylaldimine molecule is unable to span opposite corners of 
the octahedron, only two geometric isomers of these tris Co(nt) 
complexes would be expected to exist. These are the cis form, in which 
the nitrogen atoms all occupy corners opposite to an oxygen atom, and 
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the trans form in which one pair of nitrogen atoms occupy corners 
opposite to one another. In fact, only one form has been isolated in each 
case, and dipole moment** and nuclear magnetic resonance *® 
evidence indicates that this is the trans form, as would be predicted 
from steric considerations. 

Their crystal structures indicate that the Cu(m) complexes of 
salicylaldimine and of its N-n-alkyl derivatives have essentially trans- 
planar structures in the solid state, being isomorphous with the cor- 
responding Ni(m) and Pd(m) complexes**. Spectroscopic evidence 
suggests that these complexes have the same structures in solution as in 
the solid phase, so it is rather surprising that the differences between 
the molar polarizations and molar refractions of these compounds have 
been reported to be very much larger than the corresponding dif- 
ferences for the Pd(m) complexes, which are also planar. If the 
differences are interpreted as arising from orientation polarization, 
they lead to dipole moments of 1-77 and 1:86 D for the N-n-propyl- 
and N-n-butylsalicylaldimine complexes, respectively. These values 
are independent of the solvent involved and of the concentrations of 
the solutions studied, this suggesting that the moments do not arise 
from the presence of associated species*’-*°. Their origin is as yet by 
no means clear. They may arise from a relatively slight departure from 
planarity in solution, not necessarily of the pseudo-tetrahedral type*. 
This would accord with the absence of the characteristic transition of 
the pseudo-tetrahedral form in the absorption spectra. Alternatively, 
however, such relatively low moments would arise if a low percentage 
of the pseudo-tetrahedral form were in equilibrium with the trans 
planar form. This had previously been suggested *° to account for the 
large difference between the molar polarization and molar refraction 
of the Cu(m) complex of N-phenylsalicylaldimine. 

The Cu(m) complexes of N-isopropyl- and N-s-butylsalicylaldimine; 
on the other hand, are isomorphous with the corresponding complexes 

of Ni(m), Zn(m) and Co(m), all of which are known to be tetra- 

hedral 39-49, Their magnetic moments, and that of the N-t-butylsalicyl- 

aldimine complex, lie in the range 1-89 to 1-92 B.M. They are therefore 

significantly higher than the values (1-83-1-86 B.M.) observed for 

the planar complexes with N-n-alkyl substituents, but are less than 

* A pseudo-tetrahedral structure can be pictured as being attained when the 

bonds to the central atom in a planar complex are displaced alternately above 

and below the plane. In the limit if each becomes displaced by 45° a regular 

tetrahedral disposition of the bonds is attained, but in the pseudo-tetrahedral 

structures the displacements are much smaller. 
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the theoretical value of about 2:2 B.M. for a perfectly tetrahedral Cu(11) 

complex*?. 
Spectroscopic evidence indicates that these complexes with branched 

chain alkyl substituents also have the same structures in solution as 

in the solid state, but their apparent dipole moments (2:72, 2:70 and 

3-38 p for the N-isopropyl-, N-s-butyl- and N-t-butyl-derivatives, 

respectively) are still appreciably lower than the values for the cor- 

responding Co(m) and Zn(11) complexes **. 

C. 2-Hydroxyacetophenonimine Complexes 

Some studies have also been made of these 7-methyl derivatives of 

the salicylaldimine complexes. When the greenish-yellow complex of 

Ni(m) with 2-hydroxyacetophenone is heated in concentrated aqueous 

ammonia, it is converted into the deep red bis(2-hydroxyacetophenon- 

imino)nickel (6). This complex and its N-hydroxy and N-methyl 

derivatives as initially formed are diamagnetic, but in refluxing in 

H CH 
a te 

Oo N=Cc 

we 
e=N O 

We SN 
GH: H 

(6) 

biphenyl] at 254° they pass into paramagnetic isomers °°. These isomers 
dissolve readily in chloroform, and on crystallizing from this solvent 
yield the diamagnetic forms again. Their magnetic susceptibilities do 
not follow the Curie law, but their apparent magnetic moments 
increase from 1-3-1-6 B.M. at about 80°K to 2-5-3-0 B.M. at 350°K 
and approximate to the behaviour expected for tetrahedral Ni(z). 
They differ, therefore, appreciably from the corresponding salicyl- 
aldimine complexes, but the reason for the decreased stability of the 
planar forms is not clear, as there should be no steric strain. 

D. 2-Aminobenzylideneimine and Related Complexes 

ra few complexes have been prepared from the Schiff bases of 
2-aminobenzaldehyde. The Ni(m) and Cu(m) derivatives have been 
reported to be slightly soluble and intensely coloured solids of the 
structure 7, the Ni(m) compound being diamagnetic®. 
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Compounds of an analogous type are formed by the self-condensa- 
tion of 2-aminobenzaldehyde in absolute alcohol and in the presence 
of Ni** or Cu?* ions. The products so obtained have been shown ®5 
to be mixtures from which complexes of the type 8 could be isolated as 

2+ 

H 
~S 

H ee 
eon 

CoN pb aa 
SS 
H 

(8) 

salts. Although attacked by bases, these complexes are unaffected by 
boiling mineral acids, even concentrated nitric acid, and the nickel is 
not precipitated by dimethylglyoxime. The perchlorate, tetra- 
fluoroborate and tetraphenylborate of the nickel complex are all 
diamagnetic, whereas the iodide, nitrate and thiocyanate are all fully 
paramagnetic, with magnetic moments of 3-2 B.M. The chloride and 
bromide, on the other hand, have the intermediate magnetic moments 
of 1-68 and 1-47 B.M. respectively at room temperature. The magnetic 
susceptibilities of the two latter salts, however, do not obey the Curie 
law, and their variations with temperature have been interpreted in 
terms of thermal distribution between a singlet ground state, with no 
unpaired electrons, and a triplet excited state with two unpaired 
electrons. The enthalpy differences between these two states have been 
calculated to be 800 and 700 cal/mole for the chloride and bromide 
respectively °°, The reasons why the nature of the anions should have 
such a profound effect upon the structure of the cation are still by no 
means clear, however. 
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E. Glyoxime Complexes 

Probably the best known complexes formed by compounds contain- 

ing the azomethine group are the metal glyoximates, including the 

deep red bis(dimethylglyoximato)nickel which has now been used for 

many years for detecting and determining nickel. After being first 

formulated with a very improbable seven-membered ring structure, 

later revised to a more reasonable six-membered ring, it is now known 

to have the five-membered ring structure 9 with hydrogen bonds 

linking the oxygen atoms of the two rings. 

ze 

Me an “oO Me 
eee, Laas Mel 
C=N N=C 

| ae 
Ni 

Eee pee 
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oe ee 
H 

(9) 

The five-membered ring structure was first suggested by Pfeiffer°’, 

on the basis of the observation that similar compounds to the glyoxime 

complexes were formed when one of the oxime groups was replaced 

by an imino or methylimino group. 
The Ni(11) complex is insoluble in water and is only slightly soluble 

in chloroform. This is attributed to the presence of the polar hydrogen 
bridges, since the corresponding monomethyl ether of dimethyl- 
glyoxime leads to complexes insoluble in water but very soluble in 
chloroform 5®, This low solubility is undoubtedly a factor in causing 
these glyoxime complexes to be amongst the most stable coordination 
compounds formed by virtue of the presence of the azomethine group. 

It was shown by x-ray diffraction measurements that the O—O 
distance in the Ni() complex with dimethylglyoxime is very short 
(2:44 A), an observation which led Godycki and Rundle®® to the 
suggestion that the hydrogen bond in its molecule may be symmetrical, 
with the hydrogen atom equidistant between the two oxygen atoms. 
This was in apparent agreement with the observations which had 
been made on the infrared spectrum of this compound. Rundle and 
Parasol ®° found that this contained a weak band at 1775 cm~+ which 
disappeared on deuteration, and which they therefore attributed to the 
O—H stretching mode. As the frequency attributable to this mode in 
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the free glyoxime occurred at about 3100 cm~}, they regarded this 
very large frequency shift as evidence for very strong intramolecular 
hydrogen bonding 

This inference has been questioned, however, by Blinc and Hadzi*, 
who have found another band at 2350 cm~? in the infrared spectrum 
of the nickel dimethylglyoxime complex, and consider this to be 
attributable to the O—H stretching frequency, whilst the other band 
at 1780 cm~* arises from the O—H bending mode. In the deuterated 
complex the corresponding bands were found at 1810 and 1910 cm~? 
and at 1265 cm™? respectively. Similarly the absorptions at 2340 and 
1710 cm~? for the dimethylglyoxime complex of Pd(1) were assigned 
to the O—H stretching and bending frequencies respectively. In 
sodium dimethylglyoximate, on the other hand, these bands occurred 
at 3020 and 1650 cm™?, respectively, and were shifted to 2340 and 
1237 cm~?+ on deuteration. On this evidence Blinc and Hadzi sug- 
gested that the O—H.- --O bond may be bent, and that it is probably 
not symmetrical. 

In contrast, the O—O distance in Pt(m) dimethylglyoximate has 
been found to be 3-03 A and an infrared absorption at 3450 cm~? is 
attributable to the O—H stretching frequency, so it appears that 
there is no hydrogen bonding in its molecule. 

The tris(dimethylglyoximino) complex of Co(m) has an octahedral 
structure. Hence, as would be expected, its infrared spectrum does not 
include the band around 1780 cm~? such as is observed with the 
Ni(m) and Pd(m) complexes, since it cannot form intramolecular 
hydrogen bonds ©”. On the other hand, the ions of the type Co(dimethy]- 
glyoxime),XY~, where X and Y are Cl, Br or NOzg, all show absorp- 
tions in the region 1680-1770 cm~? and so presumably contain such 
bonds ®*, The groups X and Y must therefore occupy trans positions 
in all these compounds. 

Similar compounds are also formed by Rh(m) and Ir(im) and these 

have been very extensively investigated ®*. 
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l. INTRODUCTION 

Azomethines, which include aldimines, RCH=NR’, and ketimines, 
RR’/C=NR’, are considered to be analogues of carbonyl compounds. 
Many of the chemical properties of azomethines are indeed similar to 
those of carbonyl compounds. The addition reactions of azomethines 
are mainly composed of reactions in which a variety of reagents add to 

or Pos 

the polarized ean double bond c= —). Therefore, 

nucleophilic reagents attack the carbon atom of the azomethine 
linkage. In the reaction of alkyl halides with azomethines, the alkyl 
group attaches to the nitrogen atom of the azomethine group. On 
the other hand, electrophilic reagents such as the Grignard reagent 
may react with the azomethines so that the alkyl or aryl group of the 
Grignard reagent attaches to the carbon atom of the azomethine 
linkage. Hydrogenation of the azomethines to the corresponding 
secondary amines may easily be carried out in several ways which are 
usually difficult in the carbonyl compounds. 

So-called ‘Schiff bases’ (N-substituted imines) are treated in this 
article primarily. Some of the oximes and hydrazones are described 
but these are not emphasized. The stereochemistry of the azomethines 
in the hydrogenation reaction is described. Some of the addition 

reactions of immonium salts  >C==N¢ are also described. Cyclo- 

addition reactions of the azomethines, such as the reactions with 
diazomethane, isocyanate, isothiocyanate, ketene, peroxy acid, etc., 
will be described in Chapter 7. 

Il. ADDITION REACTIONS 

A. Addition Reactions Involving Organic and Inorganic Reagents 

I. Hydrogen cyanide 

Addition reactions of hydrogen cyanide to the carbon-nitrogen 
double bond of the azomethine linkage yield amino nitriles, in which 
the nitrile groups attach to the carbon atom of the azomethine 
linkage?. 

Hydrogen cyanide reacts with the trimer of methyleneaminoaceto- 
nitrile, (CH,—NCH,CN)s, in the presence of hydrochloric acid to 
form iminodiacetonitrile (equation (1)2. The imine reacts with 

(CHs=NCH2CN)3 + 3 HCN ——> 3 NH(CH.CN). (i) 
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hydrogen cyanide to form an a-amino nitrile*-5, Through the addition 
of hydrogen cyanide, benzophenoneimine gives «-aminodipheny]- 
acetonitrile (equation 2)*°, and fluorenoneimine yields the 
corresponding amino nitrile (equation 3)®. Ethylenebis(o-hydroxy- 
phenyl)azomethine is converted to N,N ‘-alkylenediaminepheny]l- 

(CeHs)aC—=NH “> (C,H,)aCHCN (2) 
NHz, 

V HaN_ CN 

—-O50 ; 
OH OH OH en nice Qhbee 
oon 6 Onronrr'GQ (4) 

acetonitrile’ by addition of hydrogen cyanide (equation 4). These 
reactions are usually carried out in ether® or in benzene® under 
anhydrous conditions. However, an aqueous hydrogen cyanide— 
pyridine system has also been used successfully (equation 5) ®. 

NHOH 
HCN,H2,0 (CHs)zC=NOH > (CHg)aC (5) 

CN 

Yields resulting from the hydrogen cyanide addition reactions to the 
azomethine compounds are improved by the use of a sodium cyanide— 
phosphate buffer system instead of liquid hydrogen cyanide®:1% One 
other advantage of this method is that of the lessened danger. Acetone 
oxime is converted to the corresponding a-hydroxylamino nitrile by 
the use of this system (equation 6) 14. 4°¢°Dehydroquinolizidinium 
salts (1) and 4*hexahydropyrrocolinium salts (2) react with 

(CH.).CNOM 4 NaN Seem. (CH o.CCN (6) 

NHOH 

potassium cyanide to yield 10-cyanoquinolizidine (8), (equation 7) 
and 9-cyanooctahydropyrrocoline (4), (equation 8) 7”. 
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CN 

oe Ks ‘ (7) 

(1) (3) 

CN 

| tl fe . J (8) 
Ned 

(2) (4) 

2. Sodium hydrogen sulphite 

Sodium bisulphite reacts with azomethine compounds to yield the 
addition product 5, a sodium a-aminosulphonate (equation 9) **:**. 
The adduct salt 5 is stable in aqueous solution, but it decomposes in 

CsH,CH=NR! SSS. CoH CANHR’ (9) 
| 
SO3Na 

(5) 

boiling water, and is unstable in alkali solutions. By treatment with 
hydrochloric acid, salt 5 can be converted to the corresponding free 
«-aminosulphonic acid, which is stable under acidic conditions. The 
free aminosulphonic acid has an internal salt structure and is repre- 
sented in equation (10): 

ArCHNHR <—y ArCHNHR (10) 

SO3H oe 

Several a-aminosulphonic acids have thus been prepared (equations 
PUD ea 

n-CgH7CH=NCgHg 22> n-CgH,zCHSONa (11) 

NHC,Hs 

CsHsCH=NC,H, "> C.FCHSO.Na (12) 

NHC,Hs 
It seems worthwhile to describe here the chemical properties of the 

a-aminosulphonic acid as a reactive intermediate!5. The sodium 
aminosulphonate (5) reacts with aniline to form the aryl amide of an 
a-arylaminoalkanesulphonic acid in good yield (equation 13) 15, 
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Potassium cyanide reacts with the resulting sulphonamide to form 
a-arylamino nitrile (equation 14) 5-18, Diethyl malonate reacts with 

RCHSO3Na at. RGHSO,NHAr (13) 
NHAr NHAr 

(5) 
KCN RCHSO,NHAr —““.  RCHCN (14) 

NHAr NHAr 

5 to form f-aryl-8-arylaminomethy] malonic esters (6), (equation 15) 15, 
Similarly, 5 reacts with ethyl acetoacetate and acetylacetone to form 
B-aryl-B-arylaminomethy] acetoacetic ester (7), (equation 16), and 
B-aryl-8-arylaminomethy] acetylacetone (8), (equation 17) 1°. 

HaC(COOC2Hs)a CeHeCHCH(COOC:Hs)a 
NHAr (15) 

COOC,H, 
CAIN Ar ee CO CHICH = 

are NHAr COCHs pe 
(5) (7) 

COCH, 
CH;COCH,COCH, c HsCHCH 

Ter oc, 
(8) 

3. Alkyl halide 

The alkylation of Schiff bases with alkyl halides results in a quater- 
nary immonium salt (9), which is converted to a secondary amine upon 
hydrolysis (equation 18)*". The alkylation is usually applied to the 
synthesis of secondary amines, and this method is known as the 
“Decker alkylation method’. In this method of alkylation of primary 
amines, the addition products 9 are usually hydrolysed to secondary 

R’X a H2,0 CHECHENR so Pathe HO. RNHR’+CsHsCHO (18) 

(9) 

amines without isolation. Benzylidene derivatives are often used as 
the Schiff bases. Yields are satisfactory when R’ is a methyl group. 
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However, when larger alkyl groups are introduced, results are less 
satisfactory+®. Intermediate immonium salts (9), which are reactive 
to various reagents, can also be prepared by various ways+?:?°. 

Allylamine is methylated by this method??. N-Benzylideneallyl- 
amine is heated with methyl iodine in a sealed tube. The resulting 
solid adduct is hydrolysed with water. Allylmethylamine is obtained 
in 71% yield (equation 19). N-Benzylidene-8-methyl]-8-cyclohexyl- 

CHL =CHCHIN=CHC My al a cicero 
| 
CHg 

CH,—=CHCH,NHCH, (19) 

ethylamine and methyl iodide yield N-8-dimethyl-B-cyclohexyl-ethyl- 
amine*?, 8-Phenylpropylalkylamines are prepared in the same way *8. 

4. Thiol, hydrogen sulphide 

A Schiff base reacts with thioglycolic acid under refluxing with 
benzene to yield a 5-membered cyclized product, 4-thiazolidone 
(equation 20) °°. An intermediate addition product, aminothio- 
ether, may be isolated. Benzophenone anil or benzaldehyde anil are 

COOH. COOH 

Qand) 20 |Oom)]— 
; 
CHECOOH 

(20) 
COOH 

On© See 
tH. SO 

reduced by p-thiocresol upon heating (equations 21, 22). Under 
suitable conditions benzaldehyde anil has been found to form addition 

CeHs Gaels 

a 2 p-CHaCeHaSH 
C=NC,H, ———"* > CH—NHCgHs + (p-CHsCsH4S—)2 (21) 

CeHs Gre 

2 p-CH3CgHaSH 
CeHsCH=NC,Hs ae ree CgHsCH—NHC,H; + (p-CH3CgH4S—). (22) 

products with thiol (equation 23) 2”, The addition products decompose 
easily by addition of dilute sodium hydroxide solution to form the 
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original thiol and the Schiff base. The reduction of the addition 
product occurs as readily as does the direct reduction of anil with 
p-toluenethiol. 

CsHsCH=NCgH, 2CHaCHSH, CoH ECHNHC,H, 
addition | 

SCgH,CHg-p 

2 p-CHsCeH,SH p-CHsCgH.SH (23) 

CgHsCHsNHC,Hs 
+ 

(p-CHsCgH.S)2 

Various addition reactions of thiols with N-benzylideneanthranilic 
acid have been studied ?®. Most of the thiols have given excellent yields 
of the corresponding addition products (Table 1). 

CsH;CH=N ss, CeHeCHNH (24) 

SR 
COOH COOH 

Carbon-nitrogen double bonds which are parts of aromatic systems 
such as pyridine, quinoline, isoquinoline and benzothiazole do not 
react with p-thiocresol*%. Aryl thiols reduce the carbon-carbon double 
bond of benzalquinolidine to 2-(8-phenylethyl) quinoline (equation 25). 

a 2 p-CHgC,H,SH a (25) 

NZ CH=CHC,H; N CH,CH2C.H, 

+ (p-CHaCeHiS)a 

TasiEe 1. The addition of thiols to N-benzylidene- 
anthranilic acid?°. 

Yield of addition product 

R (7%) 

CH,COOH 92 
CH,CH,COOH 99 
C,H; 91 
p-MeCgHs 86 
C.H;CH. 70 
i-Pr 57 

i-Bu 62 
n-Bu 49 
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Hydrogen sulphide easily adds to ketimine in ether at relatively low 

temperatures (—40° to 0°c) to form gem-dithiol (equation 26) *°. It 

could be assumed that an intermediate addition product might be 

R R R SH 

ms pos Ba +R’NH, (26) 

a’ NsH 

cane Ss | SCHNHRY 
re Yo ! 

R’ Rawsk 

formed during the reaction. The reaction is analogous to that of anil 

and thiol to form aniline and gem-dithioether (equation 27) 7. 4°¢%De- 

hydroquinolizidinium salt reacts with thiolates to yield thioethers 

(equation 28) *}. 

CsHsCH=N 2pCHoCoHSH, CH CH(SCeHaCHs-p)o + NH, (27) 

COOH COOH 

SCgHyCHe-p 
| p-CH3CeH.SK (28) 

N N 
x" 

5. Acetophenone 

N-Benzylidenemethylamine reacts with nitroacetophenone in ether 
in the presence of acetic anhydride to form a nitro compound (10) in 
487, yield (equation 29) *2. Schiff bases condense with acetophenone 
or its derivatives to yield amino ketones (11) with an amine hydro- 

CgHsCH=NCHz + CgHsCOCH,NO, —2-> CgHsCOC=CHCsHs (29) 
NOz 

(10) 

chloride as a catalyst (equation 30) 9-86, The reaction may proceed in 
three ways depending on the chemical nature of the reactants (equa- 
tion 31) 5, 

EtOH 

P-CgHeCgHaN=CHCeH,-Hel 
p-CgHsCeHaNHCHCH,COC,Hs (30) 

eH 

(11) 
When the aryl group contains a nitro group in the m- or p-position, 

the reaction results in an amino ketone (11) (equation 31a). When the 

p-CgHsCgH4N—=CHC,H; + GrsGOG ere 
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HCl ; HCL. ArNHCHAr 
CH,COC,H, (31a) 

(11) 
ArN=CHAr’+ MeCOAr" Ar’CH=CHCOAr" + ArNH2 

(31b) 
(10) 

Schiff base unchanged (31c) 

Ar’ contains a nitro group in the m- or f-position, the product is an 
«,8-unsaturated ketone (10) by elimination of aniline (equation 31b). 
When the Schiff base is benzal-p-anisidine or benzal-p-phenetidine, it 
is recovered unchanged (equation 3lc). A recent study ®" of this type 
of reaction has shown that the uncatalysed addition of ketones to 
Schiff bases reported in the literature 8-9 could not be repeated. The 
addition reaction can be brought about by addition of a small amount 
of hydrochloric acid (equation 32). Adduct 11 decomposes to 

CoHgCH=NCoHs + CHsCOCsHs ——> CoHgCHCHsCOCHs Fram > 
NHC.Hs 

(11) 
CgHsCH=CHCOC,Hs + CeHsNH2 (32) 

(10) 

liberate amine and forms an unsaturated ketone (10) in a solution of 
glacial acetic acid or concentrated sulphuric acid. 

6. Phenylacetic ester 

Reaction of Schiff bases with ethyl phenylacetate in the presence of 

anhydrous aluminium chloride yields an ester of a-phenyl-f-aryl-f- 

anilinopropionic acid (equation 33) *°. Several similar studies of this 
AICl 

C,H;CH,COOEt + CgHsCH=NCeHs ——*-> CgsH;NHCHCHCOOEt , (33) 
benzene he 

CegHs CeHs 

type of reaction have been made **~**. The method has possible applica- 

tion as a general way to synthesize «,B-diaryl-8-aminopropionic acid. 

CeHgCHzCOOEt + CeHsCH=N—R A S#> RNHCH—CHCOOEE (refs. 2,5) (34) 
a 

6 Is Cel 4X 

Without the use of phenylacetic acid ester, the Schiff base reacts 

with sodium lithium phenylacetate under similar conditions to form 
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-arylaminopropionic acids in 74%, yield*®. The Schiff base reacts 

with free phenylacetic acid without any catalyst by heating at 100°c 

to yield «,8-diaryl-8-aminopropionic acid in 75%, yield *®. In a similar 

way «-lithiotoluenesulphonic acid reacts with a Schiff base to form 

1,2-diphenyl-2-anilinoethanesulphonic acid (equation 35) *’. 

CgHsCH=NC.Hs 

ether 
CsHsNHCH—CHSO;Na _— (35) 

C.Hs C.eHs 

CgHsCH2SO3Na + Li, PhBr 

7. Benzoyl cyanide 

Benzophenoneimine reacts with benzoyl cyanide to form the ad- 

dition product «-benzoylaminodiphenylacetonitrile (equation 36) *°. 

CeHs HH byt 

CNH ee Cc (36) 
ether Of \ 

Cane ene NHCOC,Hs 

The reaction is analogous to that of hydrogen cyanide with a Schiff 
base. The Schiff base also forms the addition product with benzoyl 
cyanide *®. 

8. Trihaloacetic acid 

Trihaloacetic acids react with Schiff bases derived from ethylenedi- 
amine, aniline and cyclohexylamine in benzene or in toluene to yield 
trihaloaminoethanes by elimination of carbon dioxide *®:°°. A mech- 
anism for this reaction has been proposed which consists of an inter- 
mediate formation and subsequent decarboxylation of the esters of 
a-amino alcohols (equation 37) °°. 

| accocri> «= CNH ——> —CHNH— (37) CNH 
| | d 

“ X3 + COs 

CX;—C=O0 

Col Chesca eee ClsCCHNHCoHs (68%) (38) 

ClgCCOOH (CgHsCH=NCH2—)2 SOF, (C1CCHNHCH2—)2 (60%) (39) 

C.Hs 

9. Aromatic aldehyde 

When a Schiff base is mixed with an aromatic aldehyde in absolute 
alcohol or in absolute alcohol-toluene, the aldehyde component of the 
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Schiff base is exchanged. The ease of exchange of aromatic aldehyde 
to the Schiff base is in the order of ®1 

0-HOCgHsCHO > p-HOCgH4CHO > C,H,CHO 

When 2-methylpropanal is used, benzylideneaniline reacts with the 
aldehyde to yield the addition product 3-phenyl-3-anilino-2,2- 
dimethylpropylideneaniline (equation 40) 5. 

CHg3 

CHCHO CH; 

CgHsCH=NCgHs —— 2 > CerenccreNere (40) 

NH ~CHg 

eHs 

10. Carboxylic acid chloride 

Phthaloylglycyl chloride reacts easily with benzylideneaniline in 
benzene in the presence of triethylamine to form the B-lactam (equa- 
tion 41) °°. Formation of an intermediate acylamino aldoketene which 

S “<< Cc ee )NCH,COCI ==> Or ‘NCH=C=0 | Sees 
CO CO fh 

co O a Neo Cir ris 
Cpe) Coe 

adds to benzylideneaniline to yield the f-lactam is assumed to occur 
during the reaction. N-Benzylidenemethylamine, on the other hand, 
reacts with carboxylic acid chloride in ether to form the addition 
product N-«-haloalkyl carboxylic acid amide (12), (equation 42) ®*. 
Alcoholysis of 12 yields N-c-alkoxyalkylcarboxylic acid amide (13). 

GH. CH=-NCH; o> rCHeCHNCHs Gy (lao——NCHa 

Cl COR dcx, cor 

ial eee ay 
CH JCHNICH, <— + Ritaie |, 3 

OR OR 

Similarly N-benzylidenemethylamine reacts with cyanoacetyl chloride 
to form addition product 14 which is converted with triethylamine 
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by elimination of hydrogen chloride to the corresponding f-lactam 

(equation 43) °°. 

CgHaCH=NCH, DESHEOS. CH.CH-NCH, 9 => CoH —CH—N—CHs 

1 CocH,cn NC—CH—CO 
(14) (43) 

Il. Maleic anhydride 

Anils react with maleic anhydride in the presence of water to form 
maleanilic acid (15) and aldehyde ®®:5”. When an anil is heated with 

RCHONC. Ho Cheon = eee be Ae 

O Hd bocH=cHCooH 

CH—CO 
CgHsNHCOCH=CHCOOH + RCHO (44) 

(15) 

maleic anhydride in toluene, maleanilic acid is also obtained®®-°, 
whereas the formation of a condensation product has been reported 
when the mixture is heated without using the solvent®®. Croton- 
aldehyde anil and cinnamic aldehyde anil react with maleic anhydride 
in xylene to form an addition product®. 

12. Grignard reagent 

Grignard reagents react with azomethine compounds to form 
addition products (16) which on hydrolysis result in secondary amines 
(17), (equation 45)°". The reaction is usually applied to the Schiff 

Cc aNAe ee ae 22> C.HJOHNHR (45) 

R’ MgX R’ 
(16) (17) 

bases which are prepared from aryl aldehydes. In this addition re- 
action the alkyl group of the Grignard reagent is attached to the carbon 
atom of the azomethine compound. The reactions with Grignard 
reagents provide a general synthetic method for secondary amines of 
the type RR’CHNHR’. 

Following the classical work of Busch®, Moffett 6? and Campbell ®°, 
various secondary amines are prepared by use of the Grignard re- 
agents. A solution of the Schiff base is added to an excess of Grignard 
reagent and the addition complex is decomposed with ice and hydro- 
chloric acid. In these reactions, intermediate addition products have 
not been identified. 
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CeHsCHaMgX 
a CsH;CH—=NCH; CgHsCHNHCH, (95%) (ref. 62) (46) 

HeCeHs 

CeHsCHaMgX 
a CgHsCH=NCyHi: CgHsCHNHC,Hi, (40%) (ref. 62) (47) 

HeCeHs 

Attempts have been made to isolate the addition compounds 
resulting from the action of ethylmagnesium bromide and pheny]l- 
magnesium bromide on quinoline in ether®* (quinoline could be 
regarded as a cyclic azomethine compound). It was found that the 
products were composed of one mole of the organomagnesium com- 
pound and one mole of quinoline. However, the addition products 
could not be analysed due to their hygroscopic character. 
Methylmagnesium iodide—azomethine addition products have been 
isolated and analysed®°. The analytical data show that equimolar 
quantities of the azomethine and Grignard reagent had reacted 
to form the addition compound. Alkenylmagnesium _ halides 
(RCH—CHMgX) also react normally with the azomethine linkage of 
Schiff bases ®®. Several unsaturated secondary amines 

~ 
C=CCHNHR 

eHs 

have been prepared by this method. 

CH3CH=CHMgBr 
et ee CsH;CH=NC,Hs CH3CH==CHCHNHC,H, (64%) (48) 

eHs 

CH3 

C=CHMgBr CH, 

Cacao oe (50%) , (49) 

CH; Cay 

The effect of manganous salt on the reaction of a Schiff base (N- 

benzylidene-n-butylamine) with a Grignard reagent (i-PrMgI) has 

been studied ®7:58. Without manganous salt, the reaction resulted in 

normal products, 1-phenyl-1-butylamino-2-methylpropane (18) and 

benzylbutylamine (19). In the presence of 5 mole % anhydrous 

manganous chloride the reaction results in 18 and 19, as well as 

the ‘dimer’ 20 of the original Schiff base (N,N’-dibutyl «,«’-diphenyl- 

ethylenediamine) and yielded a mixture of diastereoisomers of meso 
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CHs one 

CH,CH—CHNHBu 
(18) 

C.HsCH,NHBu 
CgHsCH=NBu (19) (50) 

+ 

i-PrMgl CeHsCHNHBu Ls, | 
CsHsCHNHBu 

(20) 

+18 and19 

and racemic isomers. The yield of 20 was strongly dependent on the 
type of halogen in the Grignard reagent, and increased according to 
the sequence of I, Br, Cl when 2-5 mole % of MnX, was used. 
The ratio of racemic to meso form increased in the same sequence 
from 1-1 to 1-4 to 8-3. The formation of a ‘dimeric’ product of Schiff 
base (Cg,H;GH==NR) is also dependent on the size of R and also R’ of 
the Grignard reagent (R’MgX) °°. N-Benzylidenethylamine and 
t-butylmagnesium chloride result in N-WN’-diethyl-c,«’-diphenyl- 
ethylamine instead of the expected addition product (equation 51) 7°. 

MegCMgCl CoH eGHNG atte 

Ore Tathee C,HsCHNHC,H 6''s o't5 

(51) 

Sterically hindered reactions of Grignard reagents with Schiff bases 
have been studied”*. N-Benzylidene-t-butylamine reacts with allyl- 
magnesium bromide; however, methylmagnesium iodide does not 
react even under forced conditions (equation 52). N-Benzylidene- 
methylamine, however, reacts with ¢-butylmagnesium chloride 

CeH,CH=N-t-Bu Sear CH CHNH-t-Bu 
(52) 

CH,—CH=CH, 

CgHsCH=NCH, E+ C,H,CHNHCH, 

t-Bu ad 

normally to give N-methyl «-t-butylbenzylamine (equation 53). 
In the forced reaction of phenylmagnesium bromide with benzo- 

phenone anil, it was found that addition of the Grignard reagent 
results in a lateralnuclear 1,4 addition to the conjugated system 
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consisting of the azomethine linkage and the adjacent carbon-carbon 
linkage of the phenyl group’’. In the same way, benzophenone 
B-naphthylimine undergoes a 1,4 addition with phenylmagnesium 
bromide under forced conditions, yielding o-phenylbenzohydryl-f- 
naphthylamine (equation 54) 7°, 

H| 
o 

=O 

According to the literature ”* the yields of secondary amine obtained 
in the reaction of azomethines and the Grignard reagents are always 
less than 50% when a 1:1 ratio of Schiff base/RMgX is employed, 
although quantitative yields may be obtained when a 1:2 ratio is 
employed. This suggests that the Grignard reagent could have a 
structure R,3MgMegX, rather than RMgX. The addition reaction of 
the Grignard reagent to an azomethine linkage could be described as 
follows (equation 55): 

R Mg—R"-MeXo 

RCH==NR’ + RZMgMgX, ——>  CH—N (55) 
a a 

RY" R’ 

When the rate is expressed as rate = k [R,MgMgBr,] [Schiff base], 
the observed data can be reasonably understood. The authors suggest 
a four-centre mechanism for the reaction (equation 56) 7°. 

Pies. hp airie Soe (86) 

Gare Cogan R—Mg 
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Various imines derived from aliphatic primary amines and eno- 
lizable aldehydes or ketones can be made to undergo complete 
enolization by refluxing with one equivalent of ethylmagnesium 
bromide in tetrahydrofuran. These readily prepared magnesium 
compounds react with alkyl halides to yield addition products which 
upon hydrolysis result in alkylated compounds in high yield’®. The 
azomethine compound 21 reacts with ethylmagnesium bromide to 

CH, Gu, Mgx 

CHeeCH=N-t Bu ss NeecHN® Getta 

t ae t-Bu 

(21) (22) 
CH, CH, 

cHetChene es wales cH,CCHO (57) 

HACoHs CH2C.Hs 
(28) 

form the magnesium complex 22, which was alkylated with benzyl 
chloride and gave 2,2-dimethyl-3-phenylpropanal (23) upon hydro- 
lysis (equation 57). Similarly by the use of the reaction the ortho 
position of cyclohexanone is alkylated (equation 58) and 3-methy]- 
cyclohexanone is converted to a mixture of pt-menthone and pL- 
isomenthone (equation 59) 7°. 

C,HsMgBr wee Pex NH == N ae N _H,0 | a 

H a 

Bu Bu 

(58) 
CH, CH, CH, 

el Gatittebe, ir Hao, os OQ ne 
SNR a Oe 

DL-iso a 

A*¢®-Dehydroquinolizidine salt reacts with methylmagnesium 
iodide to form 10-methylquinolizidine?2. However, phenyl- and iso- 
propylmagnesium iodide do not react with the dehydroquinolizidine 
salt because of steric hindrance (equation 60). Similarly, 44 
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hexahydropyrrocolinium salt reacts with methylmagnesium iodide to 
yield 9-methyloctahydropyrrocoline (equation 61). 

CHaMgl 

(60) 

(61) 

CH; 

ict N> N x 

CH; 

| CH,Mgl 

Ny N xe 

13. Alkyllithium 

N-Benzylidene-t-butylamine reacts with methyllithium to yield 
N-a-methylbenzyl-t-butylamine (equation 62)7". Phenyllithium adds 
to benzophenone anil at the azomethine linkage only, resulting in 

CeH,CH=N-t-Bu > CJH,CH—NH-t-Bu (62) 

Hs 

triphenylmethylaniline ”* (equation 63), whereas the Grignard reagent 
results in a 1,4 addition product. Similarly acetophenone anil 

oorg0= cord : 
reacts with phenyllithium to yield a phenylated compound (equation 

64) 79. 454 Dehydroquinolizidinium salt reacts with «-picolyl- 

C.gHs CeHs 

e- Cotati 
oCHsC.H,N=c > eee (64) 

CH, CH3C.Hs 

lithium to form 10(«-picolyl)quinolizidine (equation 65)**. Pycolyl- 

lithium reacts with Schiff bases to form WN,1-disubstituted 

2-(2-pyridyl)ethylamine with a few exceptions (equation 66) °°. 

Schiff bases derived from N-methylpyrrole-2-aldehyde and aniline 
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(65) 

err N 

CgHsCH=NC,Hs CoHaCHCH, C) (66) 

C,HsNH 

or 4-chloroaniline undergo addition with 2-picolyllithium followed by 

spontaneous deamination producing 2-{2’-[2’-(1"-methylpyrry]) ] 

vinyl} pyridine (equation 67). 

CI | Len ww | (or i 

N CGH=NG,H; N aie See 

CHs CHs CH, 

G “ 
N L meen) 

CH, 

14. Metallic lithium, sodium 

Anils react with metallic sodium or lithium in dry ether to form 
disodium or dilithium derivatives (equation 68) ®1. It is assumed that 
one metal atom is in the ionized state and the other atom is covalently 

Cain 
Na *\Na Na 

C—N—C,H.Me-o 
Z 

eerie CoA 

RANCH Me-o (68) 

CoHs Li Cette af Li 
NCH, Me-o 

Cee 

bonded to the anil. These alkali metal derivatives of benzophenone 
anil react with methyl halides to give a mixture of di- and mono- 
methylated compounds (equation 69) ®?. In addition, 

o-CH3CgHaNHs, (CgHs)2>C—=CHa, (CeHs)a==C(CHs)2 
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and several small hydrocarbons have been identified from the reaction 
mixture. 

CeHs / 
o-CHsCgHaN—C 

Py oks 
sls cha aC GHs 

o-MeC,H,N—C =, (69) 
eis 

CeHs eHs 

o-CH,C.H,NHC 

Lay H.C 6''s 

15. Magnesium-magnesium iodide 

Ethylenediamine derivatives are prepared from benzylidenealkyl- 
amines or benzylidenearylamines with a magnesium—magnesium 
iodide mixture in ether or benzene solution (equations 70, 71) 8°. 

Mg—Megla 

CgHsCHNHCH, 

PH CHa a CAHCHNHCG,H, (71) 

CgHsCHNHC,Hs 

16. Nitroalkane 

Nitroalkanes condense with anils under refluxing with alcohol ®*:*, 
Reaction of benzylideneaniline and nitromethane results in N-(2- 
nitro-1-phenylethyl)aniline?*. Similarly, N-benzylideneaniline and 
nitroethane give N-(2-nitro-1-phenylpropyl)aniline *°. However, under 
similar conditions, benzalazine, C,H;CH=-N—-N—CHC,H;, and 
nitromethane do not form any addition product. In ligroin or petrol- 
eum ether, ethyl «-nitroacetate reacts with various Schiff bases in the 

2 

cote CoHaFH—CHNOs 

: ih 
C,gH;CH=NC,H; CeHs 

(24) 
(72) 

eee rE CL CHINO: 

MB CHs 

CeH, 

(25) 
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presence of diethylamine to yield unstable addition products 

[R’NHCH—CH—COOC,H;]NH(C,Hs). (26), in which R and R’ 

R. "NO, 
are usually aryl groups®*. The procedure to precipitate the addition 
product 26 in chloroform with petroleum ether results in the de- 

CoHsN=CHCsHs (pap tGe las ea 
Et,NH H.C, NO, 

(99%) (73) 
(eae 

©5 NCH, COOG, Hs 

CH3gN=CHC,H, ] NHEt, 
Et2.NH H;Ce NO, 

(977%) 

composition of 26 and its conversion to the corresponding ethylamine 
salt of R—CH[CH(NO,)COOC,H;], (27) in good yield. 

17. Phosphorane 

The reaction of ethylenetriphenylphosphorane (28) with a Schiff 
base (29) results in phenylallene in 62% yield (equation 74) ®’. The 
mechanism of the reaction is explained as follows (equation 75) ®. 

CH3gCH=P(Cg.Hs)3 = CsH,GH=NG,H; te 

(28) (29) 
CHg=C=CHC,Hs + P(CgHs)3 + CeHsNHe2 (74) 

HH 
C.H;C—N—C,H, 

RCH2CHP(CgHs)s + CeHs3CH=NCgHs ——> | a - + C—H 

tf OX 
(CeHs)sP CHR a 

; H CoHe Os 

c 
CoB eG Calls | P(CeHs)5 

Cari oN 

(CoHe)P™ SN, Ih CeHgNH, 

Ro on 

Alkylenephosphoranes with no methylene group in the f-position to 
the phosphorus atom react with Schiff base to give olefins and phenyl- 
iminotriphenylphosphorane®’. The mechanism of the reaction is 
explained below (equation 76) *°. The addition product 30 cyclizes 
to form cyclic structure $1 which decomposes to olefin 32 and 
triphenylphosphinarylimine (33). 
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H H H H 

RE Be eng aeeaargny igi sgl oerbotgen ony, 
(CeHs)aP* — NAr CoHe)P* Nee, 

(28) (29) (30) 

Hae H 

RRR TeO reer) eee (CoHs)gP-—=NAr_ (76) 

(CoHe)a#—tL—At u 
(31) (32) (33) 

Alkali metal phosphides, MPR,., react with Schiff bases in dioxan 
or benzene to yield addition products of the general formula 
(C,H;—N—CH—C,H;) ®°. Lithium or potassium phosphides are 

M PR, 
used in this reaction. Schiff bases also react with diethylphosphite to 
form addition products (34), (equation 77) °°. 

° 
Il 

H—P—OEt 

tore 
CHCA Ne, CH,CHPOEN, (77) 

NHC,Hs (34) 
18. Carbon monoxide 

Carbon monoxide reacts with Schiff bases or ketoximes to form 
addition products. These addition products are often cyclic compounds 
(see cycloaddition), although a few non-cyclic compounds are reported. 

Carbon monoxide and hydrogen react with methylphenylketoxime 
to give probably 3,4-dimethyl-3,4-diphenyl-2-azetidinone (87), 
(equation 78) %. 

CH, 

2 CsHsC—=NOH a 
Oo O 

I 
CH; l CH; CH; GE CH; 

et ei ee Sie Nabe 
C.H;—C C—C,H, ——> Cc C 

| | PS Bo 
N ma CeHs a CeHs 

H a“ 
Non H OH 

(35) (36) (78) 
CHg 
| 

ps 

C,H.-—C—N—H 

Hs 
(37) 

10+..c.N.D.B. 
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Chemical analyses of the reaction products indicate that two moles 

of methylphenylketoxime condense with one mole each of carbon 

monoxide and hydrogen to yield 35, which is then cyclized to com- 

pound 36 which rearranges to 3,4-dimethyl, 3,4-diphenyl 2-azetidinone 

(37). 
When aromatic or aralkyl ketone oximes are treated with carbon 

monoxide and hydrogen using dicobalt octacarbonyl as a catalyst, 

they yield formamides and secondary amines (equation 79)%. A 

CO,Ha (CgHsCH2)eC HNHCHO 
(CgsHsCH2)2C—=NOH SonCOe” [(CeHsCH2)2CH]2NH (79) 

proposed mechanism of the reaction is shown below (equation 80). 

(CeHsCHa)aC-=NOH ——25> (CgHgCHa)2C=NH ——> (CoHgCHz)2CHNH3 
(38) | (39) 

co 

(CeHsCH»)2CHNHCHO 
(40) 

38 + 39 =nne [((CeHsCH2)2C—=NCH(CH2CgHs)a] 

Ha 

[(CocHsCH2)2CH]2NH (80) 

B. Hydrogenation Reactions 

I. Catalytic hydrogenation 

Aldimine or ketimine or a mixture of a carbonyl compound and 
amine (or ammonia) are readily converted to the corresponding 
secondary amine by catalytic hydrogenation. This method has been 
used for the preparation of secondary amines or for the alkylation of 
primary amines. Many studies on this subject were reviewed by 
Emerson °°, In many preparations of secondary amines, the mixture of 
primary amines and carbonyl compounds are hydrogenated without 
isolating intermediate azomethine compounds. Raney nickel, platinum 
and palladium catalysts are usually used for hydrogenation. In some 
cases, intermediate aldimines and ketimines are isolated and then 
hydrogenated; however, in several cases these azomethine compounds 
cannot be isolated. 

CH,CH,NH, + CH,CHO —U2-» S(CHsCHa2)aNH 557, 

ee ee Coden: 
(ref. 94) (81) 
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(Nh + CH,(CHa)aCHO => CyHi,NH(CHg)2CH, 91% (ref.95) (82) 

CH3gNH, + CHsCOCH.CH,; at CH3sCH2CHNHCH, 68%, 

CHsCHCHsNH, + cH )=0 i 

OH 

Hg 
(ref. 96) (83) 

CHHCHINH( CH 93%, (ref. 97), (84) 

OH 
@-CygHzNHa + CHeCHO 22> a-CigHzNHCH2CHs 88% 

(ref. 98) (85) 

CH,CH,N=CHCH,CH, te CHsCHzNH(CHz)2CH, 45% 
(ref. 99) (86) 

CHsN=CHC,H; —32-> CHsNHCH2CsHs 100% 
(ref. 100) (87) 

sHs(CH2)2N—=CHCgHs —2-> CgHs(CHa)aNHCHsCgHs 96% 
(ref. 101) (88) 

Catalytic reductive amination of carbonyl compounds with am- 
monia could be classified in the category of catalytic hydrogenation of 
azomethine compounds. The reaction is used for preparation of 
primary amines %? 

RCOR’ > RCHR’ (89) 

NH, 

Reductive amination of aliphatic and aromatic aldehydes with 
ammonia yields the corresponding primary amine. The reaction 

CgHsCH2CHO a> CeHsCH2CH2NH. 64% (ref. 102) (90) 

CeHsCHO -SZ2> CgHsCHaNHo 89% (ref: 103) (91) 

| is cho se - I cant, 197, | (ref.102) (92) 

( )-0 eb ()-NH 80%, (ref. 104) (93) 
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C.sHsCOCH, ——> CgHsCHCH, 44-52%, (ref. 105) (94) 

NH 
C.HsCH,COCH, ——> C,HsCHazCHCH, quantitative (ref. 106) (95) 

NHz 

products of reductive amination contain secondary amines and other 
more complex compounds. To minimize the formation of secondary 
amine, an excess of ammonia should be used. On the other hand, 
symmetrical secondary amines could be prepared by reductive 
amination by using an excess of carbonyl compound. For example, 
dibenzylamine is prepared from benzaldehyde and ammonia?®’. 

2. CgHeCHO + NHs —32-> (CoHsCHz)2NH 81% (96) 
12-17% primary amine 

The reductive amination of carbonyl compounds has been applied 
to the syntheses of «-amino acids. a-Keto acids are converted easily to 
the corresponding «-amino acids by the use of platinum or palladium 
catalysts in the presence of ammonia. Many of the natural a-amino 
acids are synthesized by use of these simple and mild reaction con- 
ditions. 

CHaCOCOOH "2s alanine (ref. 108) (97) 

CazHsCOCOOH "25 g-amino-n-butyricacid (ref. 108) (98) 
Gkiy 

CHCH;COCOOH WsMa, leucine (ref. 109) (99) 
CH; 

(C) crrcocoot Seats phenylalanine (refs. 108-110) (100) 

NHg,He HOOCCH,CHzCOCOOH Niatles sfitainic acid (refs. 108, 111) (101) 
H3,H F ; HOOCCH,COCOOH "2s aspartic acid (ref. 108) (102) 

When (a) benzylamine, (b) «-phenylgycinate, (c) «-alkylbenzylamine 
and (d) «(1-naphthyl)alkyl amine are used as constituents of aldimine 
and ketimine, the azomethine bonds of these compounds are hydro- 
genated normally. However, the C—N single bonding which is 
formed by hydrogenation is hydrogenolysed by the use of specific 
catalysts. These hydrogenolysis reactions can be applied to the 
preparation of primary amines. When optically active amines (bc 
and d) are used as constituents of the Schiff base, catalytic reduction 
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may introduce a new asymmetric carbon and subsequent hydro- 
genolysis could produce an optically active amine. The application of 
these reactions for the asymmetric synthesis of optically active amines 
will be described in Section II.B.8. 

* 
(a) N—CHiCoHs 

H Pic . primary amine 

NS () DN-CH-CoHy 
H e 

= Pd(OH)2/C 
os (103) 

(9) pre 

HGR 

N * 
(d) eae 

H- 6CH, 

2. Reduction using metals 

Azomethine compounds have been reduced to secondary amines by 
the use of various types of metal reduction systems, such as (Na, 
EtOH), (Na—Hg, EtOH), (Zn, alkali), (Zn, acid), (Al, NaOH), (Al, 
EtOH), (Mg, MeOH). The method gives good results in some re- 
ductions of azomethine compounds; however, the reduction procedure 
has not been widely applied for the syntheses of secondary amines. 

N-Benzylideneethylamine*?? and N-m-hydroxybenzylideneaniline??® 
are reduced to the corresponding amines in good yield by sodium 
amalgam and ethyl alcohol (equations 104, 105). A mixture of 

CHgCH,N=CHC,H, So eF Ss CHsCHaNHCH2CoHs (70%) (ref. 112) (104) 

m-HOCgHgCH=NCgHs oF > m-HOCgHsCHaNHCgHs (100%) 
(ref. 113) (105) 

methylamine and cyclohexanone gives methylcyclohexylamine’** by 
reduction with sodium and ethyl alcohol (equation 106). Similarly, 
N-benzylidenephenylethylamine gives the corresponding secondary 
amine +> by the reduction of the sodium—alcohol system (equation 107). 

CH,NH2 + o< ) sar eoree a cH) (ref 114) (106) 

,EtOH 
CgHs(CH2)a2N=CHC,Hs opens CgHs(CH2)gNHCHeC.eHs (ref. 115) (107) 
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A mixture of 2,4,6-trimethylaniline and isobutyraldehyde gives 
2,4,6-trimethylphenylisobutylamine!!* by reduction with zinc and 
hydrochloric acid (equation 108). Similarly, methyl p-aminobenzoate 
and butyraldehyde yield a secondary amine (equation 109)117. A 
mixture of methylamine and m-methoxybenzylmethyl ketone yields 

CH, 

CH, NHa+(CHs)aCHCHO 22HCL 

CH, 
CH, 

fis 
CH, NHCH,CH 91% (ref.116) (108) 

8 
CH 

CH, 
CH3(CH2)acHO 

+ 

CH,;OOC Cs. ee BA GO C) NH(CHz).CHs 

477, (ref. 117) (109) 

the corresponding N-methylamine by reduction with aluminium and 
water (equation 110) 118, The Schiff base obtained by condensation of 

CHICOCH ee CH NRE es. Cheon 

N 
CH,O CH;0 < 

CH; 

(ref. 118) (110) 

furfural with aniline is reduced by magnesium and methanol to a 
secondary amine (equation 111)1!°120. When benzylidenealkyl- 
amines (41) and ethanol are treated with activated aluminium, a 

Mg, MeOH | 

mixture of benzylalkylamines (42) and NN '-dialkyl-a-a!-diphenyl- 
ethylenediamines (48) is obtained (equation 112)"21. The ratio of 42 

Al,EtOH CeHsCH=NR ————> CgHsCH,NHR + CsHs=CHNHR (112) 

ny “ C.eH CHNHR 6 *(43) 
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and 43 does not depend on the concentration of 41 in inert solvents 
(toluene or ligroin). The use of dioxan and triethylamine favours the 
formation of 43. 

3. Lithium aluminium hydride 

Lithium aluminium hydride reduces aromatic and aliphatic Schiff 
bases easily to yield secondary amines??2-124, N-Phenyl-9-xanthy- 
drylidenimine is not reduced by lithium aluminium hydride in ether. 
However, by using tetrahydrofuran as solvent and increasing the 

CH, CH, CH, CHs 

NeHcHeNcH® HAH, CHCHANHCH” (ref. 122) (113) 

CH, CH, He. CHa 

Chg eee ire oy) ES rs CUNO. (ref. 123) (114) 

OH baie 

Cane. CHNHC,Hs (ref. 124) (115) 

ene CeHs 

LIAIH, NC.Hs ~~ ee (ref. 124) (116) 

@es@) 
reaction temperature, che Schiff base is reduced to the corresponding 

secondary amine (equation 117) *%*. 

NC.Hs 

OO 
NHC.H, (117) 

H LiAIH, 

OL 
4. Sodium borohydride 

Sodium borohydride has been used for reduction of azomethine 

compounds. This reducing agent is more convenient than lithium 

aluminium hydride because a wide variety of solvents may be used. 
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Aromatic and aliphatic Schiff bases and also quaternary Schiff bases 

are reduced by sodium borohydride (equations 118, 119). Several 

CeHgCH=NCHg ea t> CeHsCHaNHCH, (ref. 125) (118) 

o-HOC,H4CH=N-2-CypHy eet > o-HOCgHyCHaNH-2-CroH7 (ref. 125) (119) 

On ee Dine wD (ref. 126) (120) 

N-benzilidenaniline type compounds have been reduced by sodium 
borohydride to the corresponding secondary amines in 91-99% yield 
(equation 120) 126, In this reduction, a reducible group such as nitro 
or chloro is not affected during the course of the reduction. A Schiff 
base, N-benzylidene-p-aminophenol, fails to yield the corresponding 
secondary amine under the conditions employed, probably due to 
a tautomerization involving a quinoid type structure??°. Schiff bases 
prepared from aminopyridines are reduced to the corresponding N- 
alkyl aminopyridines (equation 121) 27. 

R—-N(_)) N=CHCsH, SS “rs RN(_)) NHCH.CoHs (121) 

Sodium borohydride reduces Schiff bases derived from cysteamine 
and heteroaromatic aldehydes to yield N-substituted 2-aminoethane- 
thiols (equation 122)128. N-Benzylidene-c-amino acid sodium salts 

(ArCH=NCH,CH,S-)g “> 2 ArCHaNHCH,CH2SH (ref. 128) (122) 

Ore 
can be reduced easily by sodium borohydride to N-benzyl-c-amino 
acids in aqueous solution. This is a very convenient method for ob- 
taining N-benzylamino acid (equation 123) and therefore this com- 
pound is an intermediate in the synthesis of N-methyl-c-amino acid 129, 
which is usually troublesome to prepare. 

CeHsCHO + RCHCOOH “22S CgHyCH=NCHCOONa 8H, 
| | 

NH R 
nec Ea (123) 

R 
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, /CHs 
Quaternary Schiff bases containing a structure Laden are 

reduced by sodium borohydride to N-methyldihydro derivatives 
(equation 124) 15°, 

COuLtets + 

io N 
fe er (124) 

HaC piglias ebieone 3 

Peganine methiodide N-methyldihydropeganine 

5. Dimethylamine-borane 

Schiff bases which have various functional groups are reduced to the 
respective secondary amines by using dimethylamine-borane in 
glacial acetic acid***. The method gives good yields (80-97%) and 
none of the functional groups of the Schiff base (—Cl, —NO,, —OH, 
—OCH;, —COOC,H;, —SO,NH., —COOH) are affected under 
the reaction conditions (equations 125-128). 

BHsNH(CH,)2 CgHsCH=NC,Hs CgHsCH2NHC.Hs (125) 
eC HiCrRSNC Hips CIC SHCHANHC.HiClp™ (126) 

CH CHoNCH,CH 6 eee CLH.CHNHC,HLOM-p (127) 

CgHsCH=NCgH.SO,NHo-p eC, CH CHaNHCgHySO2NH3-p (128) 
However, prolonged refluxing with an excess of the amine-borane in 
glacial acetic acid results in the acetyl derivative of the secondary 
amine 182, When propionic acid and benzoic acid are used, propion- 
amide and benzamide derivatives are obtained (equation 129). 

AcOH 
C,H;CH.NC,Hs ‘ 

come ‘ 

CeHsCH=NCcHs —Tropinzaaa® CeHeCHaNCeH, (129) 

Seen, oo CeHsCOOH C11 CHaNCgHs 

COPh 

6. Formic acid 

Formic acid is a well known reducing compound. Two common 
organic reactions to synthesize secondary amines by reduction with 

formic acid are known: the Leuckart reaction?** and the Eschweiler 
10* 



284 Kaoru Harada 

reaction 34, The Leuckart reaction is a convenient method for con- 

verting aldehydes and ketones to formyl derivatives of amines by 

heating with ammonium formate or formamide (equation 130) *°*°. 

; R R 

ny oy 
RCOR’ + HCONH, ——~> CHNHCHO ——> CHNHs 

R’ R’ 

Leuckart reaction (130) 

The Eschweiler reaction is a methylation method of primary or 

secondary amines to the tertiary amine with formaldehyde and formic 

acid (equation 131). 

RCH NH, + 2 HCHO + 2 HCOOH ——> RCH,N(CHa)2 + 2CO2+2H2O (131) 
Eschweiler reaction 

N-Benzylideneaniline is reduced to N-benzylaniline quantitatively 

by heating with triethylammonium formate at 140-160° (equation 
132) 186, Schiff bases which are composed of ethylenediamine and 

HCOO-N *Etg 

heat 
GH. GH=NGsHs CgHsCH,NHC,.Hs (132) 

aromatic aldehydes are reduced by heating with formic acid (equation 
133) 187, Several Schiff bases are converted to the corresponding 

CgHsCHNHCH2CH2NH HCOOH eHs 2CHaNHz 
(CgHsCH=NCH2)2 Rent aaa { + 

CgHsCHaNHCH2CHegNHCHsC,Hs 

secondary amines by reduction with formic acid1%°. Hydrazones+*? 
and enamines?*° are also reduced by the use of formic acid. The 
formic acid reduction mechanism including the Leuckart reaction has 
been discussed +**. Quinoline1*2, which could be regarded as a Schiff 
base analogue, is also reduced to N-formyltetrahydroquinoline by 
formic acid (equation 134). 

OO # OD HCOONa il a 6g (134) 
| 
CHO 

(133) 

7. Electrolytic reduction 

Several anils have been reduced to secondary amines by electrolytic 
reduction in sulphuric acid solution with lead or copper as cathode 
(equations 135,136) +48. Similarly, oximes and phenylhydrazones were 

H CoHsCH=NCgHs —p> CoHsCHaNHCeHs (135) 
H 

p-CHsCgHCH=NCgHs —2-> p-CHsCgH«CHaNHCgHs (136) 
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converted to the corresponding amines by electrolytic reduction 
(equations 137-139) 144.145, 

(CH3)2C—=NOH —3—> (CH3)2CHNH, (137) 

CesHsNH2 (43%) C,H;CH= erisc NNHCgH; po CeH,CHeNHC eH5 G27) ee 
Me 

Me 
| 

C=NOH CH—NH 
x ea: ie CH, 

(139) \ Ps eH CH—NH 
| Me Me 

Glyoxylic oxime was reduced to glycine in yields higher than 70% 
(equation 140) 1°, 

HOOCCH=NOH —2> HOOCCH,NH, (140) 

8. Stereochemistry of hydrogenation of azomethine compounds 

Benzil monooxime was hydrogenated by the ‘use of palladium 
catalyst to form erythro-diphenylethanolamine (high m.p. isomer) 147 
(equation 141). When the conformation of the substrate molecule in the 
reaction is a planar structure (44) as expected from steric and elec- 
tronic considerations, the resulting hydrogenation product would be 
the threo isomer (equation 142). However, the resulting diphenyl- 

O+O* 
~— | OHO w 

HO NH, 
erythro isomer (racemic) , 

O- rT O)* if 
NOH 

/ H J oH 
S f eee Or 4) (142) 

\ hae threo a et 

(44) 
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ethanolamine was found to be predominantly an erythro form. The 
catalytic reduction of benzoin oxime?*® also resulted in the erythro 
isomer. It has been considered that the catalytic hydrogenation 
proceeds as a cis addition to the double bond. Therefore, the confor- 
mation of the substrate molecule should be cisoidal, which is contrary 
to the accepted idea of the molecular conformation. Similar results 
have been reported in the synthesis of threonine (equations 143, 
144) 149-152 and een a (equation 145) 15%, 

CHsCOCCOOEt =5".7> ——> CHeCH—CHCOOH erythro (143) 

Non bu NHz 

CHsCOCHCOOEt 2+ ——> CHsCH—CHCOOH erythro (144) 

NHAc H NH, 

(C)-cocticooe a ae GH-GHCOOH erythro (145) 

NHAc OH NH, 

Chang and Hartung’** proposed a mechanism for the hydro- 
genation of «-oximino ketones which explains the stereospecificity of 

R 

HO, UR Ov Bee bel D-erythro 
N=C N= 

~ He r 

(Pd)n, i gaa Sa Me | 

O= s Be 

Ar ae ky ae No H L-erythro a 
H2| 1,2 addition : af 

HeN—C R 
(Pd); | Reciea oes L-erythro 

*, HOH 

=O Ar 

Ar 

R 
7 

HN—CO R 
(Pd); mo, H--NHa D-erythro 

, H-+-OH 14 
O=C Ar en aha 
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the reaction whereby a single racemic modification (erythro form) is 
produced. The polar oxygen and nitrogen atoms of the substrate 
molecule absorb on the metal catalyst surface to form a rigid ring-like 
structure. The mechanism proposed by these authors is shown in 
equation (146). 

The intermediate cyclic metal chelate compound could be shown 
in structure 45. This intermediate thus formed is then absorbed on 
the catalyst surface and the cs addition of hydrogen results in pre- 
dominantly erythro isomer. 

CeHs COOEt 
\ x 

7 \ ¢ Non 
(Pd), 
(45) 

Overberger et al.15> synthesized a,«’-dimethyldibenzylamine by 
catalytic hydrogenation of the Schiff base prepared from acetophenone 
and (S$)-(—)-a-methylbenzylamine. The product is composed mainly of 
(S,S) amine (88%) with meso amine (S,R) as a minor component 
(12% )* (equation 147). 

Om Op : 
+ —— " —+> 

C)-oer (C)-cuce. 

NH, 

()(-) 
CHCHs, 

©)- | (SS) amine 887, 

: R,S) amine 12 
(C)-crct, Re (147) 

Hiskey and Northrop successfully applied the sterically controlled 

reaction to the syntheses of «-amino acids (equation 148) *°*. They 

demonstrated the synthesis of 12-80% optically active amino acids 

by catalytic hydrogenation and subsequent hydrogenolysis of the 

* The authors of the literature1®5 use the (R)-configuration for (—)-a- 

methylbenzylamine which has been assigned an (S )-configuration. 
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Schiff bases (46) prepared from a-keto acids and optically active a- 

methylbenzylamine. When (S)-(—) amine was used, (S)-a-amino acid 

resulted. Kanai and Mitsui1®” reported the phenylglycine synthesis by 

the Hiskey reaction and proposed a steric course for the asymmetric 

RCOCOOH : RCCOOH 
+ lI 

HCH: Soe i ee CHG Pd/C 

© : (©)-seens 
NH, ; is 

(46) 

* 
H — 

RCCOOH * 

| H, . RCHCOOCH 
Pa Pd(OH)alc (148) 

Ot ; * 

synthesis as illustrated in equation (149). 

Pho OO" Ph. oe 

Cc S 
I Gam I 

/H HsC ees os, 
ONG, AO 

Ph ~"'s 1) Ppa 
(47a) (47b) 
| (149) 

Ph. pO COOH 

6 Ho => HaN—-H 
H” "NH—C=CH, Ph (5) 

(48) Ph 

Harada and Matsumoto1®® studied the steric course by using 
several a-keto acids and (S)- and (R)-«-methylbenzylamine and (S)- 
and (R)-c-ethylbenzylamine. Accumulated data indicate that the 
conformation of the substrate molecule could be as illustrated by 
structure 48 in equation (150). The Schiff base (48) might form a five- 
membered cyclic structure 49 with the catalyst. Then the structure 
would be absorbed at the less bulky side of the molecule and the hydro- 
genation reaction would result in the formation of ($)-amino acid. 
The reduction of the Schiff bases (48) by the use of sodium borohydride 
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x 

wk a COOH 
ee te LO ter HyN=er (150) R Sie Bas. os a 

BON af HNO R () 
O- O- 

results in amino acids which have the same configuration as in catalytic 
hydrogenation ; however, optical purities are much lower (10-207, ) 159, 

us a Pp 

RO 7 es 
Pho ~N O- 

(Pd). 
(49) 

Harada reported the synthesis of optically active a-amino acids by 
hydrogenolytic asymmetric transamination!®°, Schiff bases of «-keto 
acids with (S)- and (R)-e-phenylglycine in aqueous alkaline solution 
were hydrogenated and hydrogenolysed to form optically active «- 
amino acids. When (R)-phenylglycine was employed, (R)-amino acids 
were obtained. Optical purity of the product is in the range of 40-607, 
(equation 151). These reactions are interesting because they are 

+ I 
-  =H3O N He 

(C©)-srcoone a st 
i (C)-cxcoons 

* * 

RCHCOONa RCHCOOH 
| | 
NH H, NH, 

| ; 
(C)-gucoon (C)-cx.coor _ (151) 

essentially a kind of asymmetric transamination reaction performed by 
catalytic hydrogenation and hydrogenolysis. These results throw light 
on the synthesis of isooctopine '®?:1®2, (,$)-arginine-(S)-alanine, from the 
Schiff base of L-arginine and pyruvic acid by catalytic hydrogenation 
in alkaline solution (equation 152). 

Catalytic hydrogenation of oximes and benzylamine Schiff bases of 
menthy] esters of pyruvic acid, a-ketobutyric acid, and phenylglyoxylic 
acid were studied?®?. Optically active (R)-alanine (optical purity 
16-25%), (R)-c-aminobutyric acid (8-21), and (R)-phenylglycine 
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R coo R COO= R coo- 

pe Setyeeied er ee jeapesl ela ay 

Oloo- de, doo- du, Ol oo- ° 

ea Saas isooctopine (152) 

NH 

(44-497,) were obtained. The steric course of the reaction could be 

shown in equation (153). The most stable conformation might be 

structure 50, since the C—O and C=N groups repel each other 

because of their electric dipoles. The menthy] residue is considered to 

(50) 

| Pd/C 

NH HN’ (153) 

You R Ze 

| 
O 

oF | 
COOH 

H--NHz R = Me, Et, Ph 
R R’ = OH, PhCH, 

(R) configuration 

=) 

take a conformation as proposed by Prelog+®*. The molecules would 
be absorbed with the less bulky side on a catalyst, and the hydrogen 
atoms would attack the C=N double bond from the backside of the 
plane of the paper. The resulting «-amino acids, after hydrogenation 
and hydrolysis, have an (R)-configuration. It seems likely that 
the substrate does not form a five-membered chelate intermediate with 
the catalyst, probably because the negative character of oxygen in the 
carbonyl group is not strong enough to combine with the metal 
catalyst. 
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To confirm the steric course shown in equation (153), catalytic 
hydrogenation of the Schiff bases of 1-menthyl pyruvate with (S$) and 
(R)-a-methylbenzylamine and with (S) and (R)-a-ethylbenzylamine 
was studied *°®. Observed results are shown in Table 2. These results 

Tas_Le 2. Asymmetric syntheses of a-amino acids from menthyl pyruvate by 
using optically active a«-alkylbenzyl amines 15°, 

Configuration Yield of Optical purity 
Alkyl of alanine Configuration of alanine 
group a-alkylbenzyl amine (73) of alanine (75) 

Me (S)-(—) 57 (S)-(+) 19 
Et (S)-(—) 56 (S)-(+) 15 
Me (R)-(+) 61 (R)-(—) 60 
Et (R)-(+) DD (R)-(—) 36 

suggest that the most preferred conformation of the substrate could be 
structures 51 and 52 in equations (154) and (155). In structure 51, 
(R)-amine and the menthyl group cooperate with each other to yield 
a higher optical purity of the product; in structure 52, the steric effects 
of (S)-amine and the menthyl group are reversed to give a lower 
optical purity. 

Ph 
RN 
aS COOH é 

bin ees Sh Soa ay, (154) 
o CH, (R) 

He’ ‘ \ 

O 

51 . (51) 

Ph.N ; 
Ds COOH 

- 4 Re es? _ *(155) 

G O CH, (5) 
wi He 4 

O 

(52) 

Hiskey and Northrop?® reported alanylalanine formation from the 

Schiff base of benzylamine and pyruvyl-(S)-alanine by catalytic 

hydrogenation. They obtained (R)-alanyl-(S)-alanine and (S$)-alanyl- 

(S)-alanine in the ratio of 2:1, which differed from the results expected 



292 Kaoru Harada 

by the application of the Prelog rule*°*. Kanai and Mitsu +5” suggested 

that the two carbonyl groups of the substrate molecule might be in 

the cisoidal conformation. Harada and Matsumoto’ studied the 

catalytic hydrogenation of oximes of N-(S)-(—) and (R)-(+)-o- 

methylbenzylbenzoylformamide (53) and N-(S)-(—) and (R)-(+)-e- 

ethylbenzylbenzoylformamide (54). In these studies, (R)-(—)- 

phenylglycine was obtained when (:5)-( —)-a-methylbenzylamine was 

used. However, when (.S)-(—)-a-ethylbenzylamine was used, (S)-(+)- 

phenylglycine was synthesized. 

The steric course of this asymmetric synthesis could be explained as 

shown in equations (156) and (157) 18°. It seems reasonable to assume 

that both structures 53 and 54 could take a cisoidal conformation. The 

carbonyl group of the amide bond is partially charged, because the 

amide bond could be regarded as a resonance hybrid of the lactam and 

dipolar structure 16°, Therefore the carbonyl group and hydroxyimino 

H 4 
R N. Ph N Ph 

Nada ey pie 87 TNstinles ante ® es 
oe ee fees ec" Cl > HANH, 
aM NCH; HaNyY | SH 

HO-—N. .O H Ho CH, R (R) 

(Pd) (156) 
(53) : 

H R No Cas (i-Pr) COOH 
re ce (COORt) => HN =H 

HO—N., © H ; R (S) 

(Pd)n 
(54) (157) 

group might be absorbed on the catalyst surface to form a five- 
membered chelate intermediate. Then the cyclic complex molecule 
could be absorbed on the less bulky side of the molecule and hydrogen 
would attack the molecule. In the case of structure 53, hydrogen 
attacks from the front side of the plane of the paper and the cis ad- 
dition of hydrogen would result in (R)-amino acid. However, in 
structure 54, when (5)-(—)-c-ethylbenzylamine was used, the ethyl 
group could not occupy the same limited space between the substrate 
and catalyst as the menthyl group of (S)-(—)-«-methylbenzylamine did. 
Because of the steric hindrance, the ethyl group might rotate upward 
and a terminal hydrogen atom might be at the closest position to the 
catalyst. The clear difference of the configuration of the product by 
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the use of a-methyl- and a-ethylbenzylamine might be due to the 
strong interaction and steric hindrance between the molecule and the 
catalyst. Assumed conformations of structures 58 and 54 in the form 
of the molecular model seem to be reasonable to explain the con- 
figuration of the reaction products. Further studies of this type of reaction 
also support the assumed steric course of the asymmetric reaction. 
N-Pyruvyl-(S)-(+ )-alanine isobutyl ester and benzylamine resulted in 
(R)-alanyl-(S)-alanine. However, the benzylamine Schiff base of 
N-pyruvyl-(S)-(+)-valine isobutyl ester resulted in (S)-alanyl-(S)- 
valine 158, 
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I. INTRODUCTION 

For several years, the Diels-Alder reaction’ was the only widely 
useful example of the so-called cycloaddition reactions. The extensive 
generalization by Huisgen and his school? of the concept of 1,3-dipolar 
cycloadditions, first recognized by Smith®, has opened new avenues 
for investigations. The dimerization of olefins*, as well as the addition 
of carbenes and nitrenes to unsaturated centres has extended the series 
to include three-, four-, five- and six-membered ring systems. Huisgen, 
Grashey and Sauer? in a previous volume in this series have reviewed 
cycloaddition reactions of alkenes, and the present chapter will deal 

with the various cycloadditions of the Bra bond. Mechanistic 
fe 
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aspects will be discussed only when solid evidence warrants such dis- 
cussions, since even some extensive investigations in this field have 
yielded conflicting conclusions. 

Conceptually, cycloadditions constitute one of the simplest re- 
actions of organic chemistry. In theory, a single addition product 
(excluding the formation of isomers) is obtained from two reactants 
without elemental loss or gain, or without the fundamental alteration 
of either reactants. For example, 1,3-butadiene could react with 
ethylene to give 100% cyclohexene. Huisgen, Grashey and Sauer? 
have discussed the concept of cycloaddition in great detail, although 
the definition of a cycloaddition reaction remains the subject of wide 
discussion®. One point is quite certain, that is with such a broad 
spectrum of variations possible in both reactants undergoing cyclo- 
addition, it would indeed be surprising that one inviolable mechanism 
should account for all the reactions, even those of the same type®. The 
extent to which one bond is formed with respect to the second bond 
will probably remain a moot point since even kinetic evidence can only 
tell us that the two bonds do not form exactly at the same time’. The 
term ‘concerted’ ought to be taken in the sense that no intermediate 
which would be capable of being isolated or trapped is formed. 

In contrast with the tremendous number of investigations which have 
characterized cycloadditions to olefins?, cycloadditions to imines seem 
almost insignificant. This state of affairs can be traced to several 
factors. 

The greatly reduced stability of imines makes their use as ‘shelf 
reagents’ less rewarding since upon standing, many of them deteriorate. 
Thus, the more stable partners of cycloadditions such as alkenes, 
alkynes, nitriles and the like are chosen in preference to imines, par- 
ticularly since investigation in the general field of cycloadditions to 
these systems is still not complete despite the enormous volume of 
publications. Furthermore, the possibility of tautomerism in C and Jor 
N-alkyl substituted imines creates additional difficulties ®. 

il. THREE-MEMBERED RINGS 

Although potentially a very useful method for the preparation of 
aziridines (1) and diaziridines (2), the cycloaddition of carbenes and 

CIN? OE AE BG a a (1) 
ees 

| 
(1) 



7. Cycloaddition Reactions of Carbon-Nitrogen Double Bonds 301 

C=N— + —N ——+ —N—_N— (2) 
a ‘ja 

Cc 
as aN 

(2) 

nitrenes to imines has not been investigated very extensively. Further- 
more, despite its explosive growth, the chemistry of carbenes is very 
young and that of nitrenes is of even more recent interest. The first 
report of the addition of a carbene to an imine was that of Fields and 
Sandri® (3, Ar = Ph) who showed that dichlorocarbene added to 

Ph—CH==N—Ar + :CClz ——-> Ph—CH——N—Ar (3) 

pe 
s, 

iC Cl 

(3) 

benzalaniline to give the corresponding dichloroaziridine. Although 
Cook and Fields?® had applied the reaction to other anils (Ar = 
p-ClIC,H,, -C,H;OC,H,), the reaction has not been investigated to 
any large extent. Deyrup and Grunewald?! have shown that the 
reaction of diphenylmethylene aniline (4) with chloroform and 
potassium ¢-butoxide gave 3,3-dichloro-1,2,2-triphenylaziridine (5). 

Ph Ph 
Pe ay a5 Ria alae een (4) 

Ph Ph 

d a 
(4) (5) 

The possibility of a nucleophilic attack of trichloromethyl anion on 
the imine, followed by a displacement of chloride ion to give the 
aziridine (reaction 5) was eliminated on the basis of the following 

Ph Ph 
x = 7 

CoH rhc = Nh PCN +Cr (6) 
cc, mah 

experimental evidence. The reaction of 2,2-diphenyl-2-anilino-1,1,1- 

trichloroethane (reaction 6) with potassium ¢-butoxide gave 4 and 5 in 

Ph, C—NH—Ph + t-BuO- ——> 4and5 (6) 

Cl; 



302 Jean-Pierre Anselme 

a ratio of 75:25. Furthermore, it was shown that less than 5% of the 

aziridine was generated if the reaction was carried out in the presence 

of tetramethylethylene. This indicated that at least 807%, (and prob- 

ably more) of the aziridine arose via the direct addition of the 

dichlorocarbene to the imine. 

Ph,C—NHPh —240-, PhicCN—Ph ae PhiCoshh Pines (7) 

CCl, {Ccl, 

COs CO eB 

Further evidence was forthcoming when the same authors extended 
the reaction to prepare the monochloroaziridine; the reaction of 
benzalaniline with lithium dichloromethane gave the czs-aziridine (6). 

Cl Ph 
Sahat ee a 

PhCHEN EPR. Nena eee Nees (8) 
eit ee Nu 

bh 
(6) 

A mechanism involving addition of dichloromethide anion could not 
account for the observed stereoselectivity of the addition. Klaman, 
Wache, Ulm and Nerdel?? also reported the reaction of anils with 
dichlorocarbene generated from chloroform by means of the ethylene 
oxide and bromide ion?*. The ethylene oxide present in the reaction 
opened the aziridine ring to give the N-substituted oxindoles 7. 

+- 
R-( nec + \y + HCCI, + Et,NBr ——> r-(C) ern 

cc R =H, CH, : 
R Ph 9 

(CO) Noch Ct ieee TCL (9) 

CCl, . N~No 
| 
CH,CH,C! 

(7) 

This is somewhat related to the ring-opening reaction observed by 
Cook and Fields*®. When the pyrrolidine immonium salt of cyclo- 
hexanone (8) was treated with trichloroacetate anion, the intermediate 



7. Cycloaddition Reactions of Carbon-Nitrogen Double Bonds 303 

aziridinium salt underwent ring opening with the anion to give the 
observed product 9. 

a i € 
Cea + eGo. Ox EEWCOa™ 

CCl, 
(8) 

oe deci, occcl, 

cCl,— 

(10) 

Leonard and his group** first made extensive use of the principle 
involved. The reaction of diazomethane with immonium salts gave the 
corresponding aziridinium salts which, with alcohol, underwent ring 
expansion. However, even more so than with imines themselves, these 
reactions probably do not involve a true cycloaddition process. The 
same would also be true for the reaction of dichlorocarbene with 
immonium salts?° (reaction 9). 

Speziale and coworkers? briefly mention the copper-catalysed de- 
composition of ethyl diazoacetate in the presence of benzalaniline. 
The product isolated, ethyl 3-anilinocinnamate, probably arose via 
tautomerization of the aziridine 10. 

PhCH=NPh + N,CHCO,Et <> ee —» PhC=CHCO,Et 

NHPh 
y (11) 
Ph 

(10) ; 

The reaction of dicarbene 11 with imines has been reported to’give 
the corresponding allenes*® 12. 

Rt 

| 
i Rk RE R2 C ys 

2 (C=N-R + :C=—C=C: —> E C=C—C (12) 
R2 R—-N* C—R* 

(11) L, 
(12) 

R = iPr, R® = Ph, R? = H 
R = i-Pr, R* = R? = Ph 
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The formation of diaziridines from the reaction of imines with 

potential nitrene precursors is not a cycloaddition reaction in the 

majority of cases. This point has been emphasized by Schmitz*’-*®, 

the main contributor to this field. Rather, a nucleophilic addition to 

the imine followed by displacement is indicated by the results 

obtained by Schmitz’. 

N—R? 

RaC=N—R! + RENIC] —> R,C—N—Rt—+ RC“ | (13) 
NEI a 

A 
R? 

Perhaps the only true cases involving nitrene insertions into imines 
are those reported by Graham. His initial communication ° describing 
preparation of diaziridine 14 was later amplified by a more detailed 
report. 

N—t-alky| N 

CH,==N—t-alkyl + HNF, —“> HC | gal Hi | an 
N—F N 
(13) (14) 

The formation of oxaziranes by the reaction of imines with peroxy 
acids”? is not to be classified as a cycloaddition, even though formally 
it may be regarded as a transfer of an oxygen atom to the imine. 
Recent mechanistic discussions?° have suggested that the epoxidation 
of olefins may occur via a cyclic process. 

Oo Oo 
See I oh ack so 

a HOOC— Geet £2 eS coos x Soe si een K Cope C—OH (15) 

Oo ore pe Ce) 

Be ee 

The presence of the nitrogen atom in the imine bond makes this type 
of mechanism highly improbable. The protonation of nitrogen is the 
more likely possibility in this case followed by addition of the per- 
acetate ion. The decomposition of the 1,2-addition product could take 
place in a concerted process or by the elimination of carboxylate ion, 
followed by deprotonation. 
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H 
Se | 
C=N—+ HOOC— -=—+ eh eee Syutaljen 

eg a Cy / | 7 

oO) 
(o-<— 

| O (16) 

lil. FOUR-MEMBERED RINGS 

The formation of B-lactams from N-substituted imines and ketenes is 
the most widely known and studied example of the cycloaddition 
reactions of imines. In 1907, Staudinger reported the formation of 
3,3,4,4-tetraphenyl-2-azetidinone from the reaction of diphenyl- 
ketene with benzalaniline?*. The B-lactam was formed in better than 
70°, yield and later reports by Staudinger and his group gave further 

Ph Oo 
Ph Bee 
JS=C=O + PhN=CHPh ——> px] | (17) 

Ph HC-—N—Ph 

Ph 

examples of the cycloaddition of ketoketenes and of ketene itself to a 
number of imines*°. Diphenylketene and biphenyleneketene were 
found to be the most reactive members. A major complication, 
particularly with alkyl ketenes, is the reaction of the ketene dimers with 
the imines to give piperidinediones”®. ; 

It is apparent that the scope of the reaction as reported by Staudinger 
would be severely limited if ketoketenes were the only ketenes (in 
addition to ketene itself) which could be utilized. Of course, this 
limitation is not intrinsic to the reaction but rather is the result of the 
great tendency of aldoketenes to polymerize. For example, in 1956 
Kirmse and Horner?’ prepared a number of 3-monosubstituted f- 
lactams by the photolytic decomposition of diazoketones in the 
presence of excess imine. Thus, monoaryl ketenes generated by the 
light-induced Wolff rearrangement of w-diazoacetophenones gave 
good yields of the corresponding f-lactams. When the reaction was con- 
ducted in this fashion, the formation of piperidinediones was suppressed. 
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p 
ee ArHC——C 

ArCOCHN, > ArCH=C=O Ly (18) 
7 

It was noted that electron-withdrawing groups rendered the 
ketenes less reactive. In contrast to phenylketene, p-chlorophenyl- 
ketene gave a lower yield of adduct while p-nitrophenylketene did not 
react at all with benzalaniline. 
A year later, Pfleger and Jager?® investigated the reaction of 

diphenylketene, phenylketene (generated by the silver oxide-catalysed 
decomposition of w-diazoacetophenone) and ketene with a number of 
imines. Despite the fact that sometimes conflicting results are reported 
by different groups of investigators, the following conclusions appear 
to be upheld by the results of Staudinger, of Kirmse and Horner and 
of Pfleger and Jager: 

(a) Electron-withdrawing groups on the ketene moiety will hinder 
the addition. 

(b) Electron-donating groups on the imine will facilitate the ad- 
dition. (However, with increasing electron density of the 
imine, 2:1 adduct formation may become competitive.) 

However, the rather shaky nature of these conclusions is made 
flagrantly obvious by the work of Zeifman and Knunyants?%, who 
recently reported that the reaction of ketene with N-tosyl hexa- 
fluoroacetone imine gave the adduct in 87% yield! 

It would be dangerous to go beyond these very general conclusions 
in the absence of any systematic and careful investigation of this 
reaction. Kinetic and stereochemical data would be particularly useful 
in this respect. Steric factors seem to be of minor importance. 
An unusual route to alkyl aldoketenes from pyrolysis of ethoxy- 

alkynes has been reported by van Leusen and Arens®°, In the presence 
of imines such as benzalaniline and benzophenone anil, the corre- 
sponding B-lactams could be obtained. 

O 
R—C=C 0 

iS x. RHC—Cc RC=C—oFt 4+ H — Cou rcHac-o eT 
CH HHAC ye aaNA 

(19) 
As a result of the research on penicillin, the addition of dipheny]l- 

ketene to 2-thiazoline was shown to give the corresponding azetidinone 
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containing the penicillin skeleton®!, Holley and Holley? reported the 
addition of dimethylketene to a-methylmercaptobenzalaniline. 

Ph RIS pee mg 
ape etargioht nIpeye Pui | _ (20) 

Ph yoN 
oO 

HC Peeks (CHa)aC—Co 
C=C=O + PhN=C atm | | Ph (21) / ~ 

O Ph 

The reaction of diphenylketene with p-benzoquinone monoanil®? 
gave an adduct as an oil having absorptions at 1670 cm-! (a,8 
unsaturated carbonyl) and 1760 cm~? (8-lactam carbonyl). The oil, 
upon standing, rearranged to 15. 

Ph 

e=c=0 - oO enh > 
Ph 

Ph. Ph HO Ph 
Ph 

Oo o-—— (22) 

y Mires 
Ph Ph 

(15) 

The reaction of mesoionic oxazolones with imines gave the corre- 
sponding f-lactams and this has been taken as evidence for the 
intermediate formation of ketenes **. : 

Ph j; Ph O- ae | 
= Ph ‘ PhcON—C—cC” 

a ae » ot emai 23 
AG PhCON poe 

(16) CH, 

The penicillin project spurred the development of a specific method 
to prepare aminoazetidinones. Sheehan and Ryan** generated 
N,N-diacylaminoketenes from the corresponding acyl halides in the 
presence of imines. 

11+<.¢.N.D.B. 
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O 
< (Acyl),N—-HC—c” 

(Acyl),NCH,COCI + Dg oe: —_— ak: (24) 

Le om 

With 2-thiazolines, the penicillin system was obtained. Difficulties 
were encountered when arylsulphonyl and carbobenzoxy groups were 
used as the N-acyl groups*®. 

With 2-phenyl-5,6-dihydro-1,3-thiazine, this reaction gave the ex- 
pected adducts®”. 

i 
Ph. >sS 

R,NCH,COCI + LI- = 
oO 

R = succinoyl, maleyl, phthaloy| 

Ral ph 

se (25) 
N 

Bose and Kugajewsky*8* have applied this method to generate 
diphenylketene in the presence of a number of amidines and were able 
to obtain the corresponding adducts. 

O 
Pico 

PhCHCOC] + R—C=N—Ar —> |_| (26) 
R—C—NAr 

NR, 

NR, 

It is obvious that in some of the reactions where the ketenes are 

generated from the acyl halide and a base, ionic intermediates may be 
involved and therefore the reactions are not true cycloadditions*®>. 

FES Ph 
Hae Ph 

CHAN SG 
CHy—-N_,O + PhN=C=S —» ae 

| CH,—N N—Ph | 
N—CH, oy 

S (17) (27) 

Fee Ph 

CH,—N O + CH,N=C=S 

ans 
i 
Ph 
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The reaction of isocyanates with imines has been reported to give 
uretidinones*°. However, the structural assignments are not certain. 
The product isolated from the reaction of 17 with phenylisothiocyanate 
has been rationalized as the result of the fragmentation of the initial 
uretidinethione*°. 

The first examples of azetines (17a) have been recently reported by 
Effenberger and Maier®’. The addition of ketene diaminals (17b) to 
N-arenesulphonyl benzaldimine gave the corresponding azetines in 
35-70%, yields. 

Rt 

1 7 aN, NC 2 
mae —=( Rr Ri SC=CH, + PhCH=N—SO,Ar —> + >NH (28) 
N N—SO,Ar  R2 

aa Ph 
(17b) (17a) 

Similarly Viehe and his group®*:°> have found the products re- 
sulting from the addition of ynamines (17e) to imines explainable in 

terms of an initial cycloadduct, i.e. an azetine which then opened to a 

larger ring. Subsequent hydrolysis left no doubt as to the validity of 

this interpretation. 

(17c) ZA N(CHe)s 

Ph HzO x (29) 

N XN 2 

Ae ey 
On, 

Ph —/ ~N(CH,)2 

Ph 

Finally, the head-to-head dimerization of some anils under the in- 

fluence of light has recently been postulated to explain the formation 

of the observed product. No azetidines could be obtained from the 

irradiation of imines in the presence of olefins**. 
iy PRR CH-N—R’ 
: | n—CH-N-R’ 

ZUR ils ee | | ——=—> RCH—CHR- RN==NR (30) 
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IV. FIVE-MEMBERED RINGS 

Although Smith® as early as 1937 had recognized the concept of 

1,3-dipolar cycloadditions, this type of reaction awaited the truly 

extraordinary contribution of Huisgen?-4? and his school to gain full 

stature among organic reactions. So extensive has been their investiga- 

tions, that 1,3-dipolar cycloadditions have reached, in the short span 

of ten years, a status almost equal to that of the Diels-Alder reaction. 

A. Diazoalkanes 

Unfortunately, as was pointed out in the introduction, 1,3-cyclo- 

additions to imines have had to defer to those involving olefins, 

alkynes, nitriles, etc. One of the most significant contributions to this 

topic is that of Kadaba and Edwards** and of Kadaba and his 
group 44-#6, 

Although Meerwein 4’ had earlier attempted to add diazomethane 

to Schiff bases, the credit for the first successful 1,3-cycloaddition to 

imines goes to Mustafa*®, The reaction of nitro-substituted anils with 
diazomethane gave cyclic adducts to which structures such as 19 were 
assigned *°, 

ArHC—NAr’ Ar—HC—N—Ar’ 
ArCH=NAr’ + CH,N, ——> Ne Coe 

”N 

(18) (19) 

Mustafa postulated the initial formation of 1,2,4-triazolines (18) which 
tautomerized to the 2-isomers (19). His structural assignment was 
based on the fact that the adduct reverted to the anils and presumably 
diazomethane upon heating and upon hydrolysis. It seems unlikely in 
retrospect that structure 19 would qualify, particularly when examined 
in the context of Mustafa’s data. Although the loss of molecular nitro- 
gen is one of the most likely paths for the decomposition of 1-pyrazolines 
and 1-triazolines, examples of reverse 1,3-dipolar addition have been 
reported *®. Buckley ®° reexamined the reaction of diazomethane with 
p-nitro-N-(p-nitrobenzylidene) aniline (20) and assigned the 1,2,3- 
triazoline structure to the product; he confirmed his assignment by 
showing that the adduct is identical with the product 21 formed from 
the reaction of p-nitrophenyl azide with p-nitrostyrene. The same 
author also first reported the catalytic effect of methanol on the 
formation of 1,5-diphenyl and 1-phenyl-5-p-chlorophenyl-4?-1,2,3- 
triazolines. The cycloadducts are not obtained in the absence of 
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) (20 

methanol. In view of Buckley’s findings, it is probable that the adduct 
of diphenyldiazomethane with 20 has the 1,2,3- rather than the 
1,2,4-structure. 
Kadaba and Edwards ** reinvestigated the reaction of diazomethane 

with anils and confirmed the beneficial effect of methanol and water. 
They also showed that the reaction proceeded faster in dioxan than 
in diethyl ether. These authors found that the reaction followed 
second-order kinetics; it is to be pointed out, however, that the rate of 
reaction was measured by the consumption of diazomethane rather 
than by the formation of adduct. Perhaps more meaningful kinetic 
data on this reaction should be obtained. Electron-withdrawing groups 
on the anil moiety were found to favour the reaction whereas electron- 
donating groups hindered the addition. 
A more extensive study of the addition of diazomethane to anils has 

been reported by Kadaba‘**. Unfortunately, only yields of adducts 
under varying time periods have been presented. Despite the lack of 
standardization, these data confirm the general view that electron- 
withdrawing groups favour the reaction. The results, when taken in 
conjunction with the reported catalytic effect of methanol or water, are 
interesting with regard to the possible mechanism of the reaction. Ari 
electron-withdrawing group on the amine ring is apparently more 

Tasie 1. Reaction of diazomethane with anils**. 

Substituent Yield Time 
C-Phenyl N-Phenyl (7) (h) 

p-NOz H 45-0 96 

H p-NOz 75:0 42 

p-Cl H 41:0 - 168 

H p-Cl 64-1 96 
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effective than a similar group in the benzylidene portion (see Table 1). 

The dielectric constant of the solvent used seems to be rather un- 

influential on the overall concerted nature of the reaction. This 

statement is to be taken with great caution since the question of the 

simultaniety of bond formation in cycloadditions is still unresolved. 

Diazomethane acts as a nucleophile, whilst water or methanol polarizes 

the SCSNe bond much in the same fashion as acids catalyse the 
Be 

- \ae+ 9 / NeK- + Hon —> ELK 
= So 

H—O—R 

addition of nucleophiles to the carbonyl group. The catalytic effect of 
Lewis acids during the addition of diazomethane to carbonyl groups 
is well known. 

Very recently, Hoberg®! reported the addition of diazomethane to 
benzalaniline to give the same triazoline as that previously obtained by 
Buckley and Kadaba. The reaction was performed at — 78° with an 
equivalent of diethylaluminium chloride and an excess of benzal- 
aniline. With diethylaluminium iodide, under essentially the same 
conditions (except that the anil was not in excess), excellent yields of 
the aziridine were obtained. 

Ph—HC—N—Ph 

Hie N RA PhCH=NPh AS PhCH—NPh (33) 

CH, 
CH,N, 

However, it is highly improbable that either of these reactions is a 
true cycloaddition. 

The greater sensitivity of the reaction to the presence of an electron- 
withdrawing group on the amine moiety indicates that the formation 
of the C—C bond in the transition state is relatively fast and much 
in advance of that of the N—N bond; the effect of the electron- 
withdrawing group would then be to stabilize the developing negative 
charge on the nitrogen. The following mechanism** has been sug- 
gested and seems consistent with the available data. The lack of solvent 
effect can be understood on the basis of this pseudo-concerted 
mechanism, Kadaba and Hannin‘*®-46 have noted the accelerating 
influence of o-substituents on the C-aryl group of the imines and have 
ascribed this effect to the steric inhibition of resonance in the imine; 
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< 
ArCH=N—Ar’ Ar—HC=sN—Ar’ Ar—HC—N—Ar’ 

- ; te 
Hic N Hic. ZN 8 HN oh 

NZ 

this would raise the ground-state energy and favour the addition. The 
inhibiting influence of a p-chloro group on the C-aryl portion has been 
ascribed to a mesomeric effect of the following type. 

A pan) aor) 
Knunyants and Zeifman*? have reported the formation of 4,4-bis- 

(trifluoromethyl)-1,2,3-triazoline (22) in 92% yield from the reaction 
of hexafluoroacetone imine with diazomethane. 

(CF)SC—=NH + CHNg ——> (CFa)6—NH a (CFa)sC—CHs (35) 

sree i 

(22) H 

The reaction of diazomethane with 23 is probably to be classified as 
a sequential-type reaction although formally it could be considered 
as a cycloaddition *°. 

cl Cl CEs 
ie fe 

SF;N=C CLM, t+ SiN Cc ech hl b—cH.ci 
ms) 

CF; cH Cr: CH, 
(23) (36) 

With 3-(2,4-dinitrophenyl)-2-methylazirine, diazomethane gave 1-(2, 
4-dinitropheny])-2-methy1-3-azido-1-propene possibly via the following 
path %%. ; 

ArCH--N—N CH, 
WAP OY ] 

ArCH—N + CH,N, ——> CoN] — ArCH=C—CHN, (37) 
Nf LAr C CH a 
| 
CH, 

Ar = 2,4-(NO,),CeHa— 

Backer and Bos reported the reaction of diazomethane with a highly 

negatively substituted oxime 24 and isolated the N-methoxy-1,2,3- 

triazoline. Evidently, methylation of oxime occurred followed by the 

cycloaddition of diazomethane. 
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(CH,SO,),C=N—OH + CH,N, ——> (CH,SO,)gC=N—OCH, —— 

ee") OCH, 
4 

(CHeSO.)30—N 

ree 

(38) 

(25) 

The triazoline 25 lost methane-sulphinic acid to give the corresponding 
triazole (27) under the influence of piperidine, and heat decomposed 
it to the aziridine 26. 

CH,SOC—NOCH, A (CH,S0,).6—NOCH, a, (CH,S0,),G-NOCH, 

HC. ZN C2 ane ZN CH, 

‘ i : (26) (39) 
a0) (25) * 
+ N, 

CH,SO,H 

B. Nitrilimines 

The reaction of nitrilimines (28) with a number of aldimines has 
recently been reported by Huisgen and his group*®*:°®. The reaction 
with aldimines gave fair to very good yields of the 1,2,4-triazolines 
(29); diphenyl nitrilimine was generated by two methods: thermal 
elimination of nitrogen from 1,5-diphenyltetrazole and base-catalysed 
elimination of hydrogen chloride from the hydrazidic chloride. 

N os N N 
RN SCR! > R-N@ Sc—rt <i’ RLN@ Nc_pt 

ae (28) ee 
pe (40) 

RON’ Sc_R? 
are, 

—C—N 
7m BX 

(29) 

The elimination of hydrogen chloride apparently was the preferred 
method for the generation of the nitrilimines. The presence of alkyl 
substituents did not have any detrimental effect on the course of the 
addition. A cyclic imine, 3,4-dihydroisoquinoline, was utilized and the 
adduct was obtained in 50% yield. 
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The addition of nitrilimines to other compounds containing the 
imine linkage has also been reported by Huisgen and his colleagues ®®. 
The initial adducts obtained from nitrilimines with aldoximes lost 
water to give the corresponding 1,2,4-triazoles. The yields were good 
to excellent in most cases. 

N 

1 2 RO it - —H,0 ANN 1 (4] 

HO < 
R2 

It is interesting that, with N-phenylformaldoxime, C-carbethoxy-N- 
phenylnitrilimine (30) gave the 1,2,4-triazole-4-oxide (31) by the 
elimination of aniline from the initial adduct. Similarly, with diphenyl- 
nitrilimine, ethyl acetimidate gave the 1,2,4-triazole 32 as the product, 

H 
N 

EtOsCG—NNHPh EN” EtO,CC7 ~N—Ph PINHESNOH, Et,N 

cl | (42) 

(30) £0,CC7 N=Ph —> Et0,CC7 *N—Ph 
NH sN=CH 

HO NHPh -O 
(31) 

aromatization having occurred by loss of ethanol. 

ae oN 

PhC* ~“NPh + HN=CCH, ——> Phow NPh 2 

OCH; aCe » (43) 

CH, 

(32) 

In light of our present understanding of these reactions, the first 

recorded example of the addition of a nitrilimine to an imine bond is 

that of Fusco and Musante®’. They found that 1,3,5-triphenyl-1,2,4- 

triazole (38) was the product of the reaction of N-phenylbenzhydrazidic 

chloride with benzamidine. The benzamidine in this case also func- 

tioned as the dehydrohalogenating agent. 

Ls 
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NH N NH 
N 4 

Ph—-C* ~NHPh + Ph—C” ——> Ph—C7 “N—Ph + PhQ HCI 

et NH, NM NH, 
Ph—C (44) 

NH, 

N N 
PR—Co ~N—Ph -NH, Ph—C” “NPA 

H—N—C—Ph N=C. 
NH, Ph 

(33) 

Bacchetti®® reported a similar reaction of N-carbethoxybenzhydra- 

zidic chloride (84) with benzamidine. Apparently, hydrolysis and 

decarboxylation took place in the last step. 

N NH N NH 
Ph—C7 ~NHCO,Et + Pho = ——» Ph—C7 N—CO,Et + PhO HCI 

d NH, _NH NH, 
Ph—C” 

(34 \ 
) ; NH, (45) 

ph “NH Ph—C? ~N—CO,Et 

N=C, Ne 
Ph NH, 

C. Azomethine Imines and Ylids 
Azomethine imines®® (35) give good to excellent yields of adducts 

with a variety of imines, including N-aryl and N-alkyl imines of 
formaldehyde and aromatic aldehydes ®°. 

COL nt —O N Ar N 
aN *N—Ar (46) 

N=CH 
R 

Eicher, Hiinig and Nikolaus®? have interpreted the addition of 
O-alkyl nitrosimmonium salts (86) to N-aromatic heterocycles as a 
cycloaddition of the intermediate N-alkoxy azomethine imines (37). 
Pyridine, quinoline, isoquinoline, phenanthridine and benzothiazole 
all gave the corresponding adducts. 

(35) RO 

bog 
N+ N eee ZA~N R'CH,~ SN—OR" RCH N ORS acca ‘N—R (47 ¥ S ROW | ON yy (47) 

Bn (37) R’ 
(36) 
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Similar adducts are obtained with normal aldimines. Azomethine 
ylid (38) gives fair yields of adducts with benzalaniline and N-methyl 
benzaldimine ®2, 

1 eee i Re a ee N. C—Ph 
+ CH (48) 

N 7 

R~ ‘ (38) 

D. Nitrile Oxides 

Nitrile oxides undergo 1,3-cycloadditions with imines. The early 
observation by Wieland ® of the formation of 39 by the addition of 
hydrogen chloride to benzonitrile oxide can be rationalized as an 
addition to the «-chloro oxime. 

Ph—C=N—O + HC] ——> ong PRC=N—O, 

Cl (49) 
OH Ox 

x ve 
Ph—C—N —— Ph—C—N 
i \ Ph 7 St 
Mo Co | Ne Ph 

(39) 

In situ generation of nitrile oxides can also explain the formation of 
1,2,4-oxadiazoles from the reaction of «-chloro oximes with imidates **. 

R—C=NOH + 2 pare nee aes + R’C=NH-HC! + R’OH 
' Cl OR" Nv a reper? (50) 

Mukayama and Hoshino® demonstrated the formation of nitrile 
oxides from the reaction of some primary nitroalkanes with phenyl- 
isocyanate in the presence of base, by cycloaddition to unsaturated 
centres. Benzalaniline gave 10% and 18% yields of adducts with 
acetonitrile oxide and propionitrile oxide. 

RCH,NO, + RgN + PhRN=C=O ——> R—C=N—O PACH=N=Ph, RG -N-Ph 

aoe eabh 

(51) 
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Aromatic nitrile oxides have been reported to give good to excellent 

yields with a variety of aldimines 66.67. Both N- and C-alkyl as well as 

aryl-substituted imines were used. The Italian group also reported the 

reaction of nitrile oxides with ketimine®. 

Ar-—C=N—O + RN=CHR’ —> Ar—G—NR 
MS (52) 

R’ 

Phenanthraquinone imine (40) and chrysenequinone imine have 

been found to give high conversions of cycloadducts with benzonitrile 

oxide ®®. 

oO 

Ph 

H-N O NA NH 6 
i] Oo 

Ph—C=N—O + a — or (53) 

(40) 

Although the ozonolysis of imines could be considered as 1,3- 

cycloaddition ®°-"1, the reputed instability of primary ozonides would 

make the formation of the trioxazolidines quite unlikely. The reaction 

probably proceeds via the following path: 

nr. 
NS ~ * S O ~ O 

C=N— + O —> co as ae 
he m X , ee pe (54) 

‘| ; 

V. SIX-MEMBERED RINGS 

Diels—Alder reactions involving imines are not well known. The early 
examples include the mention by Alder’? of the reaction of the imino 
form of dimethyl anilinomaleate with dienes to give tetrahydro- 
pyridines (equation 55). However, no experimental data referring to 
this reaction were reported. The influence of an electron-withdrawing 
group on the imine seemed to be the key factor, since many of the 
known examples reported (see below) have at least one and often two 
electron-withdrawing groups attached to the imine bond. 
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CHyO,CCH.CO,CH, 
CH;O,C—CH Cc S 

Il === \| + es 
CH30,C—C—N H Ce He N ZA 

| (55) 
CoHs CO,CH, 

CH,O,CCH, 

eat 
a 

A. Dienes 

When imino chlorides are generated in the presence of dienes7*-"”, 
products formally derived from the adducts are obtained. 

Cl 
| NH N 

+ R—C=NH ——> a | ae | (56) 
Se 

Cl 

Although a number of successful reactions had earlier been reported, 
the generality and reproducibility of these reactions had not been 
demonstrated. The results obtained with dienes where one of the 
double bonds was not part of an aromatic system eliminated the 
Houben-Hoesch reaction followed by ring closure as a_ possible 
alternative to the Diels-Alder reaction’’. Similarly, the use of sul- 
phuric acid instead of hydrochloric acid gave the imino sulphonates 
which also”® underwent cycloadditions with dienes ”®. 

In the last few years, more conclusive examples of the Diels—Alder 
reaction of imines have been reported. Kresze and Albrecht’?-®° 
found that N-tosyl chloralimine underwent addition with 2,3- 
dimethyl-1,3-butadiene and cyclopentadiene but not with 1,3-cyclo- 
hexadiene. However, the more reactive N-tosyl fluoralimine did 

Tos Tos 
ga etl N~ eek 8 = 

“CCl CCl, 

react with 1,3-cyclohexadiene. N-tosyl butyl glyoxylaldimine behaved 

in a similar fashion with a number of dienes. Hexafluoroacetone imine 
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reacted easily with 2,3-dimethyl-1,3-butadiene to give the corre- 
sponding.adduct®?. 

Oo n, N~ Ce Og 
s o CO,Bu 

One example where the imine was not ‘activated’ was the reaction 
of 3,4-dihydroisoquinoline with ethyl 2,4-pentadienoate ®?. The final 
adducts in all cases possessed the double bond in conjugation with the 
carboxylate group. When R was methyl, the enamine tautomer 

= 
ae es ee, 

R R Rie COs 
‘ EOC b= BO," 

reacted to give two adducts 41 and 42 in a 4:1 ratio. 

CO,Et 

sae SS 

CH CH 
i (60) 

coe wal NH 
N i CO,Et 

‘ = 
(41) (42) 

3,4,5,6-Tetrahydropyridine added normally, but again the final pro- 
duct had the double bond in conjugation with the carboxylate group. 
The 2-methyl compound, in contrast with the dihydroisoquinoline 
case, gave the normal adduct (43) with an angular methyl group, in 
addition to the product of enamine addition. When 2-ethyl-1- 
piperideine was the dienophile, only enamine addition occurred to 
give 44, 
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N a N 

Si : er CH, oe a H3C 
CO,Et *~ CO,Et 

(43) 

(61) 
: ne Buk 
N 

(44) 

Bohme, Hartke and Miller®? have reported the reaction of halo- 
methyl amines with dienes. The reaction can be interpreted as a 
Diels-Alder reaction with the immonium salt. Very satisfactory yields 
were obtained under mild conditions. 

oe boris 
R,N—CH,—X === R,N=CH, ——> ET, (62) 

ae 

<— 

Furan did not give an adduct. The reaction of carbalkoxy aminals 
with dienes constitutes another example of a Diels—Alder reaction of 
immonium salts ®*. The yields in this reaction are quite good. 

Dia vio8 
RCH(NHCO,R’), + BE; ——> RCH=NHCO,R’ <> oe ve (63) 

[NHCO,R’BF,]- R'O,C~ 

B. Heterodienes 

Conjugated dienes having one or more elements other than carbon 
in the diene portion are classified as heterodienes. In 1955, Lora- 
Tamayo’*:7* and his students reinterpreted the formation of s- 
triazines from the reaction of nitriles with hydrogen chloride as a 
Diels—Alder reaction. They viewed the initial formation of the hetero- 
diene 45 and dienophile 46 as resulting from the reaction of two and 
one nitrile molecules respectively, with hydrogen chloride. 
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NH Cl R 
¢ 4 a7 ve 

5 ROCEN + HC] ———> Re c eu RGN + HO 
Be 

N N 
S | cc ‘i 

R 
(45) (46) (64) 

| 
H 
Nine Gl R N 

Paceline Ye 
N NH N_U2ZN 

P As 
An analogous interpretation can be applied to the results of Weidinger 
and Kranz®>. With sulphur trioxide, nitriles would react to give the 
diene system 47. With added imine such as a-chlorochloraldimine, the 
triazine is obtained, elimination of sulphur trioxide and hydrogen 
chloride having obviously occurred. Amidines reacted in a similar 

R 

Rovcl 

R Che 
Ne Aa genset ON DR-C=N+S0,—> fF Pt _of eo (65) 

SO) N ZN ¢ 
| hs R 

(47) 
fashion**. Imino ethers, amides, ureas and thioureas react to give the 
same type of products. 

It is not unlikely that the reaction of amidines and guanidines ®* with 
the diethyl acetal of dimethyl formamide takes place via a similar path. 

R 

NH ‘c=NH R R a NH aN 
RCO + (EtO),CHN(CH,), ——> Re Bul coo! pau 

NH, N ae 

Scy 
| (66) 
N(CHs)2 

R = alkyl, aryl, dialkylamino 

Goerdeler, Schenk and their colleagues®’-°° have recently re- 
ported the facile Diels-Alder reaction of a variety of imines with acyl 
and thioacyl isocyanates. Yields of adducts were very good in almost 
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every case, for example, with R = phenyl or f-anisyl, 877%, and 90%, 
yields of compound 48 were obtained 8’. 

O O i I 
a “Cy 

N N N—Ph 
‘ + PhCH=NPh ——> ae a fe (67) bey beg 
thas Ka 4 

(48) 
Excellent conversions were obtained when R was aryl- and alkyl- 
mercapto®®, alkyl- and arylamino®®, or alkoxy- and aryloxy®®. 

Yields were somewhat more variable when compound 49 was used 
as the imine component°. 

I 7G 
ce O : 

Nia N 7 No SN 
L ~ Dg —_—> A ple O (68) 

Pea ERT Y REO N R S R S Ph: | 

RL Ri 

(49) (50) 
R = Et,N, Ph,N, PhO, Ph, cyclohexyl-O; Rt =. cyclohexyl, Ph. 

Thiobenzoylisocyanate gave practically quantitative yields of the 
adduct with a number of N- and C-alkyl and aryl imines®1-°?. How- 
ever, no cycloadducts were obtained with imidoy] chlorides, imidates, 

O 
C=O NZ Wot po tar 

| a Fe Nae e ee A. ; (69) 

és igee R? Ph - c S Ra : 

R,R* = alkyl, aryl 
R? = H, alkyl, aryl 

amidines, oxime ethers, hydrazones and N-phenyliminophosgene®?. 
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l. INTRODUCTION 

Substitution reactions of azomethines are very conveniently considered 
as substitution at carbon or nitrogen respectively. Such a discussion 
by reaction type provides greater perspective than the more traditional 
account by compound class. An insight as to the large variety of dis- 
placements of azomethines and their utility in preparative organic 
chemistry is thus achieved. 

Il. SUBSTITUTIONS AT THE CARBON ATOM 

A. Displacements of a Chloro Substituent 

I. Imidyl chlorides, HN—C(R)CI and RN=C(R?)Cl 

The imidyl chlorides (also called imino chlorides) (1) can be con- 
sidered to be derivatives of the hypothetical imidic acid (2), in which 

RC=NH RC=NA 
| | 
Cl OH 

(2) (2) 
the hydroxyl group has been replaced by a chlorine. No claims have 
been made for the isolation of the free imidic acid!~*. The imidyl 
chlorides can be prepared from the reaction of an amide with phos- 
phorus pentachloride. 

RCONHR? =—  RC=NR?! —“=> RC=NR?! + HCl + POCI, 

OH Cl 

Disubstituted amides on treatment with phosphorus pentachloride 
yield amido chlorides (3), from which the imidyl chlorides can be 
obtained on pyrolysis. 

RCONR,! —<S> eal Cl- 5 (RGeNRL RECT 

Cl | 

(3) 
Although Walther and Grossman® prepared N-phenyl-«-(p-chloro- 
phenyl)acetamidine (4) from p-chlorophenylacetamide by the reaction 

PCls PhNHa > p-CICgH«CHgC—=NH ———2> p-CICH,CH,C—=NPh 
| Cl NH.-HCl 

(4) 
shown, the extension of this method for the preparation of unsub- 
stituted amidines is unsatisfactory. Kirsanov®:7 has shown that neither 

p-CICgH4aCH,CONH, 
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phosphorus oxychloride nor imidyl chlorides are formed from the 
reactions of unsubstituted amides with phosphorus pentachloride, but 
rather AYCON=PC],. 
Janz and Danyluk® have shown that addition products from the 

reactions of acetonitrile and anhydrous hydrogen halides have the 
composition CH3,CN-2HX. From infrared studies, they conclude 
that CH,CN-2HX exists as the nitrilium salt 5 with X = Cl and as 
the iminohydrohalides 6 with X = Br, I. 

[CHsCNH]*HCl,~ CH3gC—=NH-HX (X = Br, |) 
| 
x 

(3) (6) 

The kinetics of hydrolysis of RN—C(R’)Cl in aqueous acetone leading 
to amides has been studied ®. 

The chloro substituent in imidyl chlorides is readily displaced by 
nucleophilic reagents. N-Methylbutyramide reacts with phosphorus 
pentachloride to give N-methyl-c-chloroisobutyrimidyl chloride (7), 
from which the imidyl chlorine can be replaced by ethoxide in 84% 
yield to form ethyl N-methyl-«-chlorobutyrimidate (8) *°. 

MesCHCONHMe > Me,C—C—NMe —“*' > MegC—C—=NMe 

b & bet 
(7) (8) 

Hence the imidyl halide appears more reactive than the alkyl halide. 

N-Phenylbenzimidyl chloride (9) reacts with sodium alkoxides in 

the corresponding alcohol to give alkyl N-phenylbenzimidates (10) **. 

PRCONHPh —Cle> PhC=NPh ON ROM. phC—NPh 

OR 
(9) (10) 

R = Me, Et, PhCHsg, i-Bu, i-Pr, i-Am 

Imidyl chlorides will react with alkoxides and phenoxides to form 

imidates (sometimes called imino esters) ?-??. The product is isolated 

either directly, by removal of the solvent in vacuo and trituration of the 

PhC—NPh + PhONa ——> PhC=NPh + NaCl 

Cl OPh 

residue with water, or as the hydrochloride by addition of hydrogen 

chloride in an anhydrous solvent. The O-methyl imidates are free 

from the N-substituted amides. 
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Another displacing agent is the thiophenoxide ion*®, which in this 

specific case gives phenyl N-phenylthiobenzimidate. Imidyl halides 

PhC==NPh + PhSNa ———> PhC==NPh + NaCi 

| Ph 

(11) 

will also react with phenol in pyridine*, as illustrated by 8-hydroxy- 
quinoline displacing the chlorine in N-phenylbenzimidyl chloride to 
form 1274, 

Pho=NPh 
HO O 

N N 
Pho=NPh + (a —_ @ + HCI 

Cl 
(12) 

Busch25:?6 prepared Schiff bases from the reactions of imidyl 
chlorides with Grignard reagents. 

PhC=NAr + RMgX ——> rel + MgXCl 

| R 

In some reactions the imidyl chloride is presumed to be an inter- 
mediate but is usually not isolated. The reduction of an acid chloride 
to an aldehyde might proceed through an imidyl chloride intermediate 
which becomes reduced to the Schiff base prior to hydrolysis and 
steam distillation?’. The Stephen reaction?® for the conversion of a 

ArCOCl {PhNH, ——> ArCONHPH <== ArCNPn = es 

| 

ArCH=NPh "85, ArCHO + PhNH, 

nitrile into an aldehyde may also proceed through an imidyl chloride. 

RENEE owcyet ee 5 aa a Sele 

‘GI 

RCH=NH,* Cl- "8, RCHO + NH,CI 

N-(p-Tolyl)diphenylacetamide (18) on treatment with phosphorus 
pentachloride yields N-(p-tolyl)diphenylacetimidyl chloride (14), 
which, although not isolated, forms methyl N-(p-tolyl)diphenyl- 
acetimidate (15) on treatment with sodium methoxide. On reaction 
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with hydrochloric acid, 15 was hydrolysed back to the starting 
material 13. The acetimidate 15 could also be obtained directly by 
the action of methanol or diphenylketene-f-tolylimine (16) 2°. 

PhsCHCONHC,H,CH,-p o> ee 

Gl 

(13) = (14) 
[no [sor 

Ph,C=C—=NC,H,CH,p “22H, PhiCHO=NCH CHP 
OMe 

(16) (15) 

The chlorine atom in imidyl chlorides can also be displaced by am- 
monia or by amines. Lossen®° converted benzanilide into N-phenyl- 
benzimidyl chloride, which on further treatment with ammonia 
was converted into N-phenylbenzamidine (17). N,N’-Diphenylbenz- 
amidine (18) can be prepared by heating N-phenylbenzimidy] chloride 

PhCONHPh —<!§> Phc=NPh —SH2s prhc=NPh 
| | 
Cl NH 

(17) 

PhC—=NPh + PhNHg ——> PhC=NPh-HCI 

d NHPh 
(18) 

with aniline*?. Extension of this reaction provides a general method 
for symmetrically disubstituted amidines**-**. The usual method 

RCONHR? Os RC=NR? NHS RC—NR?-HCI 

d NHR? 

for carrying out this reaction is first to form the imidyl chloride, 
to remove the excess reagent, and then to add the amine®*%6, 
It is interesting to note that two different isomeric formulas for sym- 
metrically disubstituted amidines can be written. von Pechmann®?:34.97 
and later workers*® demonstrated that attempts to prepare the two 

RC=NR?+ and RC=NR? 

NHR? NHR?! 
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forms resulted in the formation of only one compound. Although von 
Pechmann®*® reported the preparation of two isomeric N-(p-tolyl)-N’- 

PhCONHPh + CH,;NH, ~—2> PhC==NPh 

NHCHs 

PHCONHCH, + PhNH, ——°> PhC=NCH, 
| 
NHPh 

phenylbenzamidines, it was later shown that a tautomeric equilibrium 
existed 97-49, Cohen and Marshall *? tried to prepare the two tautomers 

PhNHC==NCgH4CH,-p ares PhN==CNHC,H,4CH3-p 

| 
Ph Ph 

19 and 20 of a disubstituted amidine by the introduction of 
optically active bornyl groups into the molecule; however, they were 
unsuccessful. 

PhE=NGioHi 71) = PRE=NPh 

NHPh NHC 10H (1) 
(19) (20) 

An unusual displacement of chlorine by an amide occurs in the 
following reactions*?, leading to the formation of N,N’-(p-tolyl)- 
acetamidine (21). 

CHsCONHC,H4CHg-p ——2> CHsC—=NC,H.CH,-p 

Cl 

CHsCONHC.H4CH;- 
ee P CHgC=NCoHCHg-p + CH3COCI 

NHCsHaCHs-p 
(21) 

von Braun and Weissbach*? noted that steric hindrance lowered 
the yields of 22 from 36% with X = H to ca. 10% with X = Cl. 

PhC=NPh 

NHCH, NCH, 
x x 

PhC=NPh + a 

Cl 
(22) 
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The halogen can be displaced by substituted amines; for example, 
benzamidine (23) will displace the chlorine from N-phenylbenzimidyl 
chloride giving 24 *, 

PhC==NPh + PhC==NH ——> PhC=NH + HCl 

| NHg NHC=NPh 

Ph 
(23) (24) 

The chlorine in imidyl chlorides can be replaced by nucleophilic 
substitution to form Reissert compounds: N-phenylbenzimidyl 
chloride will react with isoquinoline and hydrogen cyanide in ether to 
give 2-(a-phenyliminobenzy]l)-1,2-dihydroisoquinaldonitrile hydro- 
chloride (25) *°. 

q Et.0 te 
PhC—NPh +HCN + é = | Ph 

N Mm} 

e 
cl SC=NPh HCI 

N 
(25) 

2. Hydroximic acid chlorides, HON—C(R)CI and RON—C(R’)CI 

The chlorine in benzohydroxamy]1 chloride (26) can be replaced by 
ammonia to give benzamidoxime (27)**. With hydroxylamine*’, 

PhC=NOH + 2NH, ——> PhC=NOH + NH.Cl 

Cl NH 
(26) (27) 

benzohydroxamy]1 chloride yields benzoxyamidoxime (28) which can 
be reduced with SO, to prepare benzamidoxime (27). 

PhC—=NOH + H,NOH ——> PhC==NOH + HCl 

d NHOH 
(26) (28) : 

PhC—NOH —22> PhC=NOH 
| 
NHOH NH, 

(28) (27) 

These chloroximes will also undergo nucleophilic substitutions with 

sodium azide*® or with amines to yield N-substituted amidoximes. 

RC=NOH + NaNg ——> RC=NOH + NaCl 
| 

Cl Ns 
RC==NOH + 2R1NH, ——> RC==NOH + R?NII3* Cl 

| 
| NHR? 
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They will also react with alkoxides *®-°°. 

RC==NOH + R!ONa ——> RC=NOH + NaCl 

| Rt 

The halide in ethyl benzohydroxamyl chloride (29) can be re- 

placed by hydroxide in hydrolyses to give ethyl benzohydroxamate 

(30) 46-49-51, On treatment with alcoholic solutions of ammonia for 

PhC=NOEt + HzO ——> PhC=NOEt + HCI 

I H 
(29) (30) 

6-8 h at 160-180°, the halo group of the O-alkyl hydroximic acid 
halides is replaced by ammonia, leading to the formation of 
amidoximes ®?, 

hen + NH; ——> RC=NOH 

x NH 

3. Heterocyclic chlorides 

Reactive halogen on a nitrogen heterocyclic ring is well known in 
pyridines, pyrimidines and quinolines, among many others. Another 
case in point is the chloro substituent in pseudosaccharin chloride, 
which can be displaced by alcohols yielding solid ethers as alcohol 
derivatives ®?->4, 

Cl OCH,R 
l RCH,OH | +HCl 

any ga 
Ch O, 

B. Displacements of Alkoxy Groups 

I. Alkyl imidates, HN=C(R)OR! and RN=C(R?)OR? 
Pinner ®°°-°° treated nitriles, dissolved or suspended in anhydrous 

alcohols, with an excess of dry hydrogen chloride, forming imidate 
hydrochlorides (also called imino esters or imino ethers). Acetonitrile 
with ethanol and hydrogen chloride gives ethyl acetimidate hydro- 
chloride (81). 

CHsCN + EtOH + HCl ——> CH,;C=NH-HCI 

Et 

(31) 
Normally when dry hydrogen chloride is passed into a mixture of an 
alkyl cyanide and an alcohol dissolved in ether, the hydrochloride of 



8. Substitution at the Carbon and Nitrogen Atoms 335 

the alkyl imidate precipitates out of solution; presumably the imidyl 
chloride is the intermediate in the reaction. The hydrochlorides of the 
imidates are crystalline, water soluble compounds. If sodium carbonate 

RCN + HGMieaks ice eS ROSNER Cl es ROENH-HCI 

| cA de 
or potassium or sodium hydroxide > is added in the presence of ether, 
the free alkyl imidate that is formed passes into the ether layer. The 
imidic ester hydrochlorides, however, do have limited stability 5-57, 
They decompose to the original nitrile and alcohol; they are con- 
verted into esters by hydrolysis, the reaction being catalysed by acids; 
or on being warmed with excess alcohol, they form ortho esters. Since 

RC=NH-+HC] ——> RCN + ROH + HCI 

R 

RC=NH-HCI + HzQ0 ——> RCOOR + NH,Cl 

br | 
RC=NH-HCI + 2R1OH ——> RC(OR?)3 + NH,Cl 

OR? 

the imidic esters are always obtained as hydrochlorides, subsequent 
reactions must be carried out in anhydrous media. An exception to 
this instability is ethyl nicotinimidate®®, which on being dissolved in 
aqueous alcohol containing ammonium chloride is converted into 
nicotinamidine. 

Alkyl imidates readily react with ammonia dissolved in alcohol to 
yield amidine hydrochlorides**-*°. The ethoxy group in ethyl ace- 
timidate (82) is displaced by ammonia to give acetamidine hydro- 
chloride (83). The nucleophile can even be an ammonium salt in 
aqueous alcohol ®8-®4-®6 as solvent. Substituted acetonitriles also form 

50-70° 

OR NH2 

imidates from which the alkoxy group can be displaced by 
ammonia ®7-®8 or amines ®?-®, 

PhNHCH2CN ——> PhNHCH,C=NH-HCIl ——> Wits FA A oaTe. 

OEt NHe 

Tafel and Enoch”°:”! treated benzamide (84) with silver nitrate and 

sodium hydroxide in aqueous solution to prepare silver benzamide (35) 

RC=NH + NH,X 20469. RoW—NH-HX + ROH 
| 
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which was converted into ethyl benzimidate (86) with ethyl iodide. 
Benzamidine (37) was obtained after displacement of the ethoxy 

PhCONH, ——> PhC=NH ——> PhC==NH ——> PhC=NH 

OAg dee NH, 
(34) (35) (36) (37) 

group with ammonia. Ethyl N-phenylacetimidate (88) was also 
prepared in a similar way ?°-7?)79, 

CHg3C==NPh + Etl ——>» CHgC=NPh 

Ag Et 

(38) 

Addition compounds of nitrile with hydrogen chloride do not 
produce amidines when treated with ammonia, but rather regenerate 
the nitrile’*; this led to the suggestion that they were salt-like com- 
plexes of the nitrile with hydrogen chloride and not true imidyl 
chlorides (cf. Janz and Danyluk® in Section IT.A.1). 

The alkoxy group can be replaced from imidate salts with primary 
amines with the formation of monosubstituted amidines (39) °°-7°. The 

RC==NH-HCI + R2NHg ——> RC=NH-HCI + R1OH 

Re NHRe 

(39) 

base strength of the nucleophile is important and the yields are best 
when R? is aliphatic ®°-59-62.78-79, With an excess of primary amine at a 
higher temperature for longer reaction periods, N,N’-disubstituted 
amidines (40) are produced 55:75-76.80, 

tak a + 2RtNH, ——> RC=NR! + NH,Cl + EtOH 

OEt NHR? 

(40) 
Secondary amines can be used as nucleophilic agents for alkyl 

imidates and lead to unsymmetrical disubstituted amidines 
(41) °°.79.77.81-84. Tmidates do not react with tertiary amines55-79, 

RC=NH-HClI + R1R2NH ——> RC=NH-HCI + EtOH 

OEt NRiR2 

(41) 
N-Phenyl-N’-(p-tolyl)formamidine (44) can be obtained from either 

ethyl N-phenylformimidate (42) and f-toluidine, or from ethyl N- 
(p-tolyl) formimidate (48) and aniline, provided there is rigid exclusion 
of all traces of acid ®, 
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caches + p-MeC,H,NH, 

OEt 
(42) HC==NPh + EtOH 

HC=Np-MeC,H, + PhNH, NHp-MeCeH, 
(44) 

OEt 
(43) 

However, in the presence of an acid (e.g. the amine salt), a mixture of 
44, N,N’-diphenylformamidine (45), and N,N’-di( p-tolyl) formamidine 
(46) is obtained. This mixture has a sharp melting point (86°) and can- 

HC=NPh HC=NC,H, 

NHPh NHC,H, 
(45) (46) 

not be separated by crystallization. An explanation of this has been 
given °°, 

The imidate base in a suitable organic solvent, when shaken with an 
aqueous solution of the salt of an «amino acid ester, yields an N- 
substituted imidate®’-°°, but this is not a substitution reaction as we 
have defined. 

RC=NH + HCl+HgNCH(CO2Et)2 ——-> RC=NCH(COGEt)s 

OR? OR? 

The condensation of the free imidate with an a-aminocyanoacetic 
ester itself yields an imidazole®®. However, ethyl phenylacetimidate 
(47) will react with glycine®’. Further ethyl carbobenzoxyamino- 

RC=NH + CO,Et ne CO,Et 

bee = CHCN —> LM 
NH, Beg é 

PhCH,C==NH + HzgNCH,COOH ——> PhCH,C==NH + EtOH 

| 
Et NHCH,COOH 

(47) 

acetimidate hydrochloride (48) will react with glycine to form an 

intermediate from which 49 can be obtained by cleavage with hydro- 

bromic acid—acetic acid®’. With model compounds it has been 

established that only the amino groups of proteins react with alkyl 

imidates in aqueous solutions °°. 
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PhCH,OCONHCH2C=NH-HCl + HzgNCH,COOH ——> 

Et 

(48) 

PhCH,OCONHCH,C—=NH HBr HOAC S HBrsHjNCH,C=NH-HBr 

NHCH,COH NHCH,COOH 

(49) 

The N-substituted imidate 50 can have its ethoxy group displaced 

by an amine to yield an intermediate which can cyclize to form hy- 

droxyimidazoles (51)%°. Analogously, aminoacetone displaces the 
ethoxy group and cyclizes to give 2-alkyl-4-methylimidazole (52) °°. 

N—CH, N 
RE=NCH,CO,Er4 RN, i- ere becca foca J . ne aN Ki Nye 

: 
(50) (51) 

CH, 
N 

RC=NH + H,NCH,COCH, —— LY 
OEt - " 

H 
(52) 

An interesting set of reactions is described by Roberts and Vogt?°, 
in which any one of three products can be isolated from the reaction of 
ethyl orthoformate (53) and aniline. N,N’-Diphenylformamidine (55) 

(EtO).CH + PhNH, —oc> PhN=CHOEt + 2EtOH 
(53) (54) 

54 + PhNH, ——> PhN=CHNHPh + EtOH 

(55) 

54. ¥°H,S0 > PENCHO 

t 
(56) 

can be obtained if no acid catalyst is used or in the presence of catalyst 
with two moles of aniline per mole of ethyl orthoformate (58), since the 
intermediate, ethyl N-phenylformimidate (54) reacts with more aniline 
forming 55. Ethyl N-phenylformimidate (54) can be made when 
aniline reacts with equimolar (or greater) amounts of ethyl ortho- 
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formate (53) in the presence of hydrochloric acid, sulphuric acid, 
p-toluenesulphonic acid or acetic acid at temperatures up to 140°. 
N-Ethylformanilide (56) can be obtained with sulphuric acid as 
catalyst with the temperature being raised to 140° after the ethanol 
initially produced is removed. 

Substituted alkoxy groups can be replaced from imidates (57), 
prepared from propanesultone and acetamide, by amines and 
amino acids?®'. The group may also be displaced by substituted 

RNHz (So, + CHsCONH, ——> CHjG=NH,* "> CH,C=NH 
on O(CH,),SO." NHR 

(57) 
hydrazine derivatives (58), yielding amidrazinoacetic acids (59) *°?. 

57 + HeNN(Ph)CH2,COOH ——> CH3C—=NH 

NHIN(Ph)CHzCOOH 
(58) (59) 

N-Acy] derivatives of imino esters (60) react with hydrazine to yield 
3,5-disubstituted-1,2,4(1H)-triazoles (61) 1°. 

Ri 

N 
RE=NCOR" + HaNNH,*H,O ——> RC Ak 
OEt aS 

(60) (61) 

The displacements of the alkoxy groups from aromatic imidates by 

hydrazine leads to amidrazones (62) °°7°*-7°°, These substitutions can 

ArC==NH + H2zNNH, ——> ArC=NH + ROH 

R NHNHg : 

ArCNHg 

Net, 

(62) 

take one of three paths1°?:?7°. 

a. Equimolar reactants. If the temperature is maintained at 0°, 

equimolar quantities react to yield amidrazones. 

RC==NH-HCI + HaNNH2, ——> RC=NNH, + EtOH 

dee NH, 

12+.C.N.D.B. 
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b. Two parts hydrazine to one part imidate. Again with careful main- 

tenance of temperature at 0°, two parts of hydrazine react with one 

part imidate. 

RC==NH-HCI + 2H2zNNH2 ——> Deutch + EtOH + NH,Cl 

Et NHNH2 

c. At a temperature of 40-50°. When the temperature is raised to 

40-50°, sunstituted tetrazines (62a) and N-aminotriazoles (62b) are 

formed. 

NON 
\ RC=NH+HC] + HJNN=CR —> RY YR —> 

l q Ks . 
OEt OEt ns 

Et Et 

N—N N—N 

Nae tA 
N=N N 

NH, 
(62a) (62b) 

Bernton?!! formed the nitrite of phenylacetamidine (64) by the 
reaction of sodium nitrite on ethyl phenylacetimidate hydrochloride 
(63), presumably by the following sequence. Ammonium nitrate also 

PhCH,C=NH-HCl + NaNO, + HegOQ ——> PhCH,2CO,ZEt + NH,NOz2 + NaCl 

Et 
(63) 

PhCH,C==NH + NH,NO, ——> PhCH,C=NH-HNO, + EtOH 
| 

OEt NH2 
(64) 

converts ethyl phenylacetimidate (65) into phenylacetamidine nitrate 
(66) 113, 

ma as + NH,NOg; ——> PhCHgC=NH+HNO3 

OEt NH, 
(65) (66) 

An odd displacement was found by Rule!*, who noted that ethyl 
mandeloimidate (67) was converted into mandelamidine mandelate 

2PhCHOHC=NH + 2H,O0 ——> PhCHOHC=NH-PhCHOHCOOH + EtOH 

Et NH, 
(67) (68) 



8. Substitution at the Carbon and Nitrogen Atoms 341 

(68) by shaking 67 with water at room temperature for five days. 
Although this decomposition is rather unusual, it was ascertained that 
free imidic esters prepared from other cyanohydrins reacted with water 
analogously. 

Simple N-substituted imidates when heated under reflux in benzene 
or alcohol with sulphonamides undergo displacement of the ethoxy 
group to form sulphonyl derivatives of the amidines (69) 17*-11*. The 

CH3sC=NR + R!SOZNHg ——> see ——> CH3CNHR 

| | Et NHSO,R? tIsoaR! 
(69) 

amino element of a sulphonamide group is a better nucleophile than 
that of a simple amine; thus, p-aminobenzenesulphonamide reacts 
with imidates?!5-11®, These N-sulphonyl derivatives of the imidates 

RO=NH + HaNso—())-NA =. RGaNsO-()-NH, 

OR? NH, 

undergo nucleophilic attack with displacement of the alkoxy group with 
dimethylamine??’ and with water 148-119, Barber ’*° isolated two forms 

RIC—=NSO2R + MezgNH ——> R?C=NSO2R + EtOH 

Ore NMes 

R?C=NSO2R + H,0 ——> fFRIC=NSO,R] ——> R!ICNHSO2R 

bet H | . 

of substituted sulphonamidines 70 and 71; 70 was converted easily into 

the more stable 71. However, Northey and coworkers?*+ concluded 

RC==NSO,Ar + NHs ——> RC=NSO.Ar + EtOH 

OEt NH. 

(70) 

RC=NH + ArSO,Cl ——> RC=NH + HCl 

sie NHSO.Ar 

(71) 

that the sulphonamidines are better represented by 70, since they do 

not form alkali salts and since hydrolysis products are consistent with 

such a structure. 

RC—=NSO,Ar ESF OR". RCONH, + ArSO2NHz 

NHz 
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When an alcoholic solution of ethyl -sulphamidobenzimidate 
hydrochloride (72) is treated with O-methylhydroxylamine at 37° ina 
pressure bottle, ammonium chloride separates out and two products 
can be isolated12*, The first product is the result of a nucleophilic 
displacement of the ethoxy group and is the O-methyl derivative of 
sulphamidobenzoxyamidoxime (73), which is soluble in dilute hydro- 
chloric acid; the second product (74), formed by the nucleophilic 
displacement of the amino group in 73, insoluble in dilute hydro- 
chloric acid, is the dimethyl] ether of the amidoxime. 

CH3,ONH2 CHzONH2 HNSO.{())-c-NH ne = HNSO,—())G=NocH, eae 
OEt NH, *HCl 

(72) (73) 

HNs0.—())-G=NocH, 

NHOCH, 
(74) 

Nucleophilic displacements of imidates with monosubstituted 
hydrazines leads to N-substituted amidrazones®5:123-127, and a 

RC=NH-HCl + HeNNHR? ——> RC=NNHR? + EtOH 

OEt NHe 

N,,N,-disubstituted amidrazone (76) can be obtained by the dis- 
placement reaction of ethyl mandeloimidate hydrochloride (75) with 
unsymmetrical diphenylhydrazine +28, 

PhCHOHC=NH-HCl + PhaNNH, ——> PhCHOHC==NNPh, 
| | 

OEt NH3 
(75) (76) 

The imidates also undergo nucleophilic substitution with hydrazoic 
acid 129-131 

N—N 
PhC=NH + HN, ——> PhG=NH ——> / \ 

| ‘ AN 
OEt N, H 

Ethyl benzimidate (77) undergoes displacement with hydroxylamine 
to form benzamidoxime (78) 182-183, 
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PhC=NH + HgNOH ——> ited! ——> PhCNH, 

Et NHOH OH 

(77) (78) 

Methyl N-phenylbenzimidate (79) reacts with phenylmagnesium 
bromide in toluene at 200° to give N-benzhydrylideneaniline (80) 

PhC=NPh + PhMgBr ——-> PheC=NPh ——-> Ph,C=O 

(79) (80) 

which, of course, can be hydrolysed to benzophenone. Imidates react 
with Grignard reagents to yield ketimines (81) which are also hydro- 

RC=NH + PhMgBr ———> RC=NH ——> RC=O 

bet h h 

(81) 

lysed to ketones+*®. Ethyl N-phenylformimidate (82) reacts with 
phenylmagnesium bromide to form N-benzylideneaniline (88) 194-196, 

HC==NPh + PhMgBr ———> PhCH=NPh 

bet 
(82) (83) 

Compounds such as 84 react with diazomethane to form N-methyl 
derivatives (85), which react with water and alcohols to form amides 
and imino esters respectively 1°"; 86 reacts exothermically with amines 
to form amidines (87). 

(MeSO2)2CHCN + CHz2Nz ——> (MeSOz)2C—=C—=NMe 

(84) (85) 
85 + MeOH ——> (MeSOz)2CHC=NMe 

Me 

(86) 

86 + PhNH, ——> (MeSOz2)2CHC=NMe 

NHPh 

(87) 

The base-catalysed reaction of nitriles’*® with alcohols gives 

imidates which can be converted into amidines. This sequence of 



344 R. J. Morath and Gardner W. Stacy 

reactions sometimes offers advantages over the Pinner reaction with 

hydrogen chloride and alcohols. 

RC==NH 
NaOR? b a Ng.citg 

RCN + R!OH ee RC=NH-: HCl 

Beso NH, (alc 

- a7 NHz 
RC==NH> HCl 

OR! 

Acetyl-L-phenylalanine nitrile (88) was made from the corresponding 
amide with phosphorus oxychloride in pyridine and converted into 
the imidate (89), with retention of configuration, and was then trans- 
formed into an amidine (90) by reaction with amines 1+°°. Imidates from 
the reactions of N-protected «-amino acid amides and Et,O/BF, were 
reacted with amines to form amidines and with e-amino acids to form 
iminodipeptides?4°. Nucleophilic displacement of the ethoxy group 
also occurred when ethyl benzimidate was treated with f-, y-, 8- or 
a-amino acids to form N-substituted amidines (91) 1*1. 

ra —— > PhCH,CH—C=NH ——> PhCH,CH—C==NH 

AcNH AcNH OR AcWH NHe 

(88) (89) (90) 

PhC=NH,* 

NHCH(R)(CH2)nCO2~ 
(91) 

(n = 0-4) 

Perfluoroacyl imidates have also been made from perfluoronitriles!*2. 
These imidates will then undergo nucleophilic displacement with 
ammonia, hydroxylamine and hydrazine to give perfluoroacyl 
amidines, amidoximes and hydrazidines!**, Methyl perfluoro- 
butyrimidate (92) undergoes nucleophilic displacement by ammonia 
yielding 93. 

CsF,C—=NH + NH, ——» C,F,C—=NH + MeOH 

Me NH, 

(92) (93) 

An interesting intramolecular displacement of an alkoxy group 
occurs in the cyclic imidate, (3R,5R)-N-cyclopropyl-5-bromomethyl- 
3-(o-hydroxyphenyl)-3-phenyl-2-tetrahydrofuranoneimine (94), which 
on treatment with sodium methoxide in methanol gives N-cyclo- 
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propyl-3- (2’,3’-epoxypropy])-3-phenyl-2-benzofuranoneimine (95) 144, 
It is apparent that the phenolate ion is the nucleophilic species 
attacking the carbon atom of the azomethine group with displacement 

4 
HON 

5 NaOMe Q 

; cH,Be Meck seq Ph : CH 
Ph oy 

O 
(94) (95) 

of the alkoxy group which simultaneously displaces the bromo group, 
leading to the epoxy compound. Since the bromomethy1 group is ‘up’ 
in 94, models show that the phenolate ion can also attack that carbon 
with elimination of bromide, forming 4,5-benzo-7-cyclopropylimino- 
3,8-dioxa-6-phenylbicyclo[4.2.1]nonane (96). Of course, this latter 

(96) 

reaction is not a substitution reaction involving either carbon or 
nitrogen of the azomethine. However, the diastereoisomer of 94 in 
which the 5-bromomethy] group is in the (.$) configuration gives only the 
compound analogous to 95 on treatment with base. It cannot give a 
compound like 96 because the bromomethy] group is too far removed 
from the nucleophilic phenolate ion***. 

2. O-Alkylisoureas, HN=—C(NH.)OR 

The hydrazinolysis of O-alkylisoureas leads to aminoguanidine 
derivatives. O-Ethylisourea hydrogen sulphate (97) (prepared from 
urea and diethyl sulphate), when dissolved in water and treated with 
aqueous hydrazine at 60°, undergoes a nucleophilic substitution to 
yield aminoguanidine (98) **°. 
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H gNC==NH + H2NNH, ——> HgNC=NH + EtOH 

Et NHNHg, 

(97) (98) 

3. Alkyl hydroxamic acids, HON=C(R)OR* 

When an alcoholic solution of ammonia and ethyl hydroxamic acid 

(99) is heated for 8 h at 175°, the ethoxy group is displaced and 

benzamidoxime (100) is formed**®. 

PhC=NOH + NH3 ———> PhC=NOH + EtOH 

Et NHe 

(99) (100) 

Good yields of hydroxamic esters are obtained when hydroxylamine 

in aqueous solution is shaken with ethereal solutions of imidates**7~**°. 

RC=NH + HzNOH ——> RC=NOH 

OEt Et 

C. Displacements of Thioalkoxy Groups 

I. Alkyl thioimidates, RN—C(R*)SR? 

Thioimidates can be prepared from the reactions of nitriles with 
thiols in the presence of hydrogen chloride ®7:19°158, 

RCN + HCl + R?1SH ——> RC=NH-HCl 

SR? 

The thioalkoxy groups can be displaced with amines and ammonia 
in absolute alcohol leading to amidines?**. 

RC=NH-HI + R1NH2 ——> RC=NH 

Me ne Rt 

S-Alkyl isothioanilides will react with aromatic amines to produce 
symmetrically disubstituted amidines}°°:1°°, Ethyl N-phenylthioimi- 
date [S-ethyl isothioacetanilide] (101) suffers nucleophilic displace- 
men with aromatic amines to give N-phenyl-N’-arylacetamidine (102). 

CH3C=NPh + ArNH, ——> CH3C==NPh + EtSH 

SEt NHAr 

(101) (102) 

Thioacetamide reacts with propanesultone in benzene to produce 
the thioimidate 103, and these will undergo substitution with amines 
and amino acids leading to amidines?°!:102, 
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(Ao # CHICSNH, —> CHC Nt! 
S(CH,),SO,7 

(103) 

2. S-Alkylisothioureas, HN=C(NH.,)SR, and derivatives 

Hydrazinolysis of S-alkylisothiouronium salts (104) or ammonolysis 
of S-alkylisothiosemicarbazide (105) produces aminoguanidine 15”, 

HN=CNH, + HaNNH,g ——> ar: + RSH 

SR NHNH, 
(104) 

HN=CNHNH, + NHj ——» HN=CNHNH, + RSH 

R NHz 
(105) 

However, N-alkylaminoquanidines cannot be obtained from S- 
methylisothiourea and alkyl hydrazines?®®. 1-Amino-1-methylguan- 
idine (107) is obtained from either the nucleophilic attack of 
methylhydrazine on S-methylisothiourea or from the attack of am- 
monia on $,2-dimethylisothiosemicarbazide (106). 

HN=CSMe + MeNHNHz ——> HN=CN(CH3)NH2 

NH2 NHz 
(107) 

SMe 
(106) 

The nitrogen atom adjacent to the alkyl group in the alkyl hydrazine is 
the more nucleophilic. 

The thiomethyl group of S-methylisothiosemicarbazide is readily 
displaced with amines in boiling ethanol, yielding N-alkyl-N’-amino- 
guanidines (108) which react with aldehydes to form guanyl hydrazones 
(109). This latter product can also be obtained by the displacement 
from S-methylisothiosemicarbazones (110) with amines, but this 

HN—CNHNH, 42 HN=CNHNH, ~— >> HN=CNHN=CHR? 

SMe NHR NHR 
(108) (109) 

HN=CNHN=CHR?! + RNH, ———> 109 

Me 

(110) 
12* 
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reaction proceeds more slowly and is accompanied by the production 
of considerable tar+®°, 

2,5-Dimethylisothiosemicarbazide (111) reacts with methylhydra- 
zine to give 1,3-dimethyl-1,3-diaminoguanidine (112) +®°. Again it is 
the more nucleophilic nitrogen that does the attacking. 

Hea2NN(CHs)C==NH + MeNHNH, ——> HeNN(CH3)C==NH 

SMe N(CHa)NH2 
(111) (112) 

The S-methyl derivatives of isothiocarbohydrazide (113) behave 
towards amines and hydrazines as do the S-alkylisothioureas and iso- 
thiosemicarbazides+®1. 114 is a diaminoguanidine derivative and 115 
is a triaminoguanidine. 

HeNNHC=NNH, + RNH2, ——> HeaNNHC=NNH2 

SMe NHR 
(113) (114) 

113 + H,NNH, ——> eee he 

NHNH, 
(115) 

D. Displacements of Hydrogen 

1. Schiff bases, RCH—NR!? 

Hydrogen attached to the carbon of azomethines can be displaced 
with sodium amide in dry toluene at 120°. N-Benzylideneaniline (116) 
yields N-phenylbenzamidine (117) and ammonia!?®?, 

NaNHg 
PhCH=NPh ———> PhC==NPh + NH, 

| 

(116) (117) 

N-Alkylidenecyclohexylamine (118) can have its hydrogen re- 
placed with an alkyl group?®. 

CeHiaN=CHR 2S [CgHy,N=CR-] Xs C.H,;N=CRR! 
(119) 

t-Butyl hypochlorite will substitute a chlorine for the hydrogen in 
Schiff bases prepared from trimethylacetaldehyde or from benzalde- 
hyde and amines. The intermediate imidyl chlorides react with 
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alcohols to give N-substituted imidates (119) or with amines to form 
substituted amidines (120) !6¢, 

R3CCHO + R!NH, ——> R,CCH=NR? S8¥OC,. [RoCC=NR'] 

Cl 

Reon | eens 

ST R3CC=NR? 

OR? NR?R° 

(120) (119) 

The hydrogen can also be replaced using carbonyl-stabilized 
sulphonium ylids (121) which lead, after rearrangement, to 3- 
arylaminocinnamates and 3-arylaminocinnamamides (122) !®, 

Me.*SCH,CORX- + ArCH=NAri N24, aw + Me,S'+-H, 

a (121) R = OEt, NEt, CH,COR 

Ar41NHCAr 

cor 

(122) R = OEt, NEt, 

2. Aldoximes, RCH=NOH 

The direct chlorination of aldoximes in either chloroform or dilute 
hydrochloric acid leads to hydroximic acid chlorides (chlorox- 
imes) *9-168179. The hydrogen atom is also substituted with nitrosyl 
chloriwse? 20-47", ; 

RCH==NOH + Cl, ——> RC=NOH + HCl 

| 

E. Displacements of Amino Groups 

The action of nitrous acid on benzamidoxime (128) aided in its 
structural elucidation’”* by indicating the presence of the NOH 
grouping, which like hydroxylamine evolves nitrous oxide on treatment 
with one equivalent of nitrous acid. The O-alkylated benzamidoxime 
(124), when treated with nitrous acid’’®, evolves nitrogen (proving 
the presence of the NH, group), but the intermediate hydroximic acid 
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HzNOH + HONO ——=> 2H20 + N2O 

~PhC=NOH + NaNO, ———> PhC=O + HzO + N2O + NaCl 

NH, HCI NHa2 

(123) 

(125) is not isolated. Yet with excess hydrochloric acid, the hydroximic 
acid chloride (126) is formed almost quantitatively *®-49-51:176182, 

PhC=NOR + HONO ——» Nz + [PhC=NOR] “> PhC=NOR 

NHz H | 
(124) (125) (126) 

The O-alkyl hydroximic acid chlorides are stable, volatile with steam, 
and soluble in most organic solvents. 

The amino group in amidoximes can be replaced by aromatic 
amines with the liberation of ammonia 175-163, 

RC=NOH + ArNH, ——> Se + NHs 

NHe NHAr 

N-Phenylbenzamidine (127) can be converted into N,N’-diphenyl- 
benzamidine (128) by heating with excess aniline at 250°!84. The 

PhC=NPh + PhNH, ———> PhC=NPh + NHg 

NH, NPR 
(127) (128) 

amino group in 127 can also be displaced with phenylhydrazine 
hydrochloride giving the tautomeric system 129a-129b®-3, 

PhC=NPh + PhNHNH2*HCI ——» NH,CI + PhC==NPh = PhCNHPh 

NH NHNHPh NiNHPh 
(129) (129b) 

Amidines (180) and N-substituted amidines (181), in the presence 
of acids, undergo nucleophilic attack by hydroxylamine to form 
amidoximes?25-186-187. 

RC==NH + H2zNOH + H+ ——» RC=NOH + NH,+ 

NH, NH, 
(130) 

RC=NR! + HsNOH + Ht ——> RC=NOH + NH,+ 
NH» NHR? 
(131) 
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Excess ammonia will displace aniline from N,N’-diphenylbenzami- 
dine (132) with the formation of benzamidine?®°, 

PhC=NPh + 2NH3 ———> PhC==NH + 2PhNHe. 

NHPh NHz 
(132) 

F. Displacements of Hydroxy Groups 

The preparations of imidyl chlorides (Section II.A.1) were con- 
sidered as the reaction of the iminol form of the amide with 
phosphorus pentachloride and thus could be considered in this section. 
However, the majority of evidence indicates that the position of 
equilibrium in the amide—iminol tautomerism favours the amide 18°. 

However, one can consider the reaction of ethyl benzohydroxamate 
(133) with phosphorus pentachloride as the replacement of a hydroxyl 
group by a chlorine?®°. 

PhC=NOEt + PCl; ———> PhC=NOEt + POCI, + HCl 

OH 

(183) 

Ill. SUBSTITUTIONS AT THE NITROGEN ATOM 

A. Displacements of Hydrogen 

|. Aldimines and ketimines, RCH=NH and R,C—=NH 

Aldimines and ketimines will react with Grignard reagents with the 
substitution of MgX for the hydrogen, and the grouping can be 

removed with ammonia under mild conditions; vigorous conditions 

will cause hydrolysis to aldehydes and ketones. : 

RaC—=NH + RIMgXx ——> R,C=NMgX + R?H 

The reaction of ketimines with hypochlorous acid is reversible; 

hydrolysis of the N-chloroketimine liberates hypochlorous acid and 

not hydrogen chloride***. 

RegC==NH + HOCI === R2C=NCI + H20 

N-Chloroketimines are considered to be intermediates in the re- 

action of ketimines leading to a-amino ketones and a-amino acids. 

The following reactions illustrate this!®?, and the ensuing series is also 

to the point. 
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NH 
RCN + RICH2MgBr ——> RC=NMgBr ——> 

H_R? 

RC=NH SOC. racencl] + MOS RCOCHR? 

bar | dart | NH,+HCl 

RCH,CN + MeOH + HCl ——» RCH,C=NH-HCI > 

Me 

RCH,C=NCI] “SX0", RCHCO.Me 

Me | NH,3* 

The methyl N-chloroimidate was not isolated but was rearranged 
immediately by adding it to a slight excess of potassium ¢-butoxide**?. 

However, benzylphenyl-N-chloroketimine (184) was formed as a 
final product of the following set of reactions!%*; on treatment with 

-BuO PhCN + PhCH,MgX ——>» PhC—=NMgX ——> PhC=NH ——2"'> phc=NCclI 

HoPh CHPh CHaPh 
(134) 

anhydrous hydrogen chloride in pentane, 134 formed the hydro- 
chloride of benzylphenyl ketimine quantitatively’°°. The N-chloro- 
and N-bromobenzylphenyl ketimines have also been prepared from 
the ketimine with sodium hypobromite or sodium hypochlorite, 
respectively 1%, 

The hydrogen in aromatic ketimines can be replaced by the action 
of ketene or anhydrides?®. 

ArC=NH4 .CHE=C=t Ss Ar,C—=NCOCH, 

Ar,zC—=NH + (RCO),0 “22> Ar,C—NCOR 

2. Alkyl imidates, HN—C(R)OR?* 

As discussed in Section IT.B.1, imidates react with Grignard reagents 
with the formation of ketimines; however, the Grignard reaction fails 
with mandelamidine (135) and with its hydrochloride 12°, with N,N’- 
diphenylformamidine (136) *%°, and with N,-phenylmandeloamid- 
razone (137) *?°. These observations suggest that the imino group in 

PhCHOHC==NH HC=NPh PhCHOHC==NNHPh 
| 
NH, NH, NH, 

(185) (136) (137) 
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these compounds is unreactive to RMgX and therefore, by extension, 
the imino group in imidates is also unreactive. 

Sulphonyl chlorides react with imidates leading to N-sulphonyl 
imidates?2°, Acid chlorides will react with imidates to give N- 

2RC=NH + R!SO,C] ——> RC==NSO,R! + RC==NH-HCl 

OEt OEt Et 

acylimidates*9°-197, and these undergo facile displacement of the 
ethoxy group to form the diacyl derivatives of ammonia. 

oo + H,0 ——>+ FRC=NCOR?] ——> RCONHCOR? 

OEt | bu | 

The reactions of hypobromous acid and hypochlorous acid on 
imidates give the corresponding N-halo derivatives !98-?%. 

ea: + HOX ——> RC=NX 

OEt OEt 

C= bre! 

3. Amidines, HN—C(R)NH, 
Formamidine (188) reacts with acetic anhydride to yield a diacetyl 

derivative?°2, while N-phenylbenzamidine (139) reacts with acetic 
anhydride to form 140?°?, 

HC=NH + AczO ——» HC=NCOCHs 
| 

NHz NHCOCHs 
(138) 

PhO=NPh PhCNHPh 222s PhCN(Ph)COCH, 
| 

NH. NH Ncocs 

(139) (140) 

Both aromatic and aliphatic amidines react with phenyl isocyanate 

to produce phenyl ureides (141) °-2°3.8°, Benzamidine hydrochloride 

RC=NH + PhNCO ——> RC=NCONHPh 
| 

NHz NHCONHPh 
(141) 

reacts with I,/KI to form an iodoamidine?°*:?° presumably with 

structure 142a or 142b, and sodium hypochlorite produces chloro- 

amidines?°°, 
PhC=NI PhC=NH 

NH, NHI 
(142) (142b) 
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Amidines undergo the Hinsberg reaction with sulphonyl 

chlorides ?2°-121,206.207, These sulphonyl derivatives are quite stable; 

RC==NH-HCI + ArSO,CI + 2 NaOH ——» RC=NSO,Ar + 2 NaCl 

NH NH 

the amide group of 143 is hydrolysed preferentially by alcoholic 

hydrogen chloride at 20°129:°7, 

RG=NSO,-())-NHCOCH, Se RC=NSO,-()) NH, “HCI 

NH, NH, 

(143) 

N,N-Dimethylbenzamidine (144) reacts with methyl iodide to give 

N,N,N'-trimethylbenzamidine hydroiodide (145) 2°8-?"*. Alkylation 

PhC=NH + Mel ——> PhC=NMe-HI 

N Mes NMe. 

(144) (145) 

of a symmetrical disubstituted amidine leads to two products because 
of tautomerism of the system 2°°-?12, If R? and R? are greatly different 

Se === RONERt 

NHR? Nae 

Mel Mel 

beat RI-HI RCN(Me)R? 

N(Me)R?2 NR2-HI 

in character, one product predominates; the alkyl group is attached to 
the less basic nitrogen. 

N-Ethylbenzamidine (146) can be prepared by heating benzamidine 
with ethyl iodide at 100°?!%, and continuation of the alkylation leads 
to disubstituted products ?°°:214, 

PhC=NH + Et] ——> PhC=NEt 

NH, NH, 
(146) 

Unsubstituted amidines react in liquid ammonia with potassium or 
potassium amide with the replacement of only one hydrogen?®®.?15, 
Copper or silver salts can be prepared from the potassium or sodium 
derivatives 21, 
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RC=NH + K Ha Nts, RCoNH 

NHg NHK 

RC=NH + KNH, “S48. RC=NH + NH, 
| NH NHK 

4. Imino carbonates, (ArO),.C—NH 

Cyanogen halides react with phenols to form imino carbonates, 
which then react with t-butylhypochlorite to yield N-chloro deriva- 
tives 2", 

ArOH, ArONa + XCN —“—> (ArO),C=NH 22° (Ar0),C=NCI 

B. Displacements of Other Groups 

Chloro imines (147) can be prepared by the reaction of aldehydes 
with chloramine*?”, and the chlorine atom can be replaced by treat- 

RCHO + NHC] ——» RCH=NCI + H.O 
(147) 

ment with hydrogen chloride in ether?!”. These chloro imines will 
react with Grignard reagents to form Schiff bases??°®. 

RCH=Nec} UCI EH0, RCHo=NH-HCI + Cl, 

R2C=NCI + R1MgX ——> R,C=NR? 

Amidoximes are reduced to amidines with PhPCl,, as are oximes 
themselves212. Amidoximes can also be reduced to amidines with 

hydrogen and Raney nickel catalyst at 30 atm and 60-80° 799.227, 

PhC=NOH “<2 > PhC=NH-HCI 
NHPh NHPh 

PhPClo 
Pha,cC=NOH ——— Ph,zC—=NH-HCI 

RC=NOH + Hz ——> RC=NH + H,O0 

| 
NHz NH2 

Busch and Hobein 2??? prepared amidines by the action of a Grignard 

reagent on phenylcyanamide (148). Both aromatic and alkali metal 

amides produce salts of amidines?!*:?2*-?25, The reaction is best 

Oo 
PhNHCN + 2PhMgBr ——> PAN IEBr)CNMeBr 20. PhNHC=NH 

(148) Ph Ph 
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carried out in anhydrous media (benzene, toluene, etc.) ?*°.??° with 

potassium amide being a particularly good reagent 21>, Conversion of 

RCN + KNH, ——> a 

NH, 

the alkali metal salts to the amidines is carried out by careful hydro- 

lysis at low temperatures in order to avoid further hydrolysis to the 

amide ?°, 

RC=NK + HzO ——> Wee + KOH 

NH NH> 

ROSIN HC > RCNA HO KC 
| 
NH. NHe 

The acyl group can be removed from N-acylketimines by treatment 
with gaseous HCl in benzene; hydrolysis with aqueous hydrochloric 
acid, however, leads to the carbonyl compound?*®°. 

PheCeeNICOCH. et Pic NeeHCl 
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Il. INTRODUCTION 

The purpose of the first part of this chapter is to review some of the 
evidence establishing the existence of geometrical isomerism in the 
various classes of compounds containing the C=N double bond and 
to emphasize mainly some of the recent investigations of rates of iso- 
merization in these compounds. Many of these recent studies are a 
result of the widespread use of modern instrumentation such as nuclear 
magnetic resonance spectroscopy. 

In studies of rearrangements at the azomethine group one must 
often consider the existence of syn—anti isomerism and the configura- 
tional stability of such isomers under the conditions of the rearrange- 
ment reaction. For this reason, at least, it seems appropriate to consider 
both geometrical isomerizations and rearrangements at the C=N 
double bond in this one chapter. 

The subject of rearrangements involving the azomethine group is so 
broad that it has been felt necessary to limit the discussion to only a 
few of the more common rearrangements in which the C—N double 
bond is contained in the starting material. Even in these cases, the 
emphasis is on the more recent studies in an attempt to provide the 
reader with a feeling of the current views on each subject. 

Il. syn-anti ISOMERIZATIONS 

A. N-Aryl and N-Alkyl aldimines 

The possibility of the existence of syn—anti (or cis—trans) isomerism in 
imines or Schiff bases derived from the reaction of an aldehyde with 
a primary amine has intrigued chemists for many decades. Only 
recently, however, has it been firmly established that such isomerism 

Ri R2 R 

so EEN 
u a er 

syn or cis anti or trans 
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is indeed possible and that the rates of interconversion of such isomers 
can be measured quantitatively. 

Most of the early investigations were with anils of benzaldehyde. 
The fact that hundreds of anils were reported to exhibit thermo- 
chromism* and dozens (mainly derivatives of salicylaldehyde) to 
display photochromism? led to many explanations of these phenomena 
in terms of syn—anti isomerization. 

There have also been many reports of the isolation of anils in more 
than one crystalline form, usually of different colours and melting 
points*. This, quite naturally, was explained by some to be the isola- 
tion of stable syn and anti isomers. True syn—anti isomerism in these 
early cases was not unequivocally demonstrated and in many cases it 
has been later asserted that the two forms reported were just dimorphic 
forms. The danger of confusing polymorphism with stereoisomerism 
was pointed out by Curtin‘, with the illustration that benzophenone 
phenylimine (1) exists in two crystalline forms® even though no 
stereoisomerism is possible. 

eae o-HOCgH4 

C=N ac 
i 4 

Cot. CeHs 4 CgH4CO.2R-p 
(1) (2) R = CHs 

(3) R = CaHs 

Schiff bases 2 and 3, derivatives of salicylaldehyde, can be chosen to 
illustrate the course of events referred to in the previous paragraphs. 
Compound 2 can be isolated as yellow needles which melt at 145°°. 
Exposure of these needles to light gives orange-red needles of con- 
siderably higher melting point. By careful fractional crystallization 
from ethanol one can obtain two forms of the ethyl derivative (38) 
which have different melting points and are of different colour’. The 
results have been attributed by Manchot and Furlong®.” to the 
isolation and interconversion of the syn and anti isomers of these 
compounds. 

It was claimed ® that the results observed by Manchot and Furlong 
could be better explained in terms of polymorphism. That it is poly- 
morphism in these cases was felt to be substantiated by the dipole 
moment studies of De Gaouck and Le Fevre® and by Jensen and 
Bang?° who found identical dipole moments for the two forms of 3 in 
various solvents. What these authors failed to consider, though, is the 
possibility that the two crystalline forms of 8 were indeed syn and ante 
isomers which rapidly established the same equilibrium mixture of 
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isomers upon being dissolved in the solvents. With the present 

knowledge of the rapid interconversion of isomers of N-aryl imines** 
they could not have ignored this possibility. 

Most dipole moment studies are consistent with a planar érans 
structure for N-benzylideneanilines in solution. De Gaouck and Le 
Fevre!2 found that the dipole moment of N-benzylideneaniline (4) 
agreed well with that of p-chlorobenzylidene-f-chloroaniline (5). 
Spectral studies, however, have led to some disbelief in the planar 

trans structure. Wiegand and Merkel?® observed that the ultraviolet 
spectra of trans-stilbene (6), 2-phenylindene (7), and 2-phenylimidazole 
(8) were very similar and quite different from the spectrum of N- 
benzylideneaniline (4). Since dipole moment studies rule out a cis 
structure for 4 and the absorption spectrum is not consistent with a 
trans structure, they concluded that the preferred structure in solution 
is most likely linear at the nitrogen (9). 

oho Om © 3 

(6) 

EN 
C=N 

(9) 

The anomalous absorption spectra of N-benzylideneanilines is, 
nevertheless, still consistent with a trans structure if one considers a 
deviation from coplanarity. The deviation from coplanarity as 
depicted in structure 10 can be expressed i in terms of a dihedral angle, 
6, between the plane of the aniline ring and the plane of the rest of the 
molecule. When 6 = 0° there is no conjugation of the non-bonding 
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electrons on nitrogen with the N-aryl group, whereas an angle of 90° 
represents optimal conditions for this type of conjugation. More 

O,.. ao 
(10) 

accurate measurements of both dipole moments and simple mo cal- 
culations ** determine the angle @ to be approximately 60°, and para 
substituents in the aryl rings have little effect on this angle. A more 
complex Mo method has recently been employed?® to calculate the 
electronic spectra of N-benzylideneanilines assuming this deviation of 
about 60° from coplanarity, and the results are in quite good agreement 
with experimental results. 

Recent x-ray crystallographic studies®:17 have shown that some 
derivatives of N-benzylideneaniline may crystallize in a trans non- 
planar form. Of course, these observations may not be extrapolated to 
structures in solution. 

In spite of the numerous studies on the structure of N-benzylidene- 
anilines there apparently still had not been a quantitative study of 
syn—anti isomerization in this type of compound at the time of a 
review on geometrical isomerization in conjugated molecules in 
195518. Seemingly, since syn isomers of N-benzylideneanilines ap- 
parently cannot be obtained from normal syntheses and are not 
favoured at equilibrium in solution, such a study would have to 
depend upon the zn situ generation of the syn isomer as an unstable or 
transient species. 

Fischer and coworkers found that at low temperatures photo- 
isomerizations could be carried out on systems which at room tem- 
perature would result in unstable, and therefore undetectable, isomers. 
In 1957 they reported?® the results of their application of the low- 
temperature irradiation technique to N-benzylideneaniline and re- 
lated compounds. When solutions of these Schiff bases were irradiated 
with light of various wavelengths at room temperature no short-lived 
or permanent change was noted. However, irradiation of the same 
solutions at — 100° or lower led to pronounced changes in the spectra. 

The actual extent of the changes depended on the wavelength of the 

light used for irradiation. Thermal reversion to the original absorption 
occurred at a convenient rate in the range of —70° to —40°. The 
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reversion process was found to be first order with an activation energy 

of 16-17 kcal/mole in methylcyclohexane. The spectral changes were 

completely reversible for all of the benzalaniline derivatives studied and 

non-existent for compounds such as 1, which is unable to have two 

geometrical isomers. 
Not many details were supplied by Fischer and Freit®, but their 

communication appears to represent the first reported kinetic study of 
actual syn—anti isomerization at the azomethine group in N-benzyl- 
ideneanilines (and may be the first kinetic study of isomerization at the 
carbon-nitrogen double bond in any system). 

The development of high-energy flash photolysis units and their use, 
most notably by Wettermark and coworkers (see Chapter 12), allowed 
the conversions described by Fischer and Frei to be observed at tem- 
peratures closer to room temperature. Wettermark and Dogliotti?° 
reported the observation of two photo-induced isomerizations in the 
photolysis of solutions of N-(o-hydroxybenzylidene)aniline (11) in the 
temperature range 15-70°. One process is associated with the formation 
of a new absorption band with a maximum around 470 muy, which fades 
in the dark with a lifetime in the millisecond region. The fading of this 
band was found to be increased by the addition of small amounts of 
acid or base and the kinetic order of the process varied with the 
conditions. 

Quinoid isomers have been proposed for the red form of 11 observed 
in the crystalline state and upon irradiation of solutions at low tem- 
perature*:?, The spectrum observed for the red form in a rigid glass 
and in the solid”? is very similar to the spectrum observed by Wetter- 
mark upon irradiation of solutions at room temperature. Thus the 
quinonoid structure 12 has been assigned ° to the species, giving rise to 
the short-lived band at 470 my. Probably many of the photochromic 
conversions noted for anils derived from salicylaldehyde? can be 
accounted for by equilibria between enol and keto structures. The role 
of cis and trans keto structures in photochromic anils is still the subject 
of active investigation 2°, 

Or AOD) ~ dark OX = (1) 

"a 
Of more importance, however, to the present consideration of 

geometrical isomerizations is the second of the processes observed by 
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TaBLE 1, Kinetic parameters for the thermal relaxation 
of photo-isomerized solutions of some Schiff bases.24 

Schiff base kgo.0°(S~2) ATX 1024(8=4) E, (kcal/mole) 

N-(o-hydroxybenzylidene) 
aniline (11) 1-67 0:3 14-2 

N-(o-hydroxybenzylidene) 
-B-naphthylamine 1-93 3 15-4 

N-(p-hydroxybenzylidene) 
aniline 0-72 2 15:7 

N-benzylideneaniline (4) 1-46 Ibe 16:5 
N-benzhydrylidene- 

aniline (1) No change 

Wettermark and Dogliotti?° upon irradiation of solutions of 11. This 
second change is associated with a decrease in optical density around 
385 mu upon photolysis and a restoration of absorption in the dark at 
a rate many times slower than the previously mentioned process. This 
slower process is independent of added acid or base and has an 
activation energy of 15 kcal/mole as derived from the first-order plots. 
It was assumed that the transient species with less absorption at 
385 my than II is the czs or syn enol form of the imine and the process 
being measured is the syn—anti isomerization around the carbon— 
nitrogen double bond. 

Some kinetic parameters for the thermal relaxation of the long- 
lived transformation (syn—anti isomerization) in several anils studied by 
Anderson and Wettermark** are summarized in Table 1. The anions 
of the first three anils in Table 1 in strong base also show syn-anti 
isomerization with an energy of activation comparable to that of the 
neutral species. The similarity in #, values found for anils 11 and 4 
provides convincing evidence that the transformations being observed 
for the salicylaldehyde derivatives do not involve the quinonoid 
tautomer. Furthermore the fact that compound 1, for which syn and 

anti isomers do not exist, does not give rise to observable photo-induced 

transients also tends to support the proposition of syn—anti isomerization 
as the cause of the changes observed. 

In order to determine the effect of substituents on the rate of iso- 

merization, several substituted anils of the general structure 13 were 
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prepared and studied by the flash photolysis technique?*:?°. Each 

anil bore one substituent (NO,, Br, Cl, CH3;, OH, N(CHg)2, or 

OCH,) in the 3,3’,4, or 4’ position. All compounds except 4’-NO, 

showed changes in absorption upon photolysis which thermally 

reverted to the original absorption pattern by a first-order process 
assumed again to be syn—anti isomerization. The applicability of the 
Hammett equation (equation 2) was tested for the rate constants 
obtained and the results are shown in Table 2. The p values are 

log k = po + log ko (2) 

positive, in agreement with the observation that electron-withdrawing 
groups facilitate the isomerization (‘Table 3). 

Tasie 2. Applicability of the Hammett equation.?® 

Correlation 
p coefficient 

Substitution in 3- or 4-position 0:35 0-90 
Substitution in 3’- or 4’-position 1-85 0-98 

TABLE 3. Rate constants for the thermal relaxation of 
photo-isomerized solutions of some N-benzylideneanilines.¢ 

Substituent Position kgq(s~*) 

N(CHs3)2 4 0-67 
2 4 2:17 

N(CHs3)2 4’ 0-094 
Br 4’ 3-41 
CH;O 3 1-25 10-2 
NO; 3 22 eee 
N(CHs3)2 3F 0-30 + 0-01 
NO, af 16-6 + 0-5 

° Data are from references 25 and 26 and represent only a portion 
of those compounds reported. 

From the magnitude of the p values in Table 2 it can be seen that 
the effect of a substituent is much greater when it is attached to the 
aniline ring than when it occupies the corresponding position on the 
benzaldehyde ring. This is interpreted by Wettermark2* as being con- 
sistent with the non-planar model for N-benzilideneaniline (10), 
where the z-electron system of the aniline ring interacts more strongly 
with the non-bonding electrons on nitrogen than the z electrons from 
the rest of the system. 
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Whether the lack of observable isomerization in the 4’-NO, mole- 
cule is due to the process being too rapid to detect is not entirely clear. 
Wettermark*?.?6 prefers an explanation based on a strong resonance 
interaction between the aniline nitrogen lone pair and the nitro 
group, thus leading to a maximum deviation from coplanarity and 
sp hybridization at the nitrogen. No geometrical isomers would then 
exist. This structure (14) is the same as that proposed by Ebara2” but, 
as has been pointed out", this was on a misinterpretation of his 
experimental data. 

H 
X 
C—=N—s_—NO, 

(14) 

Most recently, Wettermark and Wallstrom*! have found that the 
calculated C—N bond orders for a series of N-benzylidene type 
Schiff bases are inversely related to the rate constants for the thermal 
relaxation processes measured by them. It would be interesting to 
extend these mo calculations, if possible, to some of the compounds 
discussed in the following sections of this chapter to see if other rate 
data can be correlated with bond orders. 

Reports of studies of the isomerization of aldimines derived from 
aliphatic amines are few and far between. The methylimines 15-18 
were prepared by Curtin and coworkers?®. Due to the method of 
synthesis, the lack of evidence for two isomers in the infrared and n.m.r. 
spectra, and the known preference for a trans configuration for benzene 
azomethane (Cg,H;N—=NCH,) ”°, it was concluded that the trans or 
anti configuration predominates in solutions of these methylimines.: 
Some similarities between these imines and some ketimines to ,be 
mentioned in the next section are also consistent with an anti assign- 
ment. There was no attempt by these workers ?°, however, to generate 
the syn isomers and to study their reversion to the anti isomers, so no 
kinetic data are available. 

p-RCgH4 

cote, 

if CHs 

(15)R =H (17) R = CH3;0 

(16) R = Cl (18) R= NOz 

13+..c.N.D.B. 
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Hine and Yeh®° have recently determined the equilibrium con- 
stants for the formation of imines and water from isobutyraldehyde 
and several saturated amines ranging from methyl through ¢-butyl. A 
comparison of these imines with their olefinic analogues, the 4- 
methyl-2-pentenes, led to the conclusion that the anti form of the 
imines should be the more stable and was most likely the one being 
observed. More convincing, however, is the argument based on the 
constancy of the coupling constant (J,,) between the «-hydrogen of 
the isopropyl group and the hydrogen attached to the sp? carbon as the 
group R is varied in 19 from methyl through ¢-butyl. It would certainly 

oe wea 
ae C=N 

se 
H C. Ny 

(19) 

be expected that the relative amounts of contributing conformations 
and thus the net coupling constant would be changed if significant 
amounts of the syn isomers were present. Also, no extra bands were 
seen in the n.m.r. spectra which could be due to the syn isomers. 
Although this absence could be explained by a coincidence of chemical 
shifts in the two isomers or rapid establishment of a syn—anti equilibrium, 
these possibilities do not seem likely in view of the published evidence 
on the relatively slow isomerization of N-alkyl ketimines2® and the 
chemical shift data for similar systems ?!. 

N-Alkylmethylene imines (20-22), the simplest of aldimines, have 
been prepared and their n.m.r. spectra examined °?:3%, The spectrum 
of N-methylmethyleneimine (20) appears as an ABX, system with the 
A and B hydrogens (each a doublet of quartets through spin-spin 
coupling) separated by about 25 Hz as would be expected for a non- 
linear structure **, An n.m.r. study of the configurational stability of 
these methylene imines would be theoretically possible through the 
observation of the temperature dependence of the separation between 

(A) H CH,(X) a C(CHs)s H C(CHs)2CHC(CHs)s 
C=N C=N C=N 

(B) AW” a ue 
(20) (21) (22) 
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the A and B signals. Apparently this has not been done and pre- 
sumably this is due to the instability of methylene imines and the high 
temperatures that might be necessary to bring about rapid (on the 
n.m.r. time scale) inversion at nitrogen. 

B. N-Alkyl and N-Aryl ketimines 

The history of the study of isomerism of the syn-anti variety in 
ketimines (Schiff bases derived from ketones and aryl or alkyl amines) 
is much like that just described for aldimines. There have been several 
equivocal reports of the isolation of two isomers of ketimines in the 
older literature*:1® and several of these have been later disputed‘. 

For example, the reaction of p,p’-dichlorobenzalacetophenone with 
p-toluidine in benzene at room temperature reportedly gave yellow 
needles, m.p. 130°, when the reaction was terminated after 40 hours **. 
However, if the reaction mixture was allowed to stand for several 
weeks at room temperature the chief product was a colourless com- 
pound, m.p. 145°, which was formed together with the yellow needles. 
The two forms were separable by fractional crystallization, yielded 
different picrates and hydrochlorides, but had similar molecular 
weights. It was concluded that they represent the two geometrical 
isomers of the ketimine. 

Ramart-Lucas and Hoch*® obtained two forms of the anil of 
desoxybenzoin which had different melting points and different 
absorption spectra in the ultraviolet region. They assigned structure 
23 to the higher melting isomer which possessed the longer wavelength 
absorption. 

Taylor and Fletcher*® felt that they had isolated geometrical isomers 

of imines in the 2-nitrofluorene series. The acid-catalysed condensation 

of 2-nitrofluorenone with f-toluidine resulted in a product, m.p. 193°, 

to which they assigned structure 24. The base-catalysed condensation’ 

of 2-nitrofluorene with f-nitrosotoluene yielded a different isomer, 

m.p. 218°, which was assigned structure 25. The structural assignments 

were made as a result of several considerations including differences in 

the ultraviolet absorption spectra of the two forms in ethanol. The 

ace OOO OO 
I “NO, NO; 

N 
Gohl ™ Ss 

p-CH,C.H, CgH,CH.-p 

(23) (24) (25) 
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spectral differences were quite small, however, and the unusual 

stereospecificity of the two reactions and configurational stability of 

the products led Curtin and Hausser* to attempt to reproduce this 

work of Taylor and Fletcher. This they could not do in entirety and 

they thus concluded that the structural assignments, 24 and 25, 

should be open to question until further work is done on this system. 

In 1962, Saucy and Sternbach®*’ described the isolation of both forms 

of 2-methylamino-5-trifluoromethylbenzophenone methylimine (26, 

27). They assigned structure 26 to the lower melting isomer, mainly on 

the basis of the wide absorption band in its infrared spectrum at 3-3 p 

attributed to a hydrogen bonded —N—H stretching mode. The other 

form, incapable of this hydrogen bonding, showed a sharper —N—H 

band at 2°8 pu. 

ce fee 

tsa NH 

3 Hs 

F.C =N. F.C C=N 

cH, 

(26) (27) 

2-Amino-5-chlorobenzophenone and 4-(2-aminoethyl)morphine, 
when heated in xylene in the presence of zinc chloride, gave, upon 
fractional crystallization, two isomers designated « and f by Bell, 
Conklin and Childress °*:9°, The a-isomer (28) was white and melted at 
140-142°, while the B-form (29) was pale yellow and melted in the 
range 112-114°. The melt of the B-isomer, when cooled after being 
held for a few minutes at 140-150°, yielded the a-isomer. The infrared 
and n.m.r. spectra of 28 and 29 were consistent with the ketimine 
structures but did not reveal the geometric orientation of the isomers. 
The assignments were made by relating the ultraviolet absorption 
spectra of the ketimine isomers with those of the corresponding oxime 
isomers (80, 31) of supposedly known configuration *°. The spectra of 
28 and 29 were quite different, but that of 28 was similar to the spectrum 
of 30, and the curve of 29 was quite like the spectrum of 31. The spectra 
observed in these sets of compounds may be explained by assuming 
that, because of steric crowding, the aromatic ring cis to the sub- 
stituent on nitrogen is twisted out of the plane of the rest of the 
conjugated system‘! as depicted by structures 28-31. The main 
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NH, 

CH,CH,N O < CN’ x aN / Cl CaN 

rca 

O 
(28) (29) 

NH, 

OH = Cl —N C=N a 

(30) (31) 

chromophore giving rise to the long wavelength absorption is thus the 
one ring and the carbon-nitrogen double bond which are coplanar. 
This ring twist argument could also have been used by Saucy and 
Sternbach®” for assigning structures 26 and 27, and the result would 
have been the same as their conclusion based on infrared evidence. 

Geometric isomerism of simple aliphatic azomethines has been 
observed recently by n.m.r. spectroscopy **-**. The spectrum of the 
methylimine of acetone, for example, consists of three resonances of 
equal area at 7 8-20, 8-02 and 6-94, indicating that isomerization of the 
methyl group on nitrogen is slow on the n.m.r. time scale. A similar 
doubling of patterns was noted for other symmetrically C-substituted 
N-alky] ketimines. For unsymmetrical ketimines it was possible through 
a consideration of peak areas to assign syn—anti ratios (82:33). Some of 
the results are summarized in Table 4. 

R? R 
a A 

N N 

é . 
she Neus RO aH, 

(32) (33) 

The first extensive study of the isomerization of ketimines is that of 

Curtin and Hausser*. Imines were chosen by these workers as model 

compounds to be used in place of vinyllithium compounds to study the 

effects of structural changes on the configurational stability of such 
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Tass 4. Isomer ratios*?-** of some unsymmetrically 
C-substituted azomethines CH,CR=NR1. 

R Re 7, syn (32) % anti (33) 

C.H; CH, 14 86 
(CH3),CH CH3 3 7 
(CH3)3C CH; 0 100 
C3H, C,H, 23 77 
(CH3)3CCH, C,H, 11 89 
C,H; CH(CH3)C,Hs 17 83 
(CH3;),CH CH(CH3;)CgHs J 93 
(CHg)3C CH(CH3;)C.H5 0 100 

species. Imines are isoelectronic with the corresponding vinyl car- 
banions thought to be intermediates in the cis—trans isomerization of 
vinyllithium compounds*®, and have the advantage of existing as 

Ri Li BS R8 

ae ——_ 15 hi Si 

Ke Nps Ro oe 
(3) 

Ri Ri R3 

XS x Ve 

neutral molecules rather than as ions or ion aggregates. From the 
behaviour of vinyllithium compounds it was predicted that N- 
alkyl imines should possess a relatively high degree of configurational 
stability at room temperature. 

Curtin and Hausser obtained by normal procedures the N- 
methylimines of -chlorobenzophenone and /-nitrobenzophenone. 
The crystalline p-chlorobenzophenone methylimine was shown to be 
the pure cis isomer (34) (cis and trans were used in this study to define 
the relative positions of p-substituted phenyl and the substituent on 
nitrogen). It was found, by observation of bands unique to it in the 

As Pipe 

N N 
l | 
oO G 

OO A he 
(34) (35) 
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ultraviolet and infrared spectra, to isomerize in cyclohexane solution 
to an equilibrium mixture of 587, of the trans and 42% of the cis 
isomer at 100°. The first-order kinetics of this isomerization were 
measured over a temperature range of 40-60°. The resulting thermo- 
dynamic parameters are summarized in Table 5. 

TaBLe 5. Rates of uncatalysed cis—trans isomerization 
of methylimines 34 and 35 in cyclohexane.* 

Com- 
pound = T (°c) Ke 10 Kees) E,, (kcal/mole) AS* (e.u.) 

34 50-2 1-4 4-04 20:3. —3-6 + 1-0 
35 50-2 1-6 4-26 27:1 + 0:5 +3:-4 + 1-4 

The p-nitrobenzophenone methylimine was shown to be the érans 
isomer (85). Its conversion in solution to an equilibrium mixture of 
69-57, of the trans and 30-5 of the czs isomer (100°) was also con- 
veniently followed spectrophotometrically over the range 40-60°, and 
the results are tabulated in Table 5. It is noteworthy that the effect of 
these substituents on the rate of isomerization is quite small. 

The assignment of configurations of imines 34 and 35 was made with 
the aid of an empirical infrared correlation noted by Curtin and 
Hausser *, and also through ultraviolet spectral analogies. Examination 
of infrared spectra of properly constituted olefins and azo compounds of 
known configurations revealed that the position of the phenyl hydrogen 
deformation frequency in the 700 cm~? region is higher in that isomer 
with another atom or group cis to the phenyl ring, the difference 
between the two isomers generally being 5-9 cm~’. No significant 

reversal of this trend has been found, and recently a very similar 

infrared method for structural assignments in olefins, imines and azo 

compounds has been communicated by Liittke*®. Use was made in. 

this latter study of spectral differences in this same region of 700 cm>?. 

Either of these infrared correlations should prove very useful for future 

configurational assignments. : 
Reports from other workers tend to confirm this high degree of con- 

figurational stability for common N-alkyl ketimines. In the previously 

mentioned cases where both isomers of one compound have been 

isolated 27-89 the compounds had an alkyl group on the nitrogen atom 

and no note was made of rapid spectral changes at room temperature. 

Recently Staab, Vogtle and Mannschreck** reported n.m.r. chemical 

shifts for the methyl groups in acetone N-benzylimine as shown in 36. 

Presumably, as will be discussed in more detail later, the methyl group 
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cis to the aromatic ring in 36 is the one with the higher field resonance 

as a result of a phenyl ring-current effect. The two methyl signals 

remained separated or uncoalesced even at 170° in quinoline; a fact 

which allows a calculation of a lower limit of 23 kcal/mole for the free 

energy of activation, 4G**’. 

(78-14) H3C CHaCeHs AG* > 23 kcal/mole 

el) 
ye 

(77:98) HeC 
(36) 

Some N-perfluoroalkyl ketimines seem to have much lower con- 

figurational stability for reasons not yet fully understood. The process 

shown in equation (4) is what is assumed to be responsible for the 

temperature dependence of the 1°F n.m.r. spectrum of this per- 

fluoro imine*®, It was observed that the two —C—CFy, groups are 

(CF,)aCF CFs ean 

N=C —— ped (4) 

Nr, (CF) 2CF CFs 
(37) 

separated by more than 300 Hz at temperatures well below their coal- 

escence temperature of 32°. By recording the peak separation as a 

function of temperature it was possible to calculate an energy of 

activation of 13 + 3 kcal/mole for the alleged isomerization of 37. 

A temperature-dependent broadening of the AB-type pattern of the 

—CF, group in perfluoro-N-methyleneisopropylamine (38) has also 

F FC(CFs)o 

==N 
Vv 

(38) 

been attributed *° to isomerization about the C=N bond. In this case 
the energy of activation is apparently even lower, and is estimated to 
be about 11 kcal/mole. Since rapid isomerization is not observed at 
room temperature in perfluoroalkylidene derivatives of normal 
perfluoroalkyl amines *®, greater steric interactions in the ground state 
may partially explain the rapid isomerization of 37 and 38, but this is 
yet to be established. It is doubtful that an argument based on steric 
factors alone could account for the difference of more than 10 
kcal/mole in activation energy between 38 and 34 or 35. 
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Curtin and McCarty?*:5° reported several lines of evidence to 
support the suggestion that N-aryl imines derived from unsymmetrically 
substituted benzophenones (39-42) are present in solution as a rapidly 
equilibrating mixture of syn and anti isomers but crystallize in a single 
stereoisomeric form. Each of the compounds 89-42 is a crystalline solid 
with a small melting point range (< 1°). Each of the first three (39-41) 

p-YCegH4 (39) xX => Chis; ay = OCH: 

C=N (41) X =-Cl, Y= OCH, 
Pidiee (42) X =-OCHs, Y = Cl 

cat CoH aX-p 

in solution gave rise to two methoxyl proton peaks (of unequal area 
and 0-04—0-06 p.p.m. separation) in the n.m.r. spectra and to two 
infrared absorptions in the region near 700 cm~? associated with the 
monosubstituted aromatic ring *. Each of the imines as the solid in a 
potassium bromide disk gave a single absorption in the 700 cm~1 
region, but when the disk was heated for several minutes above the 
melting point of the particular imine, reground, and reformed, the 
monosubstituted aromatic absorption showed the development of a 
new band. Reference to the previously mentioned empirical infrared 
correlation in the 700 cm~? region suggests that each of the imines 
39-41 crystallizes largely in the configuration depicted with the 
CH,;0C,H,- ring trans to the N-aryl ring. The n.m.r. and infrared 
results are presented in Table 6. Similar results were found for N- 
aryl imines of other f-substituted benzophenones not shown in Table 6. 

Tasie 6. N.m.r and infrared data for imines 39—41.28+59 

Solution KBr infrared (cm~?) 
Compound CH;0O (rz) infrared (cm~?) Before heat After heat 

(39) 6-22 700 703 703 
6-28 695 697 F 

(40) 6-24 699 702 702 7 
6-28 695 696 

(41) 6-23 698 701 701 
6-29 694 695 

The ultraviolet spectrum of 40, freshly dissolved in carbon tetra- 
chloride at 0°, had a maximum at 275 muy (e 29,000) but on standing 
there developed a broad shoulder at 255 my. The approach to equili- 
brium was observed at various temperatures and the plots of 
In(A, — A,)/(A. — A) against ¢ were linear, indicating a first-order 
process. The results are presented in Table 7. The unsymmetrical 

13* 
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TasLe 7. Rates of isomerization of imine 40 (4 x 10-4 m in carbon 
tetrachloride followed by observation of the absorption at 290 my).?® 

Temperature 10* Kees E, AS* 
(°c + 0+2°) (s -3) (kcal/mole) (en 

~ 7-28 4-08 + 0:05 
42:8 15-0 + 0-2 19-7 + 0-4 21 + 15 
412-2 53-7 + 0-5 
+62 (1-0 x 104)? 

2 Duplicate runs made in each temperature range; only one shown. 
> Extrapolated value. 

tolyl imine(39), when dissolved in carbon tetrachloride, also underwent 
a change in the ultraviolet spectrum. This change was so rapid, how- 
ever, even at —7-2°, that it was difficult to follow and only limited 
data were reported. One run at —7-2° gave k,,, = 23:3 + 0-2 x 10-4 
s~*. This substituent effect (admittedly very limited data) would be 
expected for a process with a Hammett p of + 1:7. 

The rate parameters shown in Table 7 and the methoxyl peak 
separation mentioned for the n.m.r. spectra of 39-41 suggest that this 
process might be more amenable to study by variable temperature 
n.m.r. techniques. With this objective in mind, Curtin and McCarty 
synthesized ketimines 43-46. Each of the imines 48-45 showed, in 

p-CH,OH.C, CeHa-X-p (48) X = H (76-20, 6-28) 
; (44) X = N(CHa)z (6-25, 6:28) 
C=N (45) X = CHa (6-26, 6-31) 

(46) X = COC3Hs (6:26, broad) 
p-CHsOH.C4 

carbon tetrachloride, the p-methoxyl proton absorption as two peaks 
of equal intensity with a separation of 0-03 to 0-08 p.p.m. The positions 
of these peaks are indicated next to the formulae. Imine 46 showed a 
broad peak at room temperature which also separated into a doublet 
when the sample was cooled below 40°. When 43-46 were heated to 
70°, the methoxyl absorptions coalesced but reverted to their original 
position when the samples were cooled. 

It was assumed that the process responsible for the temperature- 
dependent changes in the n.m.r. spectra of 43-46 was syn-anti iso- 
merization which, when sufficiently rapid, made the environments of 
the two methoxyl groups equivalent. Measurement of the coalescence 
temperature for each compound allowed the rate of the process to be 
calculated at that temperature*’. The results are shown in Table 8. 
The rates are shown extrapolated to a common temperature for con- 
venience in comparison. The results are fairly insensitive to the value 
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TABLE 8. Isomerization rates of imines 43—46 in 

carbon tetrachloride.2® 

aye 
Coalescence Ae Kary Se 

Compound, temperature, Hz at 60 MHz sa (extra- 
substituent Ce 0:57) (+ 0-15) (4°0'3) polated) 

(43) H 69-5 3-92 8-7 4-4 
(44) N(CHs3). 78:8 2-60 5-8 1°34 
(45) CHa, 62-2 4-90 10-9 11 
(46) CO.C,H; 29:8 B99 12-4 180 

@ Extrapolated assuming 4S* = 0. 

assumed for 4.S* but a value of 4S* = 0 seems reasonable, considering 
the results obtained with an unsymmetrical analogue (compound 40, 
Table 7). Plots of log k,8?° versus Hammett o~ were reasonably 
linear and gave a value of p = +1-67 + 0-15, in good agreement with 
that estimated from the limited data on the rate of isomerization of 39 
and 40. The correspondence of the data for 40 and 44 adds support to 
the hypothesis that it is the same process being measured by the two 
different instrumental techniques. Also it supports the conclusion that 
changes in substituents back on the benzophenone rings have little 
effect on the rate of isomerization *. 
A very similar study with similar results was carried out by Rieker 

and Kessler®! on anils of 2,6-di-é-butyl-1,4-benzoquinone (47). In 
each of the anils prepared by them (different R groups) the ¢-butyl 
resonance in the n.m.r. spectrum appeared as two singlets at about 

oO O 

H? Ht 3a H* (5) 

O° 
(47) 

78-65 and 8-80. The hydrogens H! and H? appeared as an AB- 

system (Jy, = 2-6 + 0-2 Hz) in the region of r 3-0 to 3-4. 

The chemical shift difference between H! and H? was ascribed to 

the fact that the \c=N system and the aryl ring are probably not 

coplanar and the angle of twist may be as great as 90°. Ifso, this would 
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be expected to lead to a shielding of the hydrogen syn to the aromatic 

ring relative to the other hydrogen due to the ring-current effect. 

N.m.r. measurements of the anisotropy effect of the phenylimino group 

have also been reported by Saito and Nukada®?, who found two peaks 

due to the «-methylene protons adjacent to the phenylimino group in 

the anils of cyclohexane and cyclopentane (48, 49). The latter authors 

je © ~ © 
C=N can 
/ / 
CH, CH, 

(48) (49) 

concluded from ultraviolet and infrared data in addition to the n.m.r. 

data that the oan plane is nearly perpendicular to the phenyl 

plane and that hybridization of the nitrogen is sp. 
The temperature dependence of the AB pattern in the n.m.r. spectra 

of 12 benzoquinone anils, differing only in the substituted R, was 
determined by Ricker and Kessler®!. These data allowed them to 
calculate the 4G* values for these compounds (some results are 
shown in Table 9). The 4G* values varied inversely with the Hammett 
oy values for the R groups and a plot of 4G* versus o, was found to be 
quite linear. The mechanistic implications of this are discussed in a 
later section. 

TABLE 9. Temperature dependence of the ¢-butyl signal in the n.m.r. spectra 
of benzoquinone anils.*® 

Subst. R Aves Coalescence AG* 
in 47 in Hz (+ 0-4) temperature (°c +2°) kcal/mole (+ 0-14) 

N(CHs3)2 4-7 144 22-80 
CH; 6:8 152 22-94 

H 9-2 140 22-03 
Cl 8:4 128 21-42 
CO,C2H; 9:5 96 19-57 

Curtin and coworkers?® had also observed the anisotropic effect of 
the phenylimino group in the n.m.r. spectrum of the anil of acetone 
(50) which showed two methyl peaks of equal intensity at 7 7-96 and 
8-33 in carbon tetrachloride at room temperature. In connection with 
an attempt to assign the peaks as shown next to the formula for 50, the 
anil 51 was prepared. It was assumed to be the isomer with the bulky 
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t-butyl and phenyl groups rans to one another as shown. With this 
assumption, which seems reasonable, it can be seen that the high field 

~ methyl peak in 50 is the one syn or cis to the phenyl as would be ex- 
pected from the normal ring-current effect. 

(78:33) H,C O (78:31) H,C O 
"tN hen / (7796) H,C (8:81) (CH,),C” 
(50) (51) 

Compounds 50 and 51 were later synthesized and studied by Staab 
and coworkers**, who obtained essentially the same chemical shift 
values as those shown. However, they also heated 50 in diphenyl ether 
as a solvent until the methyl peaks coalesced (126°) and calculated a 
AG* of 20-3 kcal/mole for the temperature-dependent isomerization 
process assumed to be the reason for the collapse of the separate 
signals. This value is in quite good agreement with the values previously 
mentioned for other N-aryl ketimines?®-°°, 

Finally, it should be noted that syn-anti isomerism is observable in 
some parent ketimines. Lambert, Oliver and Roberts®? have found 
evidence using n.m.r. spectroscopy that s-butylphenylketimine (52) in 
pentane at —60° exists as a mixture of syn and anti isomers. The 
equilibration process, studied by n.m.r. between —60 and —2°, is 
bimolecular and not unimolecular as it should be for a simple syn—anti 
isomerization. It was concluded that the process being observed 
probably involves a double proton exchange between two molecules 
(53). 

H > aed 

N | 
I N 
C at iy 

eke CeHs Bacal? 

i i 
(52) (53) 

C. Oximes and Oxime Ethers 

The oximation of ketones and aldehydes is usually achieved through 

their reaction with hydroxylamine salts in the presence of a base. 

It has been known for many years that some aldehydes and 
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unsymmetrical ketones yield two isomeric products which can some- 

times be separated by fractional crystallization and are often inter- 

convertible 3-54-55, Although it was assumed by many that these isomers 

were the cis and trans or syn and anti forms of a structure containing the 

carbon-nitrogen double bond, this view was certainly not unanimous 

and could not really be proven until the advent of modern 

instrumentation. 
It was noted soon after Beckmann’s original work on the rearrange- 

ment of oximes to amides ®® that isomeric oximes give isomeric amides 
(equation 6). Thus the Beckmann rearrangement became the tool of 

REOR’ -- NHZOH) === RGR and/or RCR’ + H,O 

NOH HON 

PCls PCls (6) 
ether ether 

RNHCOR’ R’NHCOR 

chemists for assigning oxime configurations. It should be pointed out, 
however, that the assignments prior to the elegant work of Meisen- 
heimer®” in 1921 were wrong because the mechanism of the re- 
arrangement was assumed to involve a cis exchange of groups rather 
than the presently accepted trans migration. Meisenheimer showed that 
benzil-8-monoxime (54) could be prepared from the ring opening of 
triphenylisoxazole (55) followed by hydrolysis of the benzoate ester 
and thus has the configuration shown. This monoxime gave phenyl- 
glyoxanilide (56) upon treatment with phosphorus pentachloride in 
ether which established the trans migration of groups. 

Cotec C.H.COCC.H, 
| Choe ty XN = 

i P 4 
O C,H;CO 

I 
O 

(55) 

Cabs oc sHs > CgHsNHCOCOCsH, 

N 
vA 

HO 
(54) (56) (7) 

The use of the Beckmann rearrangement for configurational 
assignments has to be viewed in light of the fact that oxime isomers are 
interconvertible and the isomerization is catalysed by the reagents 
often used to carry out the oxime to amide rearrangement; i.e. acids 
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and bases**. Furthermore, the rate of the equilibration of isomers, the 
position of the equilibrium, and the migratory aptitude of the groups 
Involved are all temperature dependent*!, and too often little effort 
has been expended in controlling the temperature of the Beckmann 
rearrangements, with the net result being that meaningful comparisons 
of experiments are difficult to come by in the older literature. For those 
cases where the oxime isomers are readily equilibrated under the 
reaction conditions, the Beckmann rearrangement often gives the same 
mixture of amides or the same amide for each of the two pure oxime 
isomers. This is true because the equilibration of isomers is faster than 
the rearrangement and the product composition becomes determined 
by the relative rates of migration of the two groups and is independent 
of the stereochemistry of the starting isomer *?. 

With these complications in mind it is obvious that physical methods 
are far more desirable for confirming the existence of syn—anti iso- 
merism in oximes and for assigning configurations. Dipole moment 
measurements have often been used for these purposes®® but assign- 
ments resulting from such studies are little, if any, freer from ambiguities 
and criticisms than those from Beckmann rearrangement studies. 
Part of the trouble lies in the selection of the proper bond moments 
and bond angles and the rest is in the fact that oximes tend to exist as 
dimers or larger aggregates in solution. 

x-Ray diffraction studies have established the non-linearity of the 
C—N—O group which gives rise to the isomerism in oximes, and a 

recent crystallographic analysis®® of the p-bromobenzoate of benzil-c- 

monoxime shows clearly that the structure is 57, with the p-bromo- 

CgHsCOCC,.Hs 
I 

\ 
OCOC,H.Br-p , 

(57) 

benzoate group frans relative to the carbonyl group. This confirms 

Meisenheimer’s original assignments based on his work with the B- 

monoxime (54). Jerslev®° has determined the structure of both forms 

of p-chlorobenzaldoxime through an x-ray study, and his results also 

confirm earlier assumptions based on chemical reactivity of the two 

forms. 
Differences in infrared ®! and ultraviolet ®* absorption spectra have 

also been used for structural assignments but spectroscopic measure- 

ments in neither of these regions have achieved the importance of 

nuclear magnetic resonance studies. Attesting to this is the large 
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number of publications in this field confirming and extending the 

original n.m.r. work by Phillips®* in 1958 on aldoximes and that of 

Lustig ®* in 1961 on ketoximes. 
The now classic paper by Phillips was published at a time when the 

potential of n.m.r. as a tool for structure elucidation was just beginning 

to be appreciated by most organic chemists. He found that the n.m.r. 

spectra of several aliphatic aldoximes showed two multiplets, separated 

by 0-6 p.p.m., which were assignable to the aldehydic hydrogen atoms. 
The existence of two separate absorptions could be explained by the 
simultaneous existence of syn and anti isomers. Reasoning that the 

OH HO 

ne ——— NN 

L i © 
‘a H RY pie 

syn anti 

proximity of oxygen induces a paramagnetic shift on the aldehyde 
proton in the syn form, he assigned the multiplet at lower field to the 
syn form. Area ratios allowed a determination of the equilibrium con- 
centration of isomers of the aliphatic aldoximes. This previously could 
not be determined by classical means since the equilibria sometimes 
strongly favoured one form or rapid interconversion to one isomer 
occurred during crystallization. This, then, provided the first efficient 
determination of isomer ratios without disturbing the equilibrium. 

In order to check Phillips’ assignment of the low field —CH—NOH 
multiplet to the syn isomer, Lustig ®* recorded the spectra of the two 
p-chlorobenzaldoximes whose structures were known from x-ray 
studies ®°. Indeed, it was found that the aldehydic proton in the anti 
oxime lies at higher field than that of the syn from by about 0:7 p.p.m. 

The location of the aldehyde proton absorption in some derivatives 
of syn- and anti-benzaldoxime and the effect of m- and p-substituents on 
the position of absorption has recently been described ®*. Nine pairs of 
isomeric benzaldoximes were examined and some of the results are 
shown in Table 10. It was noted that there is a good correlation be- 
tween the chemical shift of the aldehyde proton and the Hammett 
o-value of the substituent, R. The points for the anti isomers determined 
one line while the points for the syn isomers determined a different line. 

Isomerism of the syn-anti variety was detected in several aliphatic 
ketoximes and ketoxime ethers by an n.m.r. method for the first time 
in 1961 °, The isomerism was revealed by the fact that the resonances 
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of protons on carbon atoms adjacent to the c=NOH group ap- 

peared in the spectrum twice, with equal intensity. The separations, 
however, were as much as thirty times smaller than those observed by 
Phillips and others for the aldehyde proton in aldoxime isomers, and 
usually non-existent unless aromatic solvents were used or aromatic 
rings were part of the oxime molecule. For acetone oxime itself the 
largest separation was observed in benzene and it was only about 5 Hz. 

Taste 10. Chemical shifts of the aldehyde hydrogen in some 
m- and p-substituted benzaldoximes.®® 

Substituent Chemical shift ¢ 
(R) syn anti 

p-CH3 2-00 2-82 

p-NO2 1:78 2-44 

p-OCH3 1-94 2:78 

p-Cl 1:97 2-71 

m-NO»2 1-74 2-48 

m-Cl 1-92 225 

@ +r yalues for 6-15 % solutions in tetrahydrofuran. 

Karabatsos and coworkers ®®:®’ found that for oximes and oxime 

ethers of the general formula 58, «-methyl hydrogens when crs to the 

—OX< group usually resonate at higher field than when érans although 

ik 

R c 
Se ~S 
eaten Om, H R 

CHs—CH.e “ 

X =H, CH, HC Chi, , 

(58) (59) 

solvent changes may reverse this. a-Methylene and «-methine protons 

resonate at lower fields when cis than when trans with the difference 

being quite small for the methylene protons. This strange behaviour 

is explicable from considerations of preferred conformations and 

the geometrical dependence of the deshielding effect on each side of the 

oximido group ®’. Protons of freely rotating «-methyl groups and the 

relatively freely rotating a-methylene groups pass through different 

maxima and minima in deshielding when located on opposite sides of 

the oximido group, but the time-average chemical shift apparently 
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becomes almost identical. On the other hand, the preferred con- 
formation for an isopropyl group, for example, places the «-methine 
hydrogen in or near the C=NOX plane (59), thus making the be- 
haviour of such protons much like that of aldehydic protons. 

The geometry of the magnetic anisotropy associated with the 
oximido group is not known with certainty although there have been 
several recent studies on this subject. Saito and coworkers ®*"! feel that 
the main deshielding effect on the «-hydrogens arises from the prox- 
imity of the unshared pair of electrons on nitrogen, while Huitric and 
coworkers ®°-72 have presented evidence for the greater effect being due 
to the proximity of the hydroxyl group of the oximido group. 

Another n.m.r. correlation which is potentially useful for configura- 
tion assignments involves the chemical shift difference in the hydroxyl 
proton resonance of oxime isomers. Kleinspehn, Jung and 
Studniarz’° studied 60 oximes in dimethyl sulphoxide and found that 
the —OH signals were fairly insensitive to variables such as con- 
centration and temperature. For simple aldoximes the —OH signals 
for the syn isomers (—OH and =CH cis) ranged from 10-25 to 10-31 
p-p.m. downfield from the TMS standard and the corresponding antz 
isomers were in the range of 10-60 to 10-68 p.p.m. The assignments 
made with the —OH resonance positions are consistent with those 
which could be made by noting the —=CH absorption positions. For 
syn-methyl ketoximes the —OH range was 10-12 to 10-21 p.p.m. and 

NOH  10-25-10-31 p.p.m. NOH — 10-60-10-68 p.p.m. 
| | 

A ON oc Ee 
R H H R 

(60) (61) 

NOH 10-05-10-08 p.p.m. NOH 10-12-10-21 p.p.m. 
| 

Poe a $ 
H3C R R ait 

(62) (63) 
for the anti isomers, 10-05 to 10-08 p.p.m. downfield from TMS. 
Finally, of interest in those cases where only one isomer is obtainable, 
0_on-S—cy is approximately 3 p.p.m. for many syn aldoximes and 
about 4 p.p.m. for the corresponding anti aldoximes”°. 

In addition to the aforementioned applications, these various 
empirical n.m.r. correlations, starting with the work of Lustig®* and 
Phillips °° have been used in recent years to assign configurations to 
c,B-unsaturated oximes (6474, 6575, 667°), to oximes of possible 
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chemotherapeutic activity (67)"", to the isomers of «-oximinoaryl 
acetonitrile (68)%°, and to the oxime ethers of benzaldehyde”? and 
substituted benzaldehydes ®°. 

OCOC,H, 

rae) 
ey N N Br 

OH OH du 

(64) (65) (66) 

H NOH 
and 

NOH 

CF O-¢ 
SN + |7 CN . 
CH, 
(67) (68) 

Much work on the isomerization of oximes or the equilibration 
of oxime isomers has been reported in the literature. As has been 
previously mentioned, isomerization sometimes accompanies the Beck- 
mann rearrangement, especially when acid catalysts are employed. 
The relative stability of the isomers of an oxime depends upon steric as 
well as electronic effects**. The importance of steric factors is shown 
by the fact that syn-t-butyl phenyl ketoxime (69) isomerizes faster than 
syn-isopropyl phenyl ketoxime (70) under comparable acidic con- 

2 

HO HO 
*: Pm 

N N 

| l 
(CHe)a NCH, (CHC NGoHe 

(69) (70) 

ditions®. Electrostatic effects are important in determining the 

relative stabilities of some p-substituted benzophenone oxime isomers 

in acidic media, and both electrostatic and steric effects must be 

considered when discussing relative stabilities of isomers of 0-sub- 

stituted benzophenone oximes‘*?. 
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It is well known that the favoured form of aromatic aldoximes is the 

syn (H and OH cis) configuration. These syn isomers, however, are 

readily converted to the anti isomers through the hydrochloride salt®. 

For example, 2,6-dimethyl-4-bromobenzaldehyde yields the syn oxime 

(71) upon reaction with hydroxylamine®®. Rearrangement of 71 to 

the anti isomer (72) can be effected by treatment of 71 with hydrogen 
chloride in dry ether followed by neutralization with sodium car- 
bonate. The conversion of syn aldoximes to anti aldoximes can also be 

ae hy vce 
NOH m % C% ~ LiHChether, By = (9) NG a Na,CO3 

\ H 
en CH, ab (72) 

effected with protic acids other than hydrochloric and also with Lewis 
acids such as boron trifluoride ®?. 

The photochemical isomerization of oximes was first reported by 
Ciamician and Silber ®* in 1903 and has been frequently used since 
then as a means of obtaining the isomer not favoured under normal 
synthetic conditions. For example, it provides perhaps the simplest 
means of converting syn-isonicotinaldehyde oxime (73) to its anti 
analogue (74) ®*. In addition to leading to isomerization, irradiation 

OH 
NOH NN Of OX a i H 

(78) (74) 

may also yield amides; syn-benzaldoxime (75), for example, gives 
benzanilide ®, 

NOH 
a : 

H 

(75) (76) 

The uncatalysed, thermal isomerization of oximes has often been 
noted but, unfortunately, infrequently studied quantitatively. Among 
recent examples are the thermal conversion of 77 to 78, a process 
which can be conveniently followed in inert solvents by n.m.r.®°, and 
the interconversion of p-benzoquinone monoximes (79, 80), which also 
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can be followed by n.m.r. and which probably involves the p-nitro- 
sophenol (81) as shown®’-®°, Thermal isomerization of anti-benzal- 
doxime (82) during O-alkylation experiments probably explains the 

| on 

N 
“CHT : (12) 

O O | 
(77) (78) 

O On O 

(L-Or=—O,  & R ; R 

N N N 

‘oH No HON 

(79) (81) (80) 

mixture of oxime ethers noted by Buehler7®. However, in this last case, 
a complex between silver ion and the oximes could be involved. 

220 | 

N N N (14) 

HO” RO Nor 

(82) 

One of the first kinetic studies of the thermal syn—anti conversions of 
oxime isomers was carried out by Le Fevre and Northcott®° on 
piperonaldoxime (83). The isomerization of the labile isomer (m.p. 
144°) to the stable isomer (m.p. 112°) was followed at two temperatures 
in seven solvents. Energies of activation ranged from 26-6 kcal/mole 
in cyclohexanone to 22-6 kcal/mole in carbon tetrachloride and’ the 
rate constants could be roughly correlated with the dielectric con- 
stants of the solvents. 

CoHsCH oo CoHeCH di CHC 
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Vassian and Murmann®! have studied the thermal syn-anti iso- 

merization of phenyl-2-pyridyl ketoxime (84). Less than 1% re- 

arrangement occurred on boiling of geometrical isomers for one hour 

in methy] or ethyl alcohol, water, chloroform or acetone. In the molten 

state at 175°, however, the two forms showed first-order behaviour for 

at least two half-lives and gave a value of 4:22 x 107% s~? for 

Kons» At 144° in cyclohexanol the rate of isomerization of the syn 

isomer (syn-phenyl) was 3-4 x 10~*s~1 and that for the ant: isomer 
was 1-7 x 1074 s~1. Deviations from first-order behaviour suggested 
to the authors a complex mechanism possibly involving the solvent or 
impurities in the oximes. 

Oxime ethers, like oximes, are susceptible to photochemical iso- 
merization and to isomerization by hydrogen chloride in chloroform °. 
On the other hand, they have been found to be very resistant to 
thermal isomerization; the 8 isomer of O-methyl m-nitrobenzaldoxime 
being stable in the melt and remaining unchanged after 16 years at 
ambient temperatures®?. The O-methyl ethers of -chlorobenzo- 
phenone oxime (85, 86) were prepared by Curtin, Grubbs and 
McCarty 28. The isomers were obtained in pure form and the structural 
assignments could be made with the infrared correlation mentioned 
earlier?®. Ultraviolet and infrared spectra of the two forms were 
different enough to be used for a kinetic study. Very little change in 
the spectra of 86 was found when it was held for 528 h at 200° in 
degassed decane solution. The reaction was too slow to permit the 
calculation of a reliable rate constant but it seemed justified to set 
10-7 s~+ as a maximum possible value at that temperature. At 

irileetles OCH, p-CICgH, 

C=N =: C=N (15) 
a ihe » 

CoH; CeHs OCH, 
(85) (86) 

least it seems clear that oxime ethers are less readily isomerized 
thermally than are oximes and that oximes are much more stable in a 
configurational sense than Schiff bases, where the atom on nitrogen is 
carbon rather than oxygen. 

D. Hydrazones, Azines and Related Compounds 

Phenylhydrazine and 2,4-dinitrophenylhydrazine have been widely 
used as reagents for characterizing aldehydes and ketones® in spite of 
the variations in melting points which can be found in the literature 
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for the resulting derivatives. The origin of these melting point dis- 
crepancies has usually been attributed to the existence of hydrazone 
isomers and in recent years the question of stereoisomerism of hydra- 
zones and substituted hydrazones has received considerable attention. 

Reports of the isolation of the two stereoisomers of a phenylhydrazone 
or 2,4-dinitrophenylhydrazone (DNP) are quite numerous®*?©, 
Usually, however, these are cases where one of the isomers is intra- 
molecularly hydrogen bonded. There have been fewer cases of the 
isolation of stereoisomers of simple DNP’s?°1-1°°, Once again one must 
be very critical in reading the older reports since polymorphism, 
undoubtedly, has often been the reason for the isolation of two forms. 
The complexity of the situation can be seen from just reviewing the 
literature on the DNP of acetaldehyde?°%. Various investigators have 
isolated forms melting at 146° and 162°!°4; 168:5°, 156-157° and 
149°195; 167-168° and 93-94°1°°, The confusion remained until the 
application of modern physical methods to the problem within the 
last decade. 

Configurational assignments have been made by Ramirez and 
Kirby?°’ using differences noted in the ultraviolet and infrared spectra 
of the two forms of several DNP’s. The basis for their method was the 
observation of differences in the N—H stretching vibration of various 
related compounds having substituents on the «-carbon which could 
be hydrogen bonded to the N—H. The form of a-methoxypropio- 
phenone DNP with the lower frequency and broader N—H band was 
assigned the syn configuration (87). Furthermore, the ultraviolet 
spectra of the two isomeric forms, 87 and 88, were different with 

C.Hs Cos NHC gH3(NOz)2-2,4 

eeoaens C==N 

ta oR oe 
CH3sCHOCH, NHCgH3(NOz)2-2,4 CH,CHOCHg 

(87) (88) 

Amax for 87 being about 21 my higher than that for 88. The spectrum 

of the only isolable form of the parent propiophenone DNP most 

closely resembled that of 87 and thus was assigned the same syn con- 

figuration. This general type of argument was extended to many other 

DNP’s. 
Silverstein and Shoolery?°® were among the first to apply n.m.r. 

techniques to studies of DNP’s. They noted differences in the aromatic 

hydrogen resonances of the two DNP’s of ethyl benzoylacetate and 

explained the results in terms of a coplanar anti form (trans aryls, 89) 

and a non-coplanar or sterically hindered syn form (90). 
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(C)-ccricove (C)-geuscos Et 

N N 
‘ / 
NHC,H,(NO,)2-2,4 2,4-(O,N).CsHaHN 

(89) (90) 

From consideration of the n.m.r. spectra of many ring-substituted 

phenylhydrazones, thiosemicarbazones and semicarbazones of alde- 

hydes and ketones, Karabatsos and coworkers ®:1°?:709-*17 have been 

able to draw the following conclusions pertinent to structural and con- 

figurational assignments: (a) All compounds neat or in solution exist 

in the imine form (91) with no azo (92) or enamine (93) forms 

detectable. (b) H, (in derivatives of aldehydes where R*=H, in 94) 

R1CHe R#CHe R?GH 

C=NNHX CHNENX \C_NHNHX 

R? R? R? 
(91) (92) (98) 

R2(Hj) 

C=N~~NHX 

r_cH,—ch, 
(94) 

resonates at lower magnetic field by 30-40 Hz when cis to —NHX than 
when trans regardless of solvent. (c) H,(CGHg) generally resonates at 
higher field when cis to —NHX than when trans, although in some 
solvents the difference is small and in a few acetaldehyde derivatives 
this generalization is reversed. (d) H,(CH,) also generally resonates 
at higher field when czs to —NHX than when trans and the difference 
is around 20 Hz. (f) The position of H, is very sensitive to both —NHX 
and the solvent and does not allow any generalizations to be made. 

The differences, Av (vi; — Virans), for H,(CH) and Hy, are large 
enough and consistent enough to be used with confidence for con- 
figurational assignments. Also reliable is the difference in the effect of 
aromatic solvents on the resonance positions of cis and trans hydro- 
gens. Both are shifted upfield relative to their positions in aliphatic 
solvents, but the upfield shift of cis hydrogens is generally two to six 
times larger than that of the corresponding trans hydrogens. A specific 
hydrogen-bonded complex similar to 95 accommodates all of the data 
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observed by Karabatsos and coworkers?°9 for this effect of aromatic 
solvents. 

Ri 

NN 
ee 

R2 pes 

Hl 

(95) 
Arbuzoy, Samitov and Kitaev!!? have observed similar differences 

(cis — Vtrans) In chemical shifts of protons of phenylhydrazones of 
some ketones and aldehydes. However, they do not entirely agree with 
Karabatsos on the analysis of the anisotropic effects of the benzene ring 
on the czs and trans hydrogens. An infrared study by Hadzi and Jan112 
has revealed a consistent difference of about 30 cm~? between the 
—N—H stretching vibration in the spectra of syn and anti phenyl- 
hydrazones of aldehydes. The band in the spectrum of the syn isomers 
(aldehydic H and NHAr cis) is always the lower of the two and usually 
in the range of 3340-3350 cm~+ (0-02m in CHCI,). 

During their studies of phenylhydrazones and related derivatives of 
aldehydes and ketones, Karabatsos and coworkers learned much 
about the configurational stability of such compounds. The reaction of 
aliphatic aldehydes with 2,4-dinitrophenylhydrazine is apparently 
kinetically controlled, leading to the syn DNP. The rate of syn—anti 
isomerization is quite slow at room temperature in the absence of acid. 
Acid-free acetaldehyde DNP does not reach equilibrium after standing 
at room temperature for 10 days, whereas a trace of sulphuric acid 
effects the equilibration in less than a day+°°, The final syn—anti ratio 
is always found to favour the syn isomer but is quite solvent dependent. 
The corresponding ketone derivatives are often obtained as single 
isomers or as a mixture of isomers but isomerize in solution, in the 
absence of acid, faster than the aldehyde derivatives. ‘The syn isomer 
of phenylacetone phenylhydrazone (96), for example, equilibrates 
with the anti isomer within a day at room temperature}, 

CgHsCH2CCHs Ga sCHsC Hs 

i N (16) 
i ual 
NHC.Hs CgHsHN- 

(96) (97) 
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Unlike derivatives where X is NHY in 98, the compounds which 

have X being N(CH;). or N(CH3)C,H;, exist only as a single isomer 

(cis H and X) that does not isomerize upon heating or adding 

acid!14:115, Consideration of preferred conformations offers the 

H 

R R R | 
SN x x UN ¥ 

poe ae = 

H 
(98) (99) (100) 

Y 

R R N—=CH 

Deen Deane 
H pAeeY 

GG, (102) 

(101) 

answer to this according to Karabatsos. When X is NHY both syn 
and anti isomers (99, 100) can assume conformations which allow for 
considerable overlap of the unshared pair of electrons on nitrogen 
with the z-electron system. When X is N(CH). or N(CH3)CgH; this 
is possible only for the syn isomer (101) and thus it is heavily favoured 
even to the essential exclusion of the aniz isomer. 

Rates of syn-anti isomerizations of DNP’s have occasionally been 
recorded. In their n.m.r. study of the DNP’s of ethyl benzoylacetate, 

a EON E CHE —CHs 

ose H(NO CONG gi 2,4 
nur CsHg(NO,),-2,4 

(89) (103) 
| (17) 

SO 

v 
2,4-(OaN)2CsHgHN 

(90) 
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Silverstein and Shoolery?°° found that the rate of ethoxide-catalysed 
cyclization of the syn isomer (90) to give the pyrazolone (103) was 
identical to that for the anti isomer (89) (9-40 x 107% s~? at 25°). 
The unstable syn isomer must isomerize prior to cyclization. The clean, 
first-order reaction in both cases and the identity of rate constants 
showed the isomerization to be much faster than the cyclization under 
these conditions. 

Hegarty and Scott?!® found that when eight alkylidene DNP’s 
(104, R = alkyl) were brominated in 70% acetic acid containing 
potassium bromide, the process was independent of the concentration 
of bromine used. For the compound in which R = CH(CHs)z, the 
rate constant for bromination (1-6 x 10~%s~+) was the same as for 

R R NHCgHs(NOzg)o-2,4 

C=N ———— c=—_N 

= Ay 
H NHCgH3(NOzg)2-2,4 H 

(104) (105) 
(18) 

fe 

R NHCgH3(NOz2)2-2,4 

a 
CaN 

Br 

(106) 

chlorination and did not vary when the bromine/tribromide ratio in 

solution was varied over a wide range. For the eight alkylidene DNP’s 

they studied the rate constants were excellently correlated by the Taft 

equation”? with 5 = +0-49. This indicates the reaction being 

measured is sensitive only to the size of the group R, so it was con- 

cluded that the data are most consistent with a rate-determining con- 

version of the syn isomer (104, initially present in excess) to the more 

reactive anti isomer (105). 

When considering possible hindrance to free rotation about the 

—N—N bond in dimethylhydrazones, an analogy can be drawn with 

the hindered rotation about the C—N bond in amides. In compound 

111 Mannschreck and Koelle11® noted no separation of the resonance 

peak for the methyl hydrogens at temperatures down to —65°, 

indicating a low barrier to rotation or, in other words, a small 

contribution of resonance form 110. 
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‘CH, \cH, (19) 
(109) (110) 

Cd 
(111) 

On the other hand, the ring protons of 111 remained an ABCD 
pattern up to 150°, which means that 4G* for syn—anti isomerization in 
this system is greater than 22 kcal/mole. 

There are three azine isomers (112-114) theoretically possible from 
the reaction between hydrazine and an aldehyde or unsymmetrical 
ketone. Fleming and Mason’? were the first to report the isolation 
and characterization of all three isomers of one azine (112-114, 

R2 RB Rt RR? R1R2 
eu Pure Nee 

| | | 
N N N 

ne nN Ae 

e t c 
eo Np ra Np re Npe 

(112) (113) (114) 

R* = 0-O,NC,.H,, R? = CH;). Differences in the ultraviolet and 
n.m.r. spectra allowed reliable assignments to be made. Isomer 112 
was the most abundant and had the strongest ultraviolet absorption, 
consistent with the idea that it is the only isomer which involves little 
steric strain in approaching coplanarity. Isomer 112 is the only form 
observed when R? = H and R? = alkyl!2°, 

The various forms of the azine studied by Fleming and Mason were 
interconvertible to a certain extent upon irradiation of dioxan 
solutions of the pure isomers with ultraviolet light}. Thus far, 
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however, compounds 115 and 116 have not yielded to variable tem- 
perature n.m.r. techniques; the methyl proton resonances remaining 
uncoalesced at 170° **. 

CHs CHs 
i ye 

Cri 3 iN C,H 5 N=C 

Pf * ve \ 
CN is C=N CHs 

7 he 
CHs Cells 

(115) (116) 

E. N-Halimines 

The N-chlorimines of substituted benzaldehydes (117) have been 
prepared and studied by Hauser and coworkers**1. These were un- 
stable compounds which spontaneously decomposed at varying rates 
into hydrogen chloride and a nitrile. Fractional crystallization yielded 
no indication of isomers of these N-chlorimines. 

H 

Oe ee Oe 
NCl 

(117) (118) 

On the other hand, the N-halimines of ketones (120) are fairly 
stable under ordinary conditions and the stereoisomers, where pos- 
sible, have frequently been separated. Much of the early interest in 
these compounds was due to the fact that they had been proposed as 
intermediates in the Beckmann rearrangements of oximes when carried 
out with phosphorus pentachloride (equation 21)***. This was later 

R1 R2 Ri R2 GH Re 

Partad a yt mul 
C PCle C C 
i —> tl — ll g 
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(119) (120) (121) (21) 
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proven not to be the case???:194, but Beckmann type rearrangements 

of N-halimines can be effected by metal ion catalysts*?°-1°°. 

Peterson!22 separated the stereoisomers of several substituted 

benzophenone N-chlorimines and observed that each form could be 

recovered unchanged from solution, melt or vapour phase even in the 

presence of a few added crystals of the other form. Treatment of some 

of the isomers with dry chlorine or heating up to three hours at 100° 

were without effect on the melting points of the pure forms. 

Curtin, Grubbs and McCarty?® prepared and separated the two 

N-chlorimines of p-chlorobenzophenone (123, 124). A configurational 

Cay Cl CeHs 
te C=N ——— C=N (22) 

a 7 
p-CICsH, p-CICeHs Cl 

(123) (124) 

assignment based on infrared and ultraviolet spectral data was the 
opposite of that given in the older literature’?’. The thermal, 
uncatalysed equilibration of 123 and 124 was followed by an ultra- 
violet spectroscopic method. No isomerization of either isomer was 
detected in runs at 60° in cyclohexane for 500 h. The assumption of a 
reasonable error in the analytical method gave a value of 3-2 x 1078 
s~1 as the maximum limit on the rate of approach to equilibrium at 
this temperature. Because the N-chlorimines halogenate cyclohexane at 
temperatures above 60°*8 it was necessary to switch to other solvents 
for kinetic studies at higher temperatures. The approach of each 
isomer towards equilibrium was noted in several 60 h runs at 120° and 
140° using benzene as solvent. The results indicated a half-life of about 
500 h at 120° and 80 h at 140°. It seems quite likely, though, that homo- 
lysis of the N—Cl bond was occurring at these higher temperatures so 
the values probably do not represent rates of pure, thermal syn—anti 
isomerization. Similar results were obtained for the N-bromimines of 
p-chlorobenzophenone. However, these were very sensitive to traces 
of acid and underwent N—Br bond homolysis at lower temperatures. 

Recent interest in the chemistry of tetrafluorohydrazine has led to 
the isolation of syn and anti isomers of numerous N-fluorimines. The re- 
action of tribromofluoromethane (125) and tetrafluorohydrazine (126) 

hv 
CFBrg + NoF4 > Br Br F 

SS oe 
canes + ae (23) 

F F. F 
(128) 



9. syn—anti Isomerizations and Rearrangements 401 

initiated by ultraviolet irradiation produced the syn and anti isomers of 
C-bromodifluoromethyleneimine (127, 128) among other products 2°. 
The isomers were readily separated in pure form by gas chromato- 
graphy. Configurational assignments were made by considering the 
differences in the ‘°F coupling constants and drawing an analogy with 
the differences observed in cis and trans fluorinated olefins. There was 
no evidence for isomerization on the chromatography columns or upon 
standing in glass bulbs for several months. Irradiation of the syn 
isomer (127) gave measurable amounts of the anti (128) along with 
trifluoromethyleneimine, but there was no evidence for generation of 
the syn from the antt. 

Reactions of tetrafluorohydrazine with olefins, acetylenes and allene 
have led to interesting products which often have been obtained as a 
mixture of syn and anti forms as evidenced by 19°F n.m.r. spectra 13°82, 
Some of the products are shown in equations (24-29). As can be seen 
from equations (24), (28) and (29), sodium fluoride has been found to 

I. NoFa CH.=CHR Nets aN Ne 

NCCR + NCCR (24) 
Rie fF) CH;, CH,OCOCH, 

NOCSSCCN —H as; eo = 
NE NFo 

FeCC=CC Fy te cere ell cage Ge 
NE NFz NE, NF 

Bet Beas CHACCH NES + CHAFGCHANF. gs 

NE FN 
(130) (181) 

6 Neti Green i 

NE 

131 + Nak —> CHAECCN 
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FN 

be a strong enough base to effect the elimination of hydrogen fluoride 

from some difluoroamino-N-fluorimino compounds to give the 

corresponding N-fluorimino nitriles. The stereospecificity indicated in 

the last two reactions gives some indication of the configurational 

stability of the N-fluorimines. 



402 Cc. G. McCarty 

Dehydrofluorination of the adduct from NF, and trans stilbene 

leads toa mixture of all three of the possible syn and anti isomers (132- 

134) 183, Similarly, the adduct from 2-butene and N,F, yields 135- 

137184, Irradiation of solutions of the pure isomers 135-187 with an 

R R F R F 

F NceN Sent Ry Neon 

Nec > Nac” Neri 

oe “ NR R 

132-134, R = CeHs 

135-187, R = CHs 

ultraviolet lamp resulted in production of the other two forms after 

only a few hours. 
Related to the N-halimines of ketones are the chlorimido acid 

esters (188) studied by Stieglitz+®° and Hilpert?*°. Isomers presumed 

to be stereoisomers were separated by fractional crystallization. 

Heating the pure forms at 80° for 1 h or 140° for 5 min did not bring 

© CHO 
ye! JEN 

Pea CH,O 
R20 

(138) (139) 

about an interconversion of isomers or a Beckmann rearrangement. 
However, isomerization could be brought about by the use of dry 
chlorine. 

In studies of isomerization rates of iminocarbonates, the N-chloro 
derivative (189) has been found to exhibit a doublet in the n.m.r. 
spectrum obtained at room temperature?%". There is no change in the 
spectrum when the sample is heated to 105° in methylcyclohexane or 
170° in diphenyl] ether. 

F. Imidates, Iminocarbonates and Related Compounds 

The thermal rearrangement ofimidates (140) to disubstituted amides 
(Chapman rearrangement) has been reviewed recently1%®, There is 
little information available, however, on the rate of syn—anti iso- 
merization at the azomethine linkage of imidates. Marullo and 
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coworkers **® have reasoned that in the pyrolysis of imidates such as 
141 to give amides and olefins the syn—anti isomerization most likely is 

OCHCH2CeHs O 
e VA Cosco any Cue + CHs=CHC.Hs (31) 
\ 

N~-CgHs NHC,.Hs 

(141) 

not the rate determining step since the pyrolysis reaction has an energy 
of activation of about 40 kcal/mole and N-aryl imines?® and imino- 
carbonates+%" isomerize with energies of activation closer to 20 kcal/ 
mole. 

The complexity of the room temperature n.m.r. spectrum of phenyl 
N-methylacetimidate as prepared from phenol and acetoxime benzene 
sulphonate has been explained on the basis of the existence of syn (142) 
and anti (143) isomers in the ratio of 2:1, favouring the anti form**°. 

OC,Hs; OC.Hs 

oH=< —— CH,-C (32) 
\ \ 
N—CH, N 

du, 
(142) (143) 

At higher temperatures the peaks of the two forms begin to merge and 
have essentially coalesced by 70°. 

Most hydroxamic acids can be isolated in two forms**?, For 
example, ethyl benzohydroxamic acid (144) was found to exist in-one 

form melting at 53:5° and another one melting at 67-5-68°%%. 
Werner 24? suggested that these were syn and anti forms and demon- 

strated that they were not converted into one another by chemical 

reactions that interconvert oxime isomers. Also, the ethyl acetyl 

hydroxamate isomers (145) were stable up to 140°***. 

OC2Hs OC.Hs 

Coupee Cenc 

“NOH “wococs 
(144) (145) 

144+6.G.N.D.B. 
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A study by Curtin and Miller !* of the rearrangement of benzimidoyl 
benzoateés (146) to imides (147) via 1,3 aroyl migrations suggests that 
the imino compounds exist mainly in the trans aryl form as shown. 

O 

Ar!COO Ar? O ee 

Nena cH fa 

C,H Ar? 

(146) (147) 

That the rate of syn—anti isomerization of 146 is not the rate determining 
factor (the rearrangement probably proceeds through the cs aryl 
isomer) seems reasonable from a comparison of the observed re- 
arrangement rates (10~* to 10~° s~*) with those of isomerization of 
N-aryl ketimines?® and N-aryl aldimines?* (1-10 s~+) at comparable 
temperatures. 

The isomerization of iminocarbonates and iminothiocarbonates has 
been studied more quantitatively than the isomerization of imidates 
and other compounds just mentioned in this section. The n.m.r. 
spectra of compounds 148 all showed a single methoxyl] resonance at 

CH3,O0 CgH4R-p CHS x 

c= ea 

CH ce CH A 

(148) (149) 

room temperature, but cooling resulted in the formation of a distinct 
doublet?®’. Some of the data from a variable temperature n.m.r. 
study of these N-aryl iminocarbonates are summarized in Table 11. 
These values for 148 were confirmed in a more recent study by 
Wurmb-Gerlich, Vo6gtle, Mannschreck and Staab**. These latter 
workers also looked at the isomerization of other iminocarbonates and 
some iminothiocarbonates (149). Some of their data are also presented 
in Table 11. The most remarkable feature of the data in Table 11 is the 
low E, or AG* values compared with the values for N-aryl and N- 
alkyl ketimines**. Thus, substitution of CHz;0— or CH;S— for alkyl 
or aryl groups on the carbon of the C—N double bond has a very 
pronounced effect on the rate of syn—anti isomerization at this multiple 
linkage. 

The related unsymmetrical compounds (150, 151) apparently exist 
only in the form shown **, The chemical shifts shown by the formulae 
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TABLE 11. Isomerization data for compounds 148 and 149. 
a a ee 

Substi- E, AG,* 
tuent Solvent 4v (Hz?) Lose) (kcal/mole) (kcal/mole°) 

R in 148:¢ 
H Acetone 9-13 + 0:8 13-4 + 0.3 
Cl Acetone 7:14 —1-6 16-6 + 0.3 
CH, Acetone 8-03 +2°-8 15-5 + 0:3 

X in 149:¢ 
C,H; Acetone-dg 2:5 —22 13-7 + 0-3 
CH; (CQgHs)20 6 73 18-6 + 0:3 
CN Acetone-dg 13 1 14-0 + 0-3 

@ Maximum separation observed at low temperature. 
> Temperature of coalescence of the methyl peaks. 
¢ Free energy of activation at T,. 
2 Data from reference 138. 
© Data from reference 44. 

are from the room temperature spectra and cooling to —40 to —50° 
failed to broaden the peaks. 

7 7-70 CHsS 7 7-67 CHS 

GN CaN 
RETR ae 

7 6:07 CH3O Cable 77-12 CHO Chis 
(150) (151) 

G. syn-anti Isomerization Mechanisms 

Several possible mechanisms have been considered for geometrical 
isomerization at the C—=N bond. When considering isomerization rates 
ranging over more than 10 powers of 10 and involving compounds 
with substituents of widely different resonance and inductive effects, 
as has been the case in the preceding sections, one cannot hope to 
explain all data by one isomerization mechanism. Quite possibly, 
as with most considerations of mechanisms, there must be considered a 
continuum of mechanisms between the extremes to be described. 

First, one can consider a process involving the rupture of the 7 bond 
in a homolytic fashion to give a transition state resembling 152, and 
further rotation about the axis through the carbon and nitrogen atoms 
to give the other isomer. It is generally agreed that many olefins 
isomerize by this kind of process, but these olefin isomerizations 
require high temperatures and have activation energies ranging from 
36 to 60 kcal/mole. The barrier to the analogous rotation about the 
N=N double bond has been calculated 1*°:147 to be even higher than 

that for rotation about the C=C double bond, so it seems reasonable 
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to assume that isomerizations through 152 would be associated with 
energies of activation of 50 kcal/mole or higher. It is obvious from the 
data presented thus far in this chapter that most imines isomerize with 
much lower E, values, and thus this homolytic bond rupture path 
does not seem likely. 

Another possible rotation process is one involving heterolytic 
rupture of the C=N bond and passage through a transition state 
resembling 158. Of course, this structure is the extreme case of the 
normally considered polarization of the C—N bond in the ground 
state. As will be pointed out in more detail, destabilization of the 
double bond in the ground state via dipolar resonance structures 
resembling 153 may make such a rotation mechanism through 153 
quite probable in some cases. 

Unfortunately, many experimental results which can be cited in 
support of a mechanism proceeding through 153 are also consistent 
with the ‘lateral shift’?® mechanism, which is presumed to consist of 
the shift of the substituent attached to nitrogen from one side of the 
molecule through a linear transition state (154) to the other side. This 
resembles inversion through nitrogen in normal trisubstituted amines 
or ammonia itself except, in this case, the nitrogen adopts linear sp 
bonds, the z bond remains intact, and the unshared pair occupies the 
perpendicular orbital on nitrogen. The motion assumed for this 
mechanism is shown in 155 and can be compared with 156 for the 
rotation mechanisms. 

ie RS Rt \ 

Ro” * R 
(155) (156) 

3 ® 

The results of studies of isomerization rates of N-aryl and N-alkyl 
ketimines and N-aryl aldimines are consistent with the lateral shift 
mechanism **, Curtin, Grubbs and McCarty?® found that the effect 
of substituents on the aryl rings attached to the doubly bonded carbon 
can be correlated by a Hammett p of about +0:1, whereas sub- 
stituents on the phenyl ring bound to nitrogen have a much larger 
effect on the isomerization rate, being correlated by p = +1-5. The 
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accelerating effect of electron-withdrawing substituents in the para 
position of the N-aryl group can be understood by considering 
resonance structures such as 157 contributing to the linear transition 
state. Similarly, Wettermark?® found the p-value for aniline ring 

Ar Ar 

C=N : = a, BN 
H Ar? 

(157) (158) 

substitution in 158 to be +1-85 while the p-value for substitution on 
the aldehyde ring is +0-41. 

These Hammett correlations for aldimines and ketimines seem to 
support a structure like 154 more than 153 where there should be 
appreciable substituent effects at both the carbon and the nitrogen 
rings. Also consistent with this picture is the fact that N-alkyl imines 
isomerize much faster than olefins but considerably slower than the 
N-aryl imines. Obviously, special resonance structures such as 157 are 
not available for stabilization of the linear transition state in the case 
of N-alkyl imines, Also, steric effects in the bent ground state are 
probably not so severe in the simple N-alkyl imines as in the N- 
aryl imines. 

Also offered in support of the lateral shift mechanism is the rate 
enhancement observed when alkyl substituents are in the ortho 
positions of the N-aryl ring of N-aryl ketimines **:1*°. This enhancement 
increases with increasing size of the ortho substituents. From the Ham- 
mett correlation just mentioned for para substituents it would be 
predicted that alkyl groups should hinder the isomerization. Thus, the 
effect of ortho substituents is a steric one and it is felt that the relief of 
steric strain in going from the ground to the transition state should be 
greatest in the lateral shift mechanism. : 

One of the most striking results one can see when comparing. the 
configurational stability at the C=N double bond in all the types of 
compounds considered in this chapter is the very great stability of 
compounds such as N-halimines and oxime ethers. In fact, in all cases 
where a heteroatom is directly bonded to the nitrogen of the C—N 
double bond, i.e., azines, hydrazones, oximes, etc., the configurational 

stability is much higher than in the usual N-alkyl and N-aryl imines. 
It is tempting to explain this through unusual stability of the double 

bond order in the bent ground state, since stabilization of the polarized 

structure with diminished electron density at nitrogen is not possible 

and just the opposite would be predicted. It is impossible at this point, 
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however, to rule out the possibility that this high configurational 

stability may arise from unusual instability of the linear transition 

state (154) or the dipolar structure (153) leaving a path through 152 

as the only mechanism for isomerization in some of these cases. 

As was mentioned earlier, the cause of the surprisingly low barrier 
to isomerization of the N-perfluorimines in unclear. There may be 
special stabilization of a linear transition state by structures such as 
159149, The situation is probably more complex with difluoromethylene 

Ri CE, RO yi 

Peehete F- SCN 

Re ee R20 
(159) (160) 

derivatives and not directly comparable to other imines, since recent 
evidence points to sp* hybridization at the carbon atom of the gem- 
difluoro group (F,C==)1°°, and thust he C—N bond in these com- 
pounds would be different from those in other imines. 

Also uncertain is the mechanism of isomerization of compounds with 
oxygen or sulphur at the carbon of the C=N bond. The low barrier to 
syn—anti isomerization in the iminocarbonates and iminothiocarbonates 
may be rationalized as arising from a lowering of the carbon-nitrogen 
bond order relative to ketimines and aldimines as seen by considering 
structures like 160. Approached from a different angle, it has been 
suggested that 160 represents the stabilization of the dipolar transition 
state (153) in the rotation mechanism 1°", 

lil. REARRANGEMENTS 

A. The Beckmann Rearrangement 

I. Introduction 

The most familiar and extensively investigated of the rearrange- 
ments involving the azomethine group is certainly the rearrangement 
of oximes to amides first reported by Beckmann in 188615! (equation 
33). The catalyst is usually an acid which often serves also as the 
solvent. It is now recognized that a whole spectrum of mechanisms 
may exist for this rearrangement with the course of a given reaction 

R 

catalyst 
———_ C=N~~-OH b, RNHCOR’ and/or R’-NHCOR (33) 

R’ 
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being governed by the choice of catalyst and solvent among other 
things. 
A very commonly proposed picture of the rearrangment is the one 

depicted in the following sequence (equation 34). The function of the 

R QH R OH R OH,1* tee Baty PN peas etits ape rete CCN 
R’ R’ os 

R 

OH, | ae 
R—C=N—R’ C= N= Rt 

REN Re seks S| abs ory nba 
OH, 2 

‘% Tt 
R—C=N—R’ —2= R—C—NHR’ 

catalyst is to convert the —OH to a good leaving group. The stereo- 
specificity which has been observed in so many reactions where the 
configuration of the starting oxime is known has led to the proposal of 
intramolecular migration of the group érans or anti to the departing 
group on the nitrogen in a synchronous fashion as shown by the pseudo 
three-membered ring transition state in equation (34). While many 
data can be correlated by such a picture of the Beckmann rearrange- 
ment, it will be shown in a later section that modifications in this 
scheme are required to account for the results of many recent studies. 
Two excellent reviews of the Beckmann rearrangement have ap- 

peared in this decade**:®°. The first, by Donaruma and Heldt*, 
includes a comprehensive coverage of the synthetic utility of this 
reaction, while the studies of the mechanism of the reaction have been 
emphasized more by Smith °°. With these two reviews being so recent 
and readily accessible it will only be necessary in this chapter to present 
some of the most recent applications and mechanistic studies. For 
convenience, the rearrangements of oxime esters and N-halimines are 
also included. No attempt has been made to compile an all-inclusive 
summary, but it is hoped that most of the pertinent references from 
the early 1960’s usage most of 1967 have been included. 

2. Experimental conditions 

The Beckmann rearrangement proceeds under the catalytic action 
of any of a large number of reagents, most of which are protic or 
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aprotic acids. Concentrated sulphuric acid is frequently employed, but 

phosphoric acid, phosphorus pentachloride, aryl sulphonyl chlorides, 

aluminium chloride, hydrogen bromide and hydrogen fluoride are 

also used as catalysts. Beckmann’s mixture, which consists of a saturated 

solution of hydrogen chloride in a mixture of glacial acetic acid and 
acetic anhydride, is useful when the oxime reacting is insoluble in 

other media. 
Polyphosphoric acid (PPA) has become a popular medium for 

carrying out Beckmann rearrangements. Pearson and Stone*°? have 
found that the rearrangement of substituted acetophenones to the 
isomeric amides proceeds 12-35 times as rapidly in PPA as in sul- 
phuric acid. Their data also suggest that previous reports of the use of 
PPA often involve conditions that are too strenuous since, in most of 

the cases they studied, rearrangement occurred overnight at room 
temperature in PPA containing no more than the equivalent of 847 
phosphorus pentoxide. 

The use of PPA or other protic solvents as catalysts is known to often 
bring about geometical isomerization of oximes at a rate which may 
compete with or exceed the rate of rearrangement*?. Thus, as has 
been mentioned earlier in this chapter, this possibility makes it 
necessary to view with caution many structural studies made via the 
Beckmann rearrangement and the assumption of a stereospecific 
migration of the group trans to the oxime —-OH. The procedure of 
Craig and Naik*®°, involving the rearrangement of the benzene- or 
p-toluenesulphony] esters of oximes upon passage through a column of 
neutral alumina, has been shown to give good yields of Beckmann 
products with preservation of the configurational integrity of the 
oxime. An example of different results from the same starting oxime 

NOH CS 

OO 
N N 
H H 

) (161) (162 

NOSO,C,H, iy (35) 
N : 

C,H,SO,CI Al,Og ee Ow =o N 
H 
) 

| 
N 
H 

(163) (164 
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obtained through the use of PPA and the Craig and Naik method is 
illustrated in equation (35) 15+. Assuming the oxime configuration to 
be as shown in 161 the results may be explained by a PPA-catalysed 
rearrangement of configuration prior to conversion to 162. 

Other studies on the selectivity of various catalysts include the one 
by Wiemann and Ham?°°, Treatment of oxime 165 with sulphuric 
acid yielded an oxazoline (166) while phosphorus pentachloride in 
ether afforded a good yield of the expected amide (167). 

H,SO, 

CCH, N 
NoH O . 

165 ee (165) NCH, 

e.0)FC (166) (36) 

NHCOCH; 

(167) 

There have been a few reports of the use of formic acid as a re- 
arrangement medium for certain o-hydroxy ketoximes15®, but the 
results in a recent paper by Van Es?°” would seem to indicate that it 
is an ideal medium for many other ketoximes as well; e.g. aceto- 
phenone oxime gives a 90°% yield of acetanilide after six hours in 
formic acid. 

In liquid sulphur dioxide, the Beckmann rearrangement has been 
reported to take place with unusual rapidity, at a low temperature, 
and without any side reactions, giving a product of extreme 
purity 198-161, Cyclohexanone oxime-f-toluenesulphonate, for example, 
rearranges at 21-5° at a rate which is eighty times that in methanol, 
480 times that in chloroform and 16,000 times that in carbon 

tetrachloride ?®. 
The oximes of cyclohexanone, benzophenone and acetophenone 

when added to a methylene chloride solution of iodine pentafluoride 
undergo a Beckmann rearrangement to give the expected amides 
(equation 37) 1&2, 

CeHs 

Gon. “eae CgHsNHCOC,Hs (37) 

CoHs OH” 
i 
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An example of a Beckmann rearrangement accompanying de- 
hydration is the conversion of syn-aldoximes into isonitriles, which has 
been effected by decomposing the addition compounds of the syn- 
aldoximes and methylketone diethylacetal (168) in the presence of a 
catalytic amount of boron trifluoride and mercuric oxide?®. 

CHsCH2C(OC2Hs)2 
F3/HgO O he ( RNG + C.H.COOC He 

aie fo + C,H;OH (38) 

~ 
R 

(168) 

A novel rearrangement of 2-bromoacetophenones (169) in the 
presence of triphenylphosphine leads to N-arylacetimidoyl bromides 
(170) which can serve as precursors in the syntheses of ketenimines*®, 

Ar 

s 
aie Br 

a (CgHs)3P | 
BrCH, OH ae ArN=CCH, + (CgHs)s3P > O (39) 

(169) (170) 

Oo 
Cl N~ 

(CeHs)aP SS 

( Soo. of ai OPH(CeH,),. Cetin, 
is 

(171) (172) 

a te (CsH;)3P—>O (40a) 

Cle 

(173) 

Cl 

SN 
40b 

sh eacesa + (CgH;)s3P-—>O a 

(174) 

O 

NH 

174 7°, 
(40c) 

(175) 
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The reaction is assumed to proceed through a quasiphosphonium salt 
analogous to the one postulated in the reaction of a gem-chloro- 
nitroalkane with triphenylphosphine (equation 40) 18. 

Heterogeneous catalytic techniques for the Beckmann rearrange- 
ment have received further attention. Metallic copper is effective with 
some oximes although strenuous conditions are required !®°, Raney 
nickel has been used to convert acid-sensitive aromatic and aliphatic 
aldoximes to amides1®’. Even better, though, are some nickel com- 
pounds such as nickel acetate tetrahydrate. Acid zeolites (crystalline 
aluminosilicates) show catalytic activity in the rearrangement of 
common ketoximes to amides?®®, Optimum conditions include 
temperatures of 250-350°, a non-polar solvent, and an inert carrier 
gas. 

3. Some recent novel applications 

There is a continuing interest in the synthesis of steroids modified 
through the incorporation of heteroatoms in the polycyclic nucleus. 
Azasteroids are potentially available from normal ketosteroid oximes 
via the Beckmann rearrangement. The treatment of testosterone 
propionate oxime (176) or 17a-methyltestosterone acetate oxime (177) 
with thionyl chloride in dioxan gives only the 3-aza-4**-4-ketones 
(178, 179) 7°. This is in spite of the presence of some of the anti isomers 
of 176 and 177 in the starting mixtures. A more convenient method 

OR OR 

'R’ soc, 
Sede Fe 

dioxan 

HN 
N J 

| O 

(176) R=C,H,CO,R’=H (178) 

(177) R=CH,CO,R’=CH, (179) 

for the rearrangement of such «,8-unsaturated steroidal ketoximes has 
been more recently reported by Kohen'®. A dimethylformamide 

solution of 177 plus an equimolar quantity of -toluenesulphonyl 

chloride gave, at room temperature, a 91%, yield of the 3-azalactam 

(179) free of contamination by the unreactive anti oxime. 
Through selective oximation of 5a-pregnane-3,20-dione and A- 

nor-5a-pregnane-2,20-dione, Nace and Watterson’? have been able 
to prepare oximes 180 and 181 without protecting the free 20-carbony] 
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153 
groups. Oxime 180 was rearranged by the Craig and Naik procedure 

to give a 93%, yield of the previously unknown A-homo-4-aza-5a- 

pregnane-3,20-dione (182). Similarly 181 gave a 1:1 mixture of 183 

and 184 in 93% yield. Thus the Beckmann rearrangement provides an 

excellent route to A-azapregnane derivatives. 

COCH, 
© a oS HON ‘ rH 

(180) (182) 
(42) 

COCH, (stark 
HON cesar He . 

Oo : HN | H H 
H 

(181) (183) (184) 

A new synthesis of quinazoline-N%-oxides (186) through the 
Beckmann rearrangement of o-acylaminoacetophenone oximes (185) 
has been reported by Kovendi and Kircz!"1. The quinazolinedione 
188 is formed by a novel rearrangement of 187 at its melting point?7?. 
This appears to be a Beckmann rearrangement of 187 followed by an 
O-—N migration of the carbonyl group. 

CH C2. OH CH, 
CaN 

H.80, SN+O 

oO oe _ NHCOR Q N* p: 

(185) (186) 

O 
HN— 7 HN 

rar C=O 
KR sd ny (44) 

Cl C=N Cl or 
| | CeHs 

ci si 
(187) (188) 

2-Isoxazolines may be regarded as cyclic ethers of oximes. Acetic 
anhydride-boron trifluoride etherate rearranges 3,5-diphenyl-2-iso- 
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xazoline (189) at room temperature, but other substituents in the 
isoxazoline ring alter the course of the reaction or result in no 
rearrangement ?!73, 

CoH Aco _ CeHsNHCOCH=CHC,H, 
N BF,-etherate (45) 
Se Se + CoHsNHCOCH,CHCAH, 
(189) OAc 

e-Oximinoaryl acetonitriles have been reported to be unreactive 
towards phosphorus pentachloride in ether!"*. Stevens 7®, however, has 
found that some of these compounds do rearrange as shown in equation 
(46). Also, the N-fluorimine (190) readily undergoes a Beckmann 
rearrangement in concentrated sulphuric acid at 85° to give a high 
yield of N-(4-chlorophenyl)oxamide (191). Similar rearrangements of 

NOH NCI 
I I 

c()- CCN =f c-()-con + (46) 

O lhe 
Pe I 

Cl Pa +Cl CCN 

CN 

NF 

I H.2SO, Cl CCN 80s, HOF—CNH Cl (47) 

Ce 

(190) (191) 

CoHeECN + RSH 2a al (48) 
| NOTs NC,H, 

R = C,H, or C.5H;CH, 
the tosylate esters of these oximino nitriles occur in the presence of 
mercaptans and triethylamine (equation 48) *7°. 

The benzenesulphonyl esters of syn- and anti-7-oximino-1,3,5- 
cyclooctatriene give 192 and 193, respectively, when treated with 
60% aqueous acetone at 20°"%, This arrangement probably proceeds 
through the monocyclic azacyclononatrienones which are not isolated. 

O 
NH (OY Olt « 

N~OSO,C.H; 20° cay 
(192) (193) 
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At one time it was believed that carbonyl derivatives of xanthen-9- 

one could not be prepared77, More recently, though, the synthesis of 

xanthen-9-one oximes has been reported +7® and the rearrangement of 

the oxime of 4-phenylxanthen-9-one (194) in PPA at elevated tem- 

peratures leads to a lactam which has been identified as having 

structure 195179, 

HON 
| CONH 

PPA 

é (50) 
Oo O 

CeHs C,H, 

(194) (195) 

Oximes have been conveniently prepared from keto derivatives of 
cyclopentadienylmanganese tricarbonyl complexes (196, R = CHs, 
C.H;) *8°. In cases where syn and anit isomers were formed they were 
separated before being subjected to rearrangement conditions. Only 
the syn isomers (configuration shown) rearrange and all of the anti 
compounds are converted by phosphorus pentachloride in pyridine to 
(CgH;N)2Mn(CO),Cl. 

HON O 
\| PCls | 
C—R C.H5N CNHR (51) 

Mn(CO), Mn(CO), 

4. Examples of Beckmann fragmentation 

It has long been recognized that certain oximes behave in an 
‘abnormal’ manner when subjected to Beckmann rearrangement 
conditions. Now a large variety of oximes is known which undergo a 
heterolytic fragmentation into a nitrile and a positively charged 
species (equation 52)1®1, Processes of this type have been called 

OH R x R 
BS ee ~ fe Gaahl ee are Nite Tei SRO ene a Bite (52) catalyst 

R’ R’ 

second-order Beckmann, abnormal Beckmann, Beckmann fission and 
Beckmann fragmentation reactions. Conditions are especially favour- 
able for this type of reaction when R * is relatively stable as in e-amino, 
a-hydroxy, «-alkoxy, a-keto, «-imino, «-diaryl, «-trialkyl or «-triaryl 
oximes. There is now evidence (Section III.A.5) that not all of these 
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classes of oximes fragment directly to the nitrile. Some probably 
proceed through an intermediate common to both fragmentation and 
the normal Beckmann rearrangement. It is because of this relationship 
and the considerable recent interest in fragmentation reactions that 
several examples for a few of these types will be discussed. 

a. «-Trisubstituted oximes. The literature on the Beckmann re- 
arrangement contains several examples of oximes of bicyclic ketones 
undergoing fragmentation along with rearrangement to the expected 
amide when subjected to Beckmann catalysts®*. The reaction of 
fenchone oxime (197) with f-toluenesulphonyl chloride in pyridine, 
with phosphorus pentachloride, or with sulphuric acid leads to the 
formation of a mixture of the lactam 198 and the unsaturated nitrile 
199 or 200 (or perhaps a mixture of the two) '8?. Conversion of the 
nitrile to the lactam has been effected separately by the Ritter 
reaction with sulphuric acid, but the yield was poor so it was assumed 
that ion 201 is not involved in the major reaction path leading to the 
lactam. 

| 

NOH N NH 
ee \ = Of — a= ae 

(197) 197 (198) 

¢ aS Pa (53) 

. ee, 
ch 7a CN and/or CN 

\ 
(201) (199) (200) 201 199 200 

More recently Sato and Obase?®* have shown that the pyrolysis of 

camphor oxime (202) at 240° for 6-7 min affords a mixture of 203, 

204 and 205 in relative amounts 1:3-8:4-4. At 500° the principal 

product found was 206. Interestingly, nitriles 204 and 205 were also 

found among the products from the photolysis of camphor oxime in 

methanol using a quartz high-pressure mercury lamp. 

Early work on the Beckmann rearrangement of spiroketoximes 

showed that the products depend on the catalyst employed as well as the 

size of the rings1®:185, For example, 207 gives 208 with phosphorus 

pentachloride as catalyst along with a small quantity of 20918°, On 

the other hand, 209 is the main product when phosphorus pentoxide 
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rad tem 
CH,CN CH,CN 

(202) (203) (204) (205) 

| 

(54) 

hie 
(206) 

se Lx) 6 in 
NOH 

(207) bas (209) 

HN 

O 
(210) 

aris (212) 

is used and 210 is the minor product. The spiroketoxime 211 gives 
solely nitrile 212 with phosphorus pentoxide as catalyst. 

Conley and Nowak?®" investigated the rearrangement of several 
2,2-dimethylcycloalkanone oximes (equation 57). With either phos- 
phorus pentachloride or thionyl chloride as catalyst these oximes are 
cleaved mainly to unsaturated nitriles. With PPA, the oximes yield 
a,8-unsaturated ketones. These ketones were thought to be formed by 
an acid-catalysed Hoesch type cyclization of the originally formed 
unsaturated nitriles (equation 58). This possibility was confirmed by 
treatment of the unsaturated nitrile, obtained from the reaction of the 
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N 
N nHe Ser 

CH, HC 
PCI, N NH 

CH, orSOCl, C=CH(CH,), + {CN 1 

(cH), Hc O 
es | Bsatis (CH,), 

O 

. Gee 

PPA oo O O Ghia 

Cy-cnten. + om 

oe H.C 
+ CH(CH,),CONH, 

H.C 

oxime with phosphorus pentachloride or thionyl chloride, with PPA 
to give the same a,8-unsaturated ketone as obtained directly from the 
reaction of the oxime with PPA. In those cases where the relationship 

WH 

NH 
HC be va an 

NC=CHCH, CECHLG=N . = ~ cl 4 CH, 
HC 

[+ (58) 

NH C CH, Cet 
Ker oe 

NH, + Oh a ace Se 
\ CH, CH, 

between the double bond and the nitrile group is not particularly favour- 
able for cyclization then hydration to the open chain amide occurs. 
Somewhat similar results were obtained with the 2,2-diaryl cycloal- 
kanone oximes188. The products were again dependent on ring size 
and on the catalyst. 

Although 2,2-disubstituted-1-tetralone oximes (213) in PPA afford 
almost quantitative yields of the lactams expected from the normal 
Beckmann rearrangement (equation 59) 18° such is not the case with 
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1,1-disubstituted-2-tetralone oximes’®°. Conley and Lange A found 

that the rearrangement of 1,1-dimethyl-2-tetralone oxime (214) using 

phosphorus pentachloride resulted in a 937, yield of the unsaturated 

R _PPA R 9 
ta RY! (59) 

R’ N 
H Oo NOH 

(213) 

nitrile (215) expected from oxime fragmentation (equation 60). Re- 

arrangement of this oxime in hot PPA gave the lactam (216) expected 

from the normal Beckmann rearrangement and an a,f-unsaturated 

CH,CH,CN 
PCl, 

Oe Or 
“NOH coe 

ics Gr: 
CH, 

(214) (215) 

[rea (60) 

0 (OK) : 
NH 

H,C CH, CH, 

(216) (217) 

ketone (217). The ratio of lactam to ketone (~3:1) was found to be 
identical to that obtained from independent nitrile cyclizations under 
comparable conditions of temperature and time. From these data, the 
authors concluded that the lactam, although it is the product expected 
from the normal rearrangements, is not produced in the initial step. 
Rather, they feel, the ketone and lactam are formed competitively 
from a common intermediate by Hoesch and Ritter cyclizations, 
respectively (equation 61). 

CH,CH,CN Hoesch 216 

215 é_cH, (61) 

| 
Ritter 217 

CH, 
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This interesting possibility of a two-step, fragmentation—recombina- 
tion sequence leading to so-called ‘normal’ Beckmann products from 
some oximes has received rather strong support in the form of ex- 
perimental evidence from crossover and stereochemical studies?®}, 
Pinacolone oxime (218) and 2-methyl-2-phenylpropiophenone oxime 
(219) were employed in the crossover study. Treatment of 218 with 
PPA yielded a normal product (220) plus small amounts of acetamide. 
Since oximes like 218 normally fragment in PPA, it was believed that 
218 rearranged by fragmentation and a Ritter type recombination 
(the validity of this supposition was shown by the synthesis of 220 from 
acetonitrile and ¢-butyl alcohol in acid). The reaction of 219 under 
identical conditions likewise led to a ‘normal’ product (221, also 
shown to result from the appropriate carbonium ion and nitrile in 
acid). Heating a mixture of oximes 218 and 219 in PPA led to the 
isolation of 220 and 221 plus the crossed products 222 and 223. Heating 
220 and 221 together in PPA resulted in their recovery unchanged. 

(CHs)gC—C—CH, => (CHs)sCNHCOCH, + CHsCONH, 

OH 
(218) (220) 

CeHsC(CHa)aCCgHs ee > CoHsC(CHg)2NHCOCSHs 

NOH 
(219) (221) 

218 + 219 > 220 + 221 + (CH,)sCNHCOC.H, 
(222) (62) 

+ CgHsC(CHs)2NHCOCH, 
(223) 

Kenyon and coworkers}? have proven that the normal Beckmann 
rearrangement proceeds with retention of configuration of the migrat- 
ing group. The intermolecularity shown by the results of the crossover 
study (equation 62) suggests that if the asymmetric carbon were 
trisubstituted, fission of the oxime would be expected and any original 
optical activity would be lost. To test this idea, a stereochemical study 
was carried out using the oxime of 9-acetyl-cis-decalin (224) 1°1. Here 
a change in relative configuration might be observed instead of loss of 
optical activity. This oxime was rearranged under a variety of con- 
ditions as shown in equation (63). The formation of the stereoiso- 
merized trans amide (226) from rearrangements in strong acid, along 
with the observation of the formation of acetonitrile when using 
phosphorus pentachloride as a catalyst, provides strong evidence for 
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the fragmentation-recombination mechanism. Adding to this evidence 

is the fact that the trans amide (226) can be synthesized by the addition 

of acetonitrile to the 9-decalyl carbonium ion generated from f-decalol 

plus sulphuric acid. It may be that the trans amide is the kinetically 

controlled product in these reactions. 

Fae NOH 

ee NHCOCH, NHCOCH, 

CCE cml coho 
(224) (225) (226) 

Reagent Products 

C,H,SO,Cl/C;H;N 225, 927, 

PPA, 25° 226, 617, 

H,SO,4,. 85-907, 226, 407, 

PGE acetonitrile 

Among other recent examples of fragmentation products from e- 
trisubstituted oximes is the work reported by Shoppee, Lack and Roy+% 
on the rearrangement of the oximes of some aza-steroids. ‘They found, 
for example, that thionyl chloride at — 20° converts 5a-cholestan-1-one 
oxime (227) to approximately equal amounts of the lactam 228 and 
nitrile 229. 

HON 

CN CH te 
SOCI, X 
—20° 

H HK 
(227) (228) (229) (64) 

An interesting case where fragmentation is not observed is shown in 
equation (65). The oxime ester 230 in 85% ethanol at reflux tempera- 
ture for 15 min gives practically a quantitative yield of the amide 
231 7%, 

CY 857 CoH,OH CY (65) 

aN Saas NHCOCH, 

(230) (231) 
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b. a-Disubstituted oximes. The possibility of a fragmentation— 
recombination reaction of «-disubstituted acyclic ketoximes has also 
been reported. When phenyl cyclohexyl ketoxime (282) is heated in 
PPA a mixture of amides is formed as shown in equation (66) 1%, 
Evidence in favour of the two-step mechanism comes from the fact 
that heating the expected fragmentation products, cyclohexene and 
benzonitrile, in PPA leads to N-cyclohexylbenzamide (234) in good 
yield along with some of the hydration product, benzamide. 

(233) 

(232) + GHACONH{ 

(234) 

CN a GH.CONH, +() -CONHCAH 

ao (66) 

Organic halides may also be formed as Beckmann cleavage products 
when phosphorus pentachloride is used as a catalyst. Hassner and 
Nash*°S found an extremely facile cleavage of 1,1-diaryl-2-propanone 
oximes (235) to diarylmethy] chlorides (236) in essentially quantitative 
yields. Little or no amide products were detected. 

CH. NOH CeHs 
I x CHCCH, Senet CHCl + CHgCN (67) 

7 2 
Ar Ar 

(235) (236) 

c. «-Oximino ketones. When «-oximino ketones are treated with 
strong acids or acid chlorides, or when they are dissolved in aqueous 
base and treated with acylating agents, they are cleaved to nitriles and 
carboxylic acids?®’. When alcohols are present, esters are formed 
(equation 68) 19° Ferris and coworkers have favoured a mechanism as 
shown in equation (69) to explain these abnormal Beckmann reactions. 
Another mechanism which has been considered is one which involves 
attack of the base on the carbonyl carbon with concerted fragmentation 
of the rest of the molecule (equation 70) 1°. The mechanism in these 
cleavage reactions has as yet not been unequivocally settled. Free- 
man 2° has concluded that, in the presence of a good nucleophile and 
no hindrance to attack at the carbonyl, the concerted mechanism may 
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O NOH Oo 
past tl at chee woe eo p—C_or’ + RCN (68) 

© NOH O NO- Nat 9 N-“Onc 
poten MOR ree A, RCA RY 

9 sat AV 
tend opr BH RCH ERIN + ACO” (69) 

|r 
O 

R—C_OR” 

O N-oR’ O° ; 
RGR —+ pCB + RICN + “OR’ (70) 

= 

be operative and when this path cannot be followed the fragmentation 
process may occur. 

Hassner and coworkers?°! have demonstrated that esters of steroidal 
«-oximino ketones undergo cleavage instead of Beckmann rearrange- 
ment under certain conditions. The corresponding free oximes with 
boiling acetic acid—acetic anhydride give mainly imides (equation 71) 
but it was shown?°? that the reaction proceeds first by cleavage to a 
nitrile acid (238) followed by ring closure to the imide (239). More 
recent work by Hassner and Wentworth? has provided evidence in 

COOH 

HO AcO 

(237) (238) 

AcO / 

(239) 
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favour of the concerted mechanism (equation 70). Treatment of the 
acetate of 237 (237-OAc) with primary amines at 25° yields amido- 
nitriles (240). As the steric requirements of the amine increase the 
cleavage slows and more hydrolysis of the oxime results. When 
237-OAc is treated with methanol or ethanol, cleavage is complete 
within 24 hours, while with isopropyl or ¢-butyl alcohol cleavage is 
essentially absent. All of these results, they felt, are not compatible 
with a cleavage mechanism such as equation (69), and are more easily 
rationalized through equation (70). 

1 
O 

A RNH> CAN 
or ie (72) 

hh NOAc | 

(237-OAc) (240) 

d. «-Amino ketoximes. Grob and coworkers have extensively studied 
the fragmentation reactions of «amino ketoximes?°*-?°°, In their 
early investigations they found that the syn and anti forms of the esters, 
e.g. tosylate, benzoate or p-nitrobenzoate or ethers, e.g. 2,4-dinitro- 
phenyl or picryl of a-aminoacetophenone oximes undergo fragmenta- 
tion to a carbimonium salt (242) and benzonitrile (equation 73)?4. 
The rate of fragmentation in 80% ethanol depends markedly on the 
nature of the amino and ester or ether groups and is only slightly 
influenced by substituents in the benzene ring. Some of their results are 
shown in Tables 12 and 13. 

ANCH.C=NeX > RaN=CH, + X- + ArCN (73) 

Ar 

(241) (242) ’ 

Three possible mechanisms may be considered for these reactions. 
First, there could be a synchronous process with simultaneous cleavage 

giving R,N=CH,, X~ and the nitrile as shown in 243. Secondly, 
+ 

there could be fragmentation to RzN—CHy, and a carbanion (244) 

which eliminates X~ in a later step. Finally, one can consider loss of 

X- to form an iminium ion (245) which subsequently decomposes to 

a carbimonium ion and nitrile. 

A p-nitrophenyl group should stabilize 244 and enhance the rate 

relative to phenyl if the second mechanism holds and if 244 is formed 
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RN CH, CEN ArC=NX RANCH.C=N 
. Ar Ar 

(243) (244) (245) 

in the rate-determining step. Similarly, one can argue that the p- 
nitrophenyl group should destabilize 245 relative to phenyl and 
decrease the rate. The failure of p-nitro or other substituents in the Ar 
group to greatly influence the rate along with the simultaneous and 
strong dependence of the rate on the nature of the amino group and 
the group X has been taken by the authors? as evidence for the 
synchronous mechanism of fragmentation. The process would thus 
amount to a coplanar ¢rans elimination in the anti oxime series and an 
unusual cis elimination in the syn oxime series. The much lower 
reaction rates of the syn forms (kanti/Ksyn © 2,000) may reflect the 
stereoelectronically less-favourable transition state in these isomers. 
The rates of both forms, however, are greatly enhanced over those of 
comparable alkyl phenyl ketoxime derivatives. 

Grob and coworkers?°°:?°° also found that the main reaction of the 
p-toluene sulphonate esters of a series of mono- and bicyclic a-amino 
ketoximes is fragmentation to carbimonium salts (equations 74 and 
75). The products were isolated as the tosyl amides or amines. Com- 
pounds 246 and 247 give lactams which could be the products of a 
normal Beckmann rearrangement. However, these too could fragment 
to carbimonium ions which subsequently cyclize via a Ritter type 
reaction. This latter possibility was confirmed by the interception of 
the intermediate ions by cyanide ions (to give nitrile 248 in the case of 
compound 247). 

NX CN 

/ ( —— +X" (74) 

ik \ 
C,H 

— 

CeHy 

NX 
CY ca +X (75) 

N N~ 
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ac Ce 
(246) 

NX . Oo 

—_—> fi (77) 

N N 

ts 

fre 

os: CN CS CN 

(248) 

The rates of reaction of some «-amino ketoxime acetates and their 
homomorphous analogues under comparable conditions differ by as 
much as 108, favouring in all cases the «amino ketoxime deriva- 
tives?°7-208, Acetates 249 and 251 quantitatively fragment to benzo- 
nitrile and cyclic immonium salts at rates 10” and 108, respectively, as 
high as those for the rearrangement of 251 and 252°". Interestingly, 
even tosylate 253 undergoes fragmentation at a rate 2-4 times as high 
as that for the rearrangement of 2542°8. In this last case the experi- 
mental results have been interpreted in terms of fragmentation of 253 
to benzonitrile and the 2-quinuclidinyl cation (255a, b) which is the 
precursor of the other products. This suggests that there must be some 
delocalization of the positive charge on to the bridgehead nitrogen; 
i.e. some contribution from 255b. 

rer Pat Olen Dies 
N i | 
LN) NOAc H. ee on NOAc CH, NOAc 

(249) (250) (251) (252) 

Qin Qe eee NV ee ee N~* NZ 
NOTs NOTs = 

(253) (254) (255a) (255b) 
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é. Other examples. Among the many other examples of Beckmann 
fragmentation reactions reported during the last few years are the 
cleavage of «-hydroxy oximes to nitriles (equation 78) 2°, the frag- 
mentation of a-difluoroamino fluorimines to a-difluoroamino fluorides 
(equation 79)?!°, and cleavage accompanied by rearragement in 
N-fluorimines 256183 and 25778, 

ine ~~ 

SOClg 
| | ~=20°” | | | (78) 

HO GMI Ch 

Cl 
NOH 

Cl NF, 
BF, B 

NF, “CHCl (79) &. CN 
NF 

NF NE 

ll NaOEt ieee C,H,;C—CC,H,; Son Moree CoH,N=C. (80) 

(256) OEt 

NF | OEt 
- NaOE 7 c-())-Con ee c-())-en ~ (na (81) 

OEt 
(257) | 

c-())-cone, 

The fragmentation of B-keto ether or thioether oximes to nitriles and 
carbonyl compounds can be applied to structure elucidation of natural 
products and to the synthesis of compounds difficult to prepare by 
other routes. Several examples illustrating Beckmann cleavage in 
these oximes are shown in equations (82) 211, (83) 212 and (84) 21%. 

Ethyl-5-cyano-2-oximinopentanoate (259) has been obtained by the 
action of acetic anhydride on a NaOEt/EtOH solution of 1,2,3- 
cyclohexanetrione-1,3-dioxime (258)?1*. Reaction of 1-phenyl-1,2,3- 
butanetrione 2-oxime (260) with an excess of potassium cyanide in 
methanol results mainly in the formation of 2-hydroxy-2-cyanophenyl- 
acetamide (261) which can be rationalized as arising from the initial 
cleavage products?15. Indolyl-3-pyruvic acid oxime (262) is probably 



430 Cc. G. McCarty 

NOH 

OH 

Ei CO KN ced ci im O oe CH,CN 

aNCF,CHCIF 15%, Et,N oo Co CIO,” 

MeO SMe MeO CN SMe 

HON 

MeO CN CHO 

NOH 

ces SOC, NC(CH,),CHCIOCH, S24, NC(CH;)CH(OCHs)2 (84) 

Oc, = 

a precursor of the natural product indolyl-3-acetonitrile (263) since 

fragmentation of 262 to 263 can be achieved under conditions 

approximating the biochemical process *?®. 

O 
HON NOH 

J:EIOHINIOF, FLO JCC (CHa)¢CN (85) 
NOH 

(258) (259) 

ie : 
CgH{C—C—CCH, —Spn > CeHC—CONH, (86) 

aq. MeOH oe 

(260) (261) 
CH,CN 

CH, CO,H fs 
| Nc% HeVkeI | (87) 

N | x N 
H HON H 

(262) (263) 

5. The mechanism 

Mechanistic interpretations offered by authors in attempts to 
explain ‘abnormal’ products, or normal products arising perhaps 
from abnormal routes, have been interspersed through the preceding 
consideration of Beckmann fragmentation reactions. It is necessary to 
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consider here the results of some more intensive and quantitative 
studies which, in some cases, shed a more general light on the 
mechanism or spectrum of mechanisms for this reaction. 
Much of our present understanding of the nature of the intermediates 

in the Beckmann rearrangement comes from the early work by 
Kuhara?*’ and Chapman?!8 and the more recent studies by Grob2?9, 
Kuhara and coworkers?1" showed that while oximes do not normally 
rearrange without an added catalyst, their benzenesulphony] esters 
rearrange readily at room temperature, in the dark, and without any 
catalyst. Furthermore, they demonstrated that the initial product is an 
imidy] derivative (264) which undergoes further rearrangement by an 
O — N shift to finally give the amide which is usually isolated (equa- 
tion 88). 

spontaneous 
Bey R’C==N—R ——> R’C—N—R 

| 
C=N BOL. L iacae 

Ze oN 
R’ OSO.C.Hs (264) 

Evidence for the imidyl intermediate comes also from its observed 
interception by nucleophiles such as alcohols and amines. 
Among other things, Kuhara and his group?”° also found the ease of 

rearrangement in a series of oxime esters to be proportional to the 
strength of the esterifying acid; the order for several acids being 
C,H;SO3H > CICH,CO,H > C,H;CO,H > CH;CO.H. Although 
acyl oximes derived from oximes plus sulphuric acid, PPA, or phos- 
phorus pentachloride have not been isolated as intermediates, it is 
believed that they are formed from these catalysts and then rearrange 
rapidly in a manner analogous to the benzenesulphony] esters. 
Chapman and coworkers??® established that in the rearrangement 

of the picryl ethers of f-substituted benzophenone oximes (265) 
electron-withdrawing substituents strongly decrease the rate and 

ie QO CeH2(NO2z)s 

waite OM, ee OCeH2(NOz)a Cal Xp 
(265) 

electron-donating substituents strongly increase the rate when in the 
migrating group. The same substituents in the non-migrating phenyl 

group affect the rate in the same manner but to a much smaller degree. 

There also was observed an increase in rate as the ionizing ability of 

the solvent increased. Rates they determined followed the first-order 
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rate law in every case and were lower than the rates of conversion of 
the corresponding imidyl esters to the same amides. These data led 
them to conclude that the transition state of the rate-determining step 
in these Beckmann rearrangements must involve partial ionization of 
the N—O bond with simultaneous migration of the aryl group trans 
to the picryl group. 

The results of the studies by Kuhara and Chapman and their co- 
workers do contribute much towards the elucidation of the details of 
the mechanism of the rearrangement at least under the conditions 
they employed. However, the large variety of catalysts commonly 
used in the Beckmann rearrangement, along with the great variety in 
structures of oximes and oxime derivatives which are known to re- 
arrange, make it unfeasible to assign one mechanism to this reaction. 
Each set of reaction conditions may define a slightly different 
mechanism. All of the mechanisms, though, must have in common 
several basic steps; conversion of the oxime to the rearranging species, 
rearrangement and conversion of the intermediate to the isolated 
species. 

Over the past few years Grob and his group??° have provided many 
quantitative data on the mechanism of rearrangement of ketoxime 
tosylates in aqueous ethanol. Relative rates for the solvolysis of some of 
these tosylates in 80% ethanol (containing a two-molar equivalent of 
triethylamine to neutralize the toluenesulphonic acid formed) are 
given in Table 14. All of the reactions are first order in oxime ester 
concentration. As may be seen from the data, the rate increases with 
increased branching at the azomethine carbon, but the effect on rate is 
much less than the effect of the same branching on the rate of 
solvolysis of the corresponding chlorides. There is no relationship 
between the relative rates of rearrangement of the oxime tosylates and 
the corresponding alkyl chloride solvolyses. The rearrangement rates 
remain more constant over the series studied than the solvolysis rates, 
which increase rapidly with increased charge stabilization. 

These data are consistent with partial ionization in the transition 
state to give an electron-deficient species. The electron deficiency, 
though, must be less concentrated than in an alkyl carbonium ion. 
Consistent with this idea is the observation that even 1-bicyclo- 
[2.2.2]octyl methyl ketoxime tosylate (266) reacts at an appreciable 
rate relative to t-butyl methyl ketoxime tosylate}, in great contrast 
to the relative rates of solvolyses of the corresponding bromides. The 
lack of a consistent or linear increase in rate with increased branching 
has been attributed to a decrease in solvation of the transition state 
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TasBLe 14. Rearrangement rates of some ketoxime 
tosylates (0-001m) in 80% ethanol at 23°.219 

R 

Sc 
c—N 

P aials *s 
R’ OTs 

RCI Solvolysis, 
R R’ k x 108(s~2) hay k x 108 (25°) 

CHg CH, 1-07 1 
C.Hs CHs 64-8 60 
CH(CHs3)2 CH; 868 810 <1 «1078 
CH(C,Hs5)2 CH; 43-1 40 172 
C(CHs3)3 CH; 931 870 0-924 
C(CH3) (C.H;) CgH; CH3 878 820 528 
C3Hs5 CH; 106 100 

CH(CHs)2 C,.Hs 45-8 1 
C(CH3)3 C.Hs 55:3 ihe 
C(CH3)(C,H;) CgHs C,H; 247 5:4 
C.Hs C,Hs 288 6:3 

Cyclopentanone oxime tosylate 1 
Cyclohexanone oxime tosylate 21 
Diethyl ketoxime tosylate 2°8 

due to steric crowding. A more recent study shows that steric hindrance 
to solvation is an effective factor contributing to relative rearrangement 
rates only for certain solvents or solvent mixtures?*1, 

pt 
H,C OTs 

(266) 

Since the constrained cyclohexyl and cyclopentyl systems cannot 

readily rearrange to a linear intermediate, it is of interest to compare 

the rates of cyclohexanone and cyclopentanone oxime tosylates to that 

of diethyl ketoxime tosylate. The relative rates observed by Grob and 

coworkers 2!9 (Table 14) show that the rate-determining step must not 

be migration to a linear structure as is required by the nitrilium ion 

(267a, b) but is more likely rearrangement to a structure such as 268 

which is bent at the azomethine group. This bent intermediate can 
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then ionize rapidly to the nitrilium jon, which serves as a common 

intermediate for the formation of rearrangement and fragmentation 

products. These ideas are incorporated in equation (90). 

R R’ R ko + 
NSN eee Scené ——— R'—C=N—R <— R’—C=N—R 

Rin x 49 
(268) (267a) (267b) 

Y-| ks 90 
AR, | ( ) 

ee : i Path guys 
R’— ee R’CN +R aN 

a 

(269) 

The transition state of the isomerization step is pictured by Grob 
and coworkers?!9 as a bridged intimate ion-pair complex (269) in 
which the relative positions of the groups around the azomethine 
double bond more closely resemble those in the starting material. 
This explains the acceleration of the reaction by polar solvents, the 
normal rates of the cyclic ketoxime tosylates, and avoids the formation 
of a concentrated charge at the oxime carbon. It is not to be implied 
that this two-step, migration—-ionization mechanism applies to all 
groups R and R’. A one-step rate-determining rearrangement and 
ionization to the nitrilium ion might be applicable for aryl migration. 

The direct or one-step ionization mechanism may also apply in 
cases where the group X leaves through assistance from complex 
formation. The nitrilium salt intermediates first described by 
Theilacker and Mohl??? as resulting from the treatment of the N- 
chlorimine of benzophenone (270, R = C,H;) with antimony penta- 
chloride have been isolated and characterized by Grob and 
coworkers?!9. The intermediates were isolated in good yield and were 
identified from their decomposition products and by infrared spectral 
comparison with authentic samples. Infrared spectra of the nitrilium 
salts indicated that they are linear as shown. 

R 
aN 
GEN py gore Cole CaN R deSbC le = 

S 
CeHs Cl 

(270) R = C.eHs, C(CHs)3 

(91) 
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The mechanistic scheme shown in equation (90) suggests that the 
ratio of amide formation to fragmentation depends upon the ratio of 
kg to kg. Obviously, the nucleophilicity of Y~ and the nature of R+ 
are determining factors in establishing this ratio. In solutions con- 
taining no good nucleophile, such as PPA, fragmentation may be 
favoured (assuming k,/k_ 4 is large). 

The question arises as to whether or not any Beckmann fragmenta- 
tion reactions need be said to follow the mechanism in equation (90). 
As has been previously pointed out, the evidence for a one-step 
synchronous elimination mechanism is quite convincing for some 
cases where the substituents on the e-carbon have a large electron- 
donating ability; e.g. «-amino ketoximes. It seems now that oximes 
with groups R of lesser electron-donating ability which still fragment, 
€.g. a-trisubstituted and a-disubstituted oximes, do so through a 
normal rearrangement intermediate. Evidence for this is contained in 
fanle-15=". 

Tasie 15. Amounts of fragmentation and relative rearrangement 
rates of some ketoxime tosylates?19 

R 

Neen, 

H3C OTs 

R ; 7, Fragmentation peo k28" (RCI) 

C(CHs3)3 10 1-1 1 

CH(C,Hs)2 54 0-05 186 

C(CH3) (C2Hs) CgHs 80 1-01 572 

As seen from these data, there is no relationship between the amount 
of fragmentation and the rate of the rearrangement or between these 
rates and the rates of solvolyses of the corresponding chlorides. The 
fragmentation yields, though, do parallel relative solvolysis rates, 
indicating that the degree of fragmentation corresponds to the 
stability of the carbonium ion formed ?*:??%, Thus, in these cases, it 
has been concluded that fragmentation follows the rate-determining 
step or, in other words, the step in which the nitrilium ion is formed. 
Further evidence for the nitrilium ion as the precursor to both frag- 
mentation and rearrangement comes from the observation that 271 
gives about the same ratio of amide and nitrile as is obtained under 
comparable conditions from 272779, 

15—C.C.N.D.B. 



436 C. G. McCarty 

Hc 

[CeHsC=N—C(CH,)a] FeCla- or 

GH, OTs 
(271) (272) 

N-Alky] nitrilium salts have been found to be common intermediates 

for the rearrangement and fragmentation processes in the solvolyses 

of optically pure (—)-anti-2-methyl-2-phenylbutyrophenone oxime 
tosylate (273) and (—)-anti-3-methyl-3-phenyl-2-pentanone oxime 
tosylate (274) in methanol?24, The products are the amide with 
retained configuration of the migrating group and 2-phenyl-2- 
methoxybutane (275) with predominant inversion. 

Gale GH CHa 

¢ d CgH;—C———C—C,H; C,H;— dite tecate ute 

| | 
Cari eueN! Goes Gore 

OTs OTs 
(278) (274) (275) 

A ‘univalent’ nitrogen species has been proposed as a reaction 
intermediate for the Beckmann rearrangement but has, until recently, 
received little support since it cannot explain the stereospecificity 
normally observed without drastic modifications ®°. Recently, though, 
Lansbury and coworkers 225-227 have reported some examples of non- 
stereospecific rearrangements of 7-alkyl-l-indanone oximes. For 
example, they found that PPA converts 4-bromo-7-¢-butyl-1-indanone- 
oxime (276) mainly into  1,8-ethano-7-bromo-4,4-dimethyl-3,4- 
dihydroisoquinoline (277) plus a mixture of lactams 278 and 279. 

i 

Cte, 

S a _PPA : ‘a |+ G Oo a J ne (92) 

eee fe (278) (279) 

Indanone oximes with less bulky substituents in the 7-position give 
more of the lactam from aryl migration and 8-substituted tetralone 
oximes give only Beckmann rearrangement with aryl migration 22°, 

The products in equation (92) are explained as arising from a 
combination of several steric effects?2”. Torsional strain in the transi- 
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tion state associated with aryl migration in 276, combined with the 
steric hindrance offered by the ¢-butyl group, hinders aryl migration 
through the normal pseudo three-membered ring transition state. 
These effects are less severe in cases of smaller substituents or in the 
tetralone series where the ring is more flexible and normal stereo- 
specific migration is then observed. Thus, Lansbury and coworkers 
have concluded that an iminium ion (280) is formed in the indanone 
series. This ion accounts for the alkyl migration and for the presence of 
277 as an iminium insertion product. 

N+ 

| OC,H; 

() C,H,C=NC,H, CH,CHNGH; 
BF,- 

Br : 

(280) (281) (282) 

Loeppky and Rotman?*® hoped to trap an iminium ion from the 
treatment of N-chloro ketimines of benzophenone with silver tetra- 
fluoroborate, reasoning that this reagent might satisfactorily replace 
intramolecular assistance to ionization. Using aqueous dioxan as 
solvent they found mainly the amides from normal Beckmann re- 
arrangements. When aprotic solvents were employed, the products 
formed could be explained as arising from the nitrilium ion (281). The 
intermediacy of 281 was further substantiated by its trapping with 
sodium ethoxide in 1,2-dimethoxyethane to give ethyl N-pheny]l- 
benzimidate (282). 

Pearson and McNulty??? compared the rates of rearrangement of 
several substituted acetophenone oximes in concentrated sulphuric 
acid. Among their results was the observation that p-alkyl substituents 
show less electron-release ability (relative to hydrogen) than they do in 
most nucleophilic reactions. Also, the o-constants of alkyl groups 
occupying positions ortho to each other were not additive in predicting 
rates. The correlation of log rate with the Hammett acidity constant, 
H,, on the other hand, was good. In conclusion, structure 283 was 
offered as a picture of a ‘transition complex’ in these systems. 

- 
see 
N ress > O seeee >Ht Xe Or” Oe Seo | 

a NOH 
HSO,- = CHs 
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Yukawa and Kawakami?°° reported a reverse carbon-14 isotope 
effect (k14/k12 = 1-12) for the rearrangement of phenyl-1-labelled 
acetophenone oxime (284) which they interpreted as favouring a 
mechanism in which the migrating group participates in the N—O 
bond fission as in structure 283. Glover and Raaen?*1 have repeated 
this work and their results do not substantiate the previous findings of 
Yukawa and Kawakami. The discrepancy between these two studies 
is not clear at present. 

To ascertain whether alkyl groups right on the azomethine carbon 
influence rates of rearrangement mainly through polar or through 
steric effects, Kawakami and Yukawa ?*? have determined the rates of 
rearrangement of several alkyl methyl ketoximes (all in the syn- 
methyl configuration). The sequence found for the first-order rate 
constants in sulphuric acid was cycloheptyl ~ cyclohexyl > 2- 
methylcyclopentyl > cyclopentyl > n-amyl. The effect of these 
migrating groups upon the reaction rates cannot be explained by their 
polar effect alone, since there is no correlation between the relative 
rates and Taft’s o* values'””. An explanation based on the steric effect 
of the migrating groups and relative changes in steric compression 
in the ground and transition states may be more satisfactory. 

The kinetics and mechanism of the Beckmann rearrangement of 
alicyclic ketoximes in concentrated and fuming sulphuric acid have 
been extensively studied by Vinnik and Zarakhani. An excellent review 
of their work has recently been published 2**. On the basis of their re- 
sults they propose that in all cases the alicyclic ketoximes are present as 
four equilibrated forms: the unionized form (285), the protonated form 
(286), the ion pair (287) and the dehydrated ion pair (288). The 
relationship of these forms is shown in equation (93). The observed 

Cee ES Ff 
(Cada § C=NOH + HS0,-=== (CH), NOH + HSO, 

(285) (286) 
ae os 

286 + HSO,, === (CH,), C=NOH-:HSO,- 
ee eet 

(287) oe 
aa + 

287 =———= (Colada SN HSO.: + H,O 

(288) 

rate determining 
288 ————— lactam 
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dependence of the rate constants on the acidity of the medium, the 
activity of water, and the activity of sulphuric acid is best explained by 
considering that the rate-determining step occurs from the dehydrated 
ion pairs as shown. At lower acid concentrations, such as were used by 
Pearson and coworkers??°, a step leading up to 288 may be rate- 
determining. 

Although most of the aforementioned work by Grob and coworkers 
with ketoxime esters was carried out in 80% ethanol, there have been 
others who have studied the effect of solvent variation on rearrange- 
ment rates. Chapman?** suggested that the rate enhancement pro- 
vided by polar solvents could be correlated by the dipole moments of 
the solvents. Heldt?*° later asserted that rates could be reasonably 
well correlated by Kosower’s Z values?*° or, that is, by the ionizing 
power of the solvents. These successful correlations may be due to the 
fortuitous choice of only a few solvents as pointed out by Tokura, 
Kawahara and Ikeda?*?. These authors used twelve solvents in their 
study of the rearrangement of cyclohexanone oxime tosylate. The rate 
constants decreased in the order: liquid sulphur dioxide > methanol > 
acetic acid > nitromethane > ethanol > acetonitrile > pyridine > 
chloroform > acetone > ethylene dichloride > methy] ethyl ketone > 
carbon tetrachloride. They could establish no good relationship 
between log & and the dielectric constants, or between log k and the 
dipole moments, or between log k and the log Z values of the solvents. 
An adequate explanation of the effect of such solvents on the rate of 
Beckmann rearrangement of oxime esters awaits further study. 

B. The Chapman Rearrangement 

I. Introduction 

The thermal rearrangement of an aryl imidate (289) to an N- 
aroyldiaryl amine (290) was discovered by Mumm, Hesse and ‘Vol- 

OAr? O Ar? 

Apt —CaN—Ars 200-300", cal al el (94) 

Ar? 

(289) (290) 

quartz 237 several years before the mechanism and scope of the 

reaction were studied by Chapman ?°8-*41, The reaction is now usually 

referred to as the Chapman rearrangement and less frequently as the 
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Chapman-Mumm rearrangement. Quite an extensive review of this 

reaction by Schulenberg and Archer24? has been published recently. 

In the brief consideration of the reaction presented here, the 

broadest definition of the Chapman rearrangement will be used, 

some examples of the thermal rearrangement of alkyl imidates will be 

included along with examples of rearrangements brought about with 

the aid of added catalysts. 

2. Mechanism 

That the Chapman rearrangement is an intramolecular reaction 

was first suggested by Chapman himself ?** and later confirmed by 

Wiberg and Rowland?4%, The latter authors heated a mixture of 

compounds 291 and 292 and found both the x-ray powder pattern and 

the infrared spectrum of the mixture of amides formed to be identical 
to those of a mixture of amides obtained from heating the two imidates 
separately and mixing the products. In other words, no crossover 
product could be detected. 

OC.Hs OC,H.Cl-p 
| 

CgHsC=NCeHs CgH,;C=NC,H,Cl-p 

(291) (292) 

The rearrangement has been found to follow first-order kinetics 
with the rates being dependent on the nature and position of sub- 
stituents in the aromatic rings. Chapman?*° found that electron- 
withdrawing substituents on the aryloxy ring (Ar? in 289) of aryl 
imidates facilitate the reaction and he concluded that the rate of the 
reaction is associated with the acidity of the phenol from which the 
ester is derived. He also found that electron-withdrawing substituents 
in the arylimino ring (Ar®) retard the reaction as they do to a lesser 
extent when in the C-aryl ring (Ar’*). 

From their study of a large number of substituted imidates, Wiberg 
and Rowland?*? concluded that the Chapman rearrangement is 
essentially an intramolecular nucleophilic displacement on an 
aromatic ring. This description is consistent with the effects of the 
substituents in the various rings on the rate of rearrangement and can 
perhaps best be pictured as in equation (95). Additional support for 
the nucleophilic aromatic displacement nature of the rearrangement 

O—~—Ar? O eevceceres A r? O 

Or Pes ferret os : wa 

Aten Sora ARG seevccees Nes eee flee ict (95) 

Ar’ 
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has come from the observation that if the log of the rate constants for 
the nucleophilic displacement reactions of a series of p-substituted 
o-nitrobromobenzenes by piperidine is plotted against the log of the 
rate constants for the Chapman rearrangement of a series of p- 
substituted (Ar?) imidates, a very good correlation is obtained 248, 

Chapman, as well as Wiberg and Rowland, found that imidates with 
ortho substituents in the aryloxy ring rearrange more readily than those 
with the same substituent in the para position of the aryloxy ring. 
Wiberg and Rowland?*% explained this enhanced reactivity of the 
ortho-substituted compounds as being due to an entropy effect; the 
argument being essentially that the ortho substituents restrict free 
rotation of the aryloxy ring in the reactant, and thus lessen the 
entropy decrease in going between the reactant and the cyclic 
transition state. 

3. Synthetic utility 

Chapman **t, in 1929, pointed out the fact that the thermal re- 
arrangements of aryl imidates, which he had been studying, could be 
of value in synthesizing substituted diphenylamines via hydrolysis of 
the initially formed amides (equation 96). Many substituted diphenyl- 

OAr? O iA 

| eae 
oS AN 2c KOV Ar?NHArt (96) 

\ 
Ar? 

| 
Ari—C—N—Ar? 

amines which can be obtained from the Chapman rearrangement of 
imidates are difficult to prepare by other methods while, admittedly, 
some are just as readily or more readily available from the Ullmann 
condensation 242, : 
A tabular summary of the reported applications of the Chapman 

rearrangement has been provided by Schulenberg and Archer ?*?. 
Their literature coverage extends through the middle of 1963. A few 
selected examples will suffice here (equations 97-100). 
Jamison and Turner?*® discovered that the Chapman rearrange- 

ment may be used to synthesize substituted acridones (equation 101). 
The process has been exploited by Singh and coworkers?*8-°° in 
their syntheses of 9-amino acridines in search of antimalarial agents. 
Inasimilar fashion, Cymerman-Craig and Loder ?* used the Chapman 
rearrangement to prepare substituted benzacridones (equation 102) 
which can be reduced by sodium amalgam to benzacridines. 
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oS Bee i ee ee 

CoHeCe ES CSHyC—N(CoHiBr-0)a Gog? HN(CoHaBr-o)o (97) 

NC,H,Br-o 86%, ae 87%, (ref. 244) 

O O 
| O | 

ye CCeHs 270° il COsHs a kon 
Cathe. a CoHsC—N aa lai 

NC,Hs CeH 

90%, ° 

AC))-ec (98) 
ie, (ref. 245) 

C.Hs 
897, 

OC,H,Cl,-2,4,6 On) CrCl 46 
vi 270° Ub eaes alc, KOH 

Core a ego ——— 

NC,H,Cl,-2,4 817 CgHCl-2,4 

SoHsCle24.6 
HN (99) 

NC HeCle-2,4 (ref. 246) 

927, 

C,H, 
©,$ O-CCHs 2 0,5 N=CCH, 

INGAee oO 3 

97%, 

[» KOH (100) 

(ref. 247) 

O,S N—C,H 1Orv| 
85%, 

CH;02C €H,0,C 

O 

+O) T XD < 270° CH ll aaa Cl 

XY 6! '5 —N Tat piai 

Oi aa H 
(101) 
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H.C CO,CH, 6 

QO C,H,C=N oe 275-300° O S (102) 

N 

ee CH, 4) OS 

4. Rearrangements of alkyl imidates 

There have been several reports of the thermal rearrangement of 
alkyl imidates. Generally the temperatures required are higher than 
those needed for the rearrangement of aryl imidates and the yields are 
lower (equation 103)?°?. In contrast to the normal Chapman re- 
arrangement, the rearrangement of alkyl imidates has been shown to 

OCH, Oo 
280° l CoH > CeHsCN(CHz)CeHs (103) 

\ 
NCgHs 

a7 
be intermolecular 2°? and it has been proposed that it is a free-radical 
process?5*, A couple of recent and novel examples are shown in 
equations (104) 2°° and (105) °°. 

Oo 
| 

(CaHs)aNCHsCHsOCCgH; ——> (CoHs)aNCH2CHaNCC,Hs (104) 

NGSHe Gals 

59%, 

OCH, 7 

C C 

rd 5 
\ \ 

ov O J O 
92%. 

Often, though, with O-alkyl groups larger than methyl, elimination 
by a unimolecular cis process (equation 106) is the normal result of 

pyrolysis of an alkyl imidate instead of rearrangement*®°. 

a a 
O——C— 

CoH re 4 ns 
sige Se Se. CONME LH, + en (106) 

NCgHs a ae 

15* 
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Allyl imidates readily undergo thermal rearrangement to N-allylic 

benzanilides by an intramolecular mechanism which must be 

analogous to the Claisen rearrangement, since the allylic group be- 

comes inverted during the course of the rearrangement (equation 
107) 25”, Roberts?°® and Hussein and coworkers?°%-?6° have studied 

Ri 

otHicH=cHR? ° 

CoH a CoHtelNCeHe (107) 

NC.Hs CHCH=CHR? 
te 

both the thermal and acid-catalysed rearrangements of allylic N- 
phenylformimidates (293). In general the acid-catalysed reactions 
proceed at much lower temperatures but give poorer yields of for- 
manilides (294) than the thermal rearrangements (equation 108). 

OCH,CH=CH, O yaa 

200° | 
oS or HeSO, at 115° HCN (108) 

NAr Ar 

(293) (294) 

Alkyl halides also catalyse the conversion of alkyl imidates to amides 
at lower temperatures than those required for thermal rearrangement. 
The rearrangement is intermolecular, though, as is shown by equation 
(109) 2&*. Arbuzov °°? and Shishkin 7° have carried out the rearrange- 

coe 1 GHs 

150° ra ae a CHSCN (109) 

NC.Hs Cele 

ment of a large number of alkyl imidates (295) in the presence of 
various alkyl halides. They feel that these reactions occur in two steps 
of which the first involves the addition of the alkyl halide to the imidate 
to form an ionic adduct (296)?°*. This adduct then undergoes 
cleavage to the final products as shown in equation (110). 

OR? OR? 
yap fn 

RIC + R*X ——> | R1—C RS O Re 
\ \ 
NR? ae X- ——> p—d_n~ + RX 

Re ~ R38 
(295) (296) (110) 

+ 



9. syn—anti Isomerizations and Rearrangements 445 

5. Rearrangements of acyl imidates 

Numerous examples of rearrangements involving acyl migration 
from oxygen to the nitrogen of the carbon-nitrogen double bond can 
be found in the literature. In fact, it was the instability of acyl imidates 
towards rearrangement that led Mumm and coworkers 2°" to study the 
more stable aryl imidates after several unsuccessful attempts to isolate 
the acyl derivatives. They had originally expected to obtain compound 
298 when N-phenylbenzimidoyl chloride (297) was treated with sodium 
m-nitrobenzoate. Instead the imide 299 was obtained. 

CgHsCCIS=NC,H; + m-OgNCgH4,CO2Na ——> oe ees 

eHs 

(297) (298) | 

m-ONCeH, O 
“ 
Cc (111) 

\ 24S 
CiSc 

@ 
Oo 

(299) 

More recent attempts to prepare and isolate simple acyl imidates 

have also been unsuccessful ?®.?6°, Curtin and Miller**®, reasoning 

that the rate of rearrangement of acyl imidates should be depressed by 

decreasing the nucleophilicity of the imido nitrogen (as in the normal 

Chapman rearrangement) were able to prepare and isolate several 

N-(2,4-dinitrophenyl)benzimidoyl benzoates (300). They found that 

these compounds rearrange to the corresponding imides (301) in 

O 7 ; 
I 

p-XCgH,C—O p-XCgH4C 

C=NC,H3(NOz)2-2,4 ——> NCgH3(NOz)2-2,4 

C.Hs CoH (112) 

(300) (301) 
X = H, CH,O, Br, NOz 

benzene or acetonitrile solution in the temperature range of 40-65°. 

The good first-order behaviour, insensitivity of the reaction to small 

amounts of acid, and the small positive p-value correlating the effect 

of substituents (X in 300) led them to propose an intramolecular 
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mechanism proceding via a normal carbonyl addition as shown in 

302. 
Av 

ot cx 

ntl 
CgH3(NOz)2-2,4 

(302) 

Cyclic acyl imidates (or ‘isoimides’) are much more stable than 

their open-chain analogues towards thermal rearrangement to imides. 

Presumably this is because they are sterically constrained in such a 

way that migration of the acyl group via a transition state similar to 

302 is difficult or impossible 1*°. However, the rearrangement of such 

cyclic compounds can be effected by high temperatures (equation 

113) 145, or by basic solvents at moderately elevated temperatures, or 
by added nucleophilic catalysts at room temperature *®’. 

ve ; 
ey 250° & Ob Ob C iG 
I I 

O 

Hedaya, Hinman and Theodoropulos?®8, in their study of the re- 
arrangement of N,N’-biisoimides to N,N’-biimides, found the rate of 
rearrangement to be dependent on the nature of the solvent and the 
structure of the N,N’-biisoimide. More quantitative data are needed 
before one can understand how these factors lead to the qualitative 
order of rates they reported, but it seems certain that the mechanism of 
these rearrangements involves the basic solvents they employed as 
acyl group transfer agents. It is unlikely that unimolecular internal 
acyl migration is the mode of rearrangement. One of the reactions they 
observed is given in equation (114). 

32 

0 
Sue PO. O07 (CEN SNEae7 “Geo "oe te 0 Ys 

O min 

Oy 1 

100%, 
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6. Related reactions 

Related to the Chapman rearrangement, at least in the sense 
of involving O-+N migrations, are the rearrangements of 
imidocarbonates. Meyers?®® obtained a high yield of ethyl ethyl 
(p-tolylsulphonyl)carbamate (804) by heating diethyl N-(p-tolylsul- 
phonyl)imidocarbonate (303) for one hour at 200°. Similarly, diethyl 

OGHs Aas 
cH, ()-s0,Nc =: cH.-())-s0.N (115) a 3 OC.H, GOGH. 

O 
(303) (304) 

OC.H; CoHs 

NCN=C SO NCN (116) 

OC.Hs COCaHs 

(305) (306) 

N-cyanoimidocarbonate (305) rearranges quantitatively to 306 upon 
being heated for a short time at 140—150°?"°. Cyclic imidocarbonates 
rearrange to oxazolidones. In the case of ethylene N-phenylimido- 
carbonate (307), rearrangement to 3-phenyloxazolid-2-one (308) has 
been brought about by the action of lithium chloride at 200°?" and 
by aluminium chloride at 100°?7?: 

Oo 

| 
O—CH, d 

beter Sigh 117 CeHsN=C LiCl or AIClg CeHs-—N o (117) 

O—CH, CHa—CHe 

(307) (308) 

C. The Neber Rearrangement 

I. Introduction 

In 1926, Neber and Friedolsheim?"* reported that certain oxime 
tosylates (309) when treated with base followed by acid hydrolysis 

rearrange to a-amino ketones (310). Largely through the work of 

Neber and his associates?74-?77 the versatility of this reaction in the 

RICHsCR? 1 base RICH—CR? 
eee te sh (118) 

Hors Aa AOE RE BY g 
(309) (310) 
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synthesis of a variety of «-amino ketones has been well demonstrated. 

The tables in a review by O’Brien?”® should be consulted for specific 

examples. O’Brien’s review is a survey of all of the information 

available on the Neber rearrangement up to the latter part of 1963. 

2. Mechanism 

Neber and Friedolsheim 2”? first postulated a mechanism somewhat 

analogous to a Beckmann rearrangement for this base-catalysed 

reaction of oxime esters. Later, however, intermediates were isolated 

which Neber and coworkers27®:278 believed to be azirines (811) and 

they therefore modified their view of the mechanism to accommodate 

these cyclic species (equation 119). 

NO, 

CH—C—R R = CHg, C,H on) CF 31 Gels 

N 
(311) 

OEt 

RICHER? = RICHER? aor, RICHER? Bsc PEG aes (119) 
NOTs N HN OEt H,;N* O 

Cram and Hatch?’° felt that Neber’s suggestion of the strained ring 
azirine as a reaction intermediate in this reaction warranted a critical 
reexamination. They repeated Neber’s work, taking advantage of 
infrared spectral data not available, of course, to the earlier investi- 
gators, and confirmed the azirine structure as the most plausible for 
Neber’s intermediate. 

Cram and Hatch?®° reasoned that the systems containing the 2,4- 
dinitrophenyl group (the only systems which have led to the inter- 
mediates isolated by them and by Neber) may not be representative 
of the Neber rearrangement in general because of the influence of the 
nitro groups on the acidity of the benzylic hydrogens and on the 
resonance stabilization of the azirine ring system. They therefore 
submitted the p-toluenesulphonate of desoxybenzoin oxime (312) to the 
rearrangement conditions and succeeded in isolating the unstable 
2,3-diphenyl-2-ethoxyethylenimine (813) which, when treated with 
lithium aluminium hydride, gave cis-diphenylethylenimine (814) and, 
when hydrolysed in aqueous acid, gave desylamine (815). In view of 
the isolation of 313 as an intermediate in this more representative 
Neber rearrangement, the overall reaction was formulated as occur- 
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OEt 
C,HsCH, ZFC Hs oe CoHACHECH, 

TsON ‘ 

BIE tina, (313) 

[is a 
CoHsCU—CHCH, C,H,CH—CC,H, 

N -CIH,N* O 

(314) (315) 

ring via a mechanism as shown in equation (121), the unsaturated 
nitrene being included to explain the observed sterically indiscriminate 
character of the reaction. 

BS x 

i 
R1—CH—C—R? ——=> RICH=C—-R2 ——> RICH—C—R? 

I ae i 4 
) ANE 

TsO 
[a (121) 

B 
| 

RICH Baie HE” RICH-C_RY 

PN | 

H 

Another possible mechanism which must be considered is one in 
which the reaction is initiated by attack of the alkoxide ion on the 
carbon-nitrogen double bond followed by loss of the tosyloxy group. 
The resulting species would then be a saturated nitrene (817) which, by 
analogy with the behaviour of carbenes, should show little selectivity 
between insertion at either of two possible benzylic positions?®!. If 
selectivity were to be observed it should be at the less acidic C—H 
bond 282, The experimental results reported by House and Berkowitz 78? 
lend no support to such a mechanism involving a saturated nitrene 
(equation 122). Instead, their data merely support the previous belief 
that when different a-protons are present, the more acidic will be 
removed. When in 316 R1 = p-O,NC,H, and R? = p-CH,;0C,H,, 
the only Neber rearrangement product isolated was 1-amino-3- 
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(4-methoxypheny])-1-(4-nitropheny]) propan-2-one (318). Further- 

more, 318 was the product regardless of the stereochemistry of the 

starting oxime ester, although Beckmann rearrangement by-products 

proved the oxime esters not to be isomerized by the Neber rearrange- 

ment conditions. ae 

EtO™ + R'CH,CCH,R? ———> R'CH,—C—CH,R? 
| 
NOTs “N OTs 

(316) saheey 
|-om- 

ve 

C—H insertion <—— Fn tae ad 

sNe 

(122) 

(317) 

on{(C)-H-¢-ch-()) 00h, 

he 
: (318) 

In several recent studies 2®*-2®°, both azirines and alkoxyaziridines 
have been isolated and characterized from Neber and modified Neber 
reactions, and there seems little doubt now about their role as inter- 
mediates in the path from oxime esters to a-amino ketones. Also, the 
reported syntheses of azirines by a variety of different reactions ?®* 288 
removes this ring system from the suspicion with which it was formerly 
viewed. Still unanswered, however, is the question of whether the 
separation of the tosyloxy group occurs prior to ring closure, as 
suggested by Cram?8° and House?® and their associates, or in a 
concerted manner. The unsaturated nitrene may not really be needed 
to explain the lack of stereospecificity since the initial generation of the 
anion at the a-position should promote geometrical equilibration. If, 
furthermore, the subsequent reaction is fast relative to protonation, the 
stereochemical control of the competing Beckmann rearrangement 
observed by House and Berkowitz ?®? would not be disturbed 2®°. 

3. Related reactions 

In a paper on the rearrangement of N,N-dichloro-s-alkyl amines 
(319) to «amino ketones, Baumgarten and Bower2°° visualized a 
mechanism (equation 123) similar to that proposed for the Neber 



9. syn—anti Isomerizations and Rearrangements 451 

rearrangement of oxime tosylates?®°, Positive evidence for the N- 
chlorimines as intermediates in this rearrangement has been 
submitted by Alt and Knowles?*!, who found that treatment of V- 
chlorocyclohexylimine (323) with sodium methoxide in methanol gave 
an excellent yield of 2-aminocyclohexanone (324). Evidence for the 
azirine (821) or alkoxyaziridine (322) structures comes from the 

R1—CHCH,R? ae RICHCHR? —ZOM" s RICCH,R? 

NH NClo NCI 
(319) (320) 

| (123) 
OMe 
| 3 

RIC—CHR2 ee RI1C——_CHR2 ea BOR. R1C——CHR2 

| go Kf O +NH,CI- N 
| 
H 

(322) (321) 

” NaOMe Opn 3 Ore Cl (124) 
NH, 

(323) (324) 

observation °°? that in rearrangements proceeding through 320 (where 
R1 = R? = G,H;) reduction of the reaction intermediate with 
lithium aluminium hydride leads to cis-2,3-diphenylethylenimine, just 
as in the Neber rearrangement of the oxime ester of desoxybenzoin 2°°, 

In an extension of their work on rearrangements of N-chloro keti- 
mines, Baumgarten and coworkers?%* studied the behaviour of N- 
chlorimino esters (825) under similar conditions. Again the products, 
a-amino acid esters or «-amino acids, could be rationalized as arising 
by way of a Neber-like rearrangement (equation 125). 

Quaternary hydrazonium salts having a-hydrogens are also con- 
verted by a Neber-like rearrangement to a-amino ketones*®* and 
sometimes the intermediate azirines are isolable*®*. A recent attempt 
to extend this reaction to hydrazonium iodide acetals (826) did not, 
however, yield the expected results?°°, Instead of the expected 
2,2-dialkoxyazirines (327) only a-imino ortho esters (828) were 
detected (equation 126). 
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t-BuOK RCH,COMe —BYOK 5 rRcH—cOMe 
bw 

NCI N 
(325) | ry (125) 

t-Bu 

OMe 

RCHCO,H <—<_ RCHCO,Me oe ae 

Hscl NH,Cl N OBu-t 

2 JPR 
eC vere 

RICCH(OR*). —— (CH,)aCHONa (327) 
126 

ARCH (CHs)aCHOH (126) 

RIC—C(OR?), 
(326) 

HN OCH(CH,), 
(328) 

It should be noted that structure 326 contains only an a-methinyl 
hydrogen and it has been suggested?®° that an a-methylene or «- 
methyl group is a necessary structural requirement for the Neber 
rearrangement. On the other hand, N-chloro ketimines with only an 
a-methinyl hydrogen available do rearrange?°?. It seems that the 
subject of structural limitations in Neber and Neber-like rearrange- 
ments needs to be reexamined with care taken to use the same sub- 
stituents and reaction conditions for the oxime esters, the 
N-chloro ketimines, and the hydrazonium salts. 

D. Other Rearrangements 

I. Introduction 

Some rearrangements involving the azomethine group, in addition 
to the aforementioned Beckmann, Chapman and Neber rearrange- 
ments, have been discussed by Smith®>. A few not included in Smith’s 
review are presented here. 

2. a-Hydroxy imines 

In 1962, Stevens and coworkers?°* reported a new thermal 
rearrangement of a-amino ketones. An example of this rearrangement 
is the conversion of 2-ethyl-2-methylaminobutyrophenone (829) to 
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3-methylamino-3-phenylhexan-4-one (830) in 357, yield at 240°. 
Similarly, «-methylaminocyclopenty] methyl ketone (331) is converted 
to 2-methyl-2-methylaminocyclohexanone (832) in a rearrangement 
involving ring enlargement. Stevens and coworkers proposed a 
mechanism involving two carbon skeleton migrations for these re- 

O NHCH, CoH, O 

ese S| CeHs taj =———> > CeHs —CsHs5 (127) 

CoH; NHCHg, 

(329) (330) 
O 

f CH 

CHK) =e, NHCH, (128) 

CH,HN 

(331) (382) 

arrangements. «-Hydroxy imines as possible intermediates were con- 
sidered since these compounds had been proposed earlier as 
intermediates in other reactions leading to «-amino ketones?®’. The 
«-hydroxy imine 333, for example, when placed under the conditions 
of the rearrangement reaction (equation 127), gave the product 330 in 
comparable yield. The isomeric «-hydroxy imine (334) was eliminated 
as a possible reaction intermediate since it did not give an appreciable 
yield of 330. 

OH NCHg3 NCH, OH 
| I 

ep pues Ped CAC —<C oH, 

G.3H 5 CoHs 

(333) (334) 

As a result of extensive kinetic studies by Stevens and co- 
workers 298-299, along with stereochemical studies by Morrow®°° and 
Yamada®"! and their associates, the mechanism of this thermal re- 
arrangement of a-hydroxy imines has been viewed as being an intra- 
molecular concerted process. For the anil of 1-hydroxycyclopentyl 
phenyl ketone the mechanism has been pictured as shown in 
equation (129) 298. 

= oe C.Hs | O 

Gr, ae 

se coe? CiHeze 
I Bie ae 

C.HN, 9 7 oy e' "5 *H C,H; 8 H NHC,H; (129) 
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The acid salts of the a-hydroxy imines have been found to give 

better yields of «-amino ketones under less severe conditions than the 
a-hydroxy imines themselves*°?. Both the salts and the free imines 
have been used in the syntheses of a variety of interesting «-amino 

ketones, including steroidal «-amino ketones*°°. 

3. Hydrazones 

Robev®°? found in 1954 that the phenylhydrazones of aromatic 
aldehydes (335) when treated with either sodium amide or phenyl- 
lithium in boiling xylene are converted to amidines (336). It was 

NAr? 

| Ari1CH=NNHAr? —St2_> AneNH, (130) 
or CeHsLi, 

xylene 

(335) (336) 

quite logically thought that the hydrazones first decomposed to amines 
and nitriles since N-phenylamidines can be obtained from aromatic 
amines and nitriles under analogous conditions®°*. More recent 
studies, though, show that cleavage to nitriles and amines does not 
occur during the Robev rearrangement*°°. The reaction does, how- 
ever, have an intermolecular character as shown by crossover studies 9°° 
and does possess properties of a radical process since it is inhibited by 
added hydroquinone®*® and requires the presence of oxygen ®°’. The 
radical mechanism proposed by Robev®% still stands as being most 
consistent with all data (equation 131). 

Ar?1CH=NNHAr?2 ——> Ar!CH=N- + HNAr? 

ArtCH=N- ——»> Ar?1C—=NH 

a (131) 

Ar!1C—NH + HNAr2 ——> DeaeAianes 

NH NH. 
| d 

ArtCNHAr?2 === Art?C=NAr?2 

Imidyl azides (337) frequently cyclize to form tetrazoles (338) 3°. 
Both the azides and the tetrazoles have been found to rearrange under 
proper conditions to give carbodiimides*1°-311, Recently, hydrazidic 
azides (339) have been converted to semicarbazides (841), apparently 
via N-aminocarbodiimides (340) 312, 
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ne Son Seah as 

Ns {| N (132) 
Peds 

N 
(337) (338) 

a rocniige ——> [R—N=C==NNHAr] ——> RNHCNHNHAr (133) 

| Ne t 
(339) (340) (341) 

4. Guanidines and amidines 

N-Aminocarbodiimides have also been cited as intermediates in the 
base-catalysed rearrangements of N-haloguanidines (342) °!°, When 
no trapping agent is present, the carbodiimide (348) dimerizes to 
guanazine (344). 

NH, 
NR Ni 

H,N—C—NHX > RN=C=N—NH, ——> RNHC YENHR (134) 
N—N 

(342) (343) (344) 

A novel synthesis of carbodiimides from N-haloamidines (345) is 
shown in equation (135) #1*. Whether this rearrangement proceeds by 
way of migration of R! to a positively charged nitrogen (path A) or to 
a nitrene (path B) is not known. 

NR? NR2 NR2 
| Ht tee 

pie Nx AMO, pd fy SHS dig, (135) 
345 (345) / 5 

NR? > R°N=C=NR! 
J , 

bs 
NH 
a 
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Il. INTRODUCTION 

Substituted derivatives of the SO=N-X structure can undergo 

different kinds of reaction: 

(a) Addition 
* Har hae 
C=N—X —2> CH—NHX 

a 

(b) Elimination 

ms 
C=N—X ——> —C=N 

(c) Nucleophilic substitution and particularly hydrolysis, this 
reaction being the subject of the present work. 

aS Hao. 
—— Canes C=0 4 HANX 

The nomenclature of the various compounds involved is set out 
below. 

The problem of the hydrolysis scission of the yo=N— group is 

one of the most fruitful subjects that has been studied within the last 
few years. This reaction occurs in the most varied fields: scission of the 
peptide links in proteins and oligopeptides by way of the intermediate 
iminolactone!~*; the existence of the Schiff base rhodopsine in the 
visual pigment*® the biological importance of Schiff bases in the 
enzymic aldolization’”11, and decarboxylation12~15 reactions, and in 
pyridoxal phosphate degradation **~?°; and finally, in the field of colour 
photography ??. 

Over the last few years, however, it has been the elucidation of the 

mechanism of this reaction which has particularly drawn the atten- 
tion of specialists. Following on the chapter entitled ‘Carbonyl addi- 
tion reactions’ by Hammett?*, we note Jencks’ remarkable study 
‘Mechanism and Catalysis of Simple Carbonyl Group Reactions’ 2°. 
The following reviews should also be consulted: Layer’s ‘The Chemis- 
try of Imines’**, Roger and Neilson’s ‘The Chemistry of Imidates’ 5, 
‘Properties and Reactions of Azlactones’ Org. Reactions, 3, 213 (1946) 
and Organic Reaction Mechanisms?®, 

The table on the right lists the relevant C—N nomenclature. 
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A. DERIVATIVES OF THE CARBONYL GROUP. 

1, Lsonttriles or carbylamines C=N—R 

2. [mines 

(a) Acyclic, derived from aliphatic or aromatic amines and 

(b) 

which are called, depending on the nomenclature adopted, 
Schiff bases, azomethines or anils. Amongst these are to be 
found: 

(i) the aldimines R—CH=N—R 
(ii) the ketimines RR’C=N—R 
(iii) imines proper, sometimes 

incorrectly called imides RR’C=NH 

(iv) the quinonimides (mono- and di-) 
j O NH 

aes 
Cyclic, non-aromatic: 
Five membered heterocycles: 
oxazole, thiazole, thiazoline, isoxazole, imidazole, pyrazole, 
pyrazoline, furazanes, triazole, tetrazole, etc. 

3. Oximes, derived from hydroxylamine 

(i) aldoximes RCH=NOH 
(ii) ketoximes RR’C=NOH 

a 
(iii) fulminic acid NOH 

4. Hydrazones, derived from hydrazine ‘ 

ieee ’ 

which include, in particular, the osazones 

CH=N—NH—Ph 

tone H—Ph 

HOC), 

H,OH 

5. Semicarbazones, derived from semicarbazide 

\C=N—NHCONH, 

16—.C.N.D.B. 
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B. DERIVATIVES OF THE CARBOXYL GROUP. 

1. Amidines and hydrazidines 
N= 

4“ oe 

are 
N 

4 

9. Imino ethers: imidols and imidates 

3. Halimines 

4b a 

C. DERIVATIVES OF CARBONIC ACID. 

1. Guanidine or iminourea 

Oe 
N 

JS derceei= 
C=N— 

Nts 
N 

Ze 

2. Isoureas and isothioureas 

Ps RS 

< ae ae and re 

N rags 

oe x 

D. STRUCTURES WITH CONJUGATED DOUBLE BONDS. 

Azines 

A 
ee 

yr 

Il. HYDROLYSIS OF SCHIFF BASES 

The hydrolysis of the imine group takes place in two steps: 

~ ~~ 
C=N—X + H,O —— > ‘C—N—X ===> ae + X—-NH,) 

| 
OHH 
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thus involving a tetrahedral carbinolamine intermediate. This inter- 
mediate product is unstable and can only be isolated in rare cases, as 
in the preparation of the hydrazone and semicarbazone from 
chloral?*~?°, or the oxime and hydrazone from 2-formyl-1-methyl- 
pyridinium iodide*°®. The existence of the intermediate product has 
been polarographically demonstrated in the hydrolysis of benzylidene- 
aniline*?, but it has not been spectrophotometrically confirmed, 
neither in the hydrolysis nor in the formation of the Schiff bases °2-%4, 

It would, however, appear reasonable to postulate the existence of a 
carbinolamine intermediate in all reactions of a given type in which 
the rate of reaction versus the pH curve assumes a bell-shaped form. 
In fact, a bell-shaped pH-rate curve which cannot be accounted for by 
the ionization of the reactants is diagnostic of a change in the rate- 
determining step and, for this to be possible, two consecutive steps and 
a reaction intermediate must necessarily exist. The rate-pH curve thus 
constitutes a very useful method for recognizing the existence of inter- 
mediates in reactions ?°. 

Since the earliest work of Lapworth, such curves, characteristic of 

reactions in which o=n— groups participate, are well known: 

e.g. in the formation of acetoxime *°:**; in the equilibrium, formation 
and hydrolysis of oximes*’:?°, in the hydrolysis and polymerization of 
cyanimide*®-*! and in the formation and hydrolysis of semi- 
carbazones?*:42, 

Reaction schemes which can give rise to such a bell-shaped curve 
have been characterized *°, and include the following: 

(a) Double ionization of a reagent, the intermediate ion leading to 
the reaction products; this case is not met with in the hydrolysis of 
the imine groups. 

(b) Action of a base on an acid or of a conjugate base on a conjugate 
acid leading, in one rate-determining step, to the products. The bell- 
curve effect results from the opposed acidity effects on the nucleo- 
philic and the electrophilic reactants. The two conjugate reaction 

schemes are kinetically indistinguishable and can only be resolved by 

complementary proof or by chemical intuition: 

AH + B ——+ products 

A~ + BH*+ ——+> products 

(c) Pre-ionization equilibrium followed by nucleophilic attack on 

the protonated species to yield a reaction intermediate which itself 
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gives rise to the reaction products; the bell-curve effect stems, in this 
case, from the change in the rate-determining step. 

The first kinetic interpretation put forward by Hammett?? was 
based on acid-base equilibria. More recent work, either corrected for 
buffer effects or carried out in the absence of general acid—base 
catalysis, has shown that it was the consequence of a change in the 
rate-determining step?°. Proof for this is seen in the pH-dependence 
of the sensitivity of the reaction to general acid catalysis, in the regions 
of the pH situated on both sides of the maximum **:**, in the effect of 
changing the substituents*>:*®, and in the fact that, in the region of 
maximum rate, the rate-determining step can be modified by varying 
the concentration of catalyst **:*°, 

The reaction is reversible and generally is in equilibrium** *°, as 
follows: 

AS s 
C=O + NH,—X ==> Vinee + H,O (2) 

Examination of the equilibrium constants shows that the formation 
of unsaturated derivatives, such as oximes*”> and semicarbazones *>"*°, 
is always more favoured than the formation of Schiff bases derived from 
ammonia or from primary amines®4~5> (Table 1) and from p- 
toluidine *°. 

It is difficult to determine the relative importance of the parts 
played in this phenomenon by the carbon affinity and the resonance 
stabilization 

nS \z - 
C=N—X <—> C—N=X (3) 

a 
Moreover, knowledge of the overall equilibrium constants: 

Go es C=O + RNHs+ ——=* ‘C=N+HR +H,O (4) 
a 

Ka 
RNH3* == RNH, + H+ (5) 

Koon 
C=O + RNH, =——— a a + H,O (6) 

permits a satisfactory evaluation of the constant?*: 

Kes 
C=N*H—R == + “C=N—R + H+ (7) 
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A. Schiff Bases Derived from Aliphatic Amines 

The kinetics of the hydrolysis of the Schiff bases derived from 
strongly basic amines such as aliphatic amines, have been studied 
recently, the mechanism of the reaction having been successfully 
elucidated. 

10 

0 —O_0s—0.D evoume 
BOLO ESE 

rN 

A fol SZ Pa OE % 7, 

a < 6 8 10 l2 

pH 

Ficure 1. Logarithm of the rate constants of hydrolysis of substituted benzyl- 
idene-1,1-dimethyelthylamines against the pH (taken from reference 62). 

In the case of the benzylidene amines carrying electron acceptor 
substituents, the rate initially increases as a function of the pH to a 
maximum value, after which it decreases, to become finally inde- 
pendent of it. The semilogarithmic rate-pH curve thus shows a bell- 
like form under neutral and acidic conditions. In the case of electron- 
donor substituents, the rate is lowered in this region (see Figure 1). 
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The portion of the curve over which the rate is independent of the 

pH can be explained either on the basis of an attack by the hydroxyl 

ion on the protonated Schiff base (SH*) or by the action of water on 

the free base, both of which are kinetically equivalent. In fact, the 

rate of hydrolysis of a Schiff base which has its labile proton replaced 

by a non-labile group will increase with the pH: such is the case for 

the benzylidenedimethylammonium ion®°. The actual mechanism 
is thus an attack of OH~ on SH* and the constant rate is due to the 
fact that the SH* concentration diminishes in the same proportion 
as the increase in the OH~ concentration, and as a function of the pH. 
Moreover, the formation of micelles which takes place in the presence 
of cationic, anionic or non-ionic detergents, will influence the rate of 
hydrolysis in the expected way ®. 

While the calculated second order rate constant for the attack of 
hydroxide ion on the protonated Schiff base is substantially the same 
for the aqueous and for the cationic micellar phase, it is markedly 
reduced in the anionic micellar phase. 

Further, in the region of neutral pH, the concentration of protonated 
Schiff base increases, the attack of water thus becoming preponderant 
over that of the hydroxyl ion. This results in an increase or in a de- 
crease of the rate proportional to the percentage of ionization right 
up to the point where the Schiff base is totally protonated, the meas- 
ured rate at this point being the rate of attack of H,O on SH*. 

With conditions becoming even more acidic, the rate of hydrolysis 
decreases linearly with respect to the hydroxyl ion concentration. 
Such a modification in the rate-pH curve is interpreted as representing 
a transition in the rate-determining step from the nucleophilic attack 
on the protonated Schiff base to that of decomposition of the carbinol- 
amine intermediate. 

The intermediate possesses the dipolar structure 

H 
| 

—C—N—R 
| + 

-|Q| H 

and the concentration of this zwitterionic species diminishes in 
proportion to the pH, under conditions in which the Schiff base is 
wholly protonated. This results in the rate of decomposition falling 
below the rate of attack of water on the protonated Schiff base, 
independent of pH, and there ensues a change of the rate-determining 
step together with a fall in the rate itself as the acidity increases. 
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; The reaction scheme put forward to account for such behaviour 
is as follows: the substrate (S) undergoes protonation (equation 8), the 
protonated form (SH*) can then undergo attack by a molecule of 
water (equation 9) and by the hydroxyl ion (equation 10), either 
simultaneously or separately, according to conditions, yielding an 
amino alcohol or carbinolamine (SHOH) which finally gives rise to 
products (equation 11). 

K. 

S+H+ === SH+ (8) 
k 

SH* + HaO =— SHOH + H* (9) 
Z 

k. 
SH+ + OH- = SHOH (10) 

ks 

SHOH —*-> products (11) 

For an intermediate at low and constant concentration we have: 

rae k,ks[H*] + 10-24koks 
oS ((A*] + Kgut) (k-1[H*] + &-2 + fe) 

and assuming that for the hydroxyl ion attack on the protonated 
Schiff base under alkaline conditions, 

k_. + kg > k_,[H*] 

(12) 

we have 

Pee k,k,[H* ] i L0G AF hoks 

8 (Ksut + [H*])(4-1[H*] + ko + hs) © Keu+(k-2 + 4a) 

(13) 

The first term in equation (13) describes the kinetic behaviour at 
acidic and neutral pH, the second describing it at basic pH. _ 

It is possible to calculate, from experiment, several of the para- 
meters in these equations, together with their ratios, and the cal- 
culated rate—pH curve will coincide well with the experimental points 
(see Table 2). 

In the case of Schiff bases derived from o0-, m-, and p-hydroxy- 
benzaldehydes and 2-aminopropane, an increase in the rate is ob- 
tained in alkaline conditions by comparison with the corresponding 
methoxy compounds. This increase is a consequence of the ioniza- 
tion of the hydroxyl groups and is in agreement with the predictions 
of the Hammett equation. 

16* 
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TasBLe 2. Kinetic data for the hydrolysis of Schiff bases derived from aliphatic amines. 

Experimental Kkou-+sut) ‘kaigo+snt) 

Schiff base conditions pKsy+ mole~tmin-+ min~? Reference 

CgsH;CH=NC(CH3)3 Water, 3% ethanol, 
25°c, ionic strength 
0-50 6-70 3-0 x 107 0-41 62a 

(CgHs)2C—NCH, Water, 3°% ethanol, 
25°a, ionic strength 
0-50 7-22 4-3 x 104 0-016 63 

p-CH30C,H,- Water, 2°% methanol, 
CH=NCH(CHs3). 30°, ionic strength 

0-10 7-1 6-2 x 108 0-2 64 

Under neutral conditions, the o- and p-hydroxy] derivatives undergo 
a decrease in rate with respect to the corresponding methoxy deriva- 
tives. This phenomenon is attributed to a decrease in the substrate 
reactivity as a result of enolimine—-keto amine tautomerization: 

Ho \-cH-n—chicny, = O={cHNH HCH, 

ok \ ct chct 

Furthermore, the protonated anion is identical to the zwitterionic or 
keto amine tautomer: 

eee > 
== © CH==NHCH(CH,), 

(15) 

(14) 

O-()-CH=NCH(CH, + Ht 

except in the case of the m-hydroxy derivative; it then becomes 
necessary to introduce a constant for the zwitterion formation, as 
follows: 

HO 

oe » ae 

Assuming a single mechanism for the whole pH 7-14 range in which 
the hydroxide ion attacks the zwitterion as well as the protonated 

© 

CH=NHCH(CH,), (16) 
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Schiff base, the authors propose the following reaction scheme (see 
equations 8-11): 

Ky 
SH* S + Ht 

Ka 
St Saree 

ky 
SH* + H2O X + Ht 

Sie Ons" 

S]2 Oz xX 

k 
X —+ +> products 

The kinetic equation thus constructed perfectly describes the ob- 
served behaviour ®*: 

Aw. kykaf[H+] + kok, x 10714 + kgkgk,[OH-] 
oS (Ky, [A+] +. K, K,/[H*]) (K_,[H*] +4_2+4_s[OH~ ] +h.) 

(17) 
On the other hand, Reeves®® has studied the hydrolysis of o- and 

p-hydroxybenzilideneanilines (bearing an hydroxyl or an N-trimethyl- 
ammonium substituent on the aniline ring) and of p-N-trimethyl- 
ammoniumbenzilidene-o- and p-hydroxyaniline. He finds an increase 
in rate in the case of the salicylidene derivatives 

OH 

Om 
with respect to the m- and f-isomers. No increase is observed with OH 
on the aniline ring. This accelerating effect of an ionized o-OH group 
is interpreted in terms of an intramolecular general base catalysis. 

The question may be raised now as to whether these are fundamental 
differences between Schiff bases derived from salicylideneaniline and 
salicylidene-2-aminopropane and whether the rate increase observed 
in the case of the salicylidene OH group, with respect to the m- and 

p- OH isomers, is not a rate decrease with respect to the corresponding 
methoxy derivatives. 
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B. Schiff Bases Derived from Aromatic Amines 

In the case of Schiff bases derived from weakly basic aromatic 
amines, the expected displacement of the curve towards the lower 
regions of pH is observed. 

In strongly basic conditions (pH 9 to 14), there appears, in the 
semilogarithmic rate-pH diagram, a straight line in which the rate of 
hydrolysis is directly proportional to the concentration of hydroxyl 
ions*1+48, This suggests that the imine-carrying carbon atom of the 
neutral Schiff base is sufficiently positive to undergo attack by the 
hydroxyl ion, even without being protonated: 

Nse fe 
HO eee 

N71 

Finally, several authors ®?-48-®°- 67 have observed a point of inflexion 
in the bell-shaped part of the curve. They put forward a reaction 
scheme which includes a protonation equilibrium of the carbinolamine 
intermediate, with subsequent decomposition of these two forms into 
products: 

Kgyt+ 

Se aa ns Shi 

k 
SH+ + H,O = SHOH + H+ 

—1 

k. 
SH*+ + OH- — =~ SHOH 

2 

SH20H + K 

SHOW EE Eis === SHOR 

k 
SHOH =~ products 

k-3 

ka 
oe products + H+ 
=e 

SH2,OH* 

The kinetic equation then becomes: 

HO sive ft] 
oe ([A*] + Kent 

kokgK out |[H*] + hyks + kokaKgu+ /Kgu,on* + kik H*]/Keu,on+ 
k_gtkg+ (k_1+ka/Kgu,on+)[H*] 

18 
This is of the general form: Mt 

ye A + B[H*] + C[H*}? 
D + £[H*] + FH)? a 
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Equation (19) describes the experimental curves for the hydrolysis 
of benzylideneaniline and its substituted derivatives, and only the 
general parameters A, B,... can be calculated from it. Depending 
on the relative values of these parameters, a point of inflexion will or 
will not appear in the curve, as a result of a change in the rate- 
determining step. In this case, the maximum in the bell-shaped curve 
does not any longer correspond to the rate of attack of the protonated 
Schiff base by water, and the reaction scheme adopted will account for 
the fact that the rate of hydrolysis does not exactly correspond to the 
fraction of the Schiff base that is ionized. 

In the strongly acidic region (Hy < 0), the rate decreases linearly 
with the acidity. The cationic intermediate decomposes by general 
base catalysis, as follows: 

H 
| 

B= HLO—CTNCR —> BH* + C=O + RNH, 
H 

The decrease in the rate of hydrolysis is no longer attributed to a 
decrease in the concentration of the zwitterionic carbinolamine, but 
rather to a decrease in the activity of the water which acts as a nucleo- 
philic agent and as a catalyst for the proton extraction during the 
process of decomposition of the cationic intermediate*®. Such a 
mechanism is present in the case of 2,3-dimethylanilino-pent-3-en-2- 
one*’ and of the acetylimidazolium ion ®®. Such behaviour is charac- 
teristic of a proton transfer by way of water; with increasing acidity 
the transfer becomes more difficult and the rate consequently de- 
creases’°. A rate decrease is also observed in a deuterated solvent *®. 

At intermediate pH values, in the region in which the rate is 
independent of the pH, proof of the fact that it is the protonated form 
of the Schiff base that reacts is furnished by the fact that the addition 
of an amphiphylic compound (for instance detergents like sodium 
lauryl sulphate or cetyltrimethylammonium bromide) complexes 
this charged molecule and causes considerable decrease in the rate of 
hydrolysis”?. 

C. Thermodynamic Behaviour 

The activation energies usually obtained for the hydrolysis of Schiff 

bases are relatively low (see Table 3), which is understandable con- 

sidering that they represent the balance between the ionization and 

the hydrolysis. Any derivation of activation entropies or enthalpies 
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Tasie 3. Thermodynamic parameters for the hydrolysis of Schiff bases. 

Type of log A Refer- 

Schiff base reaction E,,(kcal/mole) (s~+) ence 

C,H,;CH=NC,Hs5 SH*+ + OH- 13-2 31 

ms SH* + H,O 7-6 31 

Gls Hea(C)—cH=n()) on SH* + OH™ 13-2 4-78 67 

SHt + OH- 14-4 32 

C,H;CH—N—C,H,—N(CHsg),-pCl- SH*+ + OH- 16-8 8-2 65 

CHg 

C,H; CH—=N—CH _— 10-6 5-1 13 

(CH2)sCHs 

would be pointless without prior separation of the various steps. 
Moreover, a characteristic of the Petersen figure © is the absence of an 
isokinetic temperature. 
A more detailed study of the thermodynamic behaviour of the 

benzylidene-1,1-dimethylethylamines (see Table 4)’* has shown that 
the entropy factor, as also the enthalpy factor, varies with the sub- 
stituent. It has also been noted that the electrostatic interactions 
between the protonated Schiff base and the hydroxyl ion constitute 
energy factors which promote the reaction. 

Taste 4. Thermodynamic parameters for the hydrolysis of benzylidene-1,1 
dimethylethylamine 2. 

Type of reaction AF? (kcal/mole) 4H? (kcal/mole) AS#(e.u.) 

SH* + OH- 10-7 0-4 — 34.5 
SH*+ + H,0 23-3 13-4 — 33-2 
decomposition SHOH 24-4 18-2 — 20-8 

On the other hand, the decomposition of the carbinolamine inter- 
mediate is isoentropic, contrary to the isoenthalpic phenomenon which 
takes place in the hydrolysis of the ethylbenzimidates. The measured 
activation entropy (Table 4) corresponds to the ionization entropy of 
the initial product and that of its hydration to a carbinolamine. The 
actual entropy of decomposition is close to zero, as is to be expected for 
a monomolecular decomposition reaction. 
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D. Structure—Reactivity Relationships 

With respect to the structure-reactivity relationships, we have 
already mentioned the fact that the overall equilibrium of formation 
and hydrolysis of imine compounds changes but little with the nature 
of the nucleophile. Unlike the equilibria, the rates of addition are 
highly dependent on the basic nature of the attacking nucleophile. 
One may justifiably predict that the rate of addition of the hydroxyl ion 
will be greater than that of the water molecule in the hydrolysis of 
Schiff bases (see Table 2). 

Actually, in the hydrolysis of Schiff bases, the reactions of the 

x ar group are less sensitive to the polar effects of substituents 

than are those of the ye=0 group in the formation of Schiff bases 

(nitrogen being less electronegative than oxygen), even though the 
former reaction includes a protonation step which renders the 

eS < group more electrophilic 2°. 

A separate study of the protonation equilibria of the Schiff bases 
has led to an evaluation of the reaction constants for this step (see 
Table 5). 

TasLe 5. Relation between structure and reactivity in the equilibrium of 
protonation of Schiff bases, from the Hammett equation. 

Refer- 
Derivatives p(log Kg,.n+Kg,u+ = po) ences 

X—C,H,CH=—NC(CHs3)3 (+2:4) p* = 1-6° 62 
X—CgH, 4 

C=—NCH;, +2:0 63 

ZZ 
C.Hs 

X—C,H,CH=NCH(CHs)2 +2°4 64 
p-(CH3)3N * CGH, CH—=NC,H,—X +1-5 32 

X—C,H,CO 

C=NC,H.,N(CHs)2 px = 0-288 304 

we 
Y—C,H,zNHCO Pa 0- 1 37 

or 

@ Better correlation is obtained by the use of the Brown—Okamoto constants for polar effects of 

the mesomeric type (o*). 
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For the overall hydrolysis reaction, the free-energy rate correlations 

can be called upon for use as mechanistic criteria®®. They confirm, 

for example, the fact that it is the hydroxyl ion which attacks the 

protonated Schiff base (not water reacting with the free base) in the 

pH-independent rate zone, thus resolving a kinetic ambiguity previously 

alluded to. 
Considering the reaction schemes again as well as the kinetic 

equations which result from them, namely: 

ki S + HzO =— SHOH | Kiky 
‘obs — (ak) (20) 

SHOH —2-> products 

k 
SH*+ + OH- = SHOH 

i: 
kike = >-——— 21 

Kos Ksu+(k-1 + ka) ie 
SHOH —2-> products 

various possible cases become apparent: if ky > k_4, Kops = ki, and 

kops = k,/Kgy+, the intermediate rapidly transforms into product and 
the nucleophilic attack determines the rate. In the reaction S + H,O, 
ki45 is identical to a rate constant characteristic of a simple step, and 
the Hammett diagram must show a continuous linear relationship, in 
which, nucleophilic character remaining constant, p,-,,, would be 
positive. In fact, this is not the case (see Table 6), and this type of 
mechanism must therefore be definitely abandoned. In the reaction 
SH+t + OH, the overall rate constant breaks down into two factors, 
an equilibrium constant and a specific rate. The corresponding 
Hammett diagram also consists of a linear relationship, the value 
Pk.» Which consists of the sum of the values p,, (or py, = Pgu* + on- 
in Table 6) and pyjxz,,,- AS px, is probably positive and p,jx,,,, 
negative, the overall value p,., must either be positive, or less negative 
than pj)x,,,,- Observations indicate this to be the case. 

If k_1 > kos Koos = ko x (1/Keu+) x (h,/k21), the rate-determin- 
ing step is the decomposition of the carbinolamine. The overall rate 
constant breaks down into three factors, two equilibrium rate factors 
and a specific rate factor. A linear Hammett diagram is thus to be 
expected, but no value of p can be predicted, since it is a composite 
term in which the substituents will exert opposing effects on kz, on 
the one hand, and on 1/Kgy+ and k,/k_, on the other. The only 
experimental value known is positive (p,.,./[OH~] = +2:17) for 
the hydrolysis of benzylidene-t-butylamines at a pH of 1 62°. 
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TaBLe 6. Hammett parameters for the hydrolysis of Schiff bases. 

Derivatives 

X—C,H,CH—NC (CHg3)3 

X—C,H, 

C=NCH, 

C,H; 

X—C,H,CH—NCH(CH;) 2 

X—C,H, 

C=NH,Cl- 
ye 

C,H; 
C,H;CH—NC,H,—X 

C,H; CH—NC,H,—xX 

- 

p- (CH3)3NC,H,CH=NC,H.X — 0-7 1 

Range of pH-independent rates Mechanism 
Mechanism SH*+ + OH- SH*+ + H,O 

Prone pSH*+OH- = p*SH*++H,O Refer- 

pKsut + Props ences 

—0-21 + 1:26 (p*) +1-71 62a 

— +18 (”) +11 63 

— 0-27 +2:1 — 64 

he ae +2:0 62b 

— 1-45 no linearity 67 
0:8 15 

+0-8 = 68 

If k_, ~ kj, experimental measurements are not satisfied by’ 
(kK_, =~ ky) < ky, as the intermediate carbinolamine does not continue 
to accumulate in the course of the reaction. If (4, ~ k2) > kz, one 
arrives at the overall equation (20), with the rate being determined by 
the hydroxy] ion attack. 

As the terms cannot be factorized, the Hammett diagram is not 
linear. This is the case in the hydrolysis of the benzylideneanilines ®” 
and of the (p-N-dimethylaminophenyl)-iminobenzoylacetanilides 3%, 
and in the formation of semicarbazones from substituted benzalde- 
hydes **. 

It must here be added that a non-linear Hammett diagram does not 
necessarily constitute proof of a change in the rate-determining step”®, 
and that it is sometimes risky to account for the non-linearity by a 
change in the rate-determining step rather than an unequal balance of 
the polar effects of the substituents in the nucleophilic attack as well as 
in the subsequent reaction of the carbinolamine intermediate. Several 
ambiguous examples of non-linear Hammett diagrams are known: 
condensation of n-butylamine with substituted piperonals®°, conden- 
sation of semicarbazide with substituted benzaldehydes®*, formation of 
substituted benzophenone oximes*?°, 
On the other hand, the variations of the reaction parameter, p, in 

the two different ranges of pH situated on either side of the maximum 
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in the log rate-pH curve (see Figure 1), always indicate a change in the 

rate-determining step, such as shown in the case of the formation of the 

benzylideneanilines*® and in the hydrolysis of the benzylidene-t- 

butylamines ©. 
A recent study was undertaken to relate in a general way the 

structure to the reactivity and the catalysis on theoretical grounds 

laid out by Leffler and Hammond. 

If we have i substrates identified by o;, and j general acid catalysts 

identified by pXK,;, the Hammett and Bronsted relations for such a 

system are: 

log ki; = log kos + op; 
log ky = log GA — apK,,; 

Combining these, we obtain the constant expression: 

pKa2 — PKar es a abe (21) 

Pa, P# Go. eet 

Thus, a variation in the substrate reactivity resulting from a change 
in the substituents will result in a linear variation of the Bronsted 
general acid catalysis parameter («) as a function of c. Moreover, if one 
modifies the nature of the acid catalyst, the sensitivity of the reaction 
rate to the substituent effect (p) will change in a linear manner with 
the acidity of the catalyst (pK,). Experiments have shown that C; is 
large and positive (C, ~ 10 to 100) in the reaction of the substituted 
benzaldehydes with semicarbazide**. In fact, p* changes from 0-71 
to 0-94 when the catalyst is changed from proton to chloroacetic and 
acetic acids to water, whereas « is practically insensitive to variations 
ines, 

In the particular case in which the nucleophilic reactivity of a set of 
molecules lies in linear relationship to their basicity, and in which the 
Brgnsted parameter f represents the sensitivity of the reaction to the 
basicity of the nucleophilic reactants, we obtain: 

pKa2 ea pK, 0; ‘ be ee ee 9 
Po Pa Bo a Bi : ie ) 

The parameter of generalized basic catalysis, 8, varies in linear 
fashion with the polar effect of the substrate substitutents (c) and, if 
the nature of the catalyst is changed (pK,), one observes a linear 
variation of the sensitivity of the reaction rates to the substituent effect 
(p). C, is large and negative. In the hydrolysis of the benzylidene-t- 
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butylamines ®?, p+ (H,O) = 1:71 and p+ (OH-) = 1-26 (see Table 6). 
pK, (OH~) — pK, (HO) = 14, which leads to C, = —39, together 
with a practically negligible variation of B as a function of the sub- 
stitution. 

By using the Bronsted relation for j general acids characterized by 
pX,;, and the Swain—Scott relation for n nucleophilic reactants identi- 
fied by their nucleophilic character n,; 

log kjn = log G,4 — o,pK,; 

log kin = log kjo + 5jng 

which leads to the constant expression: 

PKa2 ue PKai = Ui = Ce (23) 

Sy OO ae — XH 

If the nature of the nucleophilic agent is modified, the consequent 
variation in @ is linearly related to the reactivity of the nucleophilic 
agent (7x). Moreover, if the nature of the acid catalyst is modified, the 
sensitivity of the reaction to nucleophilic attack (5S) varies in linear 
relation to the pK, of the acid catalyst. According to the Hammond 
hypothesis, the transition state will be reached more quickly with an 
increase in the reactivity of the nucleophilic agent, and « decreases 
with increase in the nucleophilic character. C3 must, therefore, be 
negative. This is in fact observed in the attack by different nucleo- 
philes (the pX, of which is a measure of ng) on the carbon atom of the 

ye=0 group (see Table 7 reproduced from reference 45). The 

catalyst becomes less selective with respect to the nucleophilic agent 
when the reactivity of the latter increases. 

TasBLe 7. Variation of the catalytic parameter as a function of 
acidity of the nucleophilic agent*®. 

Substrate Nucleophilic agent pk, a 

Acetaldehyde Water — 1-74 0-54 
sym-Dichloroacetone Water — 1-74 0-27 
Benzaldehyde Semicarbazide 3-65 0-25 
p-chlorobenzaldehyde Aniline 4-60 0-25 
Benzaldehyde Hydroxylamine 5:97 ~0 
Aliphatic aldehydes Cyanide 9-40 ~0 
Formaldehyde Trimethylamine 9-76 ~0 
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E. General Catalysis 

Workers who have studied the effect of general catalysis on the 

hydrolysis of imines as well as on the formation of Nan groups 

in the light of the principle of microscopic reversibility, distinguish 
between several catalytic mechanisms, according to the steps proposed 
and depending on the basicity of the amine. 

|. Direct rate-determining attack of the hydroxyl ion on the 
unprotonated imine group 

Hoocanth 

The hydrolysis of Schiff bases derived from weak amines is subject 
to base catalysis. The reverse reaction is the dehydration of the 
negative carbinolamine ion. This is the case in the alkaline hydrolysis 
of benzilideneanilines*!:48, in the hydration of 2-hydroxypteridine”’, 
and in the dehydration step during the formation of oximes*®-*4, of 
semicarbazones*® and of hydrazones *!”, 

It is not known whether these reactions proceed by specific base 
catalysis (a): 

a eee (a) HO" SC=N—R == (HO? Cus! N—R) == 
‘ 

Pee | 
HO—C—NR —— HO-C—NHR 

or by_ general base catalysis (b and c): 

aS Se | 
(b) ne HeZG < e—_Ni———— (Avs*H-+*O-+#C=NR) . 

Lites oe | 
Fost + AH === A+ HO—C—NHR 

fast 

s ~S 
(c) A+ ee + C=NR HO" CAMHS ae 

fast pg a 

H 
| 
R 

| 
HO. aCe Tied = ee +A 

R 
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2. Rate-determining attack of the hydroxyl ion on the protonated 
imine group, without general basic catalysis 

+ 

Xn CsN—R 

H 

This case applies to Schiff bases in the range of pH-independent 
rates (see Figure 1 ). In this type of mechanism, no specific or general 
basic catalysis is ever encountered: 

oe fast > = HO + JC=NR i= HO c=N—R = 
H 

+ | 
frogs = pee a as 

H 

This example is illustrated, for derivatives of strongly basic amines, 
by the hydrolysis of benzylidene-t-butylamines ®?*, by the formation of 
Schiff bases derived from ammonia‘® and from n-butylamine®, and 
for derivatives of weakly basic amines, by the hydrolysis and the forma- 
tion of benzylideneanilines *1:32-48-79, 

3. Rate-determining attack of the hydroxyl ion and of the water 
molecule on the protonated imine group, with general acid-base 

catalysis 

Arete an 
H 

At intermediate pH values at which the mechanism of water addi- 
tion increases in importance, a general acid—base catalysis is observed 
in the case of Schiff bases 5?:48-62#-63, oximes ®°, semicarbazones *?:46.81, 
and phenylhydrazones®. 

In the case of the reverse reaction (the formation of an imine) in 

which the dehydration of the carbinolamine determines the rate, 

general acid catalysis is observed as in the formation of the benzylidene- 

anilines in methanol ®®:82, the formation of phenylhydrazones 8.8, 

the hydrolysis of the alkoxymethylureas® and in the addition of water 

to 2-hydroxypteridine”’. ads 

In the hydrolysis reaction there exists some kinetic ambiguity as to 

the nature of the catalytic agent, due to the fact that general acid 
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catalysis, in terms of the free Schiff base, is equivalent to general base 

catalysis in terms of the protonated Schiff base: 

V = K{S][AH] = #[SH*][A-] with k’ = — 
AH 

However, it is easily shown that the mechanism in fact consists of 
general base catalysis by operating it in conditions under which the 
Schiff base is totally protonated ®*. 

The nature of the catalysis depends on the timing of the proton 
transfer: 

| 
—C::N—R 

HaOge iesAG 

If the two processes (of protonation and of nucleophilic attack) took 
place simultaneously, this would give rise to a general acid catalysis. 
If the proton is transferred prior to the nucleophilic attack, the origin 
of the proton would be of no importance ®?. 

Several mechanisms are possible: 

| ie cen 
H R His chek: 

2 St = pling 
(a) BE, ee ae = [A’...H..-O-.. Co:N®__H | ——> 

AH + "Rae 

| ha 

x 
(b) Oe el ae eee goed ene 

z H R 

got 
—C—NR + HA === —C—NHR 

| fast 

TH: OH 

H R t | R 

AN + B | (c) ae ee = ae mee —== 

| | 
aa + A == Tas + HA 

*OH, OH 
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In mechanism (c), the role of the catalyst is restricted to stabilizing 
the transition state by solvation with respect to the initial reagent. 
This hypothesis can be immediately eliminated, as the N—H group 
is less acidic in the transition state, and it is therefore less likely to 
give rise to the formation of hydrogen bonds. Moreover, it is observed 
that in the formation of oximes and nitrones®°, catalysis is as efficient 
with anionic acids (e.g. phosphate or succinate monoanion) as it is 
with cationic acids (e.g. morpholinium or imidazolinium ion). 

The choice between the two remaining mechanisms (a) and (b), is 
the subject of much controversy. 

Mechanism (a) appears, at first, to be more probable if one considers 
that in the case of (b), the H .. . A bond diminishes the carbonium ion 
nature of the electrophilic reagent. However, the proponents of 
mechanism (b) °°» put forward the argument that ‘chemists often draw 
perilous inferences by considering: what would I do in that particular 
situation if I were an unshared pair of electrons?’. These authors 
consider that it is the difference in free energy between the reagents 
and the transition state which governs the type of catalysis, and that 
the basic catalyst A~ should be placed in a position such that the 
energy of the transition state be reduced to a minimum, in other 
words close to the most acidic hydrogen, the immonium hydrogen, this 
being more acidic than the carbinolamine hydrogen. 

They reason that in the mechanism (a), the transition state would 
resemble the products, the carbinolamine hydrogen would be closer 
to the catalyst than to the oxygen and, as the proton transfer would be 
more than half completed, according to Brgnsted’s catalysis law B 
would be > 0-50. On the other hand, in the case of mechanism (b), 
the transition state would resemble the reagents, the immonium hydro- 
gen would be closer to the nitrogen than to the catalyst, as the Schiff 
base is a stronger base than the acetate (pK,,.,., = 4:7 and, in the 
benzylidene-t-butylamines, pKgy+ = 6-7, see Table 2), the proton 
transfer would be less than half completed, and B would be <0-50. 

Moreover, for Schiff bases derived from weaker amines, the transi- 

tion states would become more symmetrical; in the case of mecha- 

nism (a), the transition state would approach that of the reagents and 

8 would decrease whereas, in the case of mechanism (b), the transition 

state would approach that of the products and 8 would increase. 

In favour of mechanism (b), it is in fact observed that in the hydroly- 

sis of the benzylidene-é-butylamines, 8 = 0-25. The proponents of 

mechanism (a) 5*:7> reply to this, in ‘a defense. of anthropomorphic 

electrons’, that mechanism (b) is impossible in the hydrolysis of the 
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+ 

benzhydrylidenedimethylammonium ion (CgH;),C—=N (CH). and of 

the nitrone ClC,H,CH—N (CH,)O~ for which f values of 0-27 and 

0-23 are respectively obtained. They judge that Swain’s reasoning is an 

oversimplified approach to the problem due to the presence of two 

concurrent mechanisms, and that the addition of a catalyst will dis- 

turb the structure of the transition state of which the overall stability 

and not only the stabilization by hydrogen bonding should be 

considered. 

4 +a- | 8+ + | 

HO + C=NC =e A HGNC = HO—C—NC 
H 

(1) (2a) (3a) 

H Jw 
H hs / 
SOM CN se O—C-N 
we = / H | 4 | 

(2b) (3b) 

The energy diagram (see Figure 2) and the mechanistic scheme in- 
clude the three paths of reaction possible at a pH of 7: in the absence 
of catalyst (attack by either the hydroxyl ion or by water) and in the 
presence of general acid catalysis. 

Under neutral conditions, the formation of the hydroxyl ion implies 
an initial energy consumption of 9-5 kcal/mole, and thesubsequent attack 
by the OH~ on the protonated imine gives rise to a transition state 3e 
with a structure closer to the initial than to the final state. In the case 
of an attack on the protonated imine by H,O, the transition state 2b 
is closer to the oxonium form, 3b, than to the initial structure, and the 
formation of the oxonium ion from the intermediate carbinolamine 
(3a) takes up 12-6 kcal/mole. 

Clearly, to the extent that the transition states resemble the unstable 
intermediates 2c and 3b, these reaction paths will be unfavourable 
in respect to the middle path, in which the formation of these inter- 
mediates is avoided by general acid-base catalysis. The free energies 
required for their formation constitutes a great deal of the free activa- 
tion energy of the reaction. 
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One might then question the importance of the hydrogen bonds be- 
tween the catalysts and the intermediates. The strength of a hydrogen 
bond is a function of the acidity of the acid HA and the basicity of the 
base B, the most favourable acid-base pair being one in which the 
basicities of A~ and B are equal (acetic acid—acetate). 

However, in the course of the reaction there is a large variation in 
the acidity of the reacting groups; the difference in acidity between 
the carbinolamine and the hydroxyl ion, or between the oxonium ion 

ec L 
. ¢ 

4 - 
‘ 
{ 
! 
| 
' 
! 
1 

I 
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Ficure 2. Energy diagram for the hydrolysis of Schiff bases (taken from 
reference 58). 

and water is in the region of 18 pX units, whereas the difference be- 
tween the acidity of the N—H groups in the immonium form and the 
carbinolamine can be estimated to be only 15 pK units. For this 
reason one may expect a greater stabilization by interaction between 
the catalyst and the carbinolamine group. Interaction of this type 
changes the structure of the transition state by changing the nature 
of the nucleophilic agents in such a manner that the transition state of 
the catalysed reaction (2a) will shift towards the centre of the reaction 
axis. 
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The role of the catalyst is not limited to lowering the free energy of 

activation by disposing the protons in the most favourable locations. 
The catalyst also serves to decrease that fraction of the activation 
energy which arises from the formation and the rupture of C—O and 
C—N bonds, which it does by decreasing the dipole strength of the 
transition state. 

In the transition state for the expulsion of hydroxide ion from the 
carbinolamine, an acid catalyst, partially converting the leaving 
group to a water molecule, reduces charge separation. Similarly, in the 
transition state for the attack of the weak nucleophile water on the 
protonated imine, a general base, partially converting the water 
molecule into hydroxide ion, will reduce the mutual repulsion of the 
positive charges in the transition state. 

In conclusion, Swain, in putting forward the mechanism (b), bases 
his arguments on a stabilization of the transition state by a hydrogen 
bond between the catalyst and the most acidic hydrogen, and Jencks 
favours the mechanism (a) on the basis of the catalyst combining 
preferentially with those protons whose acidity changes the most in the 
course of the reaction because, as he says, ‘electrons, like most anthro- 
poids will tend to follow the path of least resistance’. The controversy 
continues at the present time between proponents of Swain’s ‘static’ 
explanation and those of the ‘dynamic’ one of Jencks. 

4. Rate-determining decomposition of the carbinolamine 
intermediate 

This case is illustrated by the hydrolysis of Schiff bases derived from 
weakly basic amines under generalized basic catalysis and the cor- 
responding inverse reaction of formation of the intermediate carbinol- 
amine, under acid catalysis 48: 

H 
ped Bi H-20= coer: ——* Yc=0 + RNH, + BH+ 

H 

In the case of the Schiff bases derived from highly basic amines, 
there is no general catalysis: 

les 
Rear aa — ‘C=O + RNH, 
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lll. HYDROLYSIS OF THE IMINOLACTONES 

A recent case of hydrolysis of the imine group has shown that 
iminolactones may yield different products according to the con- 
ditions of pH®*-83, 

At acid pH, the iminolactone derived from tetrahydrofuran 
hydrolyses to aniline and the «-keto derivative of tetrahydrofuran: 

NC,H 

iti 
5 Oe 

+ H,O eee + C,H;NH, 

o 2) 

40 
Percentage aniline 

20 

O 2 4 6 8 10 12 
pH 

Ficure 3. A: pH-rate profile for the hydrolysis of the iminolactone at 30° Gab. 

effect of pH on the nature of the products of iminolactone hydrolysis. 
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Under basic conditions the product of hydrolysis is y-hydroxybuty- 

ranilide: 

Oe ING Hg 

fast Io 
The rate-pH curve shows the classical bell-like shape under acidic 

conditions together with a pH-independent rate zone under basic 
conditions. 

On the other hand, the percentage of aniline titrated by diazotiza- 
tion follows a normal titration curve with an inflexion situated at a 
pX = 7-07 (Figure 3). 

Such behaviour may be explained by way of several mechan- 
isms: 

(a) The y-hydroxybutyranilide could conceivably arise as a result 
of a nucleophilic displacement by the hydroxyl ion at the carbon 
atom Cis). Thus, following establishment of the protonation pre- 
equilibrium of the imine: 

= cee Z 
RN==G + Ht = RNH=C’ 

VY) (1H*) 

+ H,O ——> C,H,;NHCO(CH,),CH,OH 

there would arise a competitive nucleophilic attack on the carbon 
C2, by a molecule of water, followed by breakdown, under acid 
conditions, of the carbinolamine intermediate in its zwitterionic 
form; 

+ 7 S 
RNH=C2 

83 4 

k ~p 
| te SI JH 

eye OH 
RNH—C 

(i) (IHOH) 
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O 

no 

OH 
(IHOH) 

O 
ks f 

| == RNH, + Onc | 

O 
ne 

tae 

(IHOH) (A) (BL) 

Nucleophilic attack by the hydroxyl ion to the Cg) carbon, will take 
piace under basic conditions: 

Oo 
RRIH=C | ees 

OH 
aS) aaa | 

eee RNHC(CH,),CH,OH 
‘OUCH, i 

RN=C 

(1H*) (HBA) 

(b) The most reasonable explanation is based on the mechanism 
of the hydrolysis of Schiff bases derived from anilines*?. The protona- 
tion equilibrium of the iminolactone is followed by a nucleophilic 
attack by water in acid medium, and by the hydroxyl ion in basic 
medium, on the Cg) carbon, to give rise to the carbinolamine inter- 
mediate: 

+ P 
RNH=C 

Oo 
ke / 

l + OH- == RNHC | 

hg Le 
RNH—C | 

(1H*) 
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In this case one must assume the existence of an anionic intermediate: 

oO 
mnie me mee 

I 

Avot (IHO") 

which will decompose to different products according to the extent of 

protonation. Under acid conditions: 

J 
oN MH 

noe 

RNH 

H 

k y 
== RNH, + O=C | 

(BL) 

Under basic conditions: 

CO : 
RNH—C == RNHE(CH,),CH,O" 

‘Ol 

(IHO") (HBA) 

Decomposition to aniline is inconceivable in the course of this step 
since this would involve the expulsion of an anilino anion leaving 
group, which is difficult to admit. However, another kinetically 
equivalent mechanism would include formation of a cationic inter- 
mediate: 

O 
ie on Soa Rea ae 

*OH, 
at (IHOH,*) 
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with decomposition, in acidic conditions: 

a / O Ks / | 
R—N—C a RNH, + O=C + Ht 

OH (A) (BL) 

and in basic conditions: 

O 

al 

OH 

| == RNH(CH,),CHOH 

H Ag H bs 
(IHOH) 

497 

The two mechanisms are kinetically equivalent, and one is thus 
unable to decide as to the type of ionization undergone by the inter- 
mediate. 
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The overall reaction scheme may now be written as: 

K 
P+ H+ 2s Ht 

k 
IH* + HO = IHOH + H* 

-1 

ke 
IH*+ + OH- = 1HOH 

—2 

KrHou 
IHOH —— IHO- + H* 

k 
1HOH = A+ BL 

-3 

ka 
IHOH “Ess HBA 

ale 

which, taking into account the following assumptions: 

kg > hug 

Kyyonk 4 at pH < 3: k,> [A] 

atpH > 3: ks + fowl [H+ 

atpH > 6: Kyy+ > [H*] 

leads to the kinetic equation: 

ee ky k3/k_,[H*] a ko Kw 

(Ko: + [H*]){(4e/k-1) + [H*]}  Kinton 

in which the first term applies to the bell-shaped curve and the second 
to the pH-independent rate zone. 

The aniline yield follows from the breakdown rate constants: 

[H*] A= ee eee 

/o [H*] + Kison ka/ks 
x 100 

with a point of inflexion situated at pX’, for 

Kiyon ka K’ = 
kg 
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These equations enable us to calculate the parameters which lead 
to a point by point establishment of the rate-pH diagram: 

PAyg+ = 5-06 

k, = 0-415 min=1 

ks 
ka = 2:5 mole 

ky = 11:4 x 10° mole—* min-* 

pK = 7-07 

These parameters are in agreement with those resulting from the 
hydrolysis of the Schiff bases (see Table 1) and of the 4, thiazolines, 
as expected, considering that the mechanisms of the rate-determining 
steps are identical. The reaction is also sensitive to general base 
catalysis which modifies the reaction scheme at a pH < 7, under 
conditions in which the hydroxyl ion reaction is negligible, in the 
following manner: 

ki 
IH*+ +B+H.,0 a IHOH + BH* 

ed 

e 
IHOH —— products 

i) 

Kput 

Be = —— BH> 

k,[H*] ki Kgy+[H*] 

Ma] exe ee RO Kops Sy 

The catalyst effect is maximum for: 

_ PKsat + PXpxt 
pH = 9 

It will be seen that this catalytic scheme is well applicable to the 
hydrolysis of Schiff bases ®?*. 

However, the role of the catalyst is not limited to modifying the rate 

of hydrolysis. Without changing the kinetic picture, addition of cata- 

lyst strongly increases the aniline yield at values of pH > 7. The 

authors ®® have applied an empirical mathematical treatment to this 
astonishing phenomenon. 

17+6.c.N.D.B. 
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Assuming the aniline yield, at constant pH, to be proportional to 

the concentration of a complex formed between the iminolactone and 

the buffer: 
K, 

S + buffer (B) a complex 

and, defining 4A as the difference between the aniline yield at a given 

concentration of buffer (Ag), and the aniline yield in the absence of 

buffer (Aj), 1/4A asa function of J/[B] should be a straight line with a 

slope of K,pp and an intercept of J/4Amax (AAmax is the difference 

between the maximum yield of aniline obtained in the presence of 

a high buffer concentration and in its absence). The equation is con- 

firmed and AA max + 49 = 94 to 98%, which means that at all values 

of pH examined (7 to 9:5), and at sufficiently high concentrations of 
buffer the iminolactone can yield aniline exclusively. The values of 
Kapp represent the buffer concentrations required to lead to an aniline 
yield of 4Am,x/2 for a given value of pH. As Ay varies with the pH, 
AAmax increases with increase in pH. 
A particular study of phosphate, bicarbonate and acetate buffers has 

shown that the active forms of the bicarbonate and acetate buffers are 
the basic ones, whereas the phosphate acts either in its basic or in its 
acidic form (H,PO- and HPO,~). 

As the rate of hydrolysis remains constant though the aniline yield 
increases, one must assume that the buffer influences the decomposition 
of the non-rate determining intermediate. 
On the other hand, the activity of the buffers neither obeys the laws 

of a classical generalized acid—base catalysis (the phosphate buffer, 
pK = 6-77, being 240 times more active than the imidazole, pK = 
7-02, with respect to aniline yield whereas, for the hydrolysis of 4- 
thiovalerolactone and of ethyl dichloroacetate their activities are 
identical and, for the hydrolysis of iminolactone, the phosphate is 
twice as active as the imidazole), nor those of a nucleophilic catalysis 
(the phosphate dianion is 10% times less active than the imidazole in 
the nucleophilic attack on p-nitrophenylacetate or on acetylphenyl- 
phosphate) °°. 

Finally, the common characteristic of these active buffers which lead 
to an increase in the yield of aniline, is that they possess acidic as well 
as basic groups attached to a central atom. 

These observations have led the authors to suggest a mechanism of 
cyclic and concerted proton transfer, involving the neutral tetrahedral 
intermediate and catalysts such as mono- and di- phosphate anions, 
bicarbonate, acetic acid, arsenate, monophenylphosphate: 
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CH 
Se By 3 

HOT at Hom 70 
R—NH R-NH R-NH, O 

Seinen 
This will permit the formation of the zwitterion required to rupture the 
C—N bond, and yield aniline. 

IV. HYDROLYSIS OF THE A, THIAZOLINES 

An examination of the kinetic behaviour of a large number of sub- 
stituted 4, thiazolines 

a 

has led to an elaboration of the general laws’® which agree with 
earlier investigations carried out on two alkylthiazolines*9-59:7* and 
which are similar to those governing the hydrolysis of Schiff bases. 

The A, thiazolines give rise to two types of products according to 
whether it is the C—S or the C—N bond which breaks in the inter- 
mediate: 

S 

Ht 4 aX | _ Kral I = ve A 

(T) a my wviiovi E 

SH RCOS 

RCONH J ee 

(N-SH)  (SNH,) 

| 

RCOS on 
(S-NH,*) 
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The kinetic equation governing the bell-shaped curve is: 

p= el FO 
obs (Krn+ + [H*]){(H*] + (he + a) /h-1} 

and the calculated values of Kpy+ calculated from kinetics correspond 
to the experimental ones. 

If we plot the value of log k, against pK, (= pKyy+), we obtain 
several straight lines for various groups of the 4, thiazoline families. 
One of these groups is composed of 2-aryl thiazolines, substituted in 
position 4, and fulfils the equation: 

log k, = —0-91 pKpg+ — 0-48 

The substituents in position 4 (para on the aryl group) will influence 
the electron density at the site of the nucleophilic attack, this effect 
being quantitatively accounted for by the dissociation constant of the 
thiazolinium ion. 

The hydrolysis of the 4, thiazolines is an equilibrium reaction. In 
the case of the 2-methylthiazoline, all equilibria have been experi- 
mentally determined *?: 

_ IS—NH,*] kak, Kk. = = C= 2 
e [TH*] k_y k_s Kg_wu,* 

LES ALN SH he kG bce deat ees 
ee ie [BoaVHa leertindintek -g Keil aes 

N—SH] ky k 
Kum = [N—SH] eee 104 
a [T] Kyytk_y kg . 
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Il. INTRODUCTION 

The electrolytic method of reducing and oxidizing organic molecules 
has many inherent advantages and some disadvantages. Its merits 
ought to have secured for itself a status similar to that of, say, catalytic 
hydrogenation; however, the activation energy necessary to bring 
the average chemist to consider an electrolytic reaction as a possible 
solution to a chemical problem is still too high to ensure that the 
electrochemical process is used, even when it presents an advantage 
over other methods. 

The electrolytic method presents a possibility to control over a wide 
range the activity of the reagent, the electron, by a proper choice of 
the electrode potential, i.e. the potential difference across the electri- 
cal double layer. The main part of this potential drop occurs within a 
distance of a few angstroms from the electrode surface; the electrical 
gradient near the electrode is thus of the magnitude of 107-108 v/cm1. 

The transfer of electrons can occur at low temperatures and at a 
chosen pH, so that sensitive compounds, such as many biologically 
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active molecules, can be reduced or oxidized under mild and well- 
defined conditions. 

The electrolytic method is favoured by the absence of chemical 
reagents and their reaction products. This might facilitate the isola- 
tion of the product from the electrolytic reaction and make the 
development of a continuous process easier. The electrolytic process 
is also inherently easy to control automatically. 
An obvious disadvantage of the method is that the reaction of 1 

mole of a substance requires n x 96500 coulomb, where n is the 
number of electrons in the electrode reaction. However, as high cur- 
rents might be employed when proper design and well-chosen condi- 
tions are used, this is not a serious disadvantage. Furthermore, the 
electron is a very cheap reagent. 
A more serious limitation may be caused by the necessity of em- 

ploying a medium capable of conducting the electrical current. Water 
is a suitable solvent, but the reacting substances often require an 
organic solvent or a mixed solvent as medium. In some cases the use of 
‘hydrotropic’? solvents such as a strong aqueous’ solution of tetra- 
alkylammonium toluenesulphonate may be advantageous. In aprotic 
solutions the low concentration of protons must be taken into con- 
sideration by adding suitable proton donors, unless the scarcity 
of protons is important for the formation of the desired product which 
might not survive in a proton-rich medium. 

Some older and newer monographs and review articles on electro- 
chemical reactions are available*-®. The following chapter will treat 
electrolytic reactions which involve azomethine compounds either as 
starting material, intermediate, or product, and which have been per- 
formed at controlled electrode potential. The results are discussed in 
the light of the information obtained by polarographic? +? and 

voltammetric investigations. , 

ll. EXPERIMENTAL CONDITIONS 

A. Control of the Electrolytic Reaction 

In the classical electrolytic reactions the current density, measured 

in a/dm?2, was controlled, possibly because it was the easiest factor to 

measure and keep constant. Nevertheless, Haber**, in his famous 

papers on the stepwise reduction of nitro compounds, realized as early 

as 1898 that the potential of the working electrode was the proper 

quantity to control. 
17* 
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FicurE 1. Schematic representation of the connection between the current and 
the potential of the working electrode in a solution containing a compound 
with two groups reducible at different potentials. (Curve I, before electrolysis; 
curve II, after the passage of some current; ig is an applied current, Ey(1) and 
E,(II) the potentials corresponding to io; ig is the limiting current, and Eg, 

E, and Eg are applied potentials.) 

The difference in the two ways of controlling the electrolytic reac- 
tion is illustrated in Figure 1. In this figure curve I depicts the connec- 
tion between the current through the cell and the potential of the 
working electrode in the initial solution containing two reducible com- 
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pounds or one compound with two groups reducible at different 
potentials. When the potential at the cathode is between 0 and Eg, 
no electron transfer across the electrical double layer can take place 
and thus no current flows through the cell. If the cathode potential is 
made more negative, electron transfer becomes possible, that is, the 
reduction of the most easily reducible compound or group starts. 
Between E, and £, the current rises in dependence on the potential, 
but when the value £, has been reached, all the molecules that arrive 
to the electrode and which can undergo the first reduction are re- 
duced as soon as they reach the electrode. In the potential interval E, 
to E, the current is limited by the transportation of the reducible 
compound to the cathode; this current is called the limiting current, 
tq, and it is under fixed conditions proportional to the concentration 
of the electroactive compound. 
A further diminishing of the electrode potential results in the occur- 

rence of the second electrode reaction and the current rises; a similar 
S-shaped curve results from this reduction. At more negative potentials 
a third reaction or a reduction of the medium takes place. 

If a suitable current 7) [%) < izg(I)] is sent through the cell, the 
cathode potential assumes the value Z,(I), and when 7% < 74(I) this 
is well below the potential (Z,) where the second electrode reaction 
starts; a selective reduction thus occurs at the beginning of the elec- 
trolysis. During the electrolysis the concentration of the reducible 
compound, and thus its limiting current, diminishes and after a while 
(curve II) the limiting current becomes smaller than the applied 
current [i) > i,(II)]. The cathode potential has then, by necessity, 
reached the value £,(II) and at this potential the second electrode 
reaction takes place also; the electrolysis is no longer selective. 
On the other hand, when the electrode potential is the controlled 

factor and it is kept at a suitable value, e.g. Eg, the second electrode 
process cannot take place, and the reduction remains selective to the 
end. The current through the cell is never higher than the limiting 
current corresponding to the first electrode reaction; this means that 
the current decreases during the reduction and becomes very small 
towards the end of the reaction, as the limiting current is proportional 
to the concentration of the electroactive material. 

The reaction can thus be controlled by letting the reduction proceed 
at a suitable potential. The potential can be kept at the desired value 
in two ways: it can either be controlled directly or indirectly. The in- 

direct control can be performed by a continuous addition of new, 

reducible material to and removal of product from the electrolysed 
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solution, so the limiting current of the reducible material is always 

higher than the constant current which is sent through the solution. 

This has been done in the reductive dimerization of acrylonitrile to 

adiponitrile?® in the cell shown in Figure 2. 

For addition of acid 

Cathode (When Hg) 

Figure 2. Schematic drawing of continuous laboratory cell: 1, boiler; 2, riser; 
3, condenser; 4, disperser; 5, cathode when Hg; 6, catholyte solution; 7, anode 
chamber; 8, diaphragm; 9, lead to cathode; 10, lead to anode; 11, thermometer; 

12, inlet tube; 13, stirrer; 14, catholyte level; 15, level of supernatant AN; 
16, washer; 17, disperser; 18, water level; 19, supernatant level; 20, stopcock; 

21, overflow tube; 22, overflow tube; 23, water inlet, 
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Vv C 

Ficure 3. Circuit for constant potential reduction. (K cathode, A anode, R 
reference electrode, V potentiometer or pH meter, C coulometer, Am ammeter, 

S voltage adjuster. From reference 18.) 

A direct manual control of the potential can be obtained using a 
circuit shown in Figure 3, which is made from components available 
in all laboratories. The manual control can be replaced by an auto- 
matic control by using a potentiostat. Such an apparatus is now 

U 

Ficure 4. Cell for peas ae (K mercury cathode, A carbon anode, 

R reference electrode, D dropping mercury electrode, N inlet for nitrogen. 

From reference 18.) 
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commercially available, often at a reasonable price, or can be built 

according to published diagrams*®1”. 
The design of the electrolytic cell may vary widely, and every elec- 

trochemist thinks his own design is the most suitable one; the author 

has for many years employed? the two simple types of cells shown in 

Figures 4 and 5. The first one (Figure 4) is a divided, slightly modified 

Ficure 5. Cell for macro-scale electrolysis at controlled potential consisting of 
a 2 1 beaker covered with a glass plate G, containing holes for a silver/silver 
chloride reference electrode R, the anode compartment, a cooling coil S, a 
thermometer, an inlet for nitrogen, and one for withdrawing of samples. (The 
mercury cathode C has an area of 125 cm?, The diaphragm D consists of two 
porous clay cylinders separated by agar containing KCl. The anolyte (15% 
aqueous NaOH) is continuously renewed through T. Anode A of stainless steel. 

From reference 19.) 

Lingane cell made from two 250 ml conical flasks, and the second 
one (Figure 5) is made from a beaker (2 1). The big cell has the anode 
compartment in the centre of the cell; the anode chamber is quite 
small and it is therefore necessary to circulate the anolyte con- 
tinuously *°. The cell has been used for large scale preparations (30 to 
150 g) using currents up to 25 A. For the reduction of greater amounts 
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of material it may be practical to circulate both the catholyte and the 
anolyte. 

The higher the applied current is, the more critical becomes the 
design of the cell; the ohmic resistance must be kept low, and it is 
especially of importance that the tip of the reference electrode (the 
“Luggins capillary’) +* ends close to the working electrode; otherwise 
the inevitable potential drop due to the ohmic resistance between the 
working electrode and the ‘Luggins capillary’ (the ‘JR drop’) 
becomes intolerably great. 

B. Factors Influencing the Electrolytic Reaction 

Although the electrolytic reaction results in a reduction at a certain 
site in the molecule, it is the properties of the whole molecule which 
determine the energy, i.e. the reduction potential necessary for the 
transfer of the electrons to a suitable empty orbital. The presence of 
certain groups, however, makes the molecule reducible in most cases, 
and the rest of the molecule influences the reduction potential only 

to a minor degree. Such groups often contain double bonds, e.g. the 
nitro-, nitroso-, carbonyl- and azomethine groups, but a reductive 
cleavage of single bonds may also occur. The presence of electron-with- 
drawing groups facilitates the reduction, and the dependence of the 
reduction potential on the nature of the substituents in a series of 
compounds can often be represented by a Taft-Hammett type of 
equation °, 
An electrolytic oxidation is a transfer of electrons from the molecule 

to the anode, and in a given series of compounds, electron-donating 
groups, e.g. methoxy or amino groups, facilitate such a reaction. 

As illustrated in Figure 1, the electrode potential determines under 
fixed conditions which electrode reaction may occur. It must, how- 
ever, always be remembered that an electrolytic reaction can be 
controlled by means of the potential only until and including the 
potential determining step; besides the potential other factors influence 
the electrode reaction. 

I. Effect of pH 

Hydrogen ions are involved in most organic electrode reactions, and 
pH therefore affects the reduction potential. Besides that, a change in 
pH may change the course of the electrode reaction; the reduction 
may take place in different parts of the molecule in acid and alkaline 

solution, the number of electrons in the electrode reaction may depend 
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on pH, or the stereochemistry of the product may be pH dependent. 

The protonated species is more readily reducible than the unprotonated 

one. Sufficient buffer capacity is necessary to ensure that the consump- 

tion of hydrogen ions in the electrode reaction does not change the pH 

in the immediate vicinity of the electrode. 
In aprotic media, the use of too strong a proton donor may lead to a 

preferential reduction of protons. The scarcity of protons in aprotic 

solvents is valuable in the study of some electrode reactions, since 
intermediates, e.g. radical ions?!:??, which in aqueous solution would 
react rapidly with protons or water, may be sufficiently long-lived to be 
detected or trapped by reaction with a suitable reagent. 

2. Effect of electrolyte 

The accessible potential region at a certain electrode is dependent 
on the choice of supporting electrolyte. The alkali metal cations are 
reduced at about —2:0 v (s.c.e.), whereas tetraalkylammonium ions 
can be used until about — 2:5 v (s.c.e.). These ions also interact with 
anion radicals to a smaller extent than the smaller alkali metal cations. 
This is of importance for the use of electrolytic reactions in the pro- 
duction of radicals ?° for e.s.r. measurements. The tetraalkylammonium 
ions are, however, more strongly adsorbed on the electrode than the 
metal ions, which may influence the kinetics of the reaction. 

The choice of the anion is most important in anodic reactions. 
Perchlorates have been found very useful as they are difficult to 
oxidize and are often soluble both in water and non-aqueous solvents. 
High concentrations of tetraalkylammonium p-toluenesulphonates in 
water make the solubility of organic compounds higher than in pure 
water, and such solutions combine a low ohmic resistance with a good 
dissolving power. 

3. Effect of electrode material 

The electrode material is important in different ways. The magni- 
tude of the hydrogen and oxygen overvoltage determines the accessible 
potential range; special surface properties, such as adsorptive and 
catalytic effects, may determine the course of the reduction. In the 
‘electrocatalytic’ reactions (e.g. Section III.A.3) the electrochemical 
step consists in a reduction of hydrogen ions to adsorbed hydrogen 
which then reacts with the substrate as in a catalytic reaction. The 
study of the influence of the electrode material on the course of the 
reaction is an area in which further research is very much needed. 
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C. Determination of Optimal Conditions for an Electrosynthesis 

In order to determine the optimum conditions for an electrosynthesis 
a series of current-voltage curves are produced using different elec- 
trode materials, solvents and pH; when mercury is used as electrode 
material, the ordinary polarographic technique®® is applied. With 
some experience it is possible from such a series of experiments to 
choose conditions suitable for the reaction. 

The results from a polarographic investigation may be found in the 
literature, where either a reproduction of the experimental curves (e.g. 
Figure 8, Section IV.C.2), a graphical plot of the half-wave potentials 
and the limiting currents as a function of pH (e.g. Figure 6, Section IV. 
B.5) or a table gives the required data. It must, however, be kept in 
mind that there are cases where differences between the results ob- 
tained in micro- and macroelectrolysis occur 24. 

Sometimes the height of the polarographic wave points to an uptake 
of, say, two electrons, whereas a preparative reduction results in n < 2. 
This difference can be caused by two types of mechanism. One of these 
types operates when the reduction proceeds through a radical which 
either can be reduced further or can dimerize according to 

ee "RH es RH, 

+H—R—R—H 

The dimerization often, but not always, takes place at the surface 
of the electrode, where the radicals are stabilized by partly bonding to 
the electrode. With increasing concentration of the radicals, the rate of 
the dimerization (second-order reaction) increases faster than the 
further reduction, and the electron consumption decreases. This mode 
of reaction often operates when the radical formed is fairly stable. 

Sometimes the radicals (perhaps in some cases in the form of organic 
mercury compounds) form a layer on the electrode which makes the 
surface less accessible for the unreduced molecules, so they require a 
slightly more negative potential for the reduction. This phenomenon is 
less noticeable at the low concentrations normally employed in 
polarography. 

In such cases the dimerized compound can be prepared by em- 
ploying a high concentration of the reducible compound and stirring 
the mercury electrode, so a fresh surface is produced, while the elec- 
trode potential is kept at a value corresponding to the foot of the polaro- 
graphic wave. If the further reduced compound is the desired product, 
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only the solution is stirred, and the potential is kept at a potential on 

the diffusion plateau of the wave. 
If the radical formed is not stable or stabilized at the electrode, it is 

instantly reduced further. The carbanion thus produced may either 

react with hydrogen ions or with the reducible, unsaturated material 

according to 

ge a ee ee I eae 

[ : | é | i 

RHe HR—R—H HR—R—R—H 

Besides the simple reduction a di-, tri- or polymerization may thus 

result, and the overall electron consumption decreases. 
The waves of irreversibly reduced compounds cover a greater 

potential range at higher concentrations than at lower concentrations. 
A reduction which in the microscale experiments gives two separate 
reduction waves may be difficult to carry out as a selective reaction. 
The best way to get a partial reduction in such a case is to use a 
potential at the foot of the composite wave. 

Differences between the micro- and macroscale experiments may 
also be caused by differences in their duration. If a slow step occurs in 
the reaction after the uptake of some electrons, the reduced compound 
may diffuse away from the electrode before it is reduced further. At the 
microelectrode the concentration of the partly reduced species re- 
mains low and does not influence the polarographic curve visibly; in a 
macroscale electrolysis a higher concentration of the partly reduced 
species is built up and the compound may or may not be reduced 
further when it diffuses to the electrode, depending on its reduction 
potential. If the reduction potential of the partly reduced species is 
more negative than that of the starting material, the partly reduced 
species can be obtained in a macroscale reduction at a suitable po- 
tential, and the difference between the micro- and macroscale experi- 
ments is that the further reduction is not visible on the polarograms 
although the macro reduction shows that a reducible compound is 
formed. 

Sometimes more waves are visible on the polarograms than can be 
realized by macroelectrolysis. Some may be catalytic waves, and some- 
times it is found that the product from the first reduction does not give 
these waves. In these cases a tautomeric change similar to that de- 
scribed later in the reduction of phenylhydrazones and some cyclic 
azines may be operating, so it is the primarily formed species which is 
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responsible for the observed waves whereas the more stable tautomeric 
form is reduced by another route. 
When the partly reduced species is more easily reducible than the 

starting material, a macroelectrolysis will show a higher electron con- 
sumption than that corresponding to the height of the polargraphic 
wave. During a macroscale electrolysis the partly reduced species may 
be detectable polarographically in the reaction mixture; it will produce 
a small wave at a less negative potential than that of the starting 
material. The concentration of the intermediate will remain low as 
it is reduced in preference to the starting material. Only if it is possible 
to trap the intermediate as a non-reducible derivative can it be ob- 
tained as a product from the reduction. 

Furthermore, as the polarographic curve can be influenced by certain 
compounds, such as inhibitors, adsorption phenomena can complicate 
the interpretation of the curves and ‘catalytic? waves may suggest 
further reductions than found by macroelectrolysis, a certain caution 
must be exercised in evaluating the voltammetric data; however, in 
most cases no complications arise, and with a little experience the 
differences mentioned above are not serious draw-backs, but are of 
value as the combination of polarography and macroelectrolysis then 
throws light on one or more of the steps in the reaction. 

ili, ELECTROCHEMICAL PREPARATION OF 
AZOMETHINE COMPOUNDS 

Azomethine compounds may be formed by electrolytic reduction as 
well as by oxidation of suitable nitrogen derivatives. When the 
nitrogen or the carbon atom of the potential azomethine group is in a 
high oxidation state, an electrolytic reduction may produce an azo- 
methine compound. Likewise, oxidation of a hydrazine or a hydroxyls 
amine may lead to such a eompennd, 

A. Reduction of Nitro and Nitroso Compounds 

1. Aliphatic nitro compounds 

The electrolytic reduction of aliphatic nitro compounds is possible 
in acid and neutral solution, whereas the formation of the anion of the 

aci form in strongly alkaline solution prevents the reduction of pri- 

mary and secondary nitroalkanes. The main product in acid solution is 

a hydroxylamine which can be reduced further only in a rather narrow 

pH interval around pH 4 at a more negative potential. Some amine 
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is formed as a by-product during the electrolysis, and as the hy- 

droxylamine is not reducible under these conditions to the amine, 

the following reduction scheme has been suggested *°-?®, in which the 

intermediate nitroso compound tautomerizes to the oxime, and the 
reduction of the oxime is responsible for the formation of the amine. 

2e + 2H+ : 
RR'CHNOs so oq>> [RR’CHNOJH* ===" RR’CHNH2OH 

[RR’C==NOH]H* “2+ “8°, RR’CHNHs 

RR’C=O + HsNOH 

2. a,8-Unsaturated nitro compounds 

The oxime formed in the side reaction in the scheme above cannot 
be isolated, and its presence is only inferred from the isolation of the 
amine and the carbonyl compound as side products; when, however, 
the nitro compound is «,$-unsaturated or carries a suitable leaving 
group on the a- or B-carbon, an oxime is a likely product. The reduc- 
tion of B-nitrostyrene (1) exemplifies this?7-?°: 

CgHsCH=CHNO, “7""*> C,H .CH=CHNH,OH “> C,HsCH2CH=NOH 
(1) 

The unsaturated hydroxylamine rapidly forms the more stable 
tautomer, the oxime. The reduction might be formulated as a 1,4 
reduction of the initially formed unsaturated nitroso compound; 
there is no conclusive evidence for either route, but the former has here 
been chosen as the protonation of the heteroatom would be expected 
to be faster than the protonation of the carbon atom. 

3. a-Substituted nitroalkanes 

The reduction of «-halogenated nitroalkanes may also lead to 
oximes*°, For instance, 1-bromo-1-nitroethane (2) gives three waves 
in acid solution; the half-wave potential of the first wave is inde- 
pendent of pH, and the third wave corresponds to the reduction of 
acetaldoxime (3). Controlled potential reduction at pH 0-25 (E = 
—0-6 v, ¢ = 10°) of 2-chloro-2-nitropropane yielded 98%, acetone, 
formed by acid hydrolysis of the aci-nitro compound, (CH,),C—NO,H. 
A reduction at a potential corresponding to the second polarographic 
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wave of 2 gave 607, 3 and 30% acetaldehyde. The first two reductions 
of 2 can be formulated as 

slow Ist wave ENO: Stn CHsCH=NO,~ + Br~ —75-> CHsCH2NO, 

H +] fast 

CH3CH=NOzH 

(4) 

2nd wave CH3;CH=NO.H 72**"", CH,CH=NOH + H,O 
(4) (3) 

This reduction is another example of the faster protonation at an 
oxygen atom than at a carbon atom, which results in the primary 
formation of the less stable aci-nitro compound (4) rather than the 
stable nitroalkane. 
A similar reduction route is found for dihalogenated nitroalkanes, 

e.g. 1,1-dichloro-1-nitroethane (5) 2°. This compound shows two polaro- 
graphic two-electron waves, but the second wave does not correspond 
to the reduction of 1-chloro-1-nitroethane, which is the product from 
a controlled potential reduction at the potential of the first wave 
(E = —0-2v, pH = 1). Areduction at the plateau of the second wave 
(E = —1-0v, pH = 0-2, ¢ = 5°) produced chloroacetaldoxime, which 
was further characterized by its transformation into acetonitrile oxide 
at pH 6. 

The reduction of trichloronitromethane (6) may give methylamine 
or methylhydroxylamine, but by working with a cooled tin cathode 
in 35% sulphuric acid at ¢ < 5° it was possible to obtain dichloro- 
formoxime (7) as a product®°; by employing a suitable extraction 
procedure the yield of this compound could be raised*’. Brintzinger 
et al.°° suggest essentially the following reduction path: 

3 2 

CCIsNO, 2778", ccino 42> CHClaNO + CCl==NOH ==} aa ; 
(6) (7) 

2e + H+ 2e + 2H+ 2e + 2H+ 
+ 

CHCIz,NHOH aaah CH,.CINHOH aoe CH,NH,OH wo CH3NH3 

A polarographic investigation of 6° shows a stepwise removal of the 
chlorine under these conditions before the reduction of the nitro 
group occurs. Whether the difference in reduction path reflects the 
difference in the electrode material, electrode potential, or medium 

is not known; an alternative formulation of the formation of 7 could be 

CCIgNO, —22+ CI- + CCl=NO.- —*—> CCI-=NO,H St *> cclg=NOH 
(6) (7) 
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The reduction of mono- and dihalogenated nitrosoalkanes*® goes 

analogously to that of the nitroalkanes; thus 2-chloro-2-nitrosopropane 

(8) gives acetoxime (9) on reduction (EZ = —0-50 v, pH 3) in 9877 

yield: 

(CH,)aCCINO 22 +4", (CH,)gC=NOH + CI- 
9 (8) 

and 1,1-dichloro-1-nitrosoethane produces chloroacetaldoxime in 

76%, yield on electrolytic reduction. 
The first step in the polarographic reduction of pseudo-nitroles?° in 

acid solution is a loss of the nitro group as a nitrite ion with the 

formation of an oxime, e.g. 

(CH3)2C(NO)NOz as NO. + (CH3)2C-—NO aise (CH3)2C==NOH 

(9) 

Whereas 2,2-dinitropropane is reduced in a two-electron reduction to 
the aci-2-nitropropane®?:*%, |, 1-dinitroethane (10) gives a 5-6 electron 
wave in acid solution. The following explanation has been suggested 7°: 

GH CANO) j=" GHiCH=NO7/4 NOS 
(10) 

4e + 4H+ CH;CHNO,H + HNO, & CHyCINO)=NOH | H,012 24 
(11) 

CH3C(NHOH)—=NOH 
(12) 

The ethylnitrolic acid 11 has been shown** to be electrolytically 
reducible to acethydroxyamidoxime (12), which can be oxidized 
anodically to ethylnitrosolic acid. 

4. Aromatic nitro compounds 

Aromatic nitro compounds are reducible in acid solution to the 
hydroxylamines which at a more negative potential are reduced to the 
amines. However, 0- or p-nitrophenols or -anilines are in acid solution 
reducible in a six-electron reduction to the amine*®-3”, The reaction 
is believed to follow this path, exemplified by the reduction of p- 
nitrophenol. 

Ho-()) no, a Ho-( 8,0 =H:0, 

On{ ati 2e + 2H* Ho) 
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The loss of water is a slow step which is acid or base catalysed. 
About pH 5 the slow step can be established by classical polarography 
as the wave height in this region corresponds to a four-electron reduc- 
tion. A preparative reduction at this pH would, however, show a six- 
electron reduction to the amine. 
A reaction involving o-quinonediimine (12) as an intermediate has 

also been suggested *% in the reduction of o-dinitrobenzene in acid 
solution, which resulted in the formation of 2,3-diamino-9,10- 
dihydrophenazine or 2-amino-3-hydroxy-9,10-dihydrophenazine be- 
sides o-phenylenediamine. The reaction can be formulated as: 

NO, NH 

NO, NH 
(12) 

H 
N NH, Oo. N NH, 
H 

iG (13) 

NH cm [ 2H* 

12 N NH, 

me OOO N NH, 

(14) 

The quinonediimine could either condense with another molecule 

of 12 to form 2,3-diamino-9, 10-dihydrophenazine (13) or with another 

intermediate of a higher oxidation state, e.g. o-dihydroxylamino- 

benzene or its dehydration product, to form the phenazine 14 

followed by reduction to the dihydrophenazine. 

B. Reduction of Acid Derivatives 

The electrochemical preparation of azomethine compounds from 

acid derivatives involves the same difficulties as those found in the 

reduction of acid derivatives to aldehydes; the product is generally 

more easily reducible than the starting material. Two routes may lead 



522 Henning Lund 

to the desired result; one can choose a very easily reducible derivative 
or one can trap the product as a non-reducible derivative. For the 
reduction of acid derivatives the first possibility is found in the reduction 
of acid chlorides in non-aqueous medium ®® and the other one in the 
reduction of isonicotinic acid *° or other heterocyclic acids **-*? into the 
hydrated aldehydes. 

Hydroxamic acid halides** such as the rather unstable iodide (15) 
in acid solution may be reduced to benzaldoxime (16). 

Ch Coe Ce CHeNOn 6 Hi 
| 
NOH 
(15) (16) 

Benzonitrile oxide** (17) in acid solution is reduced to benzaldoxime 
(16), although most reductions of benzonitrile oxides give benzoni- 
triles. Nitrones are reduced in acid solution with an initial loss of the 
oxygen**:*°, The same is found for most heteroaromatic N-oxides*®-*” ; 
quinazoline-3-oxide*® is, however, an exception. The reduction of 17 
has been formulated*? as: 

CeHsC=NO- <—> C.HsC=N—O- 57 > CyHgCH=NOH 
(17) (16) 

The primary reduction of thioamides*® results in a potential azo- 
methine derivative which might either hydrolyse to an aldehyde or 
lose hydrogen sulphide to give the aldimine. The stability of the inter- 
mediate is high when the aldehyde is reactive towards nucleophilic 
reagents; thus isonicotinic thioamide®® yields on reduction an inter- 
mediate which is quite stable in acid solution. 

+ 

RCSNH, >egqr* RCH(SH)NHg 

H,O 

HS + NH, + RCHO =“! RCHNEL £..S 

2e + er bs + 2Ht 

RCH,OH RCH,NH, 

Benzaldimine has been shown to be an intermediate in oscillo- 
polarographic reduction of benzamide®? in acid solution and benzalde- 
hyde hydrazone®? has been detected under similar conditions in the 
reduction of benzhydrazide. 
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Cyanamide (18) does not give a polarographic wave, but it can be 
reduced in good yield electrolytically to formamidine on an electro- 
lytically formed nickel-sponge cathode in an almost neutral phosphate 
buffer°*. The formamidine 19 is not reduced further under these 
conditions. The reaction consists in this case not of a transfer of elec- 
trons directly to the substrate, but rather of an electrolytic generation of 
hydrogen which on the catalytically active nickel surface reacts with 
(18) as in a catalytic hydrogenation; such reactions are called electro- 
catalytic reductions and are mostly found at electrodes with low 
hydrogen overvoltage such as platinum and nickel cathodes. 

The reaction is: 

2H* + 2e ——> 2H(Ni) 

HaNC=N HM. HINCH=NH 
(18) (19) 

At a spongy tin cathode 18 is reduced similarly in the first step, but 
under these conditions 19 may be reduced further®?:®5, 

C. Partial Reduction of Heterocyclic Compounds 

The reduction of aromatic and other heterocyclic compounds will 
be discussed only if they are reduced to genuine azomethine com- 
pounds, cyclic or non-cyclic. Thus, compounds such as pyridine and 
pyrazine which are reduced to 1,4-dihydro derivatives without a 
carbon—nitrogen double bond are not treated here. Most of the com- 
pounds discussed below are derivatives of pyridazine or pyrimidine; 
the investigation of the stepwise reduction of these is often complicated 
by the lability of the partly reduced compounds. They are usually easy 
to reoxidize and to transform into other tautomeric forms. 

1. Pyridazines 

Aryl- and alkylsubstituted pyridazines can often under suitable 
conditions be reduced to dihydropyridazines; these are further re- 
ducible (see Section IV.B.2). 3,6-Diphenylpyridazine (20) gives in 
alkaline solution a two-electron polarographic wave; at pH 13 it is 
followed by a small second wave at — 1-70 v (vs. s.c.e.). Reduction of a 
suspension of the slightly soluble (20) in aqueous alcoholic potassium 
hydroxide (0-2 m) at —1-75 v (vs. s.c.e.) gives 2,3,4,5,-tetrahydro- 
3,6-diphenylpyridazine (21) in a four-electron reaction at a mercury 
cathode 99:56:57, The mechanism was in analogy to the reduction of 
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other pyridazines and of benzalazine (Section IV.B.1) suggested to 

be: 

H 
C,H No Ge No 
a Or 2e + 2H,O | NH 

—20H™ oe 
C,H, C,H, 

(20) C,H CHs. GN 
i An 2e + 2H,O 0 a NH 

| =20H™ 
Gee CoH 

(21) 

21 is a cyclic benzylhydrazone and is as such further reducible in acid 
solution (Section IV.B.3) but not in alkaline solution. 

In acid solution a two-electron reduction of pyridazines takes place 
primarily, and from the reduction of 1-methyl]-3,6-diphenylpyridazin- 
ium iodide (22) the dihydro derivative can be isolated. The n.m.r. 
spectrum in CDCl, of the product extracted from a slightly alkaline 
solution indicates that it is 1-methyl-1,4-dihydro-3,6-diphenylpyrida- 
zine (23), but in CF; COOH the protonated 4,5-dihydro derivative (24) 
is found, so that the species present in the reduced acidic solution is 
probably the 4,5-dihydropyridazine (24). 

CAs CMs . CMs 

C.H5 N= C,H, Nf C.Hs Ny 
N 2e + 2H+ Ge N —H+ N 

GAnk Ge Cor 

(22) (24) (23) 

Such a reduction has been used to prove the site of the quaterniza- 
tion of 4-t-butyl-3,6-diphenylpyridazine (25). The quaternization 
with methyl iodide yielded only one compound, and from the n.m.r. 
spectrum of the two-electron reduction product of the quaternized 
pyridazine it was proved that the quaternization had yielded 1- 
methyl-5-i-butyl-3,6-diphenyl-pyridazine®® (26). 

ae CH, 
CeHs_ UN CoHs Nt ruse: ~ N ()} CHa! 3h. Sh ae i N 

Gade C,H; OMG He 

(25) (26) 
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Pyridazines substituted with halogens, amino-, hydroxyl- or methoxy 
groups are reduced in the ring to the 4,5-dihydro derivatives; excep- 
tions are the 3-iodopyridazines which are first reduced to the pyrida- 
zines *°-°°, ‘The reduction to the dihydro derivatives takes place both 
in acid and alkaline solution; the stability of the dihydropyridazines 
varies. 3-Phenyl-6-dimethylaminopyridazine (27) is reduced to the 
4,5-dihydro derivative (28) which can be isolated as it is reasonably 
stable at room temperature; on heating or long storage at room 
temperature it loses dimethylamine. 

C.Hs NO CH; No 
CO 2e + 2H* nis ) 

N(CHs). N(CHs)2 

(27) (28) 

The 4,5-dihydropyridazines obtained from the reduction of 3- 
methoxy or 3-chloropyridazines are easily hydrolysed and have not 
yet been isolated; the isolated product from the reduction is the pyri- 
dazinone (29). This compound is also obtained in the reduction of 
pyridazones*?°? (30). 

an RN. 
<agae 2e + 2H+ en 
> O O 

(30) (29) 
The product is formally an acylated hydrazone of a ketone and is, as 

most other compounds of this type, reducible in acid but not in alka- 
line solution. 

2. Cinnolines 

The reduction of cinnolines is similar to that of pyridazines;, the 
benzene ring fused to the hetero ring acts as a non-reducible, non- 
displaceable unsaturated centre which determines the kind of dihydro 
derivative that is the product. Dihydrocinnolines corresponding to 
4,5-dihydropyridazines can thus be formed. 

Cinnoline and alkylcinnolines (81) yield a two-electron polaro- 
graphic wave ®° which in acid solution is followed by further waves. 
Such cinnolines have been shown to be reduced to 1,4-dihydrocinno- 
lines®° (32) in acid solution; if the solution is very strongly acid, 
the 1,4-dihydrocinnolines rearrange to N-aminoindoles®':®?, The 
dihydrocinnolines do not give an anodic polarographic wave as do 
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dihydrobenzo[c]cinnolines, indicating that they are not as easily 

reoxidized as dihydrobenzo[c]cinnolines °°. 

No as ~N 
© e+ HF | 

HR 
(31) (32) 

3-Phenylcinnolines give in acid solution a two-electron polarographic 
wave followed by a four-electron wave®. In acid solution dimeric 
products may be formed besides the 1,4-dihydrocinnolines. The 
reduction to a 1,4-dihydrocinnoline has been used in the proof of the 
site of the quaternization of 3-phenylcinnoline. This compound gives 
on quaternization with methyl iodide a 72:28 mixture of two isomers. 
The major product was reduced to the dihydrocinnoline, and from 
its n.m.r. spectrum it was concluded that the major product from the 
quaternization was 1-methyl-3-phenylcinnolinium iodide. 

1,4-Dihydrocinnoline is also formed in the reduction of some sub- 
stituted cinnolines; thus 4-mercaptocinnoline (33), which gives a four- 
electron polarographic wave in acid and a two-electron wave in 
alkaline solution, is both at pH 0 and pH 9 reduced in a four-electron 
reaction to 1,4-dihydrocinnoline ®° (34). 

The discrepancy between the results obtained by polarographic (two- 
electron wave) and preparative electrolysis (four-electron reduction) 
was explained by the following mechanism: 

H H 
+ 

H H 

N aes ane OU Sie OO ae ae @®@) 
Ht 

H SH S 
(33) (34) 

In support of the reaction route suggested above the following argu- 
ments were used. ‘The two-electron reduction occurring at the dropping 
mercury electrode in alkaline solution yielded an electroinactive 
species. ‘This compound cannot be 1,2,3,4-tetrahydro-4-thiocinnolone, 
which can be regarded as a derivative of thioacetophenone; this com- 
pound would be expected to be reducible at a rather positive potential. 
A reduction at a macro-mercury electrode yielded 34 even at pH 9; 
this means that a slow step occurs after the uptake of the first two 
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electrons and an electroactive species is formed in this slow reaction. 
The formation of the electroactive species is too slow to influence the 
polarographic curve at pH > 9, but not the products from the prepara- 
tive reduction. The slow reaction was suggested to be the loss of hydro- 
gen sulphide, which seemed more reasonable than assuming that a slow 
step was involved in the reduction of the carbon-sulphur bond. The 
reduction of 4-mercapto-1,4-dihydrocinnoline would require a pro- 
tonation which could be slow in alkaline solution, but the reduction 
of the protonated species would probably result in a cleavage of the 
nitrogen—nitrogen bond. 
A further confirmation of the reduction route suggested in the 

scheme was found in the results from the preparative reduction of 4- 
mercaptocinnoline at pH 9. A small prewave, which was found in the 
non-reduced solution at the same potential as the reduction potential 
of cinnoline, grew during the earlier part of the reduction and be- 
came in the later part of the reaction nearly as high as the wave of the 
remaining 4-mercaptocinnoline. 

The slope of the £;-pH curve is the same from pH 0 to 11, sug- 
gesting that the same electrode reaction is the primary step both in 
acid and alkaline solution. The occurrence of a prewave in the whole 
pH region at the reduction potential of cinnoline points in the same 
direction. The explanation of the decrease of the limiting current 
around pH 7 would then be that the loss of hydrogen sulphide from the 
primarily formed product was acid catalysed and became a slow step in 
alkaline solution. 

3. Phthalazines 

In phthalazines the benzene ring fused to the hetero ring occupies the 

position of the 4,5 double bonds of the pyridazines, which means that 

compounds analogous to 4,5-dihydro- or 1,4-dihydropyridazines 

cannot be formed. ; 

In acid solution phthalazine (35) gives a six-electron polarographic 

wave ®, and the reduction has as an intermediate probably either 1,2- 

dihydrophthalazine (36) or o-phthalaldehydediimine. In alkaline 

solution 35 can be reduced to 36 at —1-7 v (s.c.e.); it can be re- 

duced 29-64 further to 1,2,3,4-tetrahydrophthalazine (87) at —1-85 v 

(s.c.e.) ; 37 can be oxidized anodically to 36 in the same medium. The 

electrolytical method thus presents an attractive way to prepare 

1,2-dihydrophthalazines; if the reduction potential has not been kept at 

the optimal value and some 37 has been formed, the current is reversed 

and the tetrahydrophthalazine reoxidized to the desired product. 
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1,2-Dihydrophthalazine (m.p. 47-48”) has been claimed to be formed 

by reduction of (2H)-phthalazinone with lithium aluminium hy- 

dride®®, The n.m.r. spectrum of the product (m.p. 85°) of the con- 

trolled potential reduction of phthalazine in alkaline solution proves, 

however, that it is 1 Fe 

@e@ e+H.0, _e+H.0 | 
ORS. nN SOs, 

(35) 
2e+/| —2e 

- (38) ae 

NH 
(37) | + 20H" 

NH 

If the dimeric compound 388 is the desired product it is advisable to 
stir the mercury electrode rapidly and to keep the potential at the foot 
of the polarographic wave measured directly in the electrolysed solu- 
tion. 36 is formed in a high yield when the solution, but not the elec- 
trode, is stirred and the potential is kept at a value where the limiting 
current is reached. 

Substituted phthalazines may also be reduced to dihydro deriva- 
tives; thus 1-methylphthalazine is reduced to 1-methyl-3,4-dihydro- 
phthalazine®’, whereas 1-methyl-4-methoxyphthalazine (39) and 
1-methyl-4-dimethylaminophthalazine are reduced to 1,2-dihydro- 
1-methyl-4-methoxyphthalazine (40) and 1,2-dihydro-1-methyl-4- 
dimethylaminophthalazine, respectively °°. These dihydrophthalazines, 
even 40, are stable enough to be isolated. 

HsG H 
Ny 

es 2e + 2H* Or 
@6: 

OCH, 
ear (40) 

4. Pyrimidines 

The electrolytic reduction of pyrimidine (41) also occurs stepwise; 
in acid solution two one-electron reductions are found, whereas two 
two-electron reactions occur in neutral and one Gueadlantoen reduc- 
tion in alkaline solution °°. These reactions can be represented in the 
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scheme below; the structure of the tetrahydropyrimidine was not 
proved owing to its hydrolysis in the alkaline solution. 

N No Nw OOO. 
hy 

| 
(41) 2e|+2H,0 

-—20H- 

Dimer Tetrahydropyrimidine 

2-Aminopyrimidine is reduced similarly, but the dihydro derivative 
is not further reducible °*-°”. The reduction of quinazoline*® (42) and 
purine ®® follows the same pattern as that of pyrimidine. In alkaline 
solution the stepwise reduction of the former proceeds as follows: 

N N P N Ot OO. OH. 
) | (42 2e +s — 20H- 

. H Dimer N 

OU 
On the basis of coulometric data the electrode reactions of adenine 

(43) shown below have been suggested °°, but it is not known whether 
the elimination of ammonia occurs before or after the second reduc- 
tion. The coulometric investigation of large adenine concentrations is 
unreliable, since the reduction product exerts a strong catalytic effect 
on the reduction of hydrogen ions. 

NH, NH, NH, 

‘Os ae N Alaa FN N mane, MON aan, HY Salento ik rt 
(43) = NH; "a NHs 

N \ 2e + 2H+ He 2e + 2H* nee 

Or? Ny sf Ss < 
. H H H 4H 
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5. Quinoxaline 

Quinoxaline (44) is reversibly reduced to 1,4-dihydroquinoxaline 
(45), whereas substituted quinoxalines mostly form 1,2-(or 3,4)- 
dihydroquinoxalines®®. In n HCl 44 is reduced at the potential of 
the first one-electron wave to a protonated radical (46). Reduction 
of 44 in aqueous alkaline solution yields 45 and a dimer which on 
heating with acid produces 46°°. 

OO Of 
6. Benzo-1,2,4-triazine 

Benzo-1,2,4-triazine (47) and the dihydro derivative 48 behave 
nearly reversibly at the dropping mercury electrode. The position of 
the double bond in 3-phenyldihydrobenzo-1,2,4-triazine has not been 
proved, but from the further reduction to phenylbenzimidazole the 
compound is suggested to be the 1,4-dihydro derivative (48) 7°. 

H 
NG N N 

N 2 ~N : OO 2e + 2H Or ly ae eae ae Ox N—CoHs + NH, 

N~ ~C.Hs N C.Hs y 

(47) (48) 

ee 
a 

\ 

°} 
/ 

’ 

eZ 

7. Tetrazolium salts 

2,3,5-Triphenyltetrazolium chloride (49) is in alkaline solution 
reduced polarographically’+~"* in two steps. The first one is a reduc- 
tion to triphenylformazane (50), the second one probably to diphenyl- 
benzhydrazidine (51). In acid solution the isolated products from a 

REN--C.4, NNHC,Hs 

oe aS CHC” pita, 

N=NCoHg NHNHC,Hs 

(49) (51) 
4 Galles + 4 CgHsC(NH2)=NNHC.H, + 4 CgHsC(N==NCgH5)—=NNHC,Hs 

(53) (52) (50) 
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four-electron reduction are phenylbenzamidrazone (52), 50, and 
aniline (53). It has been suggested !® that 51 is formed initially and 
then disproportionates into the isolated products 50, 52, and 53. 

8. Oxaziridines 

Oxaziridines (54) show in aqueous solution two waves7>; the second 
one corresponds in acid solution to the reduction of the azomethine 
compound (55) from which the oxaziridine is derived. At higher pH 
55 is hydrolysed rapidly and only the reduction of the carbonyl com- 
pound 56 is seen on the polarographic curve. 

In aqueous solution it is generally not possible to isolate the Schiff 
base from a reduction owing to its rapid hydrolysis, but if the reduc- 
tion is performed in a non-aqueous solution as acetonitrile, it might be 
possible to obtain the azomethine compound 

RCH—NR’ 242K RCHNHR’ = RCH—NR’ 
| » 

Oo OH (55) 
(54) —H,NR’ H0/- HeNR’ 

RCHO 

(56) 

D. By Anodic Oxidation 

I. Amines 

An anodic oxidation of an amine to a quinoneimine is found in, for 
example, the oxidation of 0-tolidine (57) in acid solution. The quinone- 
diimine 58 is rather stable in acid solution, but loses ammonia at higher 
pH”®. A single two-electron oxidation is found at pH < 3, but at 
pH > 3 and in a non-aqueous solution such as acetonitrile two one- 
electron waves are found’. Potentiometric data’® suggest a free- 
radical semiquinone; an e.s.r. spectrum was obtained in acetonitrile 
by in situ electrolysis in the e.s.r. cavity’, but as the spectrum lacked 
hyperfine structure, no definite structural identification of the radical 
was possible. In aqueous solution of pH 4 no e.s.r. spectrum could be 
obtained by using zn situ electrolysis. By employing an optical trans- 
parent anode of ‘doped’ tin oxide®°, it was possible to obtain the 
spectrum of the one-electron oxidation product” from 300-800 mu, 
and combined with other spectral data it led to the conclusion that the 

18+ C.c.N.D.B. 
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intermediate was present predominantly as a dimeric species (59). At 

pH 4 the oxidation of o-tolidine can thus be represented by: 

NH, 

: CH, oS CH, 

—e—H* | 

. CH, CH, 
NH, NH, 

(57) (58) 

2. Hydrazines 

Anodic oxidations of aliphatic and aromatic N,N’-disubstituted 

hydrazines produce in the first step azo compounds; monoacylated 

hydrazines probably also form azo compounds initially, but the 

tautomeric equilibrium, azo derivative = hydrazone, is generally 

shifted towards the hydrazone. 1-Benzyl-2-benzoylhydrazine (60) 
thus yields benzaldehyde benzoylhydrazone (61) on anodic oxidation 
in alkaline solution ®?. 

CeHsCHgNHNHCOC.H, "> CgHg CHa2N=NCOCH, ——> 
(66) 

CgHsCH=NNHCOC,Hs5 

(61) 

Similarly 1-benzylsemicarbazide produces benzaldehyde semi- 
carbazone®? on anodic oxidation in alkaline aqueous alcoholic 
solution, and 4-methyl-3,4-dihydro-1(2H)-phthalazinone gives the 
phthalazinone®?. 

3. Hydroxylamines 

Phenylhydroxylamine produces on anodic oxidation in alkaline 
solution nitrosobenzene, which reacts with phenylhydroxylamine to 
give azoxybenzene. In the oxidation of aliphatic hydroxylamines the 
nitroso derivative may either react with excess of the hydroxylamine to 
give an azoxy compound or tautomerize to the oxime ®°:°*, The relative 
amounts of the products will depend on the hydroxylamine and the 
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experimental conditions. The anodic oxidation of benzylhydroxylamine 
can be formulated as: 

CgHeCHaNHOH ——=—""" >. [c,H,CH NO] —SeeCteNHOM 

| 
+ 

CsH;CH=NOH Cer eraN==NGH. Cer. 

(16) 

in which 16 is the main product. 

4. 2,4,6-Tri-t-butylaniline 

An unusual reaction takes place when 2,4,6-tri-t-butylaniline (62) 

is oxidized anodically at a platinum electrode in acetonitrile containing 
pyridine ®°. This is a medium which previously has’ been found useful 
for the anodic oxidation of many types of organic compounds ®®:87, 
In the reaction two electrons are lost from the substituted aniline; 
pyridine makes a nucleophilic attack on the benzene ring ortho to the 
amino group, which results in the loss of a ¢-butyl cation; this in turn 
attacks acetonitrile in a Ritter-type reaction, and the cation thus 
formed reacts with another molecule of the substituted aniline to form 
the acetamidine shown (63) (or the other tautomeric form). 

= ee eh 
2 CcHeN.CH,CN 

NH, N=C—NHCiH, 

(62) (60%) sah 

(63) 

IV. REDUCTION OF AZOMETHINE COMPOUNDS 

Most compounds containing a carbon-nitrogen double bond are 
reducible electrolytically under suitable conditions; the azomethine 

group is generally more easily reducible than the corresponding 

carbonyl group. In several cases only the protonated azomethine 

compound is reducible in a convenient potential range. 
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When interpreting polarographic curves it must be kept in mind that 
the species reduced at the surface of the electrode is not necessarily the 
same as that present in the bulk of the solution. There might be 
differences with respect to, say, protonation and tautomeric forms. 

At a potential where only the protonated compound is reducible, this 
form will be removed at the electrode from the equilibrium; protona- 
tion will then occur in order to re-establish the equilibrium, but the 
protonated form will be reduced as fast as it is formed at the electrode. 
The result is that the protonated form may be the reduced species 
even if it is present in a relatively small concentration in the bulk of 
the solution; the height of the polarographic wave due to the reduc- 
tion of the protonated species will then in a certain pH interval be 
determined partly by the rate of the protonation; such polarographic 
waves are called ‘kinetic waves’ ?-®®.8°, This type of consideration can 
be applied to other types of mobile equilibria where the reducibility of 
the compounds differs. 

The reduction of azomethine compounds in acid solution differs 
depending on whether or not an electronegative atom is bonded to the 
nitrogen atom **, Thus, in a compound RR’C=NYR" a two-electron 
reaction resulting in a saturation of the carbon-nitrogen double bond 
is generally found when Y is carbon; if, on the other hand, Y is oxygen 
or nitrogen, the protonated compound most probably will be reduced 
in a four-electron reaction and the following reduction scheme has 
been proposed **: 

H+ 

RR’C=NYR” ——— [RR’C=NYR"JH+ 22 724%, 

RR’C=NH, + HYR” 22% 24%. Re-CHNH, 

In Table 1 are compiled the half-wave potentials of some azomethine 
derivatives of benzaldehyde and of some related compounds. The 
medium was at pH 1; this was chosen to ensure that all the compounds 
were reduced in their protonated form. 
From Table 1 it may be seen that all the azomethine derivatives of 

benzaldehyde are easier to reduce than the parent aldehyde itself. 
The half-wave potential of benzaldimine cannot be measured directly 
in 0-1n HCl, as the compound is rapidly hydrolysed in this medium, 
but if the reduction route suggested for benzaldehyde thiobenzoy]- 
hydrazone (Section IV.B.6) is correct, the half-wave potential of the 
second wave of this compound [-—0-72 v (s.c.e.)] is that of benzaldi- 
mine; also the second wave of benzaldehyde benzylhydrazone would 
be caused by the reduction of this intermediate. Table 1 shows that 
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Tasie 1. Half-wave potentials (s.c.e.) at pH 1 of benzaldehyde 
and some of its azomethine derivatives. (Included also are a few 
azomethine derivatives of benzoic acid. The medium contains 407%, 

alcohol.) 

Compound — EF; v (s.c.e.) 

Benzaldehyde 0-90 
Benzaldehyde thiobenzoylhydrazone 1st wave 0-61 

2nd wave 0-72 
Benzaldehyde hydrazone 0-72 
Benzalazine 0:72 
Benzaldehyde benzylhydrazone Ist wave 0:56 

2nd wave 0:73 
Benzaldehyde phenylhydrazone 0-77 
Benzaldehyde N-methylphenylhydrazone 0-75 
Benzaldehyde semicarbazone 0:76 
Benzaldehyde trimethylhydrazonium iodide 0-872 
Benzaldehyde benzenesulphonylhydrazone 0:72 
Benzaldoxime 0-74 
Benzaldoxime acetate 0-70 
N-t-Butylaldoxime Ist wave 0-66 

2nd wave 0-78 
N-t-Butylbenzaldimine 0-76 
2-i-Butyl-3-phenyloxaziridine 2nd wave 0-76 
Benzimino methyl ether 1-12 
Isothiobenzanilide-S-methyl ether Ist wave 0-69 

@ Measured in water. 

none of the azomethine derivatives of benzaldehyde, which are reduced 
in a single four-electron wave according to the general scheme pre- 
sented above, are more easily reducible than benzaldimine, so from the 
point of view of reduction potentials there is nothing to exclude the 
possibility that the observed four-electron reaction follows the suggested 
route. The reaction scheme also implies that an azomethine compound 
which is more easily reducible than the corresponding imine gives, two 
or more waves. 

In alkaline solution a saturation of the carbon-nitrogen bond 
appears to be the most common reaction, but four-electron reactions 
are also found. In the middle of the pH range the reduction may occur 
partly as a four-electron and partly as a two-electron reaction, depend- 
ing on many factors such as concentration and kind of buffer, medium, 
temperatures, concentration, and kind of azomethine compound. 

In the following, the compounds will be treated in three main 
groups depending on whether the azomethine compound is derived 
from ammonia, hydrazine or hydroxylamine. 



536 Henning Lund 

A. Derivatives of Ammonia 

In this section the electrochemistry of compounds having the group 

RR’C=NY will be discussed, where the nitrogen is bonded to a carbon 

or hydrogen atom; R and R’ may stand for several types of groups, and 

thus Schiff bases, imino ethers, iminothio ethers, amidines and iso- 

thiocyanates are treated here. 

I. Schiff bases 
Imines of aldehydes and ketones are polarographically reducible in 

a wide pH range**9°-®3, but as they are usually easily hydrolysed 
both in acid and alkaline solution, they are difficult to investigate. 
Both classical 9*-95 and controlled potential** reductions are reported 
to yield the expected secondary amine; many of the classical reduc- 
tions were performed in 50% sulphuric acid at 0°c at a lead cathode. 

The reduction potentials of ketimines are generally less negative 
than that of the parent ketone, and this difference can be exploited 
in the electrochemical preparation of amines from carbonyl com- 
pounds **, In a solution containing a mixture of carbonyl compound 
and amine (or ammonia) in equilibrium with the imine, the latter 
may be present in a rather low concentration. If, however, the electrol- 
ysis is performed at a potential where the imine but not the carbonyl 
compound is reducible, then the imine is removed from the equilib- 
rium by reduction in the form of a secondary amine nearly as fast as it 
is formed from the carbonyl compound and the primary amine. Thus, 
N-methylcyclohexylamine has been prepared in a high yield by con- 
trolled potential reduction of a solution of cyclohexanone in aqueous 
methylamine “*. 

RR’C=O + CH3gNH2g === RR’C=NCHg + H2O RR’CHNHCH3 

In some cases, especially where hydration of the carbonyl group 
competes successfully with the formation of the Schiff base, it is ad- 
vantageous to work in a non-aqueous medium. Thus, thiazole-2- 
carbaldehyde in an aqueous solution containing aniline gives the Schiff 
base only to a small degree, but in acetonitrile containing acetic acid as 
a proton donor and sodium perchlorate as supporting electrolyte the 
addition of aniline shifts the polarographic wave of thiazole-2-carbalde- 
hyde to a more positive value and no wave of the free aldehyde is 
visible. A preparative reduction in this medium produced the expected 
2-anilinomethyl thiazole in good yield %. 

_ Sometimes the amine formed by reduction of a Schiff base may con- 
dense with another group in the molecule with the formation of a 
hetero ring. The reduction of phenolphthalein oxime®’ (64) and 

2a 
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similar anils®°® may exemplify this; here the very stable Schiff base is 
reduced both in acid or alkaline solution to the amine which condenses 
with the carbonyl group to give the phthalimidine (65). 

C.H,OH 
C=NHC,H,OH H.C.H,OH 

CL aun NC,H,OH 
COO- 

O 
(64) (65) 

Some Schiff bases of aromatic aldehydes and ketones give two one- 
electron polarographic waves in suitable media, mostly in acid 
solutions **-°°. The product of the first one-electron reduction is a 
radical which may either be reduced further to the amine or may 
dimerize. In a classical type of reduction benzalaniline (66) was found 
to dimerize to a small degree at a lead cathode in sulphuric acid %. 

2 CgHsCH=NCgH; ——> CgHsCHNHC,H; (+ CeHsCHaNHCgH,) 
(66) 

CsHsCHNHC,Hs 

In non-aqueous solution a high yield of the dimer can be obtained. 
Many Schiff bases give two polarographic waves in dimethylformamide 
and acetonitrile %?:1°°; the primarily formed species have in some cases 
been shown by e.s.r. spectroscopy °° to be radicals. This is also made 
plausible by the red colour produced on reduction of benzophenone 
anil in acetonitrile containing sodium perchlorate and some acetic 
acid as proton donor’; the colour faded on interruption of the cur- 
rent, but reappeared on continued electrolysis. 
When 66 is reduced in the presence of excess of acrylonitrile, ‘a 

mixture is formed in which 1,5-diphenyl-2-pyrrolidone (67) is: also 
found. The following reaction sequence has been suggested 1°: 

CsH;CH=NC,H, + CH,=CHCN 22+24* CoHeCHNHCSH, 

(66) CH,CH,CN 

CeHe | 
| 
N C,H;CH—NC,H, 

CH; oe. | \ 
H,CCH,—C=NH 

(67) 
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2. Imidic esters 

These compounds are also apt to be hydrolysed in aqueous solu- 

tion, but in a cold solution some are stable enough for a polarographic 

and preparative reduction. Classical reduction at a lead cathode in 

cold 2n sulphuric acid of benzimidic acid ethyl ester (68) gave benzyl- 

amine in 76% yield1°°, The reduction can probably be described by 

the following sequence. 
—HOR’ 2e + 2H+ + RC(OR)=NH 5-74 > [RCH(OR’)NHs] > RCHEN) = RCH ENE 

(68) 
In most cases it will probably be advantageous to use non-aqueous 

media such as acetonitrile, in which the hydrolysis of the imidic ester 
can be avoided. 

3. Imidothio esters 

The reduction of such compounds has only recently received atten- 
tion, and only a few have been investigated polarographically?*. 
S-Methylisothiobenzanilide (69) is polarographically reducible in acid 
solution in two steps; the product of the first two-electron reduction 
can be hydrolysed to benzaldehyde and could thus be either C;H;CH 
—=NC,H; or C,H;CH(SCH;)NHC,H;. A small second wave is 
found at about the same potential as that of benzalaniline, so the 
result of the first two-electron reduction is probably a saturation of the 
carbon-nitrogen double bond; the possible reactions are shown below: 

ile ae Ze $ 2H" CJH-CHNHC,H; 

SCH, SCH, 

(69) 
H,0 

2e + 2H | 

CH,SH + CgHjCH=NC,H, —2°> C,H;CHO + H,NC,H, + HSCH, 
(66) 

4. Amidines 

Amidines of aliphatic acids (67) are generally not reducible in 
buffered solutions. Those of aromatic acids (68) are reducible only at 
very negative potentials and in a rather narrow pH interval, i.e. in 
slightly acid to alkaline solution. The reduction is similar to that of 
imino ethers and yields the amine?, 

CeHeC(NH2)=NH, =" C.H.CH ANH + NH, 
(68) | 
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2-Phenoxyacetamidines (69) are polarographically reducible}, 
but give only a cleavage of the carbon—oxygen bond and no reduction 
of the C=N bond. 

CsHsOCH2C(NH2)=NH2 —*> C.H,O- + CH3C(NH2)=NH 
(69) (67) 

5. Cyclic amidines 

The reduction of some cyclic amidines, such as dihydropyrimidines, 
has already been discussed (Section III.C.4) ; in addition the elucida- 
tion of the reduction path of 7-chloro-2-methylamino-5-phenyl-3H- 
1,4-benzodiazepine-4-oxide (70) has been the purpose of many 
investigations?°&11°, This compound can be regarded as a cyclic 
nitrone and a cyclic amidine; and by controlled potential reduction 
the following three steps were proved *°811°, 

Pisce pa 

N=c N=c 

IL ) 2e + 2H+ ore ) + 2e + 2H+ 

cl von Cl Gan 
O 

oF C.Hs 

(70) 
petiole 

N= ; ites . 

) 2e + 3H a ae CH,NH, 

Gj —NH Cl 
Ye H CoH, 
C,H 

(71) (72) 
The first two steps are straightforward, but the reductive ring 

contraction of the 7-chloro-2-methylamino-5-phenyl-3H-4,5-dihydro- 

1,4-benzodiazepine (71) to 2-methyl-4-phenyl-6-chloro-3,4-dihydro- 

quinazoline (72) is unusual and the following mechanism has been 

presented for discussion *1°: 

4 /NHCHs 
N N=CH CH 

ay eto SOL CH SOL \ |—+ 2 
ney Cl —NH 

Cl aN C 

CH. CoH 

18* 
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Another reaction path would be in analogy to the reduction of 2- 

phenoxyacetamidine (69) discussed above (Section IV.A.4) and with 

the first step in the reduction! of 2-aminoacetophenones. After the 

initial cleavage of the C.3~—N4;— bond the primary amino group 

formed would attack the C=N bond of the substituted acetamidine 

(78) with ring closure and loss of methylamine. Future investigations 

may eventually show which reaction route is the more likely. 

/NHCH, 
N— =C 

_-NH Cl cH : 

C,H; 

(73) 

6. Isothiocyanates 

Phenylisothiocyanate (74) and other aromatic isothiocyanates have 
been investigated polarographically; in acid solution a four-electron 
wave or two poorly separated two-electron waves are found, whereas a 
single two-electron wave occurs in alkaline solution*®:11?:17°, Con- 
trolled potential reduction in alkaline solution showed that the reduc- 
tion product was thioformanilide?®-*® (75); 75 is in acid solution 
reduced at the potential of the second wave of 74. 

Gu Nees Se SSeS ee NCHS OH 
(74) (75) 

B. Derivatives of Hydrazine 

The electrochemistry of hydrazones, azines, and other derivatives of 
hydrazine is complicated by the possibility of tautomerization. The 
following forms must be considered 144:115, 

REheGreaN=-NR === REteGH—=NNER” == REF —CHNENER 
(76) (77) (78) 

The hydrazone (77) is the predominant form, and in acid and 
neutral solution no indication of either the azo- (76) or the ene- 
hydrazine form (78) has been found. In alkaline solution, however, 
studies with tritium’’® have shown exchange of both the aldehydic 
hydrogen and of hydrogen atoms at the a-carbon, indicating the 
presence of both the forms 76 and 78. The equilibrium constant in 
0-1m ethanolic KOH for the equilibrium w-benzeneazotoluene = 
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benzaldehyde phenylhydrazone is about 108, but for monoalkyl- 
hydrazones of aliphatic carbonyl compounds a higher proportion of 
the azo form is found. Acetaldehyde propylhydrazone in ¢-butanol 
containing 0-02m potassium ¢-butylate at 100° is in equilibrium with 
3-7%, of the azo form??’, 

The different tautomeric forms may be reduced at different poten- 
tials, and the removal of one of them will lead to its continuous 
formation. The rate of the formation of the reducible tautomer is thus 
of importance for the electrode reaction. 

I. Azines 

Not many acyclic azines have been investigated electrochemically, 
which might be so partly because of their easy hydrolysis in acid 
solution. Benzalazine (79) and some other aromatic azines have been 
polarographed **:118-119, but only benzalazine has been reduced by 
controlled potential**. In an aqueous acetate buffer containing 30% 
alcohol, benzalazine yielded on reduction at a mercury cathode mainly 
benzylamine (80) in a six-electron reduction. As both benzaldimine 
(81) and benzaldehyde benzylhydrazone (82) in acid and neutral 
solution are reduced at the same or at less negative potentials than 79 
(Table 1), the reduction might either start with a hydrogenation of 
the nitrogen-nitrogen bond with the formation of two molecules of 81 
or with a two-electron reduction to 82 followed by a four-electron 
reduction of this compound as illustrated below **. 

+ 2e + 3H+ tes 
CoCr — INN nate ee? Coe -Crl=_NH, 

(79) (81) 

2e + | | + 4H+ 

4e + 5H+ 
+ 

CHeCH=NNH,CH.c.4, 2234s 9 C,H :CHANH; 

(82) (80) 

This reduction scheme has been criticized!19, as a microcoulo- 

metric determination of the number of electrons in the electrode 

reaction at pH 4 was found to be close to four for 79 and ,p’- 

dimethoxybenzalazine, and it was suggested that the reduction pro- 
duced N,N’-dibenzylhydrazine (83). 

The reason for this discrepancy is not clear. A reinvestigation of the 

reduction of 79 in an acetate buffer at 0° confirmed ®? the previously 

published results, i.e. 80 was the main reduction product; no anodic 

waveswere detectable in thereduced solution after it was made alkaline, 
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which showed that no 83 was present and that no detectable amounts 
of hydrazine was formed by hydrolysis of the azine. 

In alkaline solution the reduction of 79 at a mercury cathode yields 
82 in a two-electron reduction. Like most other hydrazones this com- 
pound is not further reducible in alkaline solutions containing metal 
cations, but might possibly be reduced to 88 at the very negative 
potentials obtainable in solutions only containing tetralkylammonium 
cations as supporting electrolyte. 

2. Cyclic azines 

One of the tautomeric forms of dihydropyridazine is a cyclic azine, 
and, for example, 4,5-dihydro-3,6-diphenylpyridazine (24) is reduced 
electrolytically in alkaline solution to 2,3,4,5-tetrahydropyridazine (21) 
quite analogously to the reduction of benzalazine. In acid solution the 
reduction of dihydropyridazines is more complicated; the scheme 
below may exemplify this ®’. 

Ph i F Ph N 

SS ZA 
R’ R’ Ph 

ee he ei sou N+ 
Fee IS Ss} 

R Ph 

e a 2+ 2 | 

R i R 
Fits cay Ph. NH Ph ee 
R’ Ph R’ Ph R’ A Ph 

| -* “a 

Dimer R H 

N N 

R’ R’ 

= Hor CH,; R’ = H or t-buty! 
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When R = CH; and R’ = t-butyl, the reduction produces a mix- 
ture of 84 and 85, whereas when R = R’ = H the reaction mixture 
consists mainly of dimeric products. Probably the bulky #-butyl groups 
force one of the phenyl groups out of the plane of the pyridazine 
ring, and thereby influence the possibility of conjugation and adsorp- 
tion and thus the relative concentration at the electrode surface of 
the tautomeric dihydropyridazines. 

The 1,4-dihydropyridazines are formally cyclic hydrazones and are 
as such reduced by an initial hydrogenation of the nitrogen-nitrogen 
bond; the amino group then attacks the imino group with ring closure 
to form the isolated pyrroles. 

The 4,5-dihydropyridazines are cyclic azines; the formation of a 
dimeric product by saturation of one of the carbon-nitrogen double 
bonds may be taken as a slight indication that 79 is reduced through 82 
to 80; care must, however, be taken when comparing a cyclic and an 
acyclic compound. 

3. Hydrazones 

The typical polarographic behaviour of a phenylhydrazone is that 
it is reducible in acid but not in alkaline solution**; the main elec- 
trode reaction both at a lead electrode in 50% sulphuric acid1?° and 
at a mercury cathode in dilute hydrochloric acid ** has been found to 
be a four-electron reduction to aniline and another amine. The follow- 
ing path has been suggested **: 

H+ 

(RR’C=NNHC,H,)H* 22284 RR’C=NNHCgHs 

RR’C=NH» + CoHeNHs +78" S ReCHNH, 

One of the arguments in favour of this reaction sequence is that the 
hydrazine, RR’CHNHNH(C,H,g, is not reducible under the conditions 

used for the reduction of the phenylhydrazone. 
The reduction of benzaldehyde phenylhydrazone at a lead cathode 

gave besides benzylamine a small amount (12%) of benzylaniline*?°. 

This product might be formed by an attack of aniline on the inter- 

mediate benzaldimine with the formation of benzalaniline, which then 

is reduced to benzylaniline. 

Benzaldehyde benzylhydrazine is reduced quite analogously to the 

phenylhydrazone**, and it is likely that similar reductions will be 

found for other hydrazones. The reduction of some quaternized 

hydrazones has been shown to occur both in acid and alkaline 
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solution in a four-electron reduction®’; this supports the view that 

it is the protonated hydrazone which is normally the reduced species. 

+ + 

CgHgCH=NN(CH,)3 2 ——> CeHsCH2NHs + HN(CHs)s 

Cinnamaldehyde phenylhydrazone is also polarographically re- 

ducible in alkaline solution. No preparative reduction has been made 

but it seems likely that the reduction is a saturation of the carbon— 

carbon double bond. 
The polarographic curves of nitrophenylhydrazones have been 

interpreted as follows, assuming that the nitro group is reduced before 

the hydrazone???: 

2 3H+ 
O,NCsHsNHN=CR, 2 t=""> HOHaNCeHsNHN=CRq ————> 

2 2H+ + 

HeNiCgHaNHN=CR, 22744". HNCBHANHs + HaN=CRo > HsNCHRa 

Cyclic benzylhydrazones, e.g. 3,6-diphenyl-2,3,4,5-tetrahydropyri- 

dazine (21), are reduced analogously to the acyclic phenylhydra- 

zones 99:57, 

C,H Ny 
Cas eIN H+ s + Ae Fea? CeHsCH(NH3)CH,CH,CH(NH,)CeH, 

C,Hs 

(21) 

Another type of hydrazone is 1,2-dihydrophthalazine (36); in 
strongly acid solution it is reduced like other hydrazones to the amine, 
o-xylene-c-a’diamine, in a four-electron reduction, in which the 
1,2,3,4-tetrahydrophthalazine (37) is not the intermediate as it is not 
reducible at a mercury electrode under these conditions. In alkaline 
solution 36 differs from most other non-acylated hydrazones in that it 
is reducible in a two-electron reduction to 379958, 

4. Acylated hydrazones 

In strongly acid solution acylated hydrazones are reduced in a four- 
electron reduction in a similar way to phenylhydrazones. In alkaline 
solution the acylated hydrazones are often reducible in a two-electron 
reaction, and from reduction of N-benzoyl-N-benzalhydrazine N- 
benzoyl-N’-benzylhydrazine was isolated, possibly formed by reduction 
of one of the other tautomeric forms of the hydrazone. 

Several polarographic investigations of Girard hydrazones, semi- 
and thiosemicarbazones have been made**:122-129, but relatively few 
controlled potential reductions have been reported ‘*:127-128, From 
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J@-HNH-NH—CO—CH,-NG 224", CH—NH—NH—CO—CH,—N& 

©r / Si = 4e, H* + + 

C=N—NH—CO—CH,—N&- *#, CH—NH, +,NH;—CO—CH,—N— 
© 
Cy * OY 

OC oe 
GeoN-—N=G—CH,—N— 

Or | CY (Girard-T hydrazone) » 

+/ —Ht 
C=N—NH—CO—CH,—N 

OY Es © Zo 
C=N—NH—CO—CH,—N 

(Girard-D hydrazone) 

houbss Se 
4e4-N==NH—CO—CH,-N— 

wo 
C-—N—NH—CO—CH,—No 

= 

| +7 
CH—NH—N=C—CH,—N— 

CHNH—NH—CO—CH,—NC 



546 Henning Lund 

these it appears that in acid solution a four-electron reduction takes 

place and that the first step is a hydrogenolysis of the nitrogen— 

nitrogen bond. In strongly acid solution there is often found a tendency 

to a stepwise reduction; thus, benzaldehyde thiosemicarbazone +2" 

gives at pH 0 two waves at — 0.66 and —0-73 v (s.c.e.) ; when alcohol 

is present, the separation of the waves is poor or not visible at all. In 

alkaline solution some of the compounds are reducible, and then a 

two-electron reduction results in saturation of the carbon-nitrogen 

double bond to the hydrazine. At intermediate pH values both reduc- 

tion paths may be followed simultaneously, and the relative importance 

of the two routes depends on many factors such as pH, buffer con- 

centration, temperature and solvent. Thus, benzaldehyde and 

benzophenone semicarbazone**, p-acetamidobenzaldehyde thiosemi- 

carbazone (86)127, p-acetamidobenzaldehyde S-methyl thiosemi- 

carbazone (87)127, and cyclopentanone and benzophenone Girard 
hydrazone!?8 all yielded the expected amine at low pH; at high pH 

cHCONH—{(_))—CH=NNHE=NH cH,conH~{(_))—CH-=NNHCSNH, 
SCH, 

(87) (86) 

values benzophenone Girard-D hydrazone (88) 178 and benzaldehyde 
semicarbazone (89) ®? were reduced in high yield to the hydrazine, and 
at pH 6-6 88128, 89** at pH 4, and 86 at pH 8-3 gave mixtures of the 
amine and the hydrazine. Similarly, a microcoulometric investigation 
of some semicarbazones at pH 6 and 7 gave n © 21°°-126. A reduction 
scheme for the Girard hydrazones of benzophenone suggested by 
Masui and Ohmori?’® is presented on p. 545. The rectangle represents 
electrolytic reactions occurring at the electrode surface. 

5. Cyclic acylated hydrazones 

Several cyclic acylated hydrazones have been investigated by 
polarography and controlled potential reductions in some detail, and 
different types of reduction routes have been found. The reduction of 
alkyl pyridazinones (90)°’, aryl pyridazinones (91) 5? and phthala- 
zinones (92) ®! may illustrate this. 

The hydrogenation of the nitrogen—nitrogen bond of the protonated 
compound is the initial step of the first two examples, and they thus 
follow the general rule. After the uptake of the first two electrons the 
structure of the compound determines the further reaction. 3-Methyl- 
pyridazin-6-one (90) is a derivative of a methyl alkyl ketone, and an 
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Ke No 

= NH 2H,0 
SS +. ane Gils ai gett 3CONH, + ‘CH, COCH.CH,COOHI+ 2NH, 

. NH, 

ti NO 
or NR H+ + 

Fex an CsH,CH(NH,)CH,CH,CONHR 
O 

(90) 

(91) 

; H CH, 

NH 

O 

a a (94) 

imine of this is not reducible under the conditions employed for the 
reduction; 3-phenylpyridazinone (91) is a derivative of a propio- 
phenone, and the ketimine derived from this compound is reducible 
immediately. 

The polarographic behaviour of 4-methyl-1(2H)-phthalazinone 
(92) and the 3,4-dihydro derivative (93) is depicted in Figures 6 and 
7, respectively **. Figure 6 shows that 92 in alkaline solution is reduced 
in a pH-independent reaction, which means that the reducible species 
is the unprotonated molecule. The height of the wave suggests that it is 
a two-electron reduction. At pH 4 to 7 is found another wave with 
the same wave-height but with £; dependent on pH;; this suggests that 
the protonated species is reduced in a two-electron reduction under 
these conditions. Between pH 7 and 9 there is a change in reaction 
mechanism from a reduction of the protonated to a reduction of the un- 
protonated form. Below pH 3 the primarily formed reduction product 
is further reducible in a two-electron reduction at a potential slightly 
more negative than that of the first reduction. 

If the partly reduced compound 93 is the desired product one could 
either carry out the reduction in alkaline solution at — 1-85 v (s.c.e.) 
or one could choose an acetate buffer (pH 5) and a cathode potential 
of — 1-30 v (s.c.e.). A reduction at low pH would be more difficult, but 
probably still possible to stop at the dihydro stage, and in such a case 
it would be advisable to use a potential not more negative than the half- 
wave potential of the first wave in that medium. Figure 6 also shows 
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Z 4 6 8 10 12 pH 

Ficure 6. Dependence on pH of the Limiting Current (uA) @ and the half- 
wave potentials (s.c.e.) @, O of 4-methyl-1(2H)-phthalazinone (92). (Con- 

centration 2-5 x 10-4m. From reference 81.) 

that a reduction to a phthalimidine (94) can only be performed at low 
pH. 

From Figure 7 can be seen that 93 is only reducible at pH < 3 and 
that it can be oxidized anodically at pH > 6; the wave heights show 

1:20 

Ficure 7. Dependence on pH of the limiting current (uA) @ and the half- 
wave potentials (s.c.e.) O of 3,4-dihydro-4-methyl-1(2H )-phthalazinone (93). 

(Concentration 2-5 x 10-4m. From reference 81.) 
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that both reactions are two-electron reactions. The half-wave poten- 
tials of 98 are close to those of the second wave of 92; the polarographic 
data thus suggest that 92 is reduced to 93 in the first step, and this 
has been confirmed by preparative reductions at controlled 
potential. 

1(2H)-Phthalazinones*! are so far the only azomethine compounds 
which have been shown by controlled potential reduction to be reduced 
differently from that predicted by the general rule**. The only other 
compound which could be considered in this connecton is 3-hydroxy- 
cinnoline®°, which is reduced as shown, but as the position of the 
tautomeric equilibrium is uncertain and its inclusion as an azomethine 
compound is dubious it will be disregarded here. 

N N 

Ol =O =Or t OH S50 O 

A satisfactory explanation for the fact that the reduction of the pro- 
tonated phthalazinone goes differently from other azomethine com- 
pounds has not been found yet. Polarographic data show that it is the 
protonated form which is reduced in acid solution; in alkaline solution 
a pH-independent wave is found. It has been pointed out®’ that the 
difference in potential between that required for the reduction of the 
azomethine group and for the hydrogenolysis of the nitrogen-nitrogen 
bond is not great, and an apparently small structural change may alter 
the sequence of the reduction steps. Thus, the phenyl group fused to 
the pyridazinone ring acts as a non-reducible, non-displaceable, un- 
saturated centre in the hetero ring, which together with the steric 
requirements imposed on the azomethine compound by its ring 
structure may be reponsible for its departure from the main reduction 
route. The further reduction of dihydrophthalazinones is also unusual, 
as derivatives of hydrazines are generally not reducible; the isolated 
phthalimidines are formed by hydrogenation of the nitrogen—nitrogen 
bond followed by an attack of the amine on the amide group. 

In alkaline solution phthalazinones can be reduced to 3,4- 
dihydrophthalazinones which can be reoxidized anodically to the 
phthalazinone. Aryl dihydrophthalazinones are generally not further 
reducible. . 

The reduction of substituted dihydrocinnolines®® depends on 
whether the substituent is alkyl or aryl. The initial step is, however, 
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in both cases a hydrogenolysis of the nitrogen—nitrogen bond. 4- 

Methyl-1,4-dihydrocinnoline (95) is in acid solution reduced to 

skatole (96) as follows: 

H + i H 
Na NH, . N 

H+ “—NH, 

| ae+ 207 or | CH, 
pee oe 

H CH, CH, 

(95) (97) (96) 

The intermediate imine 97 is not isolated, but its reduction can be 

detected as a second wave on the polarographic curve of 95 in acid 

solution; the amino group attacks the aldimine with ring closure to give 

96. 4-Methylcinnoline yields on quaternization with methyl iodide a 

mixture consisting of approximately 8 parts of one isomer and one 

part of another one. Controlled potential reduction of the more 

abundant isomer yielded 96, which proved that the methylation took 

place predominantly at Ni»)°°. 
1,4-Dihydro-3-phenylcinnoline (98) is in acid solution reducible 

in a four-electron reduction to 99 according to 

H 

| + 
No NH, 

N és 
es, | 4e + 5H* 

ar CH CHCAH, 
*NH, 

(98) (99) 

3-Phenylcinnoline (100) yields on quaternization with methyl 
iodide a mixture consisting of approximately 3 parts of one and | part 
of another isomer. Reduction of the dihydro compound of the more 
abundant isomer yielded a diamine which could not be diazotized 
thus proving that 100 quaternizes mainly at N,,). 

6. Thiobenzoylhydrazones 

Benzaldehyde thiobenzoylhydrazone (101) is reduced in acid solu- 
tion, according to the general reduction scheme where the initial step 
is the hydrogenolysis of the nitrogen-nitrogen bond. At pH < 2 three 
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polarographic waves are found ®’, and on the basis of controlled poten- 
tial reductions the following steps were suggested: 

Ist wave CgHsCH=NNHCSCgHs 3>-5q5> CoHsCH=NHz + HaNCSCoHs 

2e + 2H+ 
aa 2nd wave CsHs;CH=NH, CsHsCH.NH3 

H+ + 
3rd wave CsHsCSNH. ST one CgHsCH(SH)NHg3 

followed*® by hydrolysis and reduction of benzaldimine and ben- 
zaldehyde. 

In alkaline solution a two-electron reduction is found which results 
primarily in a saturation of the carbon-nitrogen double bond; the 
reducible species is probably CsH;GH—NN—C(S~)C,H;,. 

7. Diazoalkanes 

Owing to their reactivity only few of these compounds have been 
investigated polarographically; diazoacetophenone (102) has been 
investigated by polarography and controlled potential reduction 19°:131, 
In neutral medium three waves are found, and the electrode reactions 
have been suggested to be 

CeHsCOCH=N+=N- 2474", CoH COCH,NH, + NH,+ +", 

See 
2e + 2H+ 

CeHsCOCH, + NHy* ————> CyHsCHOHCH, 

C. Derivatives of Hydroxylamine 

I. Oximes 

Among the azomethine derivatives of hydroxylamine the oximes 
are the most important and many polarographic and electrolytic 

investigations of oximes have been made **:*°?-1%4, Most oximes are 
reducible in acid solution, much fewer in alkaline solution; polaro- 

graphic data prove that the protonated oxime is the reducible species 
in acid and neutral solution. Classical reductions in sulphuric acid at 

lead cathodes or controlled potential reductions in acid solution at 

mercury cathodes yield the amine in a four-electron reduction. Since 

the hydroxylamine corresponding to the oxime is not reducible under 

the conditions employed, it has been suggested ** that the reduction 

proceeds as follows: 
2 ZEN 

RR’C=NOH <=> (RR’C=NOH)H* ==> 

—(RR’C=NH2) + H20 2+". RRVCHNHs 
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As the site of the protonation on the species to which the transfer of 

electrons occurs is not known, protonation at both N and at O may 

be considered, although N is the most likely basic centre. 

The postulated intermediate, the imine, can in most cases not be 

isolated or detected by classical polarography. The reduction of 

2.4-dihydroxybenzophenone oxime occurs**°, however, in two steps, 

and reduction at the potential of the first wave produced the imine 

which in this case was sufficiently stable to permit its isolation. 

If the reaction path shown above is so general as the available evi- 

dence suggests, attempts to reduce protonated oximes electrolytically 

to hydroxylamines are not likely to succeed. Some unprotonated 

oximes, e.g. benzaldoxime (17) and benzophenone oxime, are reduci- 

ble in not too strongly alkaline solution; the oxime anion is not 

reducible. An investigation of the reduction of 17 in alkaline solution ** 

showed that some benzylhydroxylamine (103) is formed under these 

conditions. In Table 2 the yield of 108 is given as a function of pH and 

temperature. 

The mechanism of the hydroxylamine formation is not known, but 
protonation of the oxime anion could take place on carbon, nitrogen 
or oxygen forming 

CsHeCHgN=0, CgHsCH=NHO- or CeH,CH=NOH. 

The reduction of these tautomeric forms may lead to different prod- 
ucts. Another possibility is that the step after the uptake of the first 
electron or electron + proton may either be an uptake of a proton 
or another electron, which may lead to different products, and that 
the relative rates of these competing reactions are affected by pH and 
temperature. 

TaBLe 2. Yield of benzylhydroxylamine, determined by anodic 
polarography, in the reduction of syn-benzaldoxime at 

different pH and temperatures ®?. (The yield is corrected 
for a small amount of unreduced oxime.) 

Buffer— Borate Borate Phosphate Phosphate Phosphate 

pH interval 9-2-9:5  10-1—10-3 © 12-25-12:45> 12°25-12-45  “12-6—12'8 
E(vvs. s.c.e.) —1:75  —-1-75 — 1-80 — 1-80 — 1-80 
Temperature 255 ae 25° 59 25° 
7, benzyl- 

hydroxy]l- 
amine -26 8 27 42 28 
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Polarographically there is a difference between the syn- and the 
anti-oxime in unbuffered solutions having tetraalkylammonium ions 
as supporting electrolyte!®*199_ §yn-benzaldoxime and other syn- 
oximes give two waves in this medium; the first wave at — 1-84 v 
(s.c.e.) of syn-benzaldoxime is kinetically controlled, whereas the 
second one at — 2-2 v (s.c.e.) is diffusion controlled. Anti-benzaldoxime 
gives only one wave [at — 1-84 v (s.c.e.)] which is diffusion controlled. 
It has been suggested *87-15° that the two waves of the syn-form reflect 

: Raen ey x? eae the tautomeric equilibrium se = aoe : 

In some cases a stereoselective electrochemical reduction of oximes 
has been found**®. Reduction of camphor oxime (104) and nor- 
camphor oxime (105) at a cathode potential of — 2-0 v (Ag/AgCl) in 
80°7%, aqueous methanol containing lithium chloride gave yields of the 
corresponding amines in the range 50-70%, together with small 
amounts of unreacted oxime and ketone. The stereochemistry of these 
reactions is summarized **° in Table 3 together with the stereochemistry 
of the products obtained by other reagents. 

RailR pide RR 

NH, 
Ry NOR R RNG at 

R = CH, (104) R = CH, (106) (107) 
R=H (105) R=H_ (108) (109) 

«,8-Unsaturated oximes are in acid solution reduced preferentially 
to the amines, sometimes in two steps; a reduction at the potential of 
the first step has been shown to yield the «,8-unsaturated ketone formed 

TasLe 3. Stereochemistry in reductions of bicyclic oximes. 
(From reference 140.) 

Relative % products 
Substrate Reducing agent exo-Amine endo-Amine 

104 Mercury cathode 99 (106) 1 (107) 
104 LiAlH, 99 (106) 1 (109) 
104 Na/EtOH 4 (106) 96 (107) 
105 Mercury cathode 0 100 (109) 
105 LiAlH, 0 100 (109) 
105 Na/EtOH 75 (108) 25 (109) 
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by hydrolysis of the intermediate ketimine**. In alkaline solution an 

oxime as benzalacetone oxime is reducible in a four-electron reaction 
and from a controlled potential reduction of this compound benzyl- 
acetone was the isolated product. As neither benzylacetone oxime nor 
the «,8-unsaturated hydroxylamine are reducible under these condi- 
tions, the following reaction has been suggested **: 

2e + 2H20 RCH=CHC(CHp==NOH 20> RCH = CHE(CH JN 2OH oe 

RCH,CH,C(CH,)—=NH + OH- —22> RCH,CH,COCHs + NHs 

2. Alkylated oximes 

Oximes may be alkylated at nitrogen or oxygen; both types are 
electrolytically reducible **:*°1*4 in their protonated form; the 
nitrones are generally also reducible in alkaline solution, whereas the 
O-methyl ethers of oximes are not reducible in ordinary media con- 
taining alkali metal ions; in solutions containing quaternary ammonium 
p-toluenesulphonates some O-alkylated oximes give a polarographic 
wave. 

N-Alkyl substituted oximes of both aliphatic and aromatic alde- 
hydes are reduced in a single four-electron wave in slightly acid or 
alkaline solution **-4°-141, N-Phenylbenzaldoxime (110) is reduced in 
two or more steps as shown in Figure 8; the first two-electron reduction 
results in the formation of benzalaniline (66), which in acid solution 
is reduced in two one-electron reactions *®. 

H+ 

CeH,CH=NCZHp=——= C,HeCHENC.H, 2222s 

O- OH 
+ e+ H+ a 7k CeHsCH=NHC,H, + H20 S24 c.H,CHNHsCsH, ——> dimer 

AS8) e+ Ht 

CsHsCHaNHaCoH, 
An example of the structural effect on the reduction potentials of 

some N-substituted benzaldoximes is shown in Figure 9, where the 
half-wave potentials are plotted against Taft’s polar substituent con- 
stants o* *4*, The half-wave potentials of both the protonated and un- 
protonated form show a linear dependence on o* which suggests that 
the substituents on nitrogen exert mainly an inductive effect and that 
the geometry of the transition state of the electrode process is not 
substantially affected. 

The reduction of the O-methyl oximes*® is probably analogous to 
the reduction of the oximes in that the nitrogen-oxygen bond is 
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. I | I 
pH 22] | 36 46 55] |e2] |65, 

Lh easel | ( | 
% 

P a, ie Es iy \ 

7 2 f : 

(b) 

Ficure 8. pH-dependence of reduction waves of CgH;CH==N(O)C,H; (110). 
(2 x 10~4m nitrone 110 Britton—Robinson buffers, pH given on the polaro- 
gram, 2%, ethanol, Curves starting at: 1-3 0-2v; 4-10 0-4v; 11, 12 0-6y. 
s.c.e., 200mv/absc., A = 80 cm, full scale sensitivity 8-8 wA. From reference 45.) 

cleaved before the saturation of the carbon-nitrogen double bond. 
The similarity in the reduction in acid solution of the oxime and its 
alkylated derivatives is understandable when the close resemblance of 
the electroactive forms is considered. 

+ + + 
RCH=NH RCH=NR’ RCH=NH 

| | 
OH OH OR’ 

The reduction of N-oxides of certain 1,4-benzodiazepine deriva- 
tives was discussed in Section IV.A.5. 
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E, vs. sce. (V) 

Oe os 0 0-5 

o 

FicureE 9. Substituent effects on half-wave potentials of N-substituted Benzald- 
oximes. (1) Acetate buffer pH 4:7; (2) 0:1m-NaOH; o* Taft’s polar substituent 
constants; circles 4% ethanol, crescents 40% ethanol, full circle deviating. 

(From reference 45.) 

3. Acylated oximes 

The reduction of acylated oximes is analogous to that of the parent 
oximes; in both acid and alkaline solution the amine is the product. 
Special cases are the benzoxazinones+®°. In acid solution these are 
mostly reduced in two two-electron steps, and from a controlled po- 
tential reduction of 4-(4’-methoxyphenyl)-2,3-benzoxazin-1l-one (111) 
in 0-5Nn HCl at the potential of the first wave the ketimine of 2-(4’- 
methoxybenzoyl) benzoic acid (112) was isolated. The oxime of this 
ketone is reduced in a single four-electron reaction in acid solution. 

C.H.OCH, C,H,OCH, CH,OCH, 

Lo CNH, CHNH, 
; H+ 2e + 2H+ 

O 2e + 2H* 

COOH COOH 
O 

(111) (112) (113) 
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4. Special reactions 

The reduction of oximes and their derivatives described above 
follows a common route to the amine, but in a few cases special 
products have been found. 

Methylglyoxal monoxime (‘isonitrosoacetone’) (114) has been 
found to yield dimethylpyrazine 14? on reduction in acid solution at a 
lead cathode by the classical procedure. The reaction may be inter- 
preted as a ‘normal’ reduction to the amino ketone, followed by 
condensation to the dihydropyrazine (115), and oxidation to 2,5-di- 
methylpyrazine (116) during the isolation of the product. 

CH,COCH=NOH +44. CHCOCH,NH, 22> 
; H 

N ere N Gris 
at | | oxidation 

os 

Ene N Fe N 

H - 

(115) (116) 

Phenylglyoxal monoxime (117) is reduced differently, and in acid 
solution gives a six-electron polarographic wave followed by a smaller 
wave at the potential of acetophenone. A preparative reduction at pH 
4 yielded acetophenone, and the reaction was formulated as ***: 

CH 
CHC - SN + ot eee C,H;C=CHNH, === 

AD 
H OH 

117 e +2H+ ,, pete. C,H;COCH,NH, 22424 C,H,COCH, + NH, 
(118) 

The reduction of 2-aminoacetophenone (118) to acetophenone has 

been investigated previously ???. 
When glyoxal dioxime (119) is reduced in 60°% sulphuric acid at a 

lead cathode a slightly soluble sulphate is obtained’?°. This decom- 

posed on attempts to purify it, but it was suggested that it was the 

sulphate of 1,2-dihydroxylaminoethane (120), as it could be easily 

oxidized and only half of the amount of electricity expected for the 

formation of the diamine had been consumed. This would be the first 

example of a reduction of a protonated oxime to a hydroxylamine, and 
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until further investigations substantiate this claim, it must be regarded 
with a certain caution; an alternative explanation could be that one 
of the oxime groups was reduced to the amine stage, and this amino 
group attacked an oxime group of a similar molecule with the forma- 
tion of the oxidizable dihydropyrazine (121). At a mercury electrode 
dimethylglyoxime yields in acid solution the diamine in an eight- 
electron reduction +*°. 
A reaction where the interpretation is more difficult to give is the 

reduction of acetylacetone dioxime (122) in cold 30% sulphuric acid 
at a lead cathode to 3,5-dimethylpyrazolidine (123) 14°. The following 
reaction path in which the loss of water from the hydroxylamine 
might involve a sulphonation might be considered. 

Ht 

CHsCCH,CCH, ——> Cae a 
Nou ton HNOH HNO 

(122) 2 
CH3gCHCHgCHCHs + H2O =e See 

| 

! HNOH NH, eee Se 

(128) 

5. Hydroxamic acids 

N-acylated hydroxylamines may exist in several tautomeric forms; 
the neutral molecule is found predominantly as the ‘keto’ form (125). 
The protonation takes place mainly on oxygen and the loss of the 
proton occurs from nitrogen on forming the anion 126147. The follow- 
ing species thus predominate in aqueous solution 

—H+ —H+t 

RC=NHOH ———* koto} ——* RC=NOH 

OH O o- 
(124) (125) (126) 

As the protonated hydroxamic acid (124) which is the electrolyti- 
cally reducible species is an azomethine derivative, its reduction will be 
discussed here. 
Hydroxamic acids**® are reducible in a convenient potential region 

only when they are substituted with an electron-attracting group such 
as a pyridine ring or a p-cyanophenyl group. Most hydroxamic acids 
are polarographically reducible at potentials more negative than 
—2-1 v (s.c.e.), which is experimentally accessible only in solutions 
containing tetraalkylammonium salts as supporting electrolyte?#*35% 
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The reduction of isonicotinic hydroxamic acid (127) in acid solution 
occurs in two steps, as follows: 

ns A if 
ur’ N CNHOH —: Hit \-c=ithion 

~ I ae 
OH 

(127) 

+ / 
Ist step —— Ht cat 

OH 
(128) 

2e + 2H* Wg \ 

+ 

+NH, / 
2nd step < —8°> He cory —= Ht \-cHos HO 

zesmH tl \ 

CH(OH)NH, 

CH,OH 

A controlled potential reduction in 0-:2n HCl at the potential of the 
first wave of isonicotinic hydroxamic acid produced isonicotinic 
amide (128); the reduction of this compound has been investigated 
previously °°. 

Also, in the reduction in acid solution of phenylglyoxal hydroxamic 
acid an amide, C,H; CHOHCONHg, is formed together with dimeric 
products, but the primary attack seems to occur at the carbonyl 
group?°?, : 

6. Amide oximes 

Amide oximes are reduced in acid solution similarly to the other 
reducible derivatives of hydroxylamine **:1°*-1°®; the first step is the 
loss of the oxygen. From the reduction of benzamide oxime (119) 

benzamidine (68) was isolated **; the reduction of the latter has been 

discussed in Section IV.A.4. 

CgsH;C=NOH === C cHgC=NHOH ee Ce H;C(NH2)—=NH, + H,O 
| (68) 
NHz NH 

(119) 
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An isolated azomethine group gives rise to two absorption peaks in the 
ultraviolet region of the spectrum, at about 2400 and 1800 A (see 
Figure 1). The band at 2400 A has been assigned to a n—> n* transi- 
tion because its molar absorptivity is about-2 x 10? and it shows a 
bathochromic shift on decreasing the polarity of the solvent’. The 

565 
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band at 1800 & has a higher molar absorptivity of about 10*, and 

shows a hypsochromic shift. It is therefore designated as a 7—> 1™ 

transition2. Protonation of the non-bonded electrons on the nitrogen 

atom causes the weak band to be replaced by a strong absorption, 

presumably due to a 7 > x* transition’. When the azomethine bond is 

part of a conjugated system of double bonds the spectrum may be- 

come very complex? (see Figure 1). Jaffé, Yeh and Gardner ® 

isolated four bands from the spectrum of N-benzylideneaniline in the 

1 
2000 2500 3000 3500 

Wavelength (A) 

Ficure 1. Absorption spectrum in ethanol solution of an isolated azomethine 
group and of a Schiff base where the azomethine group is part of a conjugated 

system?>3, 

region 2300-4000 A. Difficulties in assigning bands largely arise from 
the fact that the lone pair electrons are appreciably delocalized in 
these compounds. An account of the unusual properties resulting from 
this delocalization can be found in a recent review article®. 

Il. SOLID-STATE PHOTOCHROMISM 

A great number of C=N containing compounds exhibit photo- 
chromism in the solid state. A list of such compounds includes among 
others anils, hydrazones, osazones and semicarbazones. In some cases 
the reactions responsible for the colour change are known, but for 
several reactions the mechanism is totally unknown. 
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Detailed studies have been undertaken with Schiff bases which can 
be thought of as derivatives of salicylaldehyde, i.e. Schiff bases having 
a hydroxyl group ortho to the C=N bond on the benzaldehyde ring. 
It has long been known that several of these compounds give rise to 
crystals which change their colour from yellow to red upon exposure 
to light’~?°. The red form has an absorption peak at about 4800 & 
(Figure 2). The process is reversible; heating in the dark or irradia- 
tion within the new absorption band reverts the system to the initial 
state. 

yellow crystals red crystals (1) 
hvg or heat 

The crystals have been investigated by x-ray and infrared methods 
during the course of the reaction, but no systematic changes were 
noted 21-18, Some anils give rise to dimorphism but both crystal modi- 
fications are not necessarily photochromic. The anil of salicylaldehyde 
and o-methylaniline exists for instance in two crystal forms, of which 
only one is photochromic**. Several theories have been proposed to 
explain the phenomenon of photochromism with anils. Corresponding 
colour reactions take place in solution and it is largely from such 
studies that the reaction mechanism has been confirmed. The enol 
form of the hydroxy anil changes into a quinonoid species. 

crn) = =cH_ni_(S)) =m) 
Ri R2 Rt R2 

OH O 

yellow form red form 

Detailed studies have been undertaken at the Weizmann Institute 
to find the conditions necessary for this reaction?*-®"*”. It was con- 
firmed that no correlation exists between photochromic activity and 
the chemical nature of the substituents R! and R2. For instance, ex- 

changing the bromine atom for chlorine in the compound 4-bromo- 

N-salicylideneaniline changes a highly photochromic compound into a 

substance showing no photochromism at all1®. The molecular packing 

arrangement in the crystalline lattice was shown to be the operative 

factor. The crystals have been divided into two groups, denoted « and 

B. The «-crystals are pale yellow at all temperatures but change into a 

red state upon exposure to light. The -type crystals are thermochromic 

and have always a more or less reddish colour at room temperature 

due to an absorption band at about 4800 A. This band disappears when 

the crystals are cooled. It is assumed that a tautomerism of the type 
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shown in equation (2) is responsible for the thermochromic behaviour. 

It has been stated that photochromism and thermochromism are 

mutually exclusive properties, i.e. crystalline modifications of anils can 

be either photochromic or thermochromic but not both. It is also likely 

that the thermochromic crystals photo-isomerize enol — quinonoid, 

but the reformation of enol is so rapid that a colour change is not ob- 

servablewith the currently available techniques. The emission spectrum 

Wavelength (A) 

Ficuret 2, Spectra of anil crystals+:5-1%-15:18, (Optical density or relative 
intensity in arbitrary units.) 

absorption of the uncoloured state of N-benzylideneaniline 
------ absorption of the photo-coloured state of N-benzylidene- 

aniline 
absorption of the thermo-coloured state of N-(5-chloro- 
salicylidene) aniline 

Stren fluorescence emission from N-(5-chlorosalicylidene)aniline 

of fluorescence from thermochromic anils indicates that a quinonoid 
state emits the light. Ideally the 0-0 transition observed in fluorescence 
and absorption should coincide. Furthermore the vibrational levels are 
often similarly spaced in the ground state and the excited state giving 
risé to a more or less pronounced mirror-image relationship between 
absorption and fluorescence spectra. In the case of the thermochromic 
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anils, the absorption of the thermo-coloured state bears a much closer 
relation to the fluorescence spectrum than the spectrum of the un- 
coloured state. This is illustrated in Figure 2 by the spectra of N-(5- 
chlorosalicylidene)aniline. The uncoloured state of this compound 
absorbs essentially as N-benzylideneaniline shown by the solid line in 
Figure 2. 

The kinetics for the fading of photo-coloured anil crystals has been 
investigated by numerous researchers. Some compounds fade by a 
first-order process and the fading can be described by the rate con- 
stant, k, given for 30°c in Table 1. 

red crystals (Amax ~ 4800 A) sonata yellow crystals (3) 

From measurements at various temperatures Arrhenius activation 
energies have been calculated and are included in the table. Other 
compounds do not fade by first-order kinetics and it has been claimed 
that the process is second order in the case of N-salicylidene-8-naph- 
thylamine”*. Both first and second order kinetics failed to describe the 
fading of 2-chloro-N-salicylideneaniline and 2-bromo-N-salicylidene- 
aniline?%, 

TasLe 1. Kinetics of fading of some photochromic crystals. 

Rate constant Activation 
at 30°c? energy Method of 

Compound (ae) (kcal/mole) analysis 

N-salicylidene- ane = 20-05 Transmission 1% 
aniline 

ae | ea 38-0 rin pee 
4x 10-4° 22-8 Transmission 

N-salicylidene- He LOS 25 Reflectance?° 
m-toluidine Cex LO ae 29-84 Transmission 1% 

J x 10-° 29:5 Transmission 1% 

N-2-cyanopropyl- a A074 21-23 Transmission !% 
-salicylideneamine 

Benzaldehyde Pie 10- 15-7 Reflectance?+ 
phenylhydrazone 

Cinnamaldehyde 7, oe 18-7 Reflectance?+ 
semicarbazone 

@ Estimated value from measurements at other temperatures. 
b The experimental fading curves were resolved into two first-order decay curves assuming con- 

current competing decay reactions, 
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With C—=N containing compounds other than anils, the knowledge 

of the photochromism is often rudimentary; in many cases all that is 

known is that a particular compound undergoes a certain colour 

change. The photochromic reactions have been reviewed by Brown 

and Shaw?2°. In a few cases the kinetics of the fading reaction has been 

studied quantitatively and Table 1 contains results from an investiga- 

tion on benzaldehyde phenylhydrazone and cinnamaldehyde semi- 

carbazone. In the case of the hydrazone, the rate constant refers to the 

(C)ror-nnO) (C)- ere cctnnticont, 

benzaldehyde phenylhydrazone cinnamaldehyde semicarbazone 

fading of the photo-coloured red form, Amax = 4900 A, to the original 

whitish state. For the semicarbazone the rate of formation of a yellow 

form, C, from a photo-activated state, B, was measured (equation 4) 

AS BOksce = 40004) ——> Cas = 4200 4 (4) 

Reflectance spectrum measurements showed a narrow absorption 

peak at 4000 & for species B and a broad band with a maximum at 

4300 A for species C.. The data refer to the difference spectrum with 

respect to the colourless substance A. 

ill. TAUTOMERISM OF HYDROXYL-SUBSTITUTED 
SCHIFF BASES IN SOLUTION 

The photochromic reactions observed in certain anil crystals may also 
take place in solution. In this state, however, the reaction is of wider 
occurrence and it has been stated that all anils of salicylaldehydes 
undergo photo-induced colour changes in solid solution at low temper- 
ature?%. Also the anils from 1-hydroxy-2-naphthaldehyde and 2- 
hydroxy-1-naphthaldehyde are photo-colourable in this environment**. 
The light-produced absorption band usually extends from about 4000 A 
to about 5000 A with the maximum near 4800 A. The effect is 
reversed when the solid solution is allowed to melt. The reaction also 
occurs in ethanol solution at room temperature, but the reverse reac- 
tion is so fast that the colour changes cannot be observed with the 
‘naked eye’ ?°-26, Reaction rates and activation energies for the reverse 
reaction are shown in Table 2. It is assumed that the reaction involves 
an intramolecular hydrogen transfer in a six-membered ring to form 
coloured quinonoid-type compounds. 
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TABLE 2. Kinetic data for the fading of the photo-produced absorption band near 4800 A2°. 
The data refer to acetate-buffered ethanol solutions, [HOAc]/[Ac~] = 1-4. The fading 
vas accelerated at increasing buffer strength and the kinetics therefore separated into a 
ouffer-catalysed and a non-catalysed portion according to the equation kexpt) = ko + ke 
HOAc]. kexpt: is the experimentally determined rate constant and [HOAc] the molarity of 

acetic acid. 

Non-catalysed Buffer-catalysed 
portion portion 

Compound 

Rate constant Activation Rate constant Activation 
ky, at 30°c energy kg, at 30°c energy 

(s~}) (kcal/mole) (mole~1s~1) (kcal/mole) 

oO, 5:0 x 108 6:7 3:7 x 107 3:4 

OH 
N-salicylideneaniline 

CH=N 

4-0 x 10° Te 4-4 x 107 2-6 

OH 
N-salicylidenenaphthylamine 

© O 
) crn) wt hoe cn) 6) 

ate O 

Evidence has been brought forward showing that cis—trans iso- 

merism in the quinonoid state plays an important role for the photo- 

chemical reactions2’. Equation (6) describes the findings at 77°k in 

3-methylpentane. The equilibrium 1 = 2 becomes displaced towards 2 

upon addition of acid and in polar solvents, and also when substituents 

on the salicylaldehyde ring make the phenolic proton more acidic. 

This gives rise to exceptions to the rule that all salicylidene anils are 

photochromic in solution. Certain nitro derivatives fall in this class. 
19* 
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(1) enol (2) cis-quinonoid 

hy [ner reaction (6) 

) trans-quinonoid 

IV. TRANSPOSITION OF RING ATOMS IN 
FIVE-MEMBERED RINGS 

Five-membered ring heterocyclic compounds can undergo photo- 
isomerization to form a different five-membered ring. The overall 
reaction can be described as a transposition of two ring atoms. It 
has, for instance, been shown that pyrazoles can be subjected to 
such a reaction in several solvents whereby the photo-product is 
imidazole 2®:?9, 

N 

[N= CS N (7) N 
H 

pyrazole imidazole 

The substituent dependence was studied in the case of the indazoles 
which are isomerized to benzimidazoles (reaction 87°). 

se Lah N 
R a OS ens OL \ (8) 

7 N N 
; H 

1 

R-indazole R-benzimidazole 

Electron donors in the 5, 6 or 7 position enhance the reaction, while 
acceptors have an inhibitory action. A substituent on nitrogen atom 1 
prevents the reaction but a substituent on nitrogen atom 2 makes the 
reaction proceed with greater ease. 
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Indazoles substituted in the 1-N position undergo instead another 
reaction. For instance, 1-methylindazole forms the isomer 2-cyano-N- 
methylaniline. 

C=N eee er 
NHCH, 

CH, 
|-methylindazole 2-cyano-N-methylaniline 

Corresponding reactions take place in an isoxazole ring, i.e. in a 
heterocyclic compound with a five-membered ring containing neigh- 
bouring oxygen and nitrogen atoms. Thus benzisoxazole is photo- 
isomerized to benzoxazole and salicylonitrile®°. 

N G=N 

OO OL OL ~ O O OH 

benzisoxazole benzoxazole salicylonitrile 

The mechanism of transposition of ring atoms has been somewhat 
clarified from experiments with a derivative of isoxazole, namely 3,5- 
diphenylisoxazole*?. A compound containing the three-membered 
heterocyclic azirine ring was demonstrated to be an intermediate in 
the photo-reaction. In fact it was observed that the azirine was photo- 
sensitive and the reactions of the azirine dramatically dependent on 
the wavelength of the exciting light. The oxazole is formed with 
2537 A light, but the isoxazole is reformed with light of longer wave- 
lengths (> 3000 A). 

7 

: CeHs C,H 7 . 

| \ ars: Rit 2537 & LL NCH, (i1) 
Oo >3000 A ou O 

Gore C,H;—C=O 6! 's5 

3,5-diphenylisoxazole 2-benzoyl-3-phenyl azirine 2,5-diphenyl-oxazole 

It has been proposed that the wavelength dependence is caused by 

selective excitation of the chromophores (the benzoyl and the azo- 

methine group), longer wavelengths leading only to excitation of the 

benzoyl chromophore. 
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V. cis-trans ISOMERIZATION 

The research on the cis—trans interconversion about the carbon- 
nitrogen double bond has recently been reviewed®. It was pointed 
out that cis—trans isomerization has long been known for oximes but 
that recent research has shown that azomethine compounds are more 
generally subject to such isomerism. The reason why isomerism 
about the C=N link was largely unknown for a long period of time is 
that compared with the azo or the ethylenic equivalent, the thermal 
relaxation around the C=—=N link is, as a rule, considerably faster. 
At room temperature it is often necessary to employ special experi- 
mental techniques, such as flash photolysis, in order to observe the 
isomerism. 

Even before the turn of the century, there was evidence that ultra- 
violet light may cause rearrangement in oximes from one geometric 
isomer to the other ®?-33, Sporadic studies of this reaction have since 
been undertaken **~*1, Its use for the chemical synthesis of the pharma- 
cologically active isomer has even been described for the preparation 
of trans-isonicotinaldehyde oxime ‘*?. 

H OH H 
\ / 
C=N \C=EN 

x 
7 OH 

ks Drive onhteie) 02) 
IN aarp! N 

cis isomer trans isomer 

Some cases have also been described in which the O-ethers of oximes 
undergo this isomerism ®°:37.39.42, 

oa = RICH 
NOR? RON ox 

The all-trans form of cinnamaldehyde azine (cinnamalazine) is 
photo-converted to two different mono-cis isomers*?, One of these is 
believed to have a cis configuration with respect to the C—N linkage. 

Photochemical cis—trans isomerization of hydrazones has been 
reported 4-46, The quinonoid system 1,2-naphthoquinone-2-diphenyl- 
hydrazone gives rise to remarkably large spectral changes*®-*6in@ 
wavelength shift of the main absorption peak of about 1000 & has been 
reported. The structure of the compound is shown in Table 3, together 
with data for the kinetics of the thermal cis—trans relaxation. 
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noe a oo N ae 

oO 

mono-cis C=N hy 

oles 2 ele) N 

mono-cis C—=C 

(14) 

Triphenylformazone undergoes a rearrangement which is thought 
to be a cis—trans isomerization about the C—N bond. A benzene or 
toluene solution of this compound changes colour from red to yellow 
upon irradiation with visible light*#:+7-49, A quantum yield of about 
0-02 has been measured for this process **. 

CeHs 

N—N 
@ ‘, 

N=N° 

The knowledge about the cis—trans isomerization of Schiff bases is all 
of recent origin®. From time to time there have been reports in the 
literature claiming that geometric isomers were isolated. Soon after- 
wards, however, other authors have stated that they were unable to 
repeat the experiment or that the isomerism in question was a case, of 
dimorphism. This unfruitful search for cis—trans isomerism gradually 
caused the development of theories according to which czs—trans 
isomerism should not exist with compounds of the benzylideneaniline 
type. 

In 1957, in work at very low temperatures with solutions of aromatic 
Schiff bases, changes were observed which were characteristic of 
cis—trans isomerization ®°. The compounds in question were N-benzyli- 
deneaniline, N-(«-naphthylidene)-«-naphthylamine and related com- 
pounds, When irradiated at — 100°c and below, these gave changes in 
the absorption spectrum which could be reversed by increasing the 
temperature of the solution. Absorption spectra estimated for two 

y. 



576 Gunnar Wettermark 

geometric isomers are shown in Figure 3. The thermal relaxation which 
could be measured in the range — 70 to — 40°c was estimated to have 
an activation energy of 16-17 kcal/mole, which should be compared with 
the values of 23 and 42 kcal/mole which apply to the z-isoelectronic 

15 

€x107> (m7! cm") 

3S 

o 

0 
2500 3000 3500 4000 

Wavelength (A) 

Ficure 3. Absorption spectrum of N-benzylideneaniline in methylcyclohexane/ 
isopentane (1:1) at —140°c®°, 

trans isomer 
mse 'e sk eiaits cis isomer 

molecules azobenzene and stilbene, respectively. N-benzohydrylidene- 
aniline showed no spectral changes under the same circumstances, and 
this was taken as additional proof for the interpretation of cis—trans 
isomerism. 

=o xO 
N-benzohydrylideneaniline 
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Later it became possible to demonstrate cis—trans isomerism with N- 
benzylideneaniline and similar compounds even at room tempera- 
ture *°-?6, At this temperature the thermal relaxation proceeds with a 
half-life of about one second. Table 3 shows the range of activation 
energies obtained for this reaction for different derivatives of N- 
benzylideneaniline, all para substituted. It is assumed that the trans 
form of N-benzylideneaniline as a rule is thermally favoured and that 
irradiation leads to an increased population of the cis species. The 
recorded rate constant, k, would then refer to a cis — trans inter- 
conversion. 

R2 

The aniline ring in equilibrium (15) is probably rotated with respect 
to the plane of the rest of the molecule ®-5*- 4, The explanation is based 
on the tendency of the lone pair electrons of the nitrogen atom to enter 
into conjugation with the phenyl ring. This causes marked differences 
in the effect of a substitution on the aldehyde ring and the aniline 
ring. Thus the thermal relaxation of photo-isomerized solutions of 
para- or meta-substituted N-benzylideneaniline follows the Hammett 
equation, log k = po + log ko, but the p value is considerably higher 
for substitution on the nitrogen side than on the carbon side®®:® 
(Figure 4). The two values are 1-85 and 0-41 (0-35), respectively. An 
even larger difference in the effect of substituents has been found for 
Schiff bases derived from benzophenone®’. A p value of about + 0:1 
for substitution on a phenyl ring attached to the carbon atom of the 
azomethine bond should be compared with a value of about + 1-7 for 
substitution on the nitrogen side. The positive value of p indicates that 
the low electron density at the C=N bond facilitates the reaction. 
This is in line with recent findings that the rate constant for the thermal 
relaxation of photo-isomerized aromatic Schiff bases follows the bond 
order of the azomethine bond ®°-®’, The Schiff bases in question have 
the following structure: 

Ar?CH=NAr? 
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<& constant 

Ficure 4. Cis—trans isomerization. Hammett plot for the thermal relaxation of 
photo-isomerized anils at 30°c®-®. 

()-cH=n O substitution on ring 1 

Wi substitution on ring 2 

where Ar! and Ar? are phenyl, naphthyl or anthranyl groups. The 
bond orders were obtained from mo-.cao calculations using the 
Hiickel approximation. 

Little is known about which electronic states are involved in the 
photochemical cis—trans isomerization. The cis — trans, as well as the 
trans —> cis, isomerization of «-cyano-a-phenyl-N-phenylnitrone takes 
place by eosine and uranine photosensitization, showing that the con- 
version proceeds via a triplet state in this case®*. The reaction is 
discussed in more detail in Section VI.A. Data for the thermal isomer- 
ization cis —> trans in n-butanol are given in Table 3. 

VI. REACTIONS OF N-OXIDES 

Among the N-oxides it is common to separate out a group of com- 
pounds, the so-called nitrones. The definition of a nitrone may be 
somewhat obscure but usually means an azomethine N-oxide in which 
canonical forms 4a and 4b contribute most to the structure ®8, 

Rt R3 Re Re 
x + - Se A 

C=N C—N 

Ro No Pes 
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Compounds in which the positive charge is markedly delocalized are 
not included, for example, pyridine-N-oxide is not a nitrone. 

O 
N 
| 
O 

pyridine-N-oxide 

A. Rearrangement of Nitrones 

Irradiation of nitrones may produce isomers having the three- 
membered oxaziridine ring ®:7°, 

(1) 

One of the first syntheses of this kind concerned 5,5-dimethyl-1- 
pyrroline-1-oxide, which gives a bicyclic oxaziridine whenirradiated in 
a cyclohexane-ethanol solution”?. 

— (16) 

Sn (CHs)a f a (CHs). 
| 
Oo 

This fused oxaziridine is remarkably stable. Usually oxaziridines are 
very unstable, decomposing to yield a wide variety of products de- 
pending on milieu and structure’?:7°. A rearrangement to the 
corresponding amide is very common. In fact several photochemical 
syntheses of amides from nitrones have been described’*-"®, 

re NN *(17) 

é 0 b 
The reactions of certain N-phenylnitrones appear to be strongly sol- 
vent dependent*’-78, Thus it has been described that irradiation in 
benzene yields oxaziridine which reacts back to nitrone in the dark. 
In ethanol, on the other hand, the amide is obtained asa photo-product. 

Investigations on N,«-diphenylnitrone indicate that the oxygen 
transfer to form oxaziridine takes place in the lowest excited singlet 
state before any cis—trans isomerization has time to occur (equa- 
tion 18)79. A quantum yield of 0-28 in cyclohexane and 0-18 in 
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ethanol was recorded for the reaction with 3130 A light in the range 

30-35°c. 

— ae c— hi 18 

Se 
The oxaziridine isomerized rapidly in its turn to form benzanilide. 

Further understanding of the mechanism of the nitrone rearrange- 
ment comes from experiments with the two geometric isomers of 
«-cyano-a-phenyl-N-phenylnitrone®*. The trans isomer has the lowest 
energy and the thermal czs—> trans isomerization was recorded, see 
Table 3. Both geometric isomers photo-isomerize to oxaziridine without 
giving rise to cis—trans isomerization. On the other hand cis — trans, as 
well as trans — cis isomerization can be brought about photochemically 
if a suitable photosensitizer is present such as uranine or eosine, both 
having a long-lived triplet state. All this has led to the conclusion that 
the triplet state is the intermediate in the czs-trans isomerization of a 
nitrone. In the excited singlet state, however, the nitrone rearranges 
to oxaziridine by oxygen atom transfer before any triplet state is 
formed (Figure 5). 

Nitrone Singlet Excited States 

oxaziridine hv ~3100A 

+hv~6300K 

cis eae 

Sapenaonin trans \somer N 

Nitrone Singlet Ground States “% © 
XN 

Ficure 5. Scheme for the photochemistry of a nitrone52. 

Irradiation of nitrones has been reported to yield azo-compounds in 
the following reaction ®°, 
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oO 

2(C)-cH=nC) sie (C)-n-nC) + 2(C)-cHo 
(19) 

The reaction has a similarity to the rearrangement of an aromatic 
Schiff base to azobenzene and stilbene structures, where a four- 
membered ring compound has been suggested as an intermediate 
(see Section VIII.C). 

B. Reactions of Aromatic N-Oxides 

Aromatic N-oxides can also undergo photochemical conversion to 
the corresponding amide type compounds ®?:®2, It has been postulated 
that the oxaziridine ring is an intermediate in this reaction too, as in 
the photolysis of nitrones®*-®>, This helps to explain the shift of a 
substituent which one obtains for instance with 2-methylquinoline-N- 
oxide, where 3-methylcarbostyril is the principal product ®?. 

hy me: bate 

ae Oe + 20 
N~ CH N 

H 
O 3 

| 
Oo 

Aromatic N-oxides are liable to undergo a series of other light- 
induced reactions. The path of the reactions appears to be strongly 
dependent on environmental conditions. For instance 2-methylquino- 
line- N-oxide yields as reaction products, besides 3-methylcarbostyril, 
the following compounds: N-methylcarbostyril, N-acetylindole, 2- 
methylquinoline and N-acetyl-2-hydroxy-2,3-dihydroindole ®*:86, An 
important photo-reaction of the N-oxides is the loss of oxygen. In the 
gas phase this appears to be the most important reaction pathway ®7~®9, 
Thus, pyridine-N-oxide vapour can be photolysed to pyridine, but in 
ethanol solution the compound is reported to be stable towards 
ultraviolet light ®*. 

OO 0 
" N 

Oo 

A quite remarkable case of wavelength dependence has been 
reported in the vapour phase photolysis of. 2-picoline-N-oxide®’. 
In this compound there is a methyl group adjacent to the N->O 
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group and thus a possibility of intramolecular hydrogen bonding. 

With 2537 A light 2-picoline is obtained, but when the molecule is 

excited with 3261 4 light the product is 2-pyridylmethanol. The differ- 

ent pathways are thought to originate from different electronic 

transitions, at 2537 A a 7—> 7* and at 3261 Aan a* transition. 

mC) 
N 3 OL a 7 

{ 3261A oO. 
Oo n—->a* 

N” > CH,OH 

Purine bases are as a rule quite insensitive to light but their N- 

oxides react according to a number of pathways ®°-°?. For adenosine- 

1-N-oxide the following reaction scheme has been drawn °?: 

N 
I 
Cc N : poe 

HN \ 4-ureido-5-cyanoimidazole-3-B-p- 
| . riboside 

O N N 
m NH, H R 

So 2 ZA N 
N N a aha | > isoguanosine (23) 

O N 
adenosine-|-N-oxide . 

R = ribose NH, 

N 
Tr \ adenosine 

K N N 
R 

In studies of the decomposition of adenine-1-N-oxide it was ob- 
served that the absorption peak at 2300 A of the purine oxide showed 
a simple dependence on the amount of absorbed light; the peak 
disappeared proportionally to the amount absorbed. Furthermore, a 
fairly constant quantum yield of 0-10 was obtained for the wavelength 
region 2300-2800 A. This has led to the suggestion that adenine-l- 
N-oxide could serve as a simple actinometre for irradiation with the 
biologically important wavelengths near 2600 A°?. 
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Vil. OXIME-AMIDE REARRANGEMENT 

Irradiation of aryl aldoximes leads to the formation of amides. The 
reaction involves a transfer of oxygen from nitrogen to carbon and is 
analogous to a reaction described above for N-oxides. The similarity 
to the photochemical rearrangement of azoxybenzene to hydroxy- 
azobenzene is also striking. Benzaldoxime substituted at the phenyl 
ring may show a very marked substituent dependence with respect to 
the oxime—amide rearrangement °*. Some compounds react violently 
while others do not react at all. The reason for this is not understood. 

Seyret NOH —> Orem (24) 

Vill. CYCLIZATION OF SCHIFF BASES 

A. Oxidative Ring Closure 

The synthesis of dibenzophenanthridine from N-(1-naphthylidene)- 
l-naphthylamine represents probably the first observation of a 
photo-oxidative ring closure of an aromatic Schiff base to form a 
phenanthridine®*. In this case the compound was irradiated in an 
ethanol solution in the presence of air; a hypothetical intermediate, 
dihydrophenanthridine, was suggested. 

Q 
H Chie ty 
as 

e 
The reaction is analogous to the well-known oxidative ring closure of 

stilbene and azobenzene and derivatives of these compounds. In the 

case of stilbene one obtains phenanthrene, and in the case of azo- 

benzene the product is phenazone. 

hae 
| (25) Texldation 

eee A. 
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Also the simple aromatic Schiff base, N-benzylideneaniline, can 
undergo a photo-reaction to form phenanthridine®®. An oxidizing 
agent must be present, for instance oxygen or iodine. Furthermore it 
was proved necessary to decrease the temperature to about 10°c 
in order to obtain this reaction in cyclohexane, benzene or ethanol 
solution. At higher temperature the anil decomposes. The explanation 
for this has been that the reaction proceeds via the cis isomer in an 
analogous way to what has been found for the photochemical reaction 
stilbene —> phenanthrene. In this case it is necessary to excite the czs 
isomer with light. It is known that the photo-stationary concentration 
of czs-anil is very low at room temperature. Half-lives of about one 
second have been recorded for the thermal isomerization process, 
compare Section V. Thus a photon is unlikely to find a cis molecule and 
cause cyclization at room temperature. 

ai ss eR C=N poe C=N es tae (26) 
Ee 

CeHs H N 

If this mechanism is right the photo-cyclization of N-benzohydryli- 
deneaniline ought to be more efficient since this molecule is always in 
a favourable conformation. 

ts pis GS cD 

oS / pe ata) @ i oxidation 

CeHs N 
® ~ 3 x 10-5 © 

This was proved to be the case; reaction (27) proceeds more efficiently 
and with higher quantum yields than reaction (26). Nevertheless the 
quantum yield of reaction (27) is low, 3 x 10-5 at 25°c on excitation 
with 3130 A light. The corresponding reaction at the C-—C bond, 
reaction (28), has a quantum yield of 5 x 1072, keeping the environ- 
mental conditions the same. This difference in quantum yield has 
received the following explanation. The photo-cyclization takes place 
via a 7,7* excited state both with Schiff base and stilbene. This state is 
the lowest excited state in the stilbene case but a Schiff base has a lower 
n,x* state. In this latter case a 7 —> 7* excited molecule may therefore 
be rapidly converted into the n,x* state and the time allowed for 
cyclization would be ‘almost prohibitively short’. If the nitrogen atom 



12. Photochemistry of the Carbon—Nitrogen Double Bond 589 

2. QnO a ee hy “OP . / \ oxidation 

C,H H 

is protonated a z,7* state will become the lowest state and the photo- 
cyclization proceeds with a higher quantum yield. 

B. Incorporation of a Solvent Fragment 
Irradiation of a Schiff base in ethanol solution may lead to cycliza- 

tion in which a C, fragment from the solvent is incorporated ®’. The 
compound 3-phenyl-5,6-benzoquinoline was obtained when N- 
benzylidene-2-naphthylamine was exposed to ultraviolet light in the 
presence of air. The C, fragment probably stems from acetaldehyde 
formed in the photo-oxidation of ethanol. 

OQ © 
é © ee AO (29) x ethanol 
cn" 

© 
Substituted benzoquinolines with a side chain in the 2-position are 

obtained when the Schiff base is photolysed in the appropriate higher 
alcohol 98. The solvent may also replace the aldehyde part of the origi- 
nal Schiff base and thus participate in the reaction twice over. (Schiff 
bases are commonly thought of as consisting of an aldehyde or ketone 
part together with an amine part, as they may be produced in: the 
reaction: Rt1R?CO + R°NH,— R!R?C=NR? + H,O.) 

C. Dimerization 
It has been reported that Schiff bases may photochemically dimerize 

across the C=N bond to form a four-membered ring ®’. The evidence 
for the formation of such a ring, 1,2-diazetidine, rests on product 
analysis. Photolysis of N-(p-dimethylaminobenzylidene)aniline gave 
essentially trans-azobenzene and cis-4,4’-bis-(dimethylamino)stilbene, 

plus some 9-dimethylaminophenanthridine. A similar reaction has 
been observed in the photolysis of nitrones (see Section VI.A). 
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Rt R2 R1CH=CHR? 
Dy of 

= CH—N 
2 RICH=NR2 ——> free —— + (30) 

CH—N . 

Rt Np R2N=NR2 

1X. ADDITION OF AN ALDEHYDE OR METHYL GROUP 

TO PHENANTHRENE QUINONIMINE 

It is known that aldehydes add to phenanthraquinone monoimine 

photochemically°°. The product is believed to be a hydroxyl-, 

amido-substituted phenanthrene or the corresponding cyclic com- 

pound, a derivative of dihydrooxazole. 

O 
w@ oO H | oO . 

C=NH |. N—C_R NR 

- 0 RCHO = pet (31) 

iG ce OH oO oon 

A similar addition reaction is also described for methyl substituted 

aromatic compounds, in which 2-arylphenanthroxazoles are formed *". 

The reaction was obtained both with ultraviolet light and °° Co-y- 

radiation. 

hv a At 5 CH2A hs (32) 

X. HYDROGEN ABSTRACTION 

The photo-excited carbon-nitrogen double bond is known to abstract 
hydrogen when a suitable hydrogen donor is present; in many cases 
the solvent itself provides a suitable donor. Irradiation of benzo- 
phenone methylimine in propanol yields an almost quantitative con- 
version to benzhydryl methylamine and acetone?°?, The reaction is 
completely inhibited by adding small amounts of compounds which 

hv 

isopropanol (CeHs)2C—=NCHg > (CgHs)2CH—NHCHs (33) 
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have a triplet energy less than 61-8 kcal/mole. This indicates that the 
chemical activity stems from a triplet state at about this energy level. 

The C=N bond can also be photochemically reduced when it 
is a part of a quinonoid system. N,N’-diphenyl-p-phenylenediimine 
is reduced to a semiquinone imine when a suitable hydrogen donor is 
present?°%. The reduction of the diimine to diamine with 4630 A light 
and allylthiourea as donor has been investigated in various solvents of 
different hydrogen-bonding strength?°*. A correlation was noticed 
between the extent of the blue shift of the fundamental absorption 
band and the quantum yield of the process. The quantum yield de- 
creased to + when going from benzene to methanol as Ama, changed 
from 4520 to 4390 A. The existence of both a n,z* and a z,7* state is 
assumed, where only the n,z* state leads to reaction (34). Interaction 

OOO atx allylthiourea 

(Cys )y-neO) eS 

with the non-bonding electron pair on the nitrogen atom increases 
the n,z* level relative to the z,7* state in hydrogen bonding solvents 
and may reverse their order. A fast internal conversion n,n* —> 7,7* 
would then prevent the chemical reaction (Figure 6). 

Pt ar nq 

mmt* m,10* 

products ; 

non-hydrogen hydrogen 
bonding solvent bonding solvent 

Ficure 6. Solvent dependence of reaction (34) 1%. 

Several aromatic N-heterocycles have a tendency to undergo 

photo-reduction. A reaction of this kind frequently forms the base for 

photogalvanic cells. A good example is the group of phenothiazine 

dyes, such as thionine and methylene blue, which together with ferrous 
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ions provide the environment for the electrode*®°1°°, The detailed 

reaction scheme appears to be quite complex and involves a photo- 

induced reduction to a semiquinone radical which subsequently 

abstracts an electron to yield a two-electron reduction scheme”, 

The reaction is highly reversible in the absence of oxygen and repre- 

sents a case of photochromism where exposure to light results in 

bleaching instead of colour formation. 

(CH,)2N S N(CHa)a 
2Fe?*+ + H* + ey 

NZ 

(CH3)2N S N(CH,)2 

OOO N N (35) 

Abstraction of hydrogen from the solvent has been studied for several 
aromatic N-heterocycles. Characteristic examples are phenazine and 
acridine which yield more or less stable products with different degrees 
of hydrogenation’°8-122, The reduction is frequently accompanied 
by a dimerization. Diacridanes arise from acridines, and during the 
photolysis of an acridine solution the dimerization is noticed as a white 
precipitation. The hydrogen abstraction by acridine seems to take 
place in the excited singlet state 12?, 

Ono 
a0 
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lI. INTRODUCTION AND NOMENCLATURE 

The imidoy] halides are characterized by the function —C(Hal)—N— 
and thus they are structurally related to the aldoazomethines in the 
same way as the acyl halides are related to the aldehydes. It is probably 
true to say that, in general, the chemistry of the imidoy] halides is un- 
familiar. A comprehensive review does not appear to have been written, 
although a summary* by von Braun appeared in 1934. The topic is 
somewhat obscured by a variety of nomenclature. One practice is to ap- 
pend the term ‘iminochloride’ (or imidochloride, imide chloride or 
imidy] chloride) to the name of the parent amide, so that PhCCI—=NPh 
becomes benzanilide iminochloride. While this nomenclature is con- 
venient on occasion, it is preferred here to adopt a more systematic 
procedure and to name the compounds as derivatives of the imidic acids 
RC(=NH)OH. Thus PhCCI—=NPh becomes N-phenylbenzimidoyl 
chloride. 

Cyclic compounds are exceptions to this treatment since they are 
most usefully named after the parent ring system (e.g. 1-pyrroline, 
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O O 
O a 

Sega R—C Rc” 

OH Cl y 

Acid Acyl chloride Aldehyde 

ae NH 
ye @ 0 

ESR | R—C RC 

OH Cl in 
Imidic acid Imidoy! chloride Aldimine 

1-piperideine). Some representative structures and names are given 
in Chart 1. 

PhCCI=NPh 
N-Phenylbenzimidoy! chloride 2 

large colourless plates 

m.p. 39-40°, b.p. 310° 

MesCHCCI=NC,H4Me-p 
N-(p-Toly])isobutyrimidoy! chloride *# 

b.p. 80-85°/0-8 mm, np?® |-5299 

ClgCCCI=NPh 

N-Phenyltrichloroacetimidoyl chloride ® 

m.p. 37°, b.p. 136-138°/14 mm 

we 
N 

2,3,3-Trichloro-|-piperideine? 
m.p. 27° 

PhCCI=NSO,Ph 
N-Benzenesulphonylbenzimidoy! chloride ® 

large transparent plates, m.p. 79-80° 

PhCCI=NMe 
N-Methylbenzimidoy| chloride® 

colourless mobile liquid 
b.p. 112°/30 mm 

n-BuEtCHCCI==NBu-n 

N-(n-Buty!)-2-ethylhexanimidoy| chloride # 

b.p. 72-76°/0-7 mm, np? |-4485 

d?5 0-893 

syn-N-(t-Butyl)benzimidoy] fluoride ® 

Decomposes at 25° 

Gl Cl 

cl ¥ ; 

Cl J : 
ca 6c 

| ,3,3,4,5,6,7-Heptachloroisoindolenine® 

colourless rhombs, m.p. 167—168°, 

b.p. 208°/6 mm 

MeCOCCI=NOH 
Chloroisonitrosoacetone ?° 

(N-hydroxypyruvimidoy! chloride) 
colourless crystals, m.p. 104:5-105-5° 

Cuart |. Imidoyl halides—nomenclature. 
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The term amidohalide is also used frequently and needs definition. It 

is used here to refer to compounds which may be regarded as amides in 

which the oxygen function has formally been replaced by two halogen 

atoms: such compounds may be either covalent (e.g. RCHal,NH,) or 

ionic (e.g. RCHal—NH,Hal-). The ionic compounds themselves fall 

into two classes: (a) the imidoyl halide hydrohalides derived by reac- 
i 

tion of hydrogen halide with nitriles (RCN 201, RCCI=NH, Cl-) 
+ 

or with imidoyl halides (RCCI=NR “> RCCI—NHR’ Cl-) and 
(b) the N,N-dialkylamidochlorides, i.e. the ternary immonium salts 

- 
derived from tertiary amides (RCONR,’ Clb, RCCI=NR,’ Cl”). 
Two limitations are being placed on the scope of this review. First, 

most of the work reported in the literature deals with the imidoyl 
chlorides: this is because, on the one hand, the bromides (and, presum- 
ably, the iodides, which have received very little attention) are less 
stable or are less readily isolated in a pure condition", while, on the 
other hand, the study of the imidoyl fluorides has begun only quite 
recently. There are few definitive data on comparative reactivity as 
the halogen is varied, and the bulk of the reactions to be discussed here 
will refer to the chlorides. Secondly, it is considered appropriate to 
devote most attention to the typical imidoyl halides, i.e. those in 
which the substituents at the characteristic function are aryl or alkyl 
groups. However, compounds with other substituents (e.g. RCCI—= 
NSO,R’, RCCI—=NOH, RCCI=NNHR’, Hal,C—NR, RCOCCI= 
NR’) are not without interest and will also be mentioned where 
appropriate. 

Whether or not the imidoyl halides are well known today, they are 
certainly well established in the annals of organic chemistry and have 
been studied for well over a century, although some of the early work 
was confused by the sensitivity to moisture and by the instability of 
many of the compounds. In 1847 Cahours!? observed the effect of 
phosphorus pentachloride on amides: he obtained the corresponding 
nitriles, but did not observe intermediate compounds. Other investiga- 
tors attempted similar reactions!*, but the first reasonably pure 
imidoy] chloride does not appear to have been obtained until 1858, 
when Gerhardt**, who had the fortune to chose an amide which gave 
a tractable product, isolated N-phenylbenzimidoyl chloride. Wolkoff1® 
confirmed part of Gerhardt’s work and prepared other imidoyl 
halides. At about this time interest was developing in the reaction of 
the nitriles with hydrogen halides. Crystalline adducts were obtained 
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by Gautier ?® and the structures of these compounds have subsequently 
been the subject of much investigation and controversy. Only recently 
has a satisfactory conclusion (based, in part, on a neutron diffraction 
analysis) been possible (see Section II.E.1). 

Towards the close of the last century Wallach placed the chemistry 
of the imidoyl halides on a somewhat firmer basis: he prepared new 
compounds and explored new reactions. This study was taken up by 
Julius von Braun and his colleagues, who, for a period of about 30 
years from 1904, devoted a considerable effort to extending imidoyl 
halide chemistry. Much of our knowledge today is based on these 
investigations. While it is always necessary to step with caution through 
the older literature (notably because spectroscopic methods were not 
then available to check proposed chemical structures) it appears to 
the author that the bulk of the observations made earlier in this area, 
and those presented here, are sound. It is pertinent to note that there 
has lately been a marked reawakening of interest in these compounds, 
for example in 1,3-dipolar addition reactions (Huisgen), and in the 
imidoyl fluorides which had escaped study in the earlier years. 

Il. PREPARATION 

Undoubtedly the most important route to the imidoyl chlorides starts 
with the corresponding amide and proceeds in a manner analogous to 
the familiar preparation of acyl halides from acids, thus: 

RCOOH tOs8> RCOCI 
PCl, etc. 

REONER: ————__ > RCGIE-NR’ 

Several subsidiary routes are available, however, and for compounds 
with substituents other than alkyl and aryl special approaches may be 
required. 

A. Imidoy! Halides from Amides 

This method has been used successfully for the chlorides and bro- 

mides, although the latter tend to decompose more readily and 

are difficult to isolate!!. In a fairly general procedure a secondary 

amide (1 mole) is heated with phosphorus pentachloride (1 mole) 

either alone}*, or in an anhydrous inert solvent such as benzene’, 

toluene?9, xylene? or nitrobenzene**, The solvent and phosphorus 

oxychloride are removed by distillation, and the residue, which in a 

multistage synthesis is often sufficiently pure to be used directly’, 
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may be purified by crystallization or by fractional distillation under 
reduced pressure. Although complications arise in certain cases (see 
p-. 619) the yields are often good. 

Reagents equivalent to the phosphorus pentahalides have been 
employed (PCI,;/Cl,®, PBr3/Br22°, PhPCl,2*). Thionyl chloride is also 
a useful reagent; although reported to be ineffective in early work?7-?8 
it, in fact, gives excellent results, especially with amides derived from 
aromatic acids?®. Moreover the by-products are gaseous (contrast 
POC], b.p. 105°) and the imidoyl halide is the more readily purified. 
2-5-3 equivalents of thionyl chloride are recommended ®®, and the 
reagent may be used either neat or in a diluent such as nitromethane. 
Phosgene has also been employed®!, and is the preferred reagent for 
imidoyl chlorides derived from aliphatic acids. 

Comparative studies on the reaction of the three most useful 
reagents (PCl;, SOCI,, COCI,) with benzanilide®? and dimethyl- 
formamide ** have been published. Phosgene did not appear to react 
with the former substrate, and other failures with this reagent and 
N-aryl amides have been noted **, 

Chart 2 summarizes some preparations of this general type. 

Reference 

p-CICgHgCONHPh ——<8—> p-CICgHgCCL=NPh (62%) 35 
m.p. 63-65° 

CONHC,H,Clem ——2—> CCI=NCH,Cl-m 
| , benzene (91%) 36 

CONHC,H.Cl-m CCI=NC,H,Cl-m 
yellow needles, m.p. | 16-116-5° 

i PCl5(1 mol.) i-PrCONHCgH«Me-p 2" > i-PrCCI=NCeHeMe-p (825%) 4 
b.p. 80-85°/0-8 mm, np25 1-5299 

COCI, 
CH,CONH ae ae CH GGIE-N ‘may (68%) 31 

b.p. 45-46°/0-04 mm 

fia Fy 

afta PhPCl, F, vt = 
ag ce (957) 24 

b.p. 135-1365°/760 mm 
ni? 1-4104 
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PhCONHPh ——“C2 > PHCCI=NPh (100%) 29 

oO O 

o> Ct *73%) 37 
N A, benzene if S 

brown needles, m.p. 180° 
(decomp.) 

PCls est prconni{())-())-nicors nea prcci—n-C) 21 
2 

yellow crystals, m.p. 212° 

PhCONHNHCOPh ——“2—> PhCCI=NN=CCIPh 38 
prisms, m.p. 123° 

PheCCICONHPOCI, ——~2—> PhgCCICCI=NPOCI, (88%) 39 
prisms, m.p, 81-83° 

Cuart 2. Some examples of the preparation of imidoyl] chlorides from amides. 

Although the examples in Chart 2 look most satisfactory, certain 
limitations and difficulties should be mentioned. Primary amides 
(RCONH,) and tertiary amides (RCONR,) give other products. 
Thus benzamide*°-*? when heated in dry benzene with phosphorus 
pentachloride gives N-benzoylphosphorimidic trichloride (1) which, in 
a process reminiscent of the Wittig reaction, is pyrolysed to benzo- 
nitrile and phosphorus oxychloride: 

PCls oe A 
PhCONHs eae pea 

The isomeric structure, PhCCI—NPOCI,, which was for long enter- 
tained *2~** as the intermediate in this type of reaction, has been dis- 
counted by experiments with +°O-labelled materials*®. Tertiary 
amides on the other hand give amidochlorides (see p. 608). 

> PhCN + POCI, 

ArCONR, ~~ > ArCCI=NR, Cl- 

HCONMe, £C°?> HCCI=NMe,CI- 

Imidoyl chlorides derived from alkanoic acids offer a special 
difficulty since they are much less stable than aromatic derivatives, 
and they may undergo self-condensation under certain conditions to 
give oily products, which contain amidines and heterocyclic bases (see 

20* 
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Section IV.A). Moreover with phosphorus pentachloride the process 

is frequently (though not always—see item 3 in Chart 2) complicated 

by a-halogenation, e.g.®:*° 

CHgCH,CONHPh 1245 CH,CCIgCCI=NPh 

ClaCHCONHEt so CCIgCCI=NEt 
, 4 

As generally used, phosgene does not have this effect, and is the 
preferred reagent with alkanoic acid amides**. 
A conjugated double bond is not attacked in the phosphorus 

pentachloride reaction, e.g.*® 

PhCH=CHCONHPh waprneae PhCH=CHCCI=NPh 
’ e 

but a similarly situated acetylenic group may suffer conjugate addition 
of hydrogen chloride *’: 

PHCECCONMPHeL Ce =. SLOCLECHGELeNIPA 
room temp. CegHg 

Diacylamines usually give products of the expected type. Thus 
dibenzamide*® gives the imidoyl chloride (2) which has also been 
obtained by the action of phosphorus pentachloride on «-benzil 
monoxime at 0°*°, 

PCls PCls 
Sanna EE is I — PhCONHCOPh root iinc one PhCCl a EO ay COPh 

N 

HO” 

Formally related compounds from urethane and sulphonamide 
derivatives have also been reported **: 

CICH,CONHCOOEt —“8> Cl,CHCCISNCOOEt 

CICH,CONHSO.Ph —“2> CICH,CCI=NSO,Ph 

On the other hand glutarimides have been observed to aromatize to 
give 2,6-dichloropyridines, e.g. 5° 

Orso O N O 4 ¢l = Cl 

Wallach *? believed that ethyl oxamate gave an amidochloride and 
then an imidoyl chloride with phosphorus pentachloride, thus: 

COOEtCONH, —=2> COOEtCCIzNH, ——-> COOEtCCI=NH 
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However, Kirsanov?!" has re-examined this type of reaction and has 
reformulated the products as alkoxydichloroacetamides. 

COOEtCONH, —“> EtOCCI,CONH, 

COOEtCONMe, S“S> ELOCCIgCONMe, 
An interesting complication of the phosphorus pentachloride 

reaction has been reported fairly recently. From N-methyltrifluoro- 
acetamide one obtains, in addition to the expected imidoyl halide 
(3), a compound which is formulated with a four-membered ring 
system (4). 

CF;CCI=NMe 44% 

(3) PCls CF,CONHMe FS Cl, 
aa 

\pZ 
cl 

(4) 527, 

CF,COCI + Me—N N—Me + HCI 

The mechanism of imidoyl halide formation deserves further investi- 
gation. It seems most likely that attack occurs at oxygen to give an 
intermediate such as 5: there are occasional reports of the isolation 
of such species?*. Rearrangement of 5 to generate the ion-pair, loss 
of a neutral molecule (POCI3) from the anion, and collapse of the 
residual ion-pair would then furnish the products. A similar mechan- 
ism would apply to reactions with thionyl chloride and phosgene (loss 
of sulphur dioxide and carbon dioxide, respectively). 

y 

Osh 7 tt OO See Po eee OY? 
R—C—NHR’ NR’ R—C—NR’ RCCI=NR’ 

(5) 

The early workers, following Wallach *”, tended to regard the amido- 
chloride as a precursor of the imidoy] chloride; the former, however, is 
not properly regarded as an intermediate, although it could arise by 
the interaction of the products (i.e. hydrogen halide and imidoyl 
halide) 5. Thus the imidoyl chloride 3 forms an adduct with 
hydrogen chloride®! which is stable up to — 20°. Amidochlorides are 
also generated from tertiary amides, and presumably arise in a way 
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analogous to that described above, i.e. via the intermediate cation 

RC(=N R,)OPCl,. The chemistry of the amidochlorides has been 

reviewed °°, 
It has been noted above that primary amides give intermediates 

with N—P linkages, and it is pertinent to enquire if secondary amides 
may do the same. There is little evidence for this, but the formation of 
product 4 has been interpreted °1 via such a system. 

Me 

D> 
CF,;CON ——> CF;,COCI + MeN=PGl, 

PGI. dimerization 

Cl 4 

B. Halogenation of Aldimines 

The direct halogenation of azomethines is rather difficult to con- 
trol, and has been little used as a preparative method. Thus the low 
temperature fluorination of benzylidene-t-butylamine in trichloro- 
fluoromethane in the presence of sodium fluoride (HF scavenger) 
gives a mixture of products including JN-(t-butyl)benzimidoyl 
fluoride ®. 

PhCH=NBu-t ——72-> PhCFgNFBu-t + PhCF—=NBu-t 
CCloF, NaF 

This reaction is thought to proceed by an addition—elimination 
mechanism: only the syn-isomer (7) is observed, and this has been 
rationalized in terms of a trans-elimination from the favoured con- 
formation of the initial adduct (6). 

H R Ph 
PhCHaeNR ee CENT SUR enc eee nie 

= Oo Ai i 
Ph F F R 

F 

(6) (7) 
Chlorination of aldimines may be effected, however, with t-butyl 
hypochlorite ®*: the initial product is regarded as an immonium salt 
which eliminates ¢-butanol to give the imidoyl chloride, thus: 

t-BuCH=NBun SCO» [t-BuCH=NBu-n] t-BuO- 

Cl 

: t-BUuOH 

t-BuCCI==NBu-n <———— [t-BuC=NBu-n] Gls 
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The imidoyl halides prepared by this route were not isolated but were 
characterized using amidine and imidate derivatives. 

In the special case of the aldoximes and closely related compounds 
direct chlorination is often the method of choice. 

Cle 
PhCH=NOH “CHC, orf PhCCI=NOH (refs. os 56) 

PhCOCH=NOH ———°?—- > PhCOCCIENOH (ref, 57) 

There is n.m.r. evidence that this reaction proceeds through the dimer 
of the corresponding nitroso compound®®, 

O 
4 

MeCH—NOH => MeCHCIN=NCHCIMe ===> MeCHCINO 
— 60° + 

; O MeCCI=NOH 

With fulminic acid and its salts, addition occurs to give dichloro- 
formoxime in good yield ®°. Bromine behaves similarly ®'. 

HCNO —£?-> CCI=NOH 

Nitrosyl chloride has also been employed as a chlorinating agent. 
Acetone suffers both nitrosation and chlorination ®. 

PhCH=NOH —SS> PhCCI=NOH 
2 

Me,CO = MeCOCCI==NOH (and other products) 
2 

Halogenation of phenylhydrazones and of azines occurs in an ana- 
logous fashion; ring halogenation may also occur unless the phenyl 
of the phenylhydrazone moiety is deactivated. 

PhCH=NNH () NO2 —=*> PhCBr=NNH C) NO, (ref. 63) 

2 

Br $ 

PhCH=NNHPh —2-> PhCBr—NNH C) Br (ref. 64) 
HOAc 

PhCH=NN=CHPh a PhCCIS=NN=CHPh (ref. 58) 

C. Imidoy! Halides from Amidohalides 

Occasionally amidochlorides from secondary amides appear to have 
been isolated and converted thermally into the imidoyl chlorides, 

ea2°? (but see ref.217) 
110° 

COOEtCCI,NHPh (or COOEtCCI—NHPh Ol aa COOEtCCI==NPh 
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The dehalogenation of a N-fluoroamidofluoride over glass has been 

observed ®. 
Ph Bu-t 

“i A 
PhCFANFRue SSeten ety 

F 

Dealkylation of N,N-dialkylamidochlorides from tertiary amides 

has been examined, although not principally with imidoyl halide syn- 
thesis in view®*. The reactions (von Braun degradation) are thought 

to be of the following type: 

PhCONRR’ —~°!5> PhCCIENR’R CI- 2s Phccl=NR’ + RCI 
von Braun showed that the ease of elimination of the alkyl residue 
increases in the series Bu < Pr < Et < Me < PhCH,. The same 
order was observed for the cyanogen bromide dealkylation: 

RoN + BrCN —~—> RBr + RaNCN 
Both reactions are regarded as Sy2 processes, the rates of which would 
be expected to be sensitive to the bulk of the a y-substituent®°-®" (see 
Section VI.F). 

D. Imidoyl Halides from Isonitriles 

In his extensive work on isonitriles, Nef®® studied their interaction 
with various halides, and obtained products which were formulated 
as imidoyl halides. Many of the reactions proceed readily in the cold 
and give products of «-addition as shown in Chart 3. Alkyl halides 
which might, by such a process, give imidoy]l halides of a more familiar 
sort, do not appear to give identifiable products. 

MeCOCCI=NR CCla—=NR 

MeCOCl Cl, 

100° —15° 

RNC 

COCl, HCl 
—20° —15° 

EtOCl 
— 10° 

RN=CCICOCI=NR (CHCI=NR).:HCI 

EtOCCI=NR 

Cuarr 3. a-Additions to phenyl isonitrile: products formulated with the 
—CHal—N— function (Nef, 1892-1895). 



13. Imidoyl Halides 609 

Certain of the reactions have been confirmed by recent work®, The 
reaction with acyl chlorides is an excellent route to imidoyl chlorides 
derived from «-keto acids. 

n-PrCOCl + CgHiy,NC ——> n-PrCOCCI==NC,H,; 

777%, 
The synthesis of iminophosgenes (isonitrile dihalides, CHal,—NR) 
has been reviewed recently”°. 

E. Nitriles as Precursors 

I. Addition of hydrogen halides to nitriles 

The adducts formed between nitriles and hydrogen halides were 
first investigated by Gautier '®, who obtained crystalline compounds 
which appeared to have constitutions such as 2MeCN-3HBr and 
EtCN-HCl. Michael and Wing™ suggested that the products could 
be divided into three classes: 

RCN-HHal or RCHal==NH 

RCN-+2HHal or RCHalgNH2 

N=CHalR 

2RCN-3HHal or RCHal 

NHg2+HHal 

and reinvestigated the adduct EtCN-HCl. They put forward the 
imidoyl chloride structure for this since it gave the expected amidine 
with aniline; however, it was reported to crystallize unchanged from 
cold water which does not accord with the imidoy] halide formulation 
(see Section IV.E.2). Nevertheless, the imidoyl halide or covalent 
amidohalide structures appear to have been generally assumed, and, 
indeed, accounted in a straightforward manner for the formation ,of 
imidates when the reaction was carried out in the presence of an 
anhydrous alcohol (Pinner imidate synthesis). A change of opinion 
developed when, on the basis of cryoscopic and optical measurements 
(carried out largely on sulphuric acid-nitrile systems), Hantzsch”® 
proposed that the adducts were nitrilium salts: 

[RC=NH]X- [RC=NH]XHX- 
Usually the dihalide precipitated, and no monochloride was observed ; 
monobromo compounds were reported, however. The adducts 
were very sensitive to moisture and readily lost hydrogen halide on 
standing. With water the nitrile was regenerated (but see Section 
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IV.E.2). However, in 1945 Hinkel and Treharne”* repeated Gautier’s 
experiment on the MeCN-HCI system, but at a lower temperature 
(—17°). A dichloride was obtained which was formulated as the 
covalent amidochloride MeCCl,NH,; an analogous covalent struc- 
ture had been suggested much earlier by Lander and Laws” for the 
adduct of N-phenylbenzimidoyl chloride and hydrogen iodide. 

The past few years have seen much clarification of this problem 
(review to 1962) 2°. The present position can be summarized as follows. 
Evidence has been obtained for various complexes in solution; freez- 
ing point diagrams’® have indicated MeCN-HCl, 2MeCN-3HCl, 
MeCN-5HCI and MeCN-7HCl—but surprisingly not MeCN-2HCI 
—in the acetonitrile-hydrogen halide system, while conductivity 
data have been interpreted in terms of the initial formation of unionized 
molecular compounds (‘outer complexes’) followed (and sometimes 
quite slowly) by their conversion to ionic species (‘inner complexes’) ®?. 
However, it appears that the crystalline adducts obtained are generally 
of the composition RCN-2HHal. Although 1:1 adducts have been 
reported even in fairly recent times’’, on balance the evidence sug- 
gests that such compounds are unstable and that they readily 
disproportionate 78:79; 

2RCN-HHal > RCN + [RCHal—=NH,] Hal- 

a process which reflects the greater basicity of the imino function 
vis-a-vis the cyano group. Thus a reinvestigation 7° of three examples 
where Hantzsch reported monohydrobromides (PhCH,CN, Cl,CCN 
and PhCH—CHCN) has led to the isolation of the dihydrobromides*. 
The formulation of these amidohalides (see also Section III.B) as 
imidoyl halide hydrohalides 

[RCHal=NH,] Hal- 
is reasonable, since the typical imidoyl halides are known to be basic 
enough to form adducts with hydrogen halides which have salt-like 
properties (see Section IV.C). Amongst the many adducts which may 
now be formulated in this way the following may be mentioned: 
Hal=iodine; R= Me®?, PhCH,”°, (0, m-, p-) MeC,H,25, (0-, m-, p-) 
NO.G,H,”°: Hal= bromine; R= Me®?, PhCH,78, Cl,C78, PhCH— 
CH, Ph’, p-MeC,H,"7%: and Hal=chlorine; R=Me7*-82-84, 
BrCH,*°, FCH,?°, PhCH=CH", p-MeC,H,7%. The ionic formula- 

war 
* However simple nitrilium salts RC=NH X with complex anions can be 

isolated, , “specially if suitably low temperatures are employed® [e.g. 
(PhC=NH).SnCl,?- ]. 
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tion accounts for the observations of electrical conductivity ®? and for 
the appearance of a C=WN stretching mode in the infrared spectrum 

+ 

(e.g.72 1626 cm~? in MeCBr=ND, Br~). Amidochlorides derived 
from tertiary amides have analogous structures and show similar 

absorption (e.g.8% CH,CCI—NMe, Cl-, vey 1653 cm~*). Al- 
though such a band was not observed® in the 1:2 acetonitrile— 
hydrogen chloride adduct, a neutron diffraction analysis®* at —5° of 
crystals of this adduct grown from anhydrous MeCN-HCI at — 16° 
under nitrogen provides definitive evidence for the imidoyl chloride 
hydrochloride structure in the solid state. 

Dimer hydrohalides of the general composition 2RCN-xHCl are 
also formed under certain conditions, and are considered in Section 
IVA. 

2. Addition of acyl halides to nitriles 

It has been shown by Meerwein and his colleagues® that nitriles 
react with acyl halides in the presence of Lewis acids to give nitrilium 
salts. Certain cyanamides, however, have been reported to give 
adducts with acyl halides in the absence of Lewis acids; these are 
formulated as imidoyl halides and in some cases are isolable com- 
pounds, e.g.®° 

70° 
MesNCN + p-NO.CgH4zCOC] ——> MegNCCI=NCOC,HaNOz2-p 

MesNCN + COCI, 252 > MegNCCIMNCCIENCCI=NMe,Cl- 

These compounds hold some interest as intermediates in heterocyclic 

synthesis ®*, There is evidence ®* that the reaction of malonyl chloride 

with nitriles, which eventually gives pyridines, proceeds via imidoyl 

halide intermediates, e.g. 
? 

EtCN + CH,(COCI), ——> [EtCCI=NCOCH,COCI] ——» 

OH 
| ae Me 

Pee a) 
HOT NT “cl 

F. High-temperature Chlorination of Amines and Amides 

Chlorination of tertiary amines and of the acyl derivatives of pri- 

mary and secondary amines at high temperature (~200°) gives 

imidoy] chlorides (review) °°. Free-radical chlorination is followed by 
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an elimination analogous to the von Braun degradation to afford the 
products. If reaction conditions are carefully arranged, remarkably 
good yields of a single product can often be obtained. The following 
examples are illustrative. 

Cl 

Cla os 

< 60° —> 190° 

Cl 

iA 
—CHCls 

CHCl, G1) CHCl, 
Cl | Cl 

ClsC—N Cl ClhC=N Cl 

Cl cI 

cl Cl 

Cl 
: 

Cl O Cl 
Et,NPh ae CCI;CCI=N Cit Gl Cl 

Cl 

cl 

Mez.NCH,CH2NMe, > ClzC—=NCCI,CCILN=CCl, 

30-717, 

°. 
(1 Cl, He aie 

“200°” Cl 
Ne 

Con 647% 

(CH.Cl)2NCOCI 4» CCls—N=CCly 
8277, 

G. Miscellaneous Routes 

1. From imidates 2° 

PhC(OEt)=NPh —<'S> PhCCI=NPh + EtCl + POCI, 



13. Imidoyl Halides 613 

2. From isothiocyanates % 

cl 
PhNCS cHea? CClz==NPh + SCl2 (and other products) 

3. From thioamides 45:92 

PhCSNHMe —C2 22 NOC!. picci—NMe 

4. From diazotates 9% 

CHCI(COOK)s + PhN=NOH “CASS PhN=NCCI=NNHPh 

5. From trichloronitrosomethane %* 

SoC + Cl,C-—=NOH 

a AgNHEN, NCNHCCI=NOH 
ClsCSO,Na ———> ClsCNO 

NaNO, A__, CCla=NCClI, + CCl,NO + NOCI 

sa? PhN==NCCI=NPh 

6. From oximes by Beckmann rearrangement 9°:98.227 

O02 N NO, 

no ()-cocn Sa wo.(G)-con=cem 
I 
NOH 

COCl2 PhgC=NOH ==> PhCCI=NPh 
30°— 60° 

7. From trichloroacetamides 

CClsCONHPh =e Cl,CHCCI=NPh + BusPO 
elles 

8. From difluoroamine 2’ 

NBu-t 
vi PhCH—=NBu-t ~2=> | PhCH ——> PhCF=NNHBu-t 

4 

NF 

9, From ketenimines 4 

aaa ey Ph,CCICCI=NC,H,4Me-p 
pee eum 

ethe 

PneC—G-_- NGA aMe-p 
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lll. PHYSICAL PROPERTIES AND RELATED MATTERS 

A. General 

The imidoy] halides are usually colourless liquids or solids, soluble 

in inert solvents such as chloroform, benzene and light petroleum. 

The last two solvents are often useful for crystallization purposes. 

Some specific physical properties have been noted in Charts 1 and 2. 

Many of the imidoyl halides, especially the liquids, have unpleasant 

irritating odours; certain of them have been used as war gases (for 
example CCl,==NPh in 1917) ?°. 

The typical imidoyl halides are highly reactive substances and must 
often be prepared as required: they are readily hydrolysed and must be 
protected from moisture. 

B. The Bonding of the Halogen Atom 

This topic has been touched on earlier in reference to the nitrile- 
hydrogen halide adducts (see Section II.E.1) but has at times been 
rather confused in the literature. A summarizing statement of the 
present interpretation is therefore not out of place. 

The zmidoyl halides give every indication of being covalently bonded 
substances. They are low-melting solids or volatile liquids, soluble in 
solvents of low polarity (e.g. benzene). The infrared spectra show 
absorption in the 1680 cm~? region: this is rather higher than vg_y 
for simple azomethines as would be expected. Nevertheless the carbon— 
halogen bond is highly polarized: spontaneous and reversible ioniza- 
tion to give an ion-pair has been postulated, and the relationship 
between structure and reactivity is rather analogous to that found in 
the t-alkyl halides*+. 

ROSENR’ 

RCCI=NR’ <—=-— 2 
Gs 

The tendency for ionization to occur is increased by certain factors: 
thus electron-donating groups stabilize the resulting cation (see 
Section IV.E.2) while stabilization of the resulting anion by complexa- 
tion can also be achieved, thus®°-22!: 

PhCCl=NPh +°C25 pphc=n - =NPh xo2> [PhC=NPh] FeCl, 
AgBF 

PhCCI=NPh a [PhC==NPh] BF,- 
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The amidochlorides are of three types (derived from RCN, RCONHR’, 
and RCONR’,) but all three appear to be predominantly ionic sub- 
stances, i.e. immonium salts. 

[RCCI=NR’RJCI- <—— RCCI,—NR’R” RR” = aryl, alkyl, H 

They are solids which generally do not have sharp melting points; they 
are much less soluble in solvents of low polarity than are the corres- 
ponding imidoyl halides. Thus N-methylbenzimidoyl chloride is 
soluble in ether, but treatment with anhydrous hydrogen chloride 
causes the amidochloride to precipitate”®. 

In the infrared (Table 1) the amidochlorides show bands at ~ 1640 
cm~? attributed to the C=N stretching mode; in the case of crystal- 
line acetamidochloride neutron diffraction®* establishes the im- 
monium salt structure beyond dispute, and there is little reason to 
doubt that other simple amidochlorides have analogous structures. 
The amidobromides and amidoiodides are probably similarly con- 
stituted, the C—Br and C—I bond strengths being lower than that of 
the C—Cl bond. The C—F bond strength is higher, however, and the 
available evidence suggests that although the nitrile-hydrogen 
fluoride adducts are ionic (the anion being stabilized by complexation, 

eee MeCF—NH, (HF),,F~) the other amidofluorides behave as 

covalent compounds. Thus the amidochloride HCCI=NMe, Cl- isa 
solid, m.p. 140-145°, which shows a pronounced band in the infrared 
attributed to C—WN stretching (Table 1), whereas the corresponding 
amidofluoride?°!, which is prepared in an analogous manner, i.e. 

HCONMe, S22> CFzHNMes 

is a volatile liquid, b.p. 49-51°. The infrared spectrum shows no 
pronounced absorption in the double bond region above ~ 1500 
cm~1, while n.m.r. spectroscopy shows that the fluorine atoms are 

equivalent!°!, Hence the covalent structure is indicated for this 

compound and is likely for other amidofluorides (e.g. PhOF,NMe,*°? 

b.p. 55-59°/12 mm; (CF,);NH*” b.p. 73-4°). 

C. Spectroscopy 

1. Infrared spectra 

The C=N stretching frequencies of some imidoyl halides and 

related compounds are summarized in Table 1. Just as acyl chlorides 



Taste 1. Infrared spectra of imidoyl halides and related compounds. 

C—N Stretching Vibrations (cm~?) 
Structure Phase Yo=n Vozn Reference 

(where stated) 

Imidoyl Halides 
HCCI=NMe CH,Cl, 1689 32 

cHCCN-{ 1705 4} 

PhCCI=NPh CHCl, 1672 32 
CF;CCI=NMe 1695 51 
ae 

C=N 1718 6 

FE Bu-é 
F 

ax 
ae 1686 6 

Ph Bu-t 

Fa 
a 1754 104 

F. 2 
STN 

CF3;CF=NCF, 1786 104 
F,C=NR ~ 1790 70 
Ccl,cC=NR 1645-1660 70 
Br.C—=NR 1650-1680 70 

Amidohalides 
ai 

MeCBr—NH, Br- Solid 1664, 1531 72 
MeCBr=ND, Br- ou 1626 72 + 

MeCI=NH, I- + 1637, 1503 72 

[ eu = a » 1623 34 
O” “CCI=NHMe Cl 

PhCCI=NHMe Br- & 1618 34 
(CF.);NH Vapour No band reported in 102 

r double bond region 
HCCI—=NMez l= CH,.Cl, 1680 83 
MeCCI=NMe, Cl- ee 1653 83 + 

PhCCI=NMe, Cl- Solid 1642 34 
CH.Cl, 1634 32 

HCF.NMez Liquid film No major absorption 101 
double bond region 

> 1500 em-1 

Nitrilium Salts 
+ 

PhC=NPh SbCl, - Solid 2315) 105 
PhC=NPr-i SbCl, ~- 3 2396 105 

ee CH,Cl, 2326 105 
PhC=NPh AICI,~ CH,.Cl, 2309 32 $$ 
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(veo ~ 1770-1815 cm~*)}°3 show carbonyl absorption at higher 
frequencies than do the aldehydes (veto ~ 1720-1740 cm?) so the 
bands for the imidoyl chlorides (veo ~ 1670-1710 cm~1) appear 
somewhat higher than do those for aldimines (vg_y ~ 1640-1690 
cm~*). As expected, the values for imidoyl fluorides are higher than 

those for the chlorides. The infrared spectra of MeCBr—NH, io 
4. 

MeCI=NH, I7 and MeCCI=NH, SbCl,~ and their deuterated 
analogues have been presented and discussed in detail7?. 

2. Nuclear magnetic resonance spectra 

Both proton and fluorine n.m.r. spectroscopy have been applied to 
the solution of configurational problems (see below) but no compre- 
hensive survey in this area has been made. 

D. Geometrical Isomerism 

In principle the imidoy] halides can exist in two possible configura- 
tions, which will here be denoted syn and anti with respect to N- 
substituent and halogen atoms, following the model of the aldoximes. 

R Cl ie Cl 

SA i 

I I 
N Fs 

Non HO 
syn anti 

The earliest example appears to be the chloroxime system, stereo- 
isomers of which have been interconverted?°°. 

Cl—C——CH Base 

| | HCl 

OF Or HO OH 

For imidoyl chlorides with aryl substituents (e.g. p-NO,C,H,CCl— 
NC,H,NO,-f) dipole moment measurements suggest that the syn- 
configuration predominates?©’. Some n.m.r. studies on imidoyl 
fluorides have proved valuable as the following three examples show. 

(a) The n.m.r. spectrum of 

F CF(CF3)2 

CaN 
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is temperature dependent!°*. At room temperature the N-substituent 

oscillates from one position to the other so quickly that the fluorine 

atoms of the perfluoromethylene group appear to be equivalent: at 

—63°, however, this process is slowed sufficiently for non-equivalence 

to be observed, and an AB quartet is recorded with Jp gem = 84:5 Hz 

(b) The anti isomer (8) of N-(é-butyl)-benzimidoyl fluoride is stable 

at room temperature whereas the syn compound (9) readily de- 

composes, possibly by a cyclic rearrangement (arrows) to give benzoni- 

trile, isobutene and isobutyl fluoride. 

s H--CH 785 oe i ps 78-6 Ph. Bu-t ¢ (doublet F CK (singlet) 
aN a=! Hz) SEEN Me 

: rai Ph 1718 cm= 
1686 cm7* 

(8) anti (9) syn 

The syn-imidoy] fluoride is produced by fluorination of the correspond- 
ing azomethine (see Section II.B): the antz isomer formed slowly in 
pentane solutions of PhCF,NFBu-t in the presence of silica gel at room 
temperature ®. . 

(c) The addition of perfluorohydrazine to vinyl fluoride, followed 
by elimination of hydrogen fluoride over caesium fluoride, gives a 
mixture of geometrical isomers, thus?°°: 

F F 
F 

CH Cre oe li, ‘| (et WR eres oe o-CeHaCla | CH CHF | ~3HF I rl 

CN—C—F NC—C—F 
anti syn 

(| part) (3 parts) 
Jer = 265HZ op = 52Hz 

These have been separated by preparative gas-liquid chromatography. 
The configurations were assigned on the basis of the fluorine couplings, 
the system with the greater coupling constant having the trans (in this 
case, anit) arrangement. 

IV. CHEMICAL REACTIONS 

A. Self-condensation 

Those imidoyl halides having one or more hydrogens at the e- 
carbon atom tend to be unstable in the special sense that they undergo 
self-condensation. The products may be polymeric, but are often 
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identifiable amidines and heterocyclic compounds. The self-condensa- 
tion is susceptible to steric hindrance on either side of the azomethine 
function: thus Me,CHCCI—NC,H,Me-p*, n-BuCHEtCCl—=NBu-n‘, 
CH;CCI—NC,H,Br-o!!° and CICH,CCI—NC,H,Br-o1!2° have been 
isolated by distillation and analysed. 
Two types of self-condensation might be expected: 

Claisen-type condensation: 
NR’ 

a: | 
RCHaCCI=NR’ —““'> RCH,C—CH—CCI=NR’ ——> products 

| 
R 

Amidine formation: 
NR’ R’ 

py 
RCCI=NR’ ——> [R—C——-N=CCIR] Cl- 

+ 

—> products 

NR’ , 
I 

R—C——N—CCI.R 

and processes of both types are known, although the state of the 
literature in this area is not altogether satisfactory. 

von Braun?:1!! regarded the self-condensation as involving a re- 
arrangement to the enamine (10) followed by condensation of the two 
species to give an N-chlorovinylamidine (11): 

ReCHCCI=NR’ ——> R2C==CCINHR’ ——> reat tek 

a R/NCCI=CRa 

(11) 

Other schemes can be written 5? and, in particular at higher tempera- 
tures, ketenimines may be formed *. 

Wallach and his colleagues!!2:11 made the first determined foray 
(1874) into this difficult area, observing bases of high molecular weight 
where imidoyl chlorides were expected. The following bases may result 
directly from processes which formally lead to the imidoyl halide, and 
are presumed to result from its self-condensation, although conden- 
sation with the original amide may offer an alternative pathway”*®. In 
certain cases the self-condensation has been demonstrated’*. 

I. Amidines 

The reaction of acetanilide with phosphorus pentachloride gives a 

crystalline base C,,H,,;CIN, which Wallach1"* formulated (CH3G 

(—NPh)CH,CCI—NPh) as a condensation product of the Claisen 
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type. The base resisted the action of water, however, and was re- 

formulated! as an N-chlorovinylamidine (12) on the basis of the 

chemical evidence shown below. 

MeCONHPh <> [MeCCI=NPh] ——> Me—C=NPh 

PhNCCI=CHz 

(12) 

catalytic reduction | | PhNHz | EtOH/H,O 

we ee MeCONHPh 

Mec Mec” 
\ SS 
NPhEt NHPh 

However, the amidochlorides derived from tertiary amides do react 

by a Claisen-type condensation *??. 

RCHECCL=NRY Cl >. es Acca Ro’ Cl | 
| 
NR’ | 

H20 

RCH,COCHRCONR,’ <—— RCH2C—CRCONR,’ 

NR’ 

1. 120° iN 
Xe CI 2.aq. NaOH N OMe 

Me cr Me 

In the studies on the interaction of nitriles with hydrogen halides a 
second type of product besides the imidoyl halide hydrohalide (Section 
II.E.1) has been encountered. This has the general composition 
2RCN -*HHal and appears to be an N-(a-haloalkylidene)amidine 
derivative ’*:8” which may be regarded as arising by the self-condensa- 
tion of the imidoyl halide hydrohalide. 

R R 
: ir ms 

PRCCENH Rees Rhema ete peeRees, ROCHENCEEN 

| 
| | 
ee ee Cl- 
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Indeed such a reaction using acetimidoyl chloride hydrochloride as a 
starting material has been reported"*. Both normal (i.e. imidoyl 
halide hydrohalide) and dimer adducts may be obtained from the 
same system under different reaction conditions. Thus, bromo- and 
fluoroacetonitrile give imidoyl halide hydrohalides at low tempera- 
tures (—50° to —5°) but at higher temperatures (~ 20°) the dimer 
adduct is formed ?°. 

FCH,CN 

HCI/Et,0 | —20° | HCI/Et,O, 15° 

[FCH,CCI=NH,] CI 
ee | Cr-Hc! 

H,O/Et,O FCH,CCI=NC=NH, 

FCH,CONH, fess 

NH 2 ee 

FcH.c” 383 
NHo 

The acetonitrile-HCl system also gives products of both types”. 

2. Iminazoles 

In certain cases if the reaction is carried out at higher temperatures 

cyclization of the N-chlorovinylamidine is reported to lead to the 

iminazole system?1°, 

% CsHia 

CAH CONHEt ——=> C.F, .Ca=NEt ie Co 
| —EtCl C 4 

EtN—CCI=CHC;H,, tlie " 

Et 

Iminazoles are also formed from certain unstable bis-imidoyl halides 

based on oxalic acid: here the reaction proceeds under mild con- 

ditions *?:*7°, 

Et 
an 

te a O Fs 

N CONHEt 
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This reaction can be rationalized in terms of ylid formation from the 

bis-imidoyl halide, thus: 

Et 
CiC=NEt a, 

f =NEt 
C4N—CHMe ——> ea. 2 ad omits Or Me 

Cc] \t C=N—CH Me N 
H es 

Biv 

3. Quinolines 

Quinolines are produced by self-condensation of certain N-aryl 
imidoyl halides. Thus Bischoff and Walden*?® reported that phos- 
phorus pentachloride and glycollic anilide gave a yellow crystalline 
compound, C,,H,;Cl;N., the hydrochloride of a colourless quinoline. 
The reaction may be rationalized in the following way+?®: 

HOCH,CONHPh —<2> [CICH,CCI=NPh] <= [CICH=CCINHPh] 

(NHPh 
eI | NHPh 

e Cl Se @l CCHCI HCl 
oACa— Olea N Se 2 Nt CHG 

H Cle 
—_—_—— ——“’ 

NHPh Sn/HCl Greta tolais 

N M NHPh e 

GC] 

«conc. HCI Go 

@@ 2. HI N CH,Cl 

: NS 
Me 

the structural formulation resting on the chemical reactions shown. 
Several other examples of this reaction have been reported 12°, e.g 

NHPh 

PC Creiies 

CigHgs CONHPR = ico) 
POCIs, 10 days, 
room temp. N Gibise 

20% 
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B. Elimination Reactions 

1. Pyrolysis 

Reactions of the type 

PhCCIENR’ —2—> R’CI + PhCN 
and 

PhCCI=NR’R” Cl- —-> R’CI + PhCCI=NR” —*-> PhCN + RIC! 
constitute the von Braun degradation. When R’ is hydrogen (R” being 
alkyl) hydrogen halide is eliminated very readily, indeed so readily 
that compounds of the type RCCI=NH have not been isolated, while 
imidoyl halide hydrohalides of this type have been observed to lose 
hydrogen halide in refluxing benzene** or on melting®?. When both 
R’ and R” are present and are hydrogen (i.e. the imidoyl halide 
hydrohalides from nitriles and hydrogen halides) the compounds are 
stable enough to be isolated, but again undergo ready thermal dis- 
sociation: an intermediate imidoy] halide stage has not been demon- 
strated. When both R’ and R” are alkyl groups the pyrolytic 
degradation is somewhat less readily achieved, and requires tempera- 
tures < 100°, and generally ~ 150°. N-i-Butyl imidoyl halides appear 
to be an exception to this®*!, possibly because reaction via a 
cyclic transition state can occur in the syn-species (cf. 9, Section ITI.D 
but see Section VI.F). 

This reaction is discussed further elsewhere (Section II.C, Section 
VI.F). Some examples are given below. 

> 100° PhCCI=NBu-n ~~ > PhCN + n-BuCl (ref. 30) 

PhCCI=NCH,Ph >> PhCN + PhCH,Cl (ref. 122) 
PhCCI=NSO,Ph ———> PhCN + PhSO,CI (ref. 112) 

PheCHCCI=NMe > PhaCHCN + (MeCl) + (PhgC=C=NMe)2 (ref. 4) 

CCL--NCOMe ————->.CICN + MeCOc] (ref. 70) 
room temp. 

2. a o-Elimination*: ketenimine and ynamine formation 

Treatment of imidoyl halides containing an o%-H atom with a 

tertiary base causes elimination of hydrogen halide to generate the 

corresponding ketenimine, e.g.* 

MesCHCCI=NC,H,Me-p > MegC=C=NCgHaMe-p 

PhaCHCCI=NBu-n 2 > PhjC=C=NBu-n 

* The a-position with respect to an azomethine group may refer to substituents 

on either carbon or nitrogen: to distinguish these possibilities the appropriate 

atom is indicated as a subscript. 
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The reaction has also been observed as a thermal process*. N,N- 

Dialkylamidochlorides cannot generate ketenimines for structural 

reasons: under strongly basic conditions elimination occurs to give the 

ynamines 22°, The addition of hydrogen halide to the latter regenerates 

the amidochlorides. 

+ LiNEte ; 
RCH2CCI=NR3CI- —— RC=C—NRa 

An alternative route to ketenimines starts with the a-chloroimidoyl 

chlorides; Staudinger attempted to dehalogenate such compounds 

with zinc, but had little success!2°. More recently it has been shown 

that dehalogenation occurs readily in certain instances with sodium 

iodide in acetone?**: 

PhgCCICCI=NCeHaMe-p aaa PhaC=C=NCoHMe-p 
€2gCO 

3. a,-Elimination to give |,3-dipolar systems 

In suitable circumstances elimination of hydrogen halide may also 

involve a proton from the o,-atom: 

Base x K au = 
RC=NA =a RC=N—A <— > RC=N—A 

Glee 

Examples where A is carbon, nitrogen and oxygen are familiar, e.g. 

RCCI=NCHR —H“> RXC=N—CH—R Nitrile ylid 

RCCLENNHR —UC> R—G=N—NER "Nitrile imine 

RCCI=NOH —“+ R-C=N—O Nitrile oxide 

The products undergo cycloaddition reactions (‘1,3-dipolar addi- 
tion’) which have been reviewed elsewhere+?°. Chart 4 summarizes 
an example which demonstrates the value of this process in hetero- 
cyclic synthesis (see also section V.C.). 

Huisgen and Raab?" observed that the two isomeric imidoyl 
chlorides PhCCI=NCH,C,H,NO,-p and p-NO,C,H,CCI—=NCH,Ph 
gave the same mixture of the cis- and trans-1-pyrroline isomers (13) 
when treated with triethylamine and methyl acrylate. This led to the 
remarkable discovery that the two imidoyl chlorides equilibrate with 
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one another in benzene solution in the presence of triethylamine 

(40 mol. %) at 20°. 
EtgN 

PhC—NCH CeHaNOo-p <—2— PhCHsN=CCICgHsNO2-p 
| 
Cl 

927, 8% 

A hydrogen shift in the intermediate nitrilium ylid is presumably 

involved: the equilibration does not occur in the absence of base. 

In a rather analogous way it has been shown that the N-phenyl 

hydrazidoyl chloride PhCCI=NNHPh exchanges chlorine iso- 
+ 

. . 

topically (with EtsNH®*Cl- in benzene or chloroform) via the anion: 

no exchange is observed at room temperature in the absence of bases*”®. 
This has been interpreted as follows: 

EtgN = =n 
PhCCI=NNHPh PhCCI=NNPh + Et,NH 

Adduct <—eclarophile paC==NKNPh + EtsNH + CI- 

C. Salt Formation 

Treatment of a typical imidoyl halide with hydrogen halide in an 
inert solvent leads to the precipitation of the expected immonium salt 
(amidochloride). Grdinic and Hahn®* have prepared a variety of 
hydrochlorides and hydrobromides (partial exchange with covalent 
halogen may occur ’®) in this way. These derivatives generally analyse 
as monohydrohalide salts, and lose hydrogen halide on heating. 
Occasionally imidoy] halide dihydrohalides are isolated, e.g.3?:52 

PhCCI=NPh —— [PhCCl==NHPHICI-+HC! 

Hydroiodides have also been obtained7®. However, addition of hydro- 
gen fluoride to an imidoyl fluoride gives a covalent adduct, not a salt, 
e.g.102 

Fe Fo 

ie NZ F Beer Ee N I 

H 
Two other types of salt can be generated directly. N-Alkylation of 

an imidoyl halide is reported to occur with Meerwein’s reagent to give 
an immonium salt 151, 
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Me. = EtsOBF, Me, BR 

2 ICH3CH,Cl ny 

Nard! Nine ancl 
| 
Et 

while Lewis acids capable of complexing halide ion give nitrilium 
salts 32.81.80. 

AlCl =f pee ee eS as = PhCCI=NPh CHaCle PhC==NPh_ AICI, 

F SbCl5 tm 
= — ad! = 3 = PhCCI=NPr-i CICHsCHacl PhC=NPr-i SbCl, 

FeClg 

PhNOz 
However, if the basicity of the system is reduced by electron-with- 
drawing substituents, salt formation may no longer occur. Thus 
although N-phenylbenzimidoyl chloride forms a nitrilium salt with 
boron trichloride, N-benzoylbenzimidoyl chloride gives a covalent 
adduct ??8. 

PhCCI==NPh > PhC=NPh FeCl, = 

D. Reduction 

The reduction of imidoyl halide to aldimine salt, followed by 
hydrolysis, is a classical route from acid to aldehyde, due to Sonn and 
Miiller*® (for review, see reference 132). 

reduction RCOOH —> RCONHPh —> RCCI=NPh —2uctio®. RCH=NPh-HX 22> RCHO 

Both stannous chloride and chromous chloride have been used in this 
reduction, the latter being the more effective reagent '*°. The method 
is not suitable for preparing aliphatic aldehydes of the type R’CH,CHO 
or RSCHCHO (see Section IV.A) but has found some success with 
aB-unsaturated aldehydes. Thus it was employed by Kuhn and 
Morris!** in their synthesis of vitamin A. 

| = CONHC,H,Me-o 
i oe PCls 

0°, CeHe 

\ CCI=NC,H,4Me-o 
CrCl 
eis 

No 

es GEEOrH |. MegC=CHCHO 2 

SS i Ee " base Ss ce “= — 

2. Al(OPr-i)3 

Vitamin A, 

21+C.C.N.D.B. 
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Other examples of the Sonn and Miiller reduction are shown below: 

as a preparative method, however, it has largely been eclipsed by 

controlled reduction with metal hydride reagents**?. 

PhCH=CHCCI=NPh 22°25 phCH=CHCHO (ref. 46) 
927, 

n-CgH,CH=CHCCI=NCgHaMe-o “2> n-C3H;CH=CHCHO (ref. 133) 
50%, 

PhN=CCl Ph CHO Ph 
SnClo 

ae (ref. 135) 
ws en ; 

Reduction of N,N-dialkylamidochlorides with lithium aluminium 
hydride in ether gives the corresponding tertiary amines as the major 
products ??8, 

PhCCI=NMe,] CI- HAM*S parcH,NMe, 
[ EtgO 

E. Nucleophilic Substitution at C—N 

The most characteristic reaction of the imidoyl halides, and one in 
which they show many similarities to the acyl halides, is substitution of 
halogen by a nucleophile Y, which probably occurs in general in a 
manner approximating to an Syl process, as follows 

RCCESNR’ ——— > pee <— > RC=NR’] Ss Re CeNp’ Scr 
Cl- Cl- \ 

An analogous reaction occurs with the immonium salts which, due to 
the charged system, are even more reactive: since an Syl step in this 
case requires a doubly charged intermediate, an S,2 process seems 
more likely: 

Y Y 
Ne ae e : 

RESNR, Cl SRC ARR: ape Cl- 
NS 

Cl Cl “ir; 

The reactions with water (> amides) and amines (> amidines) are 
commonly used to prepare derivatives for characterization purposes. 
In the following summary the reactions with various nucleophilic 
reagents are considered in turn. 
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I. Halide exchange 

Little work has been done on this, but an exchange process has 
occasionally been used to prepare imidoyl fluorides, e.g.24:186 

Fe F, 

eye ni? Ct Fs NZ : 

AgF CBr.=—N—N—CBr,, ae as Cho—N—N—GBrr —-..> CFo=—=N—N—GF. 

2. Water 

Hydrolysis is undoubtedly the most carefully studied substitution: 
the typical imidoy]l halides react rapidly and the characteristic product 
is the amide: 

RCCI=NR’ 22s RCONHR’ 

RCCI=NR; Cl- 22> RCONRY, . 

However, in the special case of amidochlorides derived from nitriles, 
an alternative pathway is open. The water may function merely as a 
base to remove hydrogen halide, and the nitrile may be re- 
generated7?-7*, It is often accompanied by some amide, however, 
especially if the water is not in excess ®?:187, Amide hydrochlorides are 

eo MeCN 

MeCCI=NH, ci- —2 

ee MeCONH,; 

frequently isolable as intermediates and their formation and properties 
have been reviewed2°. The iminophosgenes are also rather a special 
case: thus N-phenyliminophosgene does not react noticeably with cold 
water, but on heating gives the corresponding amine and sym-urea, 
thus ***- 

—COz 
PhN=CCl, ———> [PhNHCOCI] ——> [PhNHCOOH] ——= PhNH, 

PhNHCONHPh 

The kinetics of hydrolysis of a series of imidoyl chlorides have been 
measured in aqueous acetone by Ugi, Beck and Fetzer’, and some of 

their results are given in Table 2 (initial pseudo-unimolecular rate 
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TaBLe 2. Rate constants for hydrolysis of imidoyl halides. 

(10--10-* mole/l) in aqueous acetone (yH2O = 0-333) 
Temp. Initial rate const. 

Imidoy] chloride (a) kgo0,0 X 10*s~? 

I. CCON-{ —50 8800 

caIccn{ —20 0-000003 

2. eicclen{ —50 8000 

rerccln-{ —50 6300 

euccln—{ — 50 3200 

3. MeCOCCI—=N—Bu-n — 20 0-15 
MeCOCCI]—N—Bu-i —20 115 

4, PhcCl—N—Bu-n —20 400 
PhCCl—N—Bu-t —20 550 

PrCcIN-{ —20 420 

PNOCHCC-N-{ 0 28 

5. PhCCI=NPh ~20 3-8 
PhCCI=NC,H,NO,-p —20 0-18 
PhCCI—NC,H,OMe-p 20 25 
p-NO,C,.H,CCI=NC,H.NO,-p 220 0-00237 

constants). The rate is not much affected by steric hindrance at the 
@q position (e.g. item 2) and a possible steric acceleration is observed 
on increasing the bulk of the N-substituent (items 3, 4). Electronic 
effects are, however, very important (items 1, 4, 5): electron-with- 
drawing substituents at carbon or nitrogen (CCl3, MeCO, 
p-NO,C5H,—) generally cause a pronounced decrease in reactivity, 
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while electron donors (Me, p-MeOC,H,—) increase the rate of 
hydrolysis. These observations accord with an Syl mechanism: and 
in some cases first-order kinetics are reported (e.g. hydrolysis of 

CCl,CclI-N—(_); aminolysis of PhCCI=NPh). In most cases, 

however, the hydrolysis deviates from first-order as the reaction pro- 
gresses, due to inhibition by chloride ion. Ugi, Beck and Fetzer have 
suggested a two-stage mechanism involving a nitrilium ion pair inter- 
mediate to account for these observations: 

k + 
RCCI=NR’ = eo Ao ThO. RCONHR’ + HCI 

ies c- 

The reactivity order measured here and observed qualitatively in 
other such nucleophilic substitutions is thus as follows: 

AIkCCI=NAIk > ArCCI=NAIk > ArCCI=NAr 

3. Alcohols and phenols 

The imidoyl halides react with alcohols and phenols (preferably 
as the alkoxides or phenoxides) to give the corresponding imidates, 
e.g. 

EtOC—NPh 
Naor | (ref. 139) 

CCI=NPh | PaMe ” ~ELOC—NPh 

CCl=NPh PhOC=NPh 
NeOPh” PhOC-—NPh oe 

PhCCI=NPh “ZO=> PhC(OEt)=NPh (ref. 140) 

CCI-=NPh N28 ELOCCI=NPh (ref, 141) 

PhCCI=N(B-Naphthyl) <=> PhC(OPh)=N(f-naphthy!) (ref. 142) 
EtOH 

Phenols may, under different conditions, undergo ring substitution 

(see Section IV.E.15). 
N,N-Dialkylamidochlorides behave differently: the product of the 

initial substitution is a N,N-dialkylimmonium salt (14) which under- 

goes addition to give the amino acetal, e.g.**° 

OM 
HCCI=RIMe, CI- -N22M®. HC(OMe)—=NMez CI- 2s (MeO)2CHNMez 

(14) 
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Alcohols readily substitute amidochlorides of this type to give the same 

type of immonium salt as 14: this reacts with water to give the cor- 

responding ester, and with hydrogen sulphide to give the correspond- 

ing thioester 1*®. 

EtCCI=N+ ) Cr Tyg” EtC=N scr 

H,0 | sss 

EtCOOEt EtCSOEt 

88% W27o 

4. Amines 

Ammonia and primary and secondary amines react with imidoyl 
halides to give amidines. Pechmann used this route in his studies on 
the tautomerism of amidines*:1*". Even the labile imidoyl halides, if 
they are reacted with an amine as soon as they are formed, give the 
expected compound, e.g.” 

NC,HsMe 

CH CCIENC IH Me tcc 

NHCy oH, 

Many other examples are available, e.g. 

PhCCI=NPh —“2> PhC(NH,)—=NPh (ref. 90) 

Ar Vv | \ N 
ArCCl=NAr ech eats os Ar J (ref. 144) 

A : 
NC,H,OEt-p 

MeCCI=NCyH,OEt-p + p-NHsCgH,COOEt S#H#s Mec” (ref. 18) 

NHC,H,COOEt-p 

PhNH MeCOCCI=NOH ==> MeCOC(NHPh)=NOH (ref. 145) 



13. Imidoyl Halides 633 

5. Urethanes 
The condensation of N-(p-tolyl)benzimidoyl chloride with sodio- 

N-phenylurethane gives the expected substitution product?**: 

PhNCOOEt Na+ 
PhCCI=NCgH4Me-p Et2O PhC=NCgHMe-p 

PhNCOOEt 

Certain products of this type undergo thermal cyclization to give 4- 
quinazolones (4-hydroxyquinazolines), thus: 

OH 
CQOEt 

NH . N 
PrcClaNrn + Nanncooee #8. (| el _180° as 

LA 

N~ ~Ph N° ~Ph 
(or tautomer) 

6. Amidines 
NH ia 
| 

PhCCI=NPh + PhC(NH,)—=NH —22> PhC—NH—C—Ph (ref. 150) 

Ph 
Et,O NY 

PhCCI=NNHPh + PhC(NH,)—=NH ——> Be (ref. 151) 
ZN 

Ph N 

| 
Ph 

7. Hydroxylamines 

Hydroxylamine itself gives the amidoxime system. 

PhCCI=NPh S224, prhc(—NOH)NHPh (ref, 152) 

PhCCI=NOH 1207, phc(—NOH)NHOH (ref. 153) 
NH,OH 

SEE 
Rea 
N “Cl N~ ~NOH (ref. 146) 

| 
Me Cle Me 

N-Substituted hydroxylamines give the expected substitution products 

which cannot, of course, tautomerize to oximes. Thus the products 

from the two reactions 
OH 

| ; PhCCI=NPh + p-MeCgHgNHOH 22> PhC(=NPh)N—CeHaMe-p mp. ~ 175 
OH 

| : PhCCISNC,H,Me-p + PhNHOH 22> PhC(=NCgHaMe-p)N—Ph_ m.p. 191 

are not identical 127. 
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8. Hydrazines 

Hydrazine itself reacts with imidoy] halides to give the hydrazidine- 

amidrazone system, e.g.*°* 

PSN SN PEN 
NaH,, H20 

PhCCI=N—N ,| = PhC=N—N {| === Ph—C—NH—N | Ol oo @ 
Ph 
‘a a NHNH; es ANH, ee 

Ph 

or to give azines, e.g.**° 

N2H,4: H20 

[ I [ ee oe J 

oe N N 
MemmGln Me Me 

Both nitrogen atoms of phenylhydrazine serve as nucleophilic 

centres, but attack at the exposed electron-rich B-nitrogen predomi- 

nates 155, 
0°, EtOH 

PhCCI=NPh + PhNHNH2 ——> as PhC==NPh 

NHNHPh + N 
major 
product NH, Ph 

9. Hydrazoic acid 

Schroeter15® observed that treatment of N-phenylbenzimidoyl 

chloride with sodium azide in amy] ether gave 1,5-diphenyltetrazole, 

thus: 

PhC—=NPh NaN 
PhCCI=NPh > | | — dO (ref. 156) 

Ns Phin hy 
| 
Ph 

NN 
NaN 

PhCCI=NOH —.9> \ (ref. 148 FO” op AO ) 
| 
OH 

Hydrazoic acid has also been used as the reagent, and this consti- 
tutes a valuable synthesis of 1,5-disubstituted tetrazoles+®*:1°7, Such 
tetrazoles are convenient precursors for certain carbodiimides, e.g.®° 

N=N 
ake \ -210-220°,, PhN—=C==NPh 

ee 707, 
| 
Ph 
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10. Hydrogen cyanide 

Substitution by cyanide occurs satisfactorily even in aqueous or 
alcoholic solution, e.g. 

KCN PhCCI=NPh zoo PhC(CN)=NPh (refs. 158, 159) 

PhCCI=NCgHaBr-p —s>—> PhC(CN)=NCoH,Br-p (ref, 160) 
Et20/H20 

N,N-Dialkylamidochlorides give dicyano derivatives 1%, 

CHCI=NMe, Cl- SSS THC(CN)=NMe,] Cl- ONS (CN),CHNMes 
a reaction which parallels the formation of aminoacetals (see Section 
IV.E;3); 

In the presence of a suitable heterocyclic base (pyridine, quinoline, 
isoquinoline) N-phenylbenzimidoyl chloride and hydrogen cyanide 
give an immonium salt (e.g. 15 from quinoline) +°9-162. The reaction is 
analogous to the formation of Reissert compounds using acy] halides. 

nse PhCCI=NPh 
HCN 

N 

4,0" > PhCHO ‘OO 
taal N COOH 

PH ae OO. 
CN 

te 

The product 15 shows no band in the 2200 cm~? region, and prob- 
ably exists in the isomeric cyclized form 16. 

SS 

N NH 

)=n* Gir NS 
sis Ph 
(16) 

11. Carboxylic acids 

Salts of aliphatic and aromatic acids give initially the isoimide 

which readily rearrange to give a diacylamine, thus**°°°: 

PRCCI=NPh + PhCH=CHCOONa ——> [PhC(=NPh)OCOCH=CHPh] ——> 
PhCONPhCOCH==CHPh 

PhCCI=NCH,Br-p ert > PhCON(CoHBr-p)COCeH.Br-p 

Ze 
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In a recent example (with 2,4-dinitrophenyl as the N-substituent) 
it has been possible to isolate the intermediate isoimide and to study 
its rearrangement to the diacylamine+**. The rearrangement may be 
rationalized in terms of the following steps: 

h 
ArCOOA Ss 

PhCCI=NC,Hs(NO,). 2 ae eres 
OCOAr CsH3(NOz)2 

Ph H3(NO.) 
Ph CeHs(NOz)o Ni a oth ie3 7 oaHa(NO2)a2 ae Cae 

C=N ea es —— > PhCON 
La fe ilteas \ 

OCOAr O oe COAr 

Ar 

Salts of dialkylphosphate esters behave rather similarly, and O > N 
migrations have been observed12’. The imidoyl dialkylphosphates can 
be isolated in certain cases, however, and function as phosphorylating 
agents, e.g. 

PhCCI=NPh + (PhCH2O),PO,Ag ——> Ph—C—=NPh 

b 
OP(OCH.Ph), 

(PhO)2PO3H 

EOS ee rte 

O 

O O 
+ | | PhCCI=NMe + EtgNH(PhCHz0)2PO.~ —————> (PhCH,0)2P—O—P(OCH.Ph)a 

When the free carboxylic acid is used the reaction takes a different 
course and the corresponding acyl chloride may be isolated 16°, Pre- 
sumably halide ion attacks the intermediate protonated isoimide 
thus: 

+ 

PHCClasNPh ieee. PhC==NHPh 
| PhCONHPh 
Q) (¢ — + oy PhCOC| (90% yield isolated) 
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This process has been evaluated 1® as a mild method for generating the 
acyl halide function for subsequent peptide synthesis, but it appears 
to have found little application. 

Me Me 

t-BuCCI=NPh Teen ate fu |. NHacHCOOCHaPh 
2. Ha/Pd 

room temp. 

Tosylalany! alanine 

The catalytic effect exerted by dimethylformamide on the formation of 
acid chlorides from acids and thionyl chloride®? may be attributed to 

the intermediacy of the amidochloride CHCI—NMe, Che. 

Me,NCHO <*> Me,N—CHOSOCI 32> Me,N=CHCI I 

clr RCOOH |scoon 

—SO, 

RCOCI + Me,NCHO 

12. Hydrogen sulphide, thiols, thioacids 

The reactions are broadly similar to those of the oxygen analogues. 
Thus hydrogen sulphide gives thioamides: 

PhCCI=NPh 22> PhCSNHPh (veh 166) 

H,S 

ey CHCl, (ref. 146) 

N Cl N 5 

Me <Cl= Me 

In spite of an early report to the contrary *®°, thiols appear to react 
as . 

in the expected manner. The amidochlorides RCCI—NR, Cl- give 

intermediates which may be cleaved with water or with hydrogen 

sulphide ?*°. 

H,0 

PhCCI=NMez Cl- a> PhC—NMe, Cl- —22> PhCOSPh (61%) 
2 

SPh 

SEt 
| celal 

EtCCleN+ ) 9 => ELC=N+ —=+ ELCSSEt (86%) 
; cr cr 
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Taken with the analogous reactions of the ternary imidate salts (see 

Section IV.E.3) this provides an elegant route to each of the three 

sulphur analogues of carboxylic acid esters (ic. RCOSR’, RCSOR’, 

RCSSR’) from a common intermediate. 

Salts of the thioacids react in an analogous way to those of car- 

boxylic acids: the initial substitution product rearranges to give the 

diacylamine analogue, thus: 

PhCOSK 
PhCCI=NPh —PEOSK 5 rphc=NPh] ——> PhCSNPh (ref. 167) 

ele 

poe | dcopn COPh 

ELOCCI=NPh —ChCSSaP . EtQC—=NPh ——> EtOCSNPh (ref. 168) 
CgHe—/CHCls 

SCSPh CSPh 

13. Phosphites!©® (Michaelis-Arbuzov reaction) 

N-Phenyl and N-methylbenzimidoyl chlorides react with trialkyl 

phosphites to give the corresponding dialkyl phosphonates, thus: 

ci- 
uN 

(EtO).P—O—CH,Me 

p-MeCgHgCCI=NPh + (EtO)3P > BS MeGeri ats 

Ss (Et0),PO 

p-MeCgH4C=NPh 

The products are readily hydrolysed to the benzoyl phosphonates 
which may be isolated as the 2,4-dinitrophenylhydrazone derivatives. 

14. Carbanion reagents 

Compounds containing activated methylene groups readily con- 
dense with imidoyl] halides in the presence of base. The products from 
B-dicarbonyl compounds have generally been formulated with C- 
substitution (e.g. 17) but there is evidence that O-substituted com- 
pounds (e.g. 18) are also formed in appreciable amounts in certain 
cases+7®, and this may not always have been recognized in the past. 
Either type of substitution product appears to suffer cyclization to the 
quinoline system on heating. 
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PhC—NPh PhC=NPh PhCCI=NPh ASCHCOOR, + | 
| ox MeC=CHCOOEt Ac ‘COOEt 
(18) (17) 
| A | 
OH OH 

Commoods 
N Me N Ph 

This route to 4-hydroxyquinolines has been of some importance !"4; 
the following examples are illustrative: 

OH 
; COOEt CH(COOEt) NaCH(COOEt), 2s A PhCCI=NPh ec -+- ig £174 Pre PRC=NPh oor se 

N=CCIPh 

NaCH(COOEt), 
PhMe 

i 
Ph 

on . COOEt 

N'  CH(COOEt), 4 Cay) ref, 171] 

CO Ooo in 
OH 

I NaCH(COOEt), N 

Genin) i es ek fait) Gig) BOCES Zoe 
N 

N=CCIPh EtOOC OH Ph 

(ref. 172) 

N-Phenylhydrazidoyl chlorides give pyrazoles under mild con- 
ditions in a reaction which can be rationalized as a 1,3-dipolar cyclo- 
addition. 
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EtOOC —~Ph 

PhCCI—-NNHPh se es (ref. 170) ie NaOEt : 
Me ZN 

Ph 

CN Ph 
CH2(CN)2 \ ; PhCCI—=NNHPh Stele, HON (ref. 173) 

HaN~ 7 
| 

Ph 

15. Friedel-Crafts reactions 

Activated aromatic systems (phenols, phenolic ethers, amines) 
readily undergo Friedel-Crafts reactions with imidoyl halides, usually 
in the presence of a Lewis acid catalyst such as aluminium chloride, 
e.g. 

PhC==NPh 

el _PACCI=NPh on (ref. 176) 

AICI, ELO 

1, PRN=CCICCI=NPh 
___CaHelAICle Ole 
— 20RNe (ref. 177) 

PhCCI=NPh 
—_—_——> 

PhNMez AlCl, CS, 

ten) che NPh —= 

Neither the imidoyl halide hydrohalides nor the ternary immonium 
salts require an aluminium halide catalyst, e.g. 

COPh (ref. 178) 

he s 1, PhNMeg 
PhCCI=NHPh Cl-+HCl wana, PhCOCgH4NMe.-p 

37 

fr v — 1. PhN(Bu-n), 
Me,CHCCI=N Gl "2 hydrolyse MescHco—{(*) Neu) (ref. 146) 

(ref. 32) 
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This, together with the related Vilsmeier—-Haack synthesis (see Section 
VI.D), constitutes an important synthetic approach to aromatic 
aldehydes and ketones. 

F. Substitution at the a,-Carbon Atom 

Imidoyl halides with hydrogen at the a -carbon are readily sub- 
stituted by chlorine and bromine: indeed ag-halogenated products 
often result directly in preparations from amides with phosphorus 
pentachloride (see Section II.A). 

[MezCHCCI—NEt] —“2-> Me,CBrCCI=NEt + Me,CBrCBr=NEt (ref. 111) 

MeCH,CCI—=NMe, a> MeCClaCCI=NMe, 22> MeCCI,CONMe, (ref. 121) 

Cl Cl 

Fluorine has been observed to exchange halogen and to add to the 
azomethine group ®. 

PhCCI=NBu-s —2=> PhCF,NFBu-s 

Photochemical chlorination results in extensive or complete halo- 
genation of alkyl groups, often with a shift of the azomethine bond, 
eg 

| 
PhCH,N=CCl, he PhCCIAN=CCl, <r PhCCI=NMe 

PhCCI=NEt —S2-> PhCCIzN=CCICCl, 
vy, 4 

Substitution at @g-methylene or ap-methine groups has also been 

observed in self-condensation processes (see Section IV.A); and in 

reactions with diazonium salts’??. 

EtCCI=N a , ee peg ea > ec - H,O ae ) 

; N—NC,H,NO,-p I 
cl NHC,H,NO,-P 

G. Miscellaneous 

Imidoy] halides appear to give Grignard derivatives, but little study 

has been made of these. Thus N-phenylbenzimidoyl chloride gives a 

magnesium derivative which reacts with water to give the correspond- 

ing azomethine?”®. 
20 

PhCCIENPh —“2-> PhCMgCI=NPh —2—>> PhCH=NPh 
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However, complications may be expected to arise since imidoy]l 

halides are known to react with Grignard reagents *®. 

PhCCI=NPh 28" PhC(—=NPh)Ph 

PhCCI=NPh —hCHeMeCl . phC(—NPh)CHaPh 

N,N-Dialkylamidochlorides??* react with Grignard reagents to give 
tertiary amines accompanied by the aldehyde (or ketone) correspond- 
ing to mono-substitution, e.g. 

I. PhMgBr, Et2O + 

[CHCI=NMeg] Cl 55 PheCHNMe, + PhCHO 
Bay, 18%, 

V. HETEROCYCLIC SYNTHESIS 

It will perhaps be evident from the chemistry discussed in Section IV 
that imidoyl halides may frequently serve as precursors for hetero- 
cyclic systems, and it is pertinent to outline some of the more useful 
approaches. 

A. Intramolecular Condensation 

Several of the syntheses involve intramolecular condensation, and 
examples have already been met (see Section IV.A) leading to imina- 
zoles and quinolines, e.g.12° 

NHPh 

PhNHCO(CH,)s;CONHPh ——*> OOD 
N 

seg 

Imidoyl halide hydrohalides derived as intermediates by treating 
appropriate dinitriles with hydrogen halide (usually HBr or HI) may 
also give cyclic products, the cyclization being visualized as follows: 

| HBr By) 1 | ee ce a 

CN CN ae "Br a are 
H,N+ N Br- 

Br (or tautomeric arrangement) 

It has been used to prepare pyridines, isoquinolines and benzaz- 
epines, 
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(NCCH,),CHOH #8", oO (ref. 181) 
Bee NH, 

CH,CN NH, 
_HBr i) 

ref. 182 oc ee me 
Br 

ee ane 

or *N Br (ref. 183) 

CH,CN 

Examples of intramolecular Friedel-Crafts reactions are also 
available ?15. 

ie, 

B. Nucleophilic Substitution followed by Cyclization 

The most general route involves nucleophilic substitution of halogen, 
followed by a cyclization at either the nitrogen atom (19) or an N- 
substituent (20). 

R Cl R. A R A 
x. poms ei ) Nae 

ean Coyeaoes | 
Za . a eed as 

R’ R’ R’ B 

| (19) 

R. VA ans A 

Bets) 

(20) 

Examples of type 20 leading to quinazolines (from urethanes, 

Section IV.E.5) and quinolines (from f-ketoesters and dialkyl 

malonates, Section IV.E.14) have already been encountered. Thus 



644 R. Bonnett 

Elderfield and his colleagues !®* used this route—without isolation of 

the intermediate—in work on synthetic antimalarials, e.g. 

OH 

I, NaCH(COOEt), COOEt 
PhMe 

oO. 2. 180-190° as) 
Cl N==CCIPh Cl N Ph 

while Meerwein and his colleagues have shown that the reaction of 

N-aryl imidoyl chlorides with nitrile-Lewis acid complexes is an 

excellent route to the quinazolines?2*. N-Substituents other than aryl 

may be involved in the cyclization, e.g.*®° 

NH,OH N™~ 
PhCCI=NCH,CH,SO,Cl > ae 50, 

Products of type 19 have been met in the 1,5-disubstituted tetra- 
zoles (from azides, Section IV.E.9), whilst 1,2,4-triazoles are formed in 
a similar way from hydrazides, e.g.1®° 

NH—NH, 

Bu—CO Gl o-CeH,Cla IS 

—— 

Noo Dn 
(CH,)aNEta | (CH,)aNEta 

1,2,4-Triazoles are available in another and intriguing way from 5- 
phenyltetrazoles. The latter react with imidoyl halides, presumably to 
give the substitution product 21. This, however, is unstable and loses 
nitrogen to give the 1,2,4-triazole in good yield (~ 80%), possibly in the 
manner shown. Many examples of this reaction have been given?1®, 

Nex [Ph-C=N—Ph] 
Ph) | < Rn 

te NON 2 =Nz + PhCCI=NPh —————> NS N Na PaceN—A) 

N Ng 
PH Ce 

(21) N—Ph 

| 
oo 

| 
Ph 
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The N,N-dialkylamidochlorides salts do not react in the generalized 
manner outlined above, since the nitrogen atom may be eliminated as 
secondary amine, i.e. 

B 
peer eg as pl 7 - 

eX —RgNH Se 

a8 A 
SA 

(contrast, for example, the formation of the 1,3,4-oxadiazole system in 
Chart 5 with that of the 1,2,4-triazole system (above)—both from 
acylhydrazines). Chart 5 illustrates some reactions of this type which 
proceed by way of the imidate salt1*®. 

PhCCI=NR,CI- 

ee 

[PhC(OEt)=NR.CI7] (Oh as 
PhCONHNH3 

N—N 
OL Co O..; “Od- t ,. OM 

2,5-Diphenyl- 2-Phenyl- 
|,3,4-oxadiazole benzoxazole 

(907%) (827) 

Q Ph 

or 
Ph spiel re 

4-Hydroxy-2-pheny] (87%) 

quinazoline 

(797) | 
Cuart 5. Elaboration of heterocyclic systems from N,N-dialkylimidoy] halide 

salts 146, 

The addition of 1,3-dienes to imidoyl chlorides (postulated as inter- 

mediates but not characterized) is reported to give dihydro- 

pyridines **°. 

M Me 

ee Ort POCIs 
SS Ey Me R Me R 
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C. |,3-Dipolar Cycloaddition*”° 

The elimination of hydrogen halide from N-benzylbenzimidoyl 
halides gives the corresponding nitrile ylides; some cycloaddi- 
tion reactions of this system, leading to compounds of the pyrrole, 
iminazole and oxazole series have already been outlined (see Section 
IV.B.3 and Chart 4). In an analogous way the N-phenylhydrazidoyl 
chlorides ArCCI—NNHAr eliminate hydrogen halide to give the 
nitrile imine: this may dimerize to the dihydro-1,2,4,5-tetrazine, but 
in the presence of dipolarophiles it gives heterocyclic systems 
(pyrazole, 1,2,4-triazole and 1,3,4-oxadiazole nuclei) as shown in 
Chart 6. 
N-Hydroxyimidoyl halides give nitrile oxides in the presence of 

base. These dimerize readily to give furoxans, but under suitable 
conditions can be made to add to dipolarophiles to give compounds of 
the isoxazole, 1,3,4-dioxazole and 1,2,4-oxadiazole series (see Chart 7). 
There can be little doubt that the broad scope and excellence of yield 
associated with the dipolar cycloaddition reaction has added con- 

PhCCI=NNHPh 

EtsN 

ee 

[PhC=N—NPh] 

PhC=CCOOEt Me,C=NPr-i 

EtOOC Ph i-Pr 
norbornene CH=CH, PhCHO N Me, 

N en Ph aN 7 
N= Ph OG NS ee 

86%, 84%, 

Ph ees! Ph 
O 

/ Ph SN Pe 
~ Ph Pho NY site 
7 

Ph SIE 15s 

ae 

Cuart 6. Some 1,3-dipolar cycloaddition of nitrile imines. 
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siderably to the value of imidoyl halides as precursors in heterocyclic 
synthesis, 

PhCCI=NOH 

base 

ot — phd oe PP TEU ts sae 

O 
ar Ph 
\007, 977, 

Cuart 7. Some 1,3-dipolar cycloadditions of nitrile oxides. 

VI. IMIDOYL HALIDES AS REACTIVE INTERMEDIATES 

It is as unstable, sometimes hypothetical, intermediates that the imi- 
doyl halides are most commonly met, and it is perhaps this role which 
has led to a general feeling that they are best avoided as well-defined 
precursors. In the following reactions the intermediacy of an imidoyl 
halide has been proved, or is at least quite reasonable; since with this 
series of reactions we are once more on familiar bound only an outline 
treatment will be given. 

A. The Beckmann Rearrangement 

When the Beckmann rearrangement is carried out with phosphorus 
pentachloride, phosgene or thionyl chloride the imidoyl halide may 
be isolated as an intermediate, so satisfactorily, indeed, that this 



648 R. Bonnett 

constitutes a minor preparative method (see Section II.G.6). The 
reaction might have been expected to proceed as follows *%°: 

Roch R—c—pr Deckman RCCleNY 2 RCONHR’ 
— HCl Tl —POCI3 

HON N 
Za 

PCI,O 

but there is evidence?2?° the mechanism is more complex than this. 
Amidines are formed as by-products®?, and arise as indicated pre- 
viously (see sections II.A, IV.A.1). The trans nature of the migration is 
indicated by the rearrangement of the two oximes of phenyl 2-pyridyl 
ketone and the isolation of the appropriate imidoyl chlorides (as their 
hydrohalides) °’. 

O..#O a co oo: <2 N=CCIPh HCI 
NOH 

Cla Gr = ae ee <2 CCI-=NPh: HCI 
HON 

The intermediacy of imidoyl halides is also suggested by trapping 
experiments, although these are generally less definitive. Thus 2- 
chloropiperideine from cyclopentanoxime has been trapped with 0- 
aminobenzyl chloride hydrochloride 187: 

NOH CH,Cl Ont e PCI; OO. | NH, + le, mae 

ee 
Noo Si 

B. The Stephen Reduction 

This aldehyde synthesis (for a review, see reference 132) was inter- 
preted by its discoverer’®® as proceeding via the imidoyl chloride; 
while this must still be regarded as an acceptable explanation (al- 
though it seems preferable to write the imidoyl chloride as its hydro- 
halide: see Section II.E.1) 

a = + RCN + 2 HCl ——> RCCI=NH, Cl nC (RCH=NHg)e SnCl,2- 
Et2O 

H20 

RCHO 
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it must be noted that, since a Lewis acid is present, a nitrilium ion 
. . + 

intermediate (RC==NH), Sn™Cl,?~ is also a reasonable possibility. In 
this case the overall reaction would be: 

+ 

(RC=NH)o SnBCI2~ + 4 HC! S25 (RCH=NH,)s SnIVClg2- + SnCl, 

C. Interaction of Amines with Trihalomethyl Functions 
Primary and secondary amines appear to react with compounds 

containing a trichloromethyl group with the intermediate formation of 
imidoyl chlorides. Thus benzotrichloride reacts with aniline to give 
N,N’-diphenylbenzamidine, presumably via N-phenylbenzimidoy] 
chloride?®°. 

PhCCly o> [PhCCI=NPh] NY? phc(NHPh)—=NPh 

With secondary amines the reaction may be used to go directly from 
methyl to N,N-dialkyl amide?®?. 

Me EE Me Ets 
S$O,Clz e IO, | OI PhCH,OOC N Me PhCH,OOC NCCI, 

H 

Me Et Me Et 

- | H,0 Ree | oie PhCH,OOC N CCI=NMe, PhCH,OOC “Ky ~(CONMe, 
H 

D. Reactions with Nitrile-Hydrogen Halide Systems 

It has been shown (Section II.E.1) that, under certain conditions, 
imidoyl halide hydrohalides may be isolated from nitrile-hydrogen 
halide systems. It is often assumed that when such systems are used 
directly as a reagent the imidoy]! halide is formed and functions as the 
reactive intermediate. The Stephen reduction (see Section VI.B) is 
such a case. The formation of imidate hydrohalides from nitriles, 
hydrogen halides and alcohols under anhydrous conditions is another 
example (although it is alternatively shown as a one-step process *°*) ; 
as is the hydrogen halide-catalysed polymerization of nitriles to s- 
triazines ®’. Again the reaction of carboxylic acids: 

RCN + HCl + 2 R°;COOH ——> RCONHz2-HCI + (R’CO)20 

RCN + 2 HCI + R‘’COOH ——> RCONH,-HCI + R’COCI 
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rather resembles their reaction with imidoyl chlorides (see Section 
IV.E.11), although in the present case mixtures of anhydrides and 
acyl halides are often observed as products 19°. 

Imidoyl halides may react in the Friedel-Crafts manner with aro- 
matic nuclei (see Section IV.E.15) and related substitution processes— 
usually requiring an activated aromatic system—are known where a 
nitrile-hydrogen halide mixture is the reagent. Both the Hoesch 
ketone synthesis1+®* and the Gattermann aldehyde synthesis+®° may be 
envisaged as proceeding via an imidoyl halide intermediate. This 
mechanism appears to be reasonable (although, again, in those cases 
where Lewis acids are used the nitrilium cation may be the attacking 
species). Thus it has been shown that interaction of acetimidoyl 
chloride hydrochloride and resorcinol gives the substitution product 
directly 77"°%, 

HO 

os 
MeCN HCL, MeCCIENH, Cl> — => 

HO HO 

res _(O)-o _H:0 , peco()-on 
< NH. Giz 

Low temperature conditions and the formation of the imidoyl halide 
hydrohalide im stu as a preliminary step appear to improve the re- 
action, as would be expected on the basis of this mechanism1°°, The 
use of a zinc chloride catalyst also increases the yield; an examina- 
tion*®? of the complexes formed in the system PhCN-ZnCl,-HCl 
appears to suggest that (at —5°) the nitrilium trichlorozincate is not 
an important intermediate. 

The Gattermann reaction is more complex, and the present position 
is still somewhat confused *®°. Hinkel and his colleagues put forward 
various proposals*®® and concluded?9° that the intermediate was a 
derivative of the sesquichloride 2HCN -3HCl which was itself written 
as CHC]LNHCHCINHg. This substance has been formulated 2° as the 
hexahydro-s-triazine derivative (22) 2°, but recent infrared work 219 
accords with the earlier’? amidinium salt structure Clh,CHNHCH= + 
NH, Cl-. 
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HCN + HCl ——> [HCCI=NH] ——> 

oe ie SHC) CC) 
cM NXAN 

Cl 

(22) 
Moreover, aluminium chloride is known to form complexes with the 
reagents*°®. Nevertheless, the formation of formimidoyl chloride as 
an unstable intermediate appears reasonable: whether it is the only, 
or even the major, electrophilic species in the Gattermann reaction 
remains open to doubt. 

An alternative route to imidoyl halides required as intermediates in 
aromatic substitutions starts with amides. Thus the interaction of 
formamide and phosphorus oxychloride has been envisaged to generate 
formimidoyl chloride which then attacks f-naphthylamine as 
follows ?°?: ; 

suiseae, oon -~6F 

The Vilsmeier-Haack synthesis?°? also falls into this category: 
typically (but not exclusively) an activated aromatic system is formy- 
lated with dimethylformamide and phosphorus oxychloride, although 
DMF/COCI, and DMF/SOCI, may also be used *?. In the last two 

cases the amidochloride (CHCI—NMe,C1-)is a likely intermediate: 
indeed recent n.m.r. studies?#° have indicated that this is formed 
rapidly in the reaction with phosgene, but that with thionyl chloride 

an intermediate salt, formulated as CHCI—NMe,OSOCI-, may be 
obtained. This loses sulphur dioxide, giving the amidochloride, at 
40-50° in vacuo. The first intermediate in the amide/POCI, reaction 

HCONMe, £2S%>+ CHCI=NMe,Cl” 
|:0c. 40-50° as 

2 

HCCI=NMe, OSOCI- 
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is more stable, but there has been some controversy about the detail 

of its structure. Of the two reasonable alternatives, 28a and 238b, the 
former has been generally favoured $*:2°% although the evidence for it 
is not compelling: n.m.r. evidence has been presented ?#° which has 
been interpreted in favour of 23b (R = H, R* = Me) for the product 

RC=NR} RC=NR3 
l Cl- l OPOCI,~ 
OPOCI, Cl 
(23a) (23b) 

from dimethylformamide and phosphorous oxychloride. However, it 
would not be surprising if both 28a and 23b were present in propor- 
tions depending on the nucleophilicities of the anions concerned, on 
the substituents, and on the conditions. It is of interest that the 
corresponding intermediate from formamide (28a and/or 23b, 
R = R! = H) leads to adenine in remarkably good yield (43:57) 
when formamide and phosphorus oxychloride are heated together in 
a sealed tube 222. 

E. Reaction of Triphenylphosphine with N-Haloamides 

Trippett and Walker®°* observed that N-bromo derivatives of 
primary amides, when treated with triphenylphosphine (or an equiva- 
lent reagent), gave the corresponding nitrile together with triphenyl- 
phosphine oxide. They interpreted the reaction as a nucleophilic attack 
at enolate oxygen with concomitant loss of bromide, thus: 

Gi PPag 

b CeHs 2 Ph-C=NCBr ——*—» PhCN + PhsPO + Br 
15 min 

More recently, Speziale and Smith7® have found that when N- 
halo derivatives of secondary amides are treated with triphenyl- 
phosphine the imidoyl halide is formed, e.g. 

PhgP 
PhCONCIEt eg Ps PhCCI=NEt + PhsPO 

50° 
and, since in this example enolization is not possible, they have put 
forward a reaction mechanism in which attack is initiated at halogen, 
thus: 

0 ; wp & rhs o<Phhs 
Tet PN St CNet Ph—C¥ 

SNEt 
Et 
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F. The von Braun Degradation (cf. Sections I1.C and IV.B.1) 

When secondary or tertiary amides are heated with phosphorus 
pentachloride or phosphorus pentabromide dealkylation occurs, 
thus®°; 

ArCONR ——2> R’X + ArCX=NR’ —“-> ArCN + R'X 

a reaction discovered by Pechmann?”%, but generally given von Braun’s 
name since he made the first extensive study of it. The reaction can be 
employed (a) to dealkylate secondary amines, e.g.6°:2° 

PCls 
PhCONMePh “0° > MeCl + PhCCI=NPh cbse PhNHe 

(b) to prepare alkyl halides, especially «,w-dihalides, e.g. 

£27 
co Me 2/8 PhCN + Br(CH,)zCHMe(CHz)aBr (ref. 206) 

65% 

Me Me 

| 
PhCONHCH,CHCH,CHzNHCOPh SS CICHsCHCH2CH3CI (ref. 207) 

* * 

28% 

, * * i 

CS mat o cl Maes 

40% 

and (c) to effect ring cleavage in cyclic secondary amines, e.g. ; 

bie Foe, PhCONH(CH,),Cl + C(CH,)4Cl (ref. 209) 
N 30%, 
COPh 

er PEs —> Cl(CH,)4CHCIPr (ref. 210) 
: m Pr 50% 

COPh 
Benzoyl coniine 
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CH CRZEI 
1. PCle, 135° cont 

Fo oe 1,0 (ref. J 

i, NHCOPh 

COPh 30% 

Cl cl CH,CH,CH,Cl 
|. PCls, 140° 

Glew fis < (ref, 212) 

: NHCOPh 

COPh 65% 

The aryl nitrile which is formed concomitantly may be removed by 
hydrolysis or by fractional distillation?1*, or by converting it into the 
imidate hydrochloride from which the required compound can be 
extracted with ether??+. 

The reaction is evidently a nucleophilic substitution at a saturated 
carbon atom and has attracted some attention from a mechanistic 
viewpoint. Leonard and Nommensen®’ studied (mainly) the phos- 
phorus pentabromide reaction, and, probably because the imidoyl 
bromides are rather unstable, did not observe or even postulate such 
intermediates. The following observations were made. 

(a) The yields of halide decreased as steric hindrance about the 
a y-carbon atom increased. von Braun had earlier observed that 
attack occurred at the smaller of the N-alkyl groups (see Section 
II.C). 

Che <' Br Br 787% 
, 

COPh 

seal ries, Me Se = 
Me N Me Br Br 

COPh 

Me ~-N “Me Me Br Br Me 
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(b) The substitution proceeded with inversion. 

aes Me 

PBrs 

PhCONH—CH  —o°y NE ont 
v4 Et Et 

(However, with N-benzyl substitution racemization is observed *°.) 
(c) Steric hindrance at the a-carbon atom did not much affect the 

reaction, e.g. 

Me 

Me CONHBu-n ae n-BuC] 54% 

Me 

These data accord with an Sy2 type displacement of nitrogen and 
Leonard and Nommensen put forward the following type of mechan- 
ism: 

Br as Br 

POBrs PhCN ea 
¢ Br 

Sy Brg Oe 
" 

ai OY PBr, Ph 

Vaughan and Carlson? have studied the dealkylation of secondary 
amides with thionyl chloride; here imidoyl chlorides have been iso- 
lated under the conditions of the von Braun degradation. Thus when 
N-(n-butyl)benzamide was treated with thionyl chloride, the initial 
reaction afforded sulphur dioxide and hydrogen chloride. Excess 
thionyl chloride could be distilled off leaving the imidoyl chloride, 
which did not decompose to give benzonitrile and n-butyl chloride until 
it was heated above 100°. It is reasonable to conclude that imidoyl 
halides are likely intermediates in the von Braun degradation, thus: 

Cl 
= 

ArCONMeBu oa a —— MeC!l + ArCCI=NBu 

M ef) 

Gh 
ArGCI=NBu. = a, ——- > AnCN-E BuGl 

ArC=NZCH,Pr 
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Such a mechanism is, however, not obligatory since direct elimination 
+ 

from intermediate stages [such as ArC(OPCIl,)—=NMeBu Cl-, 
ArC(OPC1,)==NBu, ArC(OSOCI)=—NBu] in imidoyl halide forma- 
tion (see Section II.A) must be regarded as a reasonable alternative. 
Such a process is essentially that shown in the second stage of the 
mechanism proposed by Leonard and Nommensen. When the N- 
substituent is readily stabilized as a carbonium ion (e.g. ¢-butyl, 
benzyl), it is possible that it may be expelled as such from the ion pair: 

Gla PhCHMeCl fel 
ACh CHPh ——> ACN + PheHMe® (nartive 

Me PhCH—=CH, 

Such a process would account for the racemization observed when 
(—)-N-«-methylbenzylacetamide is submitted to the von Braun 
degradation®°, and for the occasional reports® of olefin formation 
during the thermal elimination of N-t-alkyl imidoyl halides. 
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I. INTRODUCTION 

Early in the twentieth century, more than eighty years after the 

analogous p-benzoquinone had been prepared, Willstatter began 

extensive and productive studies of p-benzoquinonemono- and -diimine 

(1 and 2) and related compounds?-”. This long delay, in spite of a 

great deal of effort, can be understood from his observation that these 

compounds are unstable to light, water, and acids. The difficulty of 

NH NH 

O i 

(1) (2) 

preparing and handling the quinonimines and diimines also accounts 
for the fact that no further substantial studies of their chemistry were 
made until midway through the present century. 

It is our purpose in this chapter to examine the mechanisms of 
quinonediimine reactions. We are not presenting a comprehensive 
review, but a selection of the literature which in our opinion sheds light 
on the chemistry of this class of compounds. The quinonediimine 
chemistry studied prior to 1950 has been adequately reviewed ®:* with 
the exception of the following brief reports. 

At approximately the same time as Willstatter’s work on the 
quinonediimines an interesting approach was taken by Jackson at 
Harvard ®. He reasoned that heavy substitution of the ring might make 
the quinonoid form more stable. An attempted bromination of 2,6- 
dibromo-p-phenylenediamine produced a dark green precipitate 
having the characteristics of an equimolar mixture of the hydrobro- 
mides of the quinonediimine and the starting diamine (equation 1). 
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NH, NH NH, 

Br. Br Br. Br Br. Jr 
a Bra absolute *HBr + *HBr (1) 

ether 

NH, NH NH, 

Similar results were obtained with p-phenylenediamine. Not one of 
the compounds was obtained analytically pure and the work was not 
continued. 

The rearrangement of N-nitroanilines to the ring-substituted 
isomer, often with the displacement of halogen (equation 2), is 

NHNO, G5. 
accompanied by side reactions having magenta coloured-products. A 
study of this reaction has been reported ®. In the case of chloro groups, 
which resist displacement, the anil 3 was obtained. A later study of the 

NHNO,g 

Peg - 
corresponding tribromo compound produced a mixture of 4 and 57. 
The suggestion was made that these quinonoid structures may be 

NHNO, Br Gr "Br Br Br 
Br Br 

ay Br N O+ Br N O 

Br Br r Br 

(4) (5) (4) 

related to intermediates in the rearrangement to nitroanilines. 
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During the past twenty years a number of studies have appeared 
which represent significant contributions to our understanding of the 
chemistry of quinonediimines and related compounds. We shall begin 
by presenting a brief outline of the types of molecules and reactions to 
be discussed along with the leading references. 

The first modern investigation of quinonediimines emphasizes the 
kinetic approach and deals largely with the reactions of the N,N- 
dialkylquinonediimines (6)°. The second examines a tremendous 
number of reactions of the NV,N’-quinonediimides 7 and 8°. 

NH NSO,Ar 

? ae 

NSO,Ar 

*NR, NSO,Ar 

(6) (7) (8) 

In addition to these areas, important work has been reported on 
quinonemonoximes (9) especially in regard to their tautomerism with 
nitrosophenols?°, 

NOH NO 

(5) 

O H 

(9) 

A study of the condensation of o-quinonimines (10) with aldehydes 
and similar compounds to produce various heterocycles, e.g. oxazoles 
(11), has been reported!?. 

ies O « O. Ph 
S +PhCHO = a Te 6) 

Ore Cus 
(10) (11) 

Finally a number of interesting papers will be cited, but their limited 
scope precludes discussion. 
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ll. THE CHEMISTRY OF 
QUINONEMONO- AND -DIIMINES 

A. Background and Preparation 

Long before the structure of the intermediates were determined, dye 
chemists had oxidized p-phenylenediamines with potassium dichro- 
mate, ferricyanide and permanganate!?"1*. In fact a wide variety of 
oxidizing agents can be used for the preparation of quinonediimines. 
Willstatter’s use of silver ion?:? is interesting in view of its subsequent 
use by photographic chemists. 

Present-day colour photography is based on the discovery by 
Fischer that exposed silver halide enhances the rate of the oxidative 
condensation of p-phenylenediamines with suitable molecules to form 
dyes+5:16,. A wide variety of substituted p-phenylenediamines and /- 
aminophenols show these characteristics, but for practical photo- 
graphic reasons the N,N-dialkyl-substituted compounds have been 
most extensively investigated”. The results reported in this section 
will be derived mostly from these compounds with reference to other 
related types in certain special cases. 

Regardless of the oxidizing agent, an N,N-dialkylquinonediimine 
bearing a formal positive charge is produced. Equation (7) shows that 
the oxidation takes place in two steps with the involvement of an 

intermediate ion radical corresponding to ‘semiquinone’*®-?°, In this 

reaction, first studied by Michaelis, R, 8, and T represent reduced, 

‘semiquinone’, and totally oxidized (i.e. quinonediimine) respec- 

tively 7°. 

NH, *NHg NH 

——— —— (7) 

NRa NR *NRa 

(R) (S) (T) 

The instability of quinonediimines in acidic and neutral media was 

mentioned earlier! and it is also known that they will not survive 

in alkaline solutions2!. For this reason they are seldom isolated, but 

generated in situ for the study of their reactions. The study of these 

subsequent rapid reactions imposes certain restrictions on the choice 

of oxidant. First, the oxidation must be quantitative; second, it must 

be very rapid; third, the oxidant must be mild enough so that it does 

not decompose the quinonediimine. Studies in two separate laboratories 

am 
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indicate that potassium ferricyanide meets these criteria and provides 
meaningful kinetic data®:??, 

B. Reactions with Nucleophiles 

I. Deamination 

The deamination of quinonemono- and -diimines in acidic methanol 
is well known?°. Tong has shown that N,N-dialkylquinonediimines 
undergo basic deamination as well (equation 8)°. Evidence for this 

or + OH- - ae + R,NH (8) 

*NRg 

was obtained by allowing the i veielibah 4 12 to couple with 
I-naphthol to form the indonaphthol dye 18. Elemental analysis of 
13 is consistent with the structure shown and its visible spectrum is 

NH OH O 
Me 

‘OO == Ole 
O N 

OH 

NH, (18) 

Me 

+ 2K,Fe(CN), ——> 

N iy an OH . 
= Colles) 2Fe(CN),2~ 

(10) 

ec N 

OH 

(9) 
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identical with that of the dye formed by the oxidative coupling of 2- 
methyl-4-hydroxyaniline with 1-naphthol. 

2. Coupling* 

Those reactions which lead to dyes are fundamental to colour 
photography and have been studied extensively. A number of excellent 
reviews are available*"-24.25, While a large number of couplers have 
been studied and a much larger number suggested in the patent 
literature, they can be represented by a limited number of chemically 
distinct classes. 

Coupling reactions of quinonemono- and -diimines with anilines 
(equations 11 and 12) lead to the formation of indamine (14) and 
indoaniline (15) dyes in a manner analogous to indonaphthol dye (18) 
formation. 

NH NRz 

(: O St n-{_)=NR (11) 

NR ( 

NH NRo 

O-O="OrO= » 
6 (15) 

The latter have the practical disadvantage of a slow rate of formation 
which make them unsuitable for photographic systems1” and conse- 
quently they have not been studied extensively. | ; 

One general class of couplers which usually give yellow dyes are 
active methylenecompounds, e.g. acylacetamides, RCOCH,CONHR’. 
Equation (13) shows the coupling reaction where X and Y represent 
activating (electron-withdrawing) groups. Most of the studies of these 
compounds have been directed towards varying the colour or hue of the 
dye formed and not an elucidation of the fundamental chemistry 
involved. 

* In this chapter coupling (and coupler) will be understood as reactions (and 
molecules) involving condensation with quinonemono- or -diimines usually 
leading to dye formation. 
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*NH 
x x 
SCH + = Yean(C)-Na (13)* 
oy va 

vee Y 
Ti coup NR, (16) 

+NH 

PhCQ. -a,  PRCOL 
CH + ae yoanC). 

PhCO PhCO 
NR, 

Yellow dyes can also be prepared using a class of couplers which do 

not possess an active methylene group. These are the benzisoxazolones 

(17) which react by ring opening ?®. This reaction differs in that the 

product formed is an azo dye (18). 

0 *NH 
CO,H 

OL — Cl +H+ (14) 

Y N=n—(C)-NR, 
H NRa 

(17) (18) 

The benzisoxazolones are closely related to another class—the in- 

dazolones (19) which lead to magenta dyes?”-?®. In this case there is no 
ring opening and the product is termed mesoionic. 

O *NH O 

OO + OO — / J+ 

? N 
H NR, 

(19) ae 

An extremely important class of heterocyclic couplers leading to 
magenta dyes are the pyrazolones (e.g. 20) 79-3°. As with yellow dyes 

* It should be noted that a different resonance contributor of the quinone- 
diimine has been used to best represent the reaction occurring at the electron- 
deficient primary imino group. 
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many derivatives have been examined without introducing new 
chemistry. 

*NH 
N=CMe N=CMe 

PhN Pe =. PhN (16) 
poh poeen{C)-n Ry 

0 NR, 
(20) 

The final class of couplers to be considered is the methine or phenolic 
type which produces cyan dyes*?-32, Here the dye formed is the 
same as that which results from the condensation of quinonemono- 

OH *NH 

O-O2-O-O" © 
NR, 

imines with anilines (equation 12). The simple phenols are of limited 
practical importance; however, they have been useful in mechanistic 
studies to be discussed later in this chapter. 

The phenolic couplers also form dye by displacement of certain 
para substituents *?:33, Examples of para substituents studied are given 
in Table 1. 

OH  +NH 

be O =r, of yen ))-nte 4 De | At) 

x NMez : 

The pyrazolones also undergo dye-forming displacement reactions 
involving the conversion of an azo dye to an azomethine dye**. 

*NH 

PhN | * ==> phn | + ArN,+ 
Ces: PON NR SO CHN=NAr 3 ~C)- ; (19) 

O NR, O 

X = R,NHg, etc. 
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Taste 1. The displacement of para substituents in the 

coupling of quinonediimines with phenols. 

Substituent (X) Formed dye Did not form dye 
(A ee 

alkyl 
— CHO 
—CO,R 
—NR, 
—OH 
—Cl, —Br 

— CO.2H 
—SO3H 
— OR 

KEK, Ke ices 

Kes oS oN 

An analogous reaction has been observed with aldehyde condensation 

products of the pyrazolones*°. 

eo 

My NEt, 

he CHO 

MeC=— CaN NEt 
ee O “+ (20) 

N= 

ée OMe 

3. Nucleophilic addition 

The deamination and coupling reactions discussed in Sections 
II.B.1 and II.B.2 illustrate that quinonediimines are good substrates 
for nucleophilic attack. This is especially true of N,N-dialkylquinone- 
diimines which bear a formal positive charge. A third class of reaction 
is that of nucleophilic addition. In such an addition there are three 
sites of interest—the primary imino nitrogen and two nuclear positions 
(21). 

NH <— 
Sites for nucleophilic attack 

Deamination 
NRa 

(21) 
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The actual site of attack depends upon several factors including the 
nucleophile and the structure of the quinonediimine. 

The reaction of sulphite anion with N,N-dialkylquinonediimines 
(equation 21) provides one of the most striking illustrations of how 

NH NH 

+ S02- ——=> | soy (21) 

*NRao NRa 

the structure of the substrate controls the site of attack: e.g. where 
R = Me the sulphite ion attacks the position meta to the primary 
imino group (22); where R = Et attack is ortho (28) °°.°7. In the case 
of R = Me available evidence indicates that at least some of the 

NHa NH, NHgz 

SO37 SO.= 

SOra : 

NMez NEt. NMez 

(22) (23) (24) 

isomeric sulphonate (24) is formed *® (see Section II.D.4). 

The addition of aryl sulphinic acids (25) to quinonediimines has 

been studied and the products determined®®. The relative yield of 

NH SOx 

O-0- 
*NRa xX : 

(25) nso.) NHz ~O- 
(22) 

NR, NRa 
(26) (27) 

sulphonamide (26) and sulphone (27) is sensitive to a variety of reac- 

tion conditions. In this instance the position of ring attack is not changed 

by the structure of the quinonediimine. The preparation of sulphones 
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by the addition of sulphinic acids to quinonediimines has been des- 

cribed although no proof of structure was reported *°*. 

NHz NH2 
SO2Ph SOzPh 

NMe, NEt, 

The prediction of orientation in nucleophilic addition reactions of 
quinonediimines by Hiickel molecular orbital (Hmo) theory is not 
unambiguous. One must remember that HMo theory is concerned 
only with changes in the z-electronic energy between the reacting 
molecules and the transition state, and not with changes in entropy, 
solvation forces, zero-point vibrational energy, or o-electronic energy. 
In addition, one is confronted in the case of quinonediimines with a 
proper choice of Coulomb and resonance integrals for a variety of 
nitrogen valence states. Although some reactivity indices are rather in- 
sensitive to a choice of these integrals, others are found to be quite 
sensitive. Inevitably, some assumptions must be made about the values 
of these integrals. If one assumes that all resonance integrals in a 
quinonediimine and its intermediates in nucleophilic addition are 
equal to the benzene resonance integral, By, then a systematic variation 
of Coulomb integrals results in the following conclusions: 

NH? 

a 

Nos 

K R 

(a) Position 4 has the lowest electron density. 
(b) The imino nitrogen (=N—) has the highest free valence to- 

wards nucleophilic attack. 
(c) Frontier electron densities for nucleophilic attack do not give a 

clear prediction of reactivity. Any conclusion based upon this reactivity 
index is very dependent upon the choice of Coulomb and resonance 
integrals. 

(d) Position 2 has the lowest atom stabilization energy for nucleo- 
philic attack, «~, and therefore according to this index should be the 
most reactive position in such reactions. 
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(e) The localization energy for nucleophilic attack is lowered at 
the imino nitrogen. 

HMO theory does not give a clear prediction of orientation in these 
reactions, since one is confronted with a crossing of energy curves *°°. 
The results, especially the localization energy, tend to favour the imino 
nitrogen as the preferred point of nucleophilic attack *°°. 

C. Experimental Techniques for the Study of Quinonediimine 
Reactions 

The reactions of quinonediimines, especially the N,N-dialkyl 
derivatives, with nucleophiles are generally too rapid to measure 
without special instrumentation. A flow apparatus which can initiate 
and follow the reaction in the millisecond to second time range greatly 
extends the scope of investigations. The design and use of flow appara- 
tus has been reviewed *+. 

The type of flow apparatus most suitable for the study of quinone- 
diimine reactions is one that measures absorptions under stationary state 
conditions. The flow velocity and distance between the region of 
mixing and that of measurement are both used to control the time. 
While requiring reasonable quantities of materials, the stationary state 
approach has several advantages: simplicity and the possibility of 
using quenches to arrest the reactions for subsequent analyses are im- 
portant examples. Often the several components required in these 
studies must be mixed less than a few seconds prior to the initiation 
of the main reaction. This can be accomplished conveniently with 
multiple mixing chambers connected in sequence. Finally the perturb- 
ation of a reaction by the introduction of a competing reactant at a 
precise time is frequently useful. These features have been incorporated 
in the apparatus designed by Ruby *? and used with modifications by 
these authors**. More recently an electrochemical method whicly is 
suitable for opaque systems has been devised to measure the rate of 
deamination and coupling **. 

D. Nucleophilic Addition to Quinonediimines—Kinetics and 

Mechanisms 

I. General considerations 

The reactions described qualitatively in Section II.B are those of the 
electrophilic sites of quinonediimines with reagents classified as 

nucleophiles. All of the studies we shall describe in this section have 

been conducted in buffered aqueous solution. The mechanisms in 
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organic media may be different. It is a well known that the order of 
reactivity of nucleophiles depends on the electrophilic sites they are 
attacking. Bunnett’s comprehensive review on the subject of nucleo- 
philic reactivity lists the order of nucleophilicity of various reagents 
towards different classes of reaction sites *°. In general these orders are 
different. In the reactions of quinonediimines, there are several reaction 
sites and in principle each would show a different order of reactivity. 
Because of the competitive nature of the reactions, the result with a 
given nucleophile will be reaction(s) at the site(s) having the highest 
rate(s). The situation here is similar to the reactions of nucleophiles 
with 2-chloro-4-nitrodiphenylsulphone, where the groups: pheny]l- 
sulphonyl, nitro and chloro are replaceable. Loudon and Shulman *6 
found that the groups displaced depended on the nucleophile as 
indicated in the following example: 

_ SO,CgHaMe-p SO,CgH,Me-p fa) SO,C.H,Me-p 
Cl Cl Ngee ice IN om =O" ors ae — 

pper-one (23) 

SO2CgH4Me-p SO2CgH Me-p OMe 

Cl Cl 
or oO” ore + + 

The quinonediimines also possess more than one possible reaction site 
and reaction at the different sites may require different leaving groups, 
i.e, either another nucleophile or a proton. For example, some of the 
overall reactions are: 

NH NH 

(Jeo — Cen - 
NR, O 

NH NH, 

; So. +50, Ht r (25) 

NRg NRz 



14. Quinonediimines and Related Compounds 677 

‘NH O- NX ro 

O + 0 ae + HCl (26) 

NRo Cl NRa 

For a given nucleophile the position of attack is determined by the 
stability of the transition state leading to final products and by the 
electrophilic character of each reaction site. 

Before discussing the individual reactions in detail, it may be 
appropriate to point out some general features of these and related 
reactions: 

(a) By the proper choice of reagents and conditions each of the above 
reactions can be demonstrated to take place in two steps with the 
first step being reversible. The general scheme of the reaction is: 

NH 

arr === (Intermediate) ——* Product (27) 

(28) 
JX 
RR 

There will be one intermediate and one product for each reaction site, 
although there may be additional ‘intermediates’ which are com- 
pletely reverted and produce no products. 

The product distribution may be treated quantitatively as follows. 
If n reactions are possible between a nucleophile X~ and a quinone- 
diimine T+, one for each electrophilic site, we have the following 

equations with I and P representing the intermediate and product 

respectively: 
ka, ka, X- 47+ Ee ee 

5 1.2 

: sia. £2 

X-4+7+ —~ |, — Pp, 
. 1,2 ‘ 

: kn. kn, 
Wie ee bis P 

kn,2 

If the products are examined after a sufficiently long time, so that 

we can assume that T* has been completely converted to the products 

with concentration [P;]., i.e. 

[T* ]initiar e > [Plas > [1;] «0 = 0 
i=1 = 
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it can be shown that the distribution of products is represented by the 
following equation, in which the index 7 designates the product for 
which a yield is desired and the running index j designates all products 
from | to n. 

[Pilo  _ in Ki,a/ (Ain + Ai.) 

2 [Pi] A (kj,1ky,a/ (Kia + 4y,3) 

This equation was derived without any special assumption of rapid 
equilibrium or steady state conditions. 

(b) If the quinonediimine is neutral, the kinetics require an inter- 
mediate containing an additional proton, presumably on one of the 
nitrogens: 

NH 

X- + He + == (Intermediate) ——~> Product (28) 

(29) 
NH 

This intermediate 29 can therefore be assumed to have the same 
electronic structure as the previous one (28). 

(c) The species in the ‘semiquinone state’, coexisting with the 
quinonediimine, can be shown to make no contribution to the reaction 
rates. 

(d) The predominant species of quinonediimines above pH 8 (where 
most reactions have been studied) was postulated by Michaelis to be: 

NH NH NH 

NH NRo NR 

This has been further substantiated by the salt effect on the rate 
of deamination*™* and by studies of ‘semiquinone’ dismutation 
equilibria 19, 

(e) Some nucleophiles (specifically SCN- and I~) which have high 
reactivities in other reactions have no measurable rates with quinone- 
diimines 
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The above discussion was restricted to one reagent—quinone- 
diimine reaction at a time. In kinetic experiments with these reactants, 
complications often arise which produce misleading results unless 
precautions are taken to avoid them. We suspect that the paucity of 
kinetic information on these systems results from the awareness of these 
complications by most kineticists and lack of special interest in these 
systems. On the other hand, photographic chemists have in the past 
used gelatin and silver halide which introduce complications from the 
standpoint of kinetic interpretation. Even with buffered aqueous 
solutions and ferricyanide as an oxidant, the studies may be compli- 
cated by side reactions. Typical of these side reactions are condensation 
of oxidized p-phenylenediamines to azo dyes*’ and polymers when the 
substrate concentration is high and deamination when the pH is high. 
At low pH and in the presence of diamine, autocoupling and ‘semi- 
quinone’ formation are observed. The latter is especially interesting in 
terms of the early studies of the kinetics of these reactions. Discussions 
on the question of whether the quinonediimine or the “semiquinone’ is 
the reactive species in these reactions has been reviewed by Weissberger 
and Vittum for work up to 195317. Later experimental investigations 
made use of the ‘semiquinone’ formation equilibrium and the predic- 
ted mass action due to the addition of either oxidant or reductant. The 
indirect effect produced on the reaction rates determined the species 
whose concentration should appear in the kinetics expression. Early 

workers carried out coupling reactions at relatively low pH in order 

to obtain measurable rates and in the presence of diamine to simulate 

photographic developers. They were impressed by the appearance of 

‘semiquinone’ and assumed that this free radical should be very 

reactive. Their conclusion that the ‘semiquinone’ was the reactive 

species has proven to be incorrect*®. The use of the multiple stage 

rapid flow machine, described in Section II.C, along with dilute 

solutions and at least an equivalent quantity of oxidant produced clear- 

cut reactions. Further, the reactions to be discussed in this section 

(quinonediimines with hydroxide, sulphite, and coupler ions) give 

products which are almost unique. This indicates that for each of these 

reactions there is one predominant rate {hj 1k;,3/(ki,o + 4;,3)} corres- 

ponding to the most favourable reaction site. There is evidence, how- 

ever, that there can be more than one significant product in reactions 

with some nucleophiles, for example, the aryl sulphinates cited 

earlier °°. 
The kinetic data obtained under conditions having negligible con- 

centrations of intermediates are expected to yield second-order rate 
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constants. Unless simplification is justified on theoretical or experi- 

mental grounds, these constants should be regarded as being composite 

in nature, e.g. 
_ kyks 

kg + kg 

The elementary constants involved are defined by the scheme: 

Kops 

kiTX-] ki 
quinonediimine ——— (intermediate) —~—> product (29) 

2 

where [X~] represents the concentration of the nucleophile. In 
special cases the expression can be simplified: 

To whenths hol Monee es 

2. when ky > ks, kong &% Kkg where K is the equilibrium con- 
stant for the formation of the intermediate. 

It is obvious that each of these elementary constants may have a 
different dependence on such variables as the structure of the qui- 
nonediimine, pH, etc. Therefore, in evaluating the observed rate 
constants, one must keep in mind their composite nature and inter- 
pret them in terms of their relationship to the elementary constants. 

The subject of intermediates in reactions has been adequately 
described in standard texts to which one should refer for details*®. The 
existence of intermediates has been assumed in the following discussion. 
The question here is mainly their stability and whether or not their con- 
centrations are sufficiently low for the application of the steady state 
treatment. As will be pointed out in the appropriate sections to follow, 
intermediates of sufficiently high concentration have been detected 
kinetically. This has been accomplished in some cases by following the 
rate of disappearance of the quinonediimine and in others the rate of 
formation of products. In extreme cases the reactions have been shown 
to proceed in two distinct steps. 

2. Deamination 

Some of the statements offered without evidence in the preceding 
section can be substantiated by studies of the kinetics of deamination 
conducted in these laboratories®:19-5°, Specifically an attempt will be 
made in this section to establish three points: 

(a) The oxidation state of the reactive species in deamination is 
quinonediimine (not ‘semiquinone’). 

(b) The deamination reactions proceed in two steps, with the first 
being reversible. 

(c) Although different quinonediimines may be charged or un- 
charged depending on the substituents, the hydroxide ion always 
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attacks a positively charged intermediate. The charge may result 
directly from oxidation or through the preliminary involvement of a 
proton. 

It has been found that the deamination rate constant does not change 
in the presence of excess ferricyanide or excess diamine when the 

8 
SA 

Log 4, 
I —s 

O 

4a 
-2— 

| a 

o 

5 8 9 10 11 12 ’ 
pH 

Ficure |. Pseudo first-order rate constants for deamination of alkyl substituted 
quinonediimines (30). 

calculations are made on the basis of the diimine®. Because the equili- 
brium is rapid, and at high pH favours dismutation (see section II.D.1), 
the rate should be very sensitive to the concentration of oxidant and 
substrate if it is dependent on ‘semiquinone’. The above observation 
requires that the rate be dependent on quinonediimine concentration 
and implies that the latter is the reactive species. 

The structure of the quinonediimine can have a marked effect on the 
rate of deamination. Figures 1 and 2 show the dependence of this rate k 
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Log &, 

i 8 9 10 11 12 

pH 

Ficure 2. pH dependence of deamination rates for S-hydroxy-alkyl quinone- 
diimines (31). 

on [OH~-] for two types of quinonediimines. The simple N,N- 
dialkylquinonediimines such as 30 show first-power dependence on 
[OH-] up to pH 121°. The relatively minor modification of a B- 
hydroxyl group on one of the N-alkyl chains (31) introduces an [OH ]- 
independent region above a certain pH (Figure 2) °°. 

: 
*NEt, Et NCH,CH,OH 

(30) (31) 

In terms of the general scheme, the deamination reactions for these 
two types can be represented as: 

NH NH NH 

ky . 

N OH 
Nt RR O R Be Np 
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When R and/or R’ are —C,H,OH, the intermediate is unusually 
stable and the first step can be assumed to be an established equili- 
brium with constant K = k,/k,. The presence of an intermediate has 
been confirmed and its concentrations determined by absorption 
measurements in the flow machine under steady state conditions. The 
constants K for various diimine intermediates like 32 have been 
calculated from both kinetic and absorption data. The stability of this 
type of compound has been attributed to intramolecular hydrogen 
bonding (33). It is also possible that an intermediate having the spiro 
structure (34) may be involved. Such a compound would not deami- 
nate directly, but would revert to 33 or 32 first. 

~~ © 
nN C a ie ieee H, 

ead 

(33) (34) 

Although intermediates have not been directly observed for di- 
imines of type 30 where both R’s are alkyl, their presence must be im- 

plied from these observations since the two types would be expected 

to differ in degree, but not in kind. 
The quinonediimine of unsubstituted p-phenylenediamine is un- 

charged between pH 8-12 where the deamination rate constants 

shown in Table 2 were obtained. This independence of pH is in sharp 

contrast to the N,N-dialkyl derivatives discussed above. The difference 

can be accounted for if we assume that both diimines form inter- 

mediates having analogous structures. Writing equilibria in two 

parts (equation 31) makes it apparent that after protonation the 

reaction of the unsubstituted quinonediimine is parallel to that of the 

NH NH NH NH 

O +H* O +OH~ 0 —NHs O (31) 

—Ht Oks 

Fi NH, OH 

NH os 2 

(Q) (QH*) 
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disubstituted derivative. If the concentration of the intermediate is 

low, the rate would be independent of pH. 

+ 

TAR = 4,[9R* [OH] 
d[Q] a a es —o = bel QH*}[0H7] 

QR* indicates the N,N-dialkylquinonediimine. 

Taste 2. Deamination rate constants %, 

NH NH 

NH O 

pH k(s~1 x 108) pH k(s-1 x 108) 

6-06 6-34 6-11 1-54 
7-03 1-04 7-09 0-55 
8-04 0-43 7-95 0-192 
8-88 0-35 8-69 0-131 

10-25 0-33 9-78 0-115 
11-30 0-33 10-95 0-154 
12-15 0-33 11-89 0-384 

The above hypothesis concerning the structures of the inter- 
mediates QH* and QR* can be subjected to a more quantitative test. 
If we set up the same kinetic expression for the two types of quinonedi- 
imines, and substitute the appropriate constants, we obtain the 
equation: 

<idin[Q)alnkshatae 2 wed 
So = R= 03 x 10 

in which k,, = 10-14 and a dissociation constant K = 10~§ has been 
obtained for the protonated quinonediimine!®. The value of k, = 
3 x 10* obtained from this equation is very close to k, = 10* for 
R = Et and k, = 25 x 10* for R = Me. 

Most of the observations and analysis of the deamination of 
unsubstituted quinonediimine apply to quinonemonoimine, which 
also deaminates with rates nearly independent of [OH~] above pH 8 
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(see Table 2). Using similar arguments we write the following 
equation: 

Hs HsN_ OH 
orto +OH- ee 

“Ht =O ‘etermining (32) 

oO 

which accounts for the observations. 
The so-called ‘water rate’ in the deamination of N,N-dialkyl- 

quinonediimine, which is observed only at relatively low pH, can also 
be written as a reaction preceded by protonation: 

H,N. OH 

“NHs C3 g + 

_+Ht +OH- NRz "NRa (33) 

—H+ =—OR- *NH, *NH, 

: O- 
RN OH 

In this reaction, the deamination of the unsubstituted imino group 
makes a significant contribution and may in fact be the sole reaction. 

In strong acid solutions Fieser measured the deamination rates of 
some quinonediimines and found that the reactions were catalysed 
by acid with the removal of the unsubstituted imino group ?%. Assuming 
the rates to be proportional to [H;0*], a reaction scheme for the 
dialkyl derivative consistent with the above ae would be: 

2 

NH H,N* OH j 

+ H,O* === — O (34) 

*NR *NRz *NRo 

and for quinonediimine: 

NH H.N_ OH 

2 to O mee 0 (35) 

*NH, NH *NH, 
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It would now be interesting to summarize the deamination reactions 
by comparing the structures of the intermediates and the acidic or 
basic substance which is kinetically significant. In Table 3 the dialkyl 
derivatives are regarded as permanently protonated quinonediimine 
and the reactions are classified according to the reaction intermediates. 
Note, however, the same intermediate may require different pH 
dependence according to the predominant species in that acidity 
region. Such a scheme describes a pH profile with several plateaux. 

TasLe 3. Summary of deamination reaction schemes. 
(Intermediates within braces are similarly charged species.) 

Reactants 

(Quinonediimine 
aqueous) Intermediate Product 

Ha 

MRe RN. OH ° 

+ Of j= O —_— 

NH NH NH 

ae HiN_ OH 0 

| | 1 o— O ——— 

NH NH NH 

NH HaN_ OH ° 

+HOH === 0 sale O 

*NR, *NR, *NR, 

NH 
H.N. OH O 

ho O —O 

+HOH 

*NH2 

(continued ) 
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TABLE 3 (continued) 

Reactants 
(Quinonediimine 

aqueous) Intermediate Product 

N H H,N* OH O 

+ Heo? as >. 

*NRe *NRz *NRa 

*NHz 

+HOH 

*NR2 

NH H.N* OH O 

— H,O+* ee —— > 

I 
*NH, *NHp *NH, 

*NH, 

+HOH 

*NH2 

3. Coupling 

The study of coupling is especially important to the elucidation of 
the general mechanism of nucleophilic reactions of quinonediimines *%. 
This is because data for a wide variety of couplers and quinonediimines 
are available. The couplers’ reaction characteristics can be varied in 
large jumps by making changes among the classes, e.g. phenols, 
naphthols, pyrazolones, acetoacetanilides, etc., or finer variation by 
changes of substituents within a particular class. 

As in the case of deamination, the reactive species were deduced 
from kinetic data. Unlike the earlier studies, coupling introduces the ad- 
ditional need to identify the ionic species of the coupler as well as the oxi- 
dation states and ionic species of the oxidized diamine. Early results 
on the effect of pH on rates, restricted to low pH, led to the conclusion 
that coupler anion was the reactive species’’. This was substantiated 
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by results obtained using the flow method, which permitted extension 

of the experimental pH range beyond the pX of the coupler **. 
The oxidation state of the reactive species of the diamine was easily 

narrowed down to either the ‘semiquinone’ or the quinonediimine 
from the fact that oxidation was necessary, but which of these two 
was reactive was a matter of controversy for many years. The first 
conclusive evidence that quinonediimine was reactive came from the 
work of Hiinig and Daum??. These authors interpreted their data as 
supporting the ‘semiquinone’ mechanism, at least in acid solutions 
where they were obtained, but stated that the quinonediimine mecha- 
nism might be followed in alkaline solution. Soon after the publication 
of this article, the data were reinterpreted by both Egger and Frieser*1 
and Tong and Glesmann®?:°?, to show that they actually supported 
the quinonediimine mechanism even in acid solutions where the 
“semiquinone’ is the principal species. The quinonediimine mecha- 
nism in alkaline solution was substantiated by results obtained using 
the flow method *®. 

The equilibrium relationship for ‘semiquinone’ formation (K = 
[S]?/[R][T]) was used to distinguish between the two possible 
mechanisms. In acid solution the fact that K has a large value demands 
that the rate be suppressed by added diamine (R). In alkaline solution 
K has a small value and neither excess diamine or oxidant should have 
any significant effect on the rate. The fact that both of these predictions 
were borne out by experiment was taken as conclusive evidence that 
the coupling rate is proportional to quinonediimine. 

The reactive ionic species of the quinonediimine was deduced in the 
following manner. Studies of pH rate profiles in the alkaline region 
revealed that the N,N-dialkyl compounds show rates proportional to 
the coupler ion, but the rates of unsubstituted quinonediimine are 
proportional to undissociated coupler. In the pH range studied it 
would be expected that the principal species would have structures 
35 and 36 respectively*. 

*NH NH 

NR, NH 
(35) (36) 

* Since the coupling reaction occurs at the monosubstituted imino nitrogen 
the resonance contributor shown in 35 will be used in this section. 
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The equilibrium actually studied (equation 36) and the greater 
nucleophilic reactivity of the coupler anion allows 35 (with R being 

2 On - OC” > 

NH, 
(HC) (HT*) (C-) 

either alkyl or hydrogen) to be considered as the reactive ionic 
species. Employing K, and K, as the acid dissociation constants of 
quinonediimine and coupler respectively, we can write the following 
equation describing these observations. 

d[dye] 
di 

= kK, 
= SEA er ood HN 

Some of the properties of the coupling reaction can be deduced by 
comparing the kinetics of couplers substituted at the coupling position 
and having the general structure 37°*. 

OH 2 pact 

OO Bod frees 
ft 

x c COO- 

(37) (37a) X =—OMe 
(37b) X = —Cl ee ot ws 

* The contributors shown are those which most clearly indicate the course of 

the reaction; it should be remembered that the more important contributors 

are: 

NH Oz 

COR ~ CO 
*NHe 
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All three couplers were expected to react by the same scheme, shown 

in equation (37): 

Poy" =6 Os OY. 
NR 

: (AX) 
(T*) 37) 

NRg NR, 

Intermediate (1) Dye (P) 

However, with N,N-diethylquinonediimine the intermediate of 
coupler 37a (X=OMe) was the only one present in sufficient con- 
centration to be detected. In fact, with this pair of reactants, pseudo 
first-order rates were observed for dye formation. The constants were 
found to be independent of coupler, when it was used in excess. This 
indicates that k,[C~] is large in comparison with (k, + k3), so that 
shortly after mixing, T* was almost completely converted to I which 
slowly decomposes to P with the first order rate constant k3. An 
alternative interpretation that the quinonediimine and coupler anion 
had undergone a reversible redox reaction was disproved by the obser- 
vation that the rate was unchanged by addition of diamine. The values 
of k, and k, (Table 4) were determined by the relative dye yield upon 
the addition of a second coupler, the kinetics of which had previously 
been examined (see reference 54 for detailed analysis). 

In contrast to 37a, the couplers 37b and 37e react with N,N- 
diethylquinonediimine without detectable accumulation of inter- 
mediates. Using the steady state approximation, the observed 
second-order rate constant is: 

_ _fiks 
Osan Tate 

A lower limit for kz can be calculated by introducing the concentration 
of coupler anion and rearranging to kg = ky.[C-] {(ky + ks) / 
k,[C~]}. Since the condition for low concentration of intermediate is 
(ko + kg > ky[C~], it follows that k; > k.,,[C-]. For reactions of 
37b and 37¢ with N,N-diethylquinonediimine, k,,,[C-] = 100 and 
200, therefore kz > 100 and 200 respectively. The conclusion that 
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TasLe 4. Elementary rate constants for coupling reactions of 37a. 

Diimine ky (1 mole~+ s~?) ko(s~2) kgs(~*) 

~-z 
355 LO? 3-2 3-2 

*NEt, 

NH 

O 6-4 x 107 1-3 2-4 

*NMe, 

NH 

OMe 

3-1 x 10% 4-6 1-5 

+NEt, 

NH 
Cl 

5-3 x 10’ 1-2 0-46 

+NEt, 

elimination of both —Cl and ~o-(C)-no. are faster than that of 

—OMe is reasonable on the basis of the stability of the ions being 
eliminated. This is in agreement with the proposal of Bunnett and 
Zahler®® for the elimination step of nucleophilic displacement reac- 
tions, although the site from which the ions are eliminated is not 

a x UY x 

me. Os 
NO, oe NO; 

CO Oe 

equivalent in the two reactions. 
23 + C.C.N.D.B. 
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When an N,N-diethylquinonediimine was coupled with a series of 

2,6-dimethylphenols, which form dyes by elimination of another 

OTL De 
N NEt. 

(HX) on Oo 3 
NEt. NEt, 

nucleophile, the rates were found to vary with the pK, of the couplers 
as shown in Figure 3. In this plot, kg- is the observed second-order 
rate constant based on the concentration of the coupler ion. The 
relationship kc- = pK,* obtained from the straight line (with B < 0) 
shows that the reactivity increases with the basicity of the coupler 
anion. This kind of correlation is quite common for reactions with 
nucleophiles (see Ibne-Rasa®°® and Bunnett*® for summaries). 

° 
x 

D 
° 

8.6 

5 

Z ° /-sos 

1 = L 

7 8 9 10 “1 42 

px, 

Ficure 3. Effect of coupler pK, on rate of coupling (equation 39). 
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It is significant that the result for unsubstituted coupler (X = H), 
in which the second step is an oxidation reaction instead of an elimina- 
tion, also fits on the same line. 

O O 

“i N +2H* 

O e “ 

Log “ee 

Log Ao 

Ficure 4. Variation of coupling and deamination rates with quinonediimine 
structure. The reactions of coupler 37 (X = H) with the following quinone- 
diimines: 1. 4-amino-N, N-dimethylaniline, 2. 4-amino-N-ethyl-N-B-hydroxy- 
ethylaniline, 3. 4-amino-3-methyl-N-ethyl-N-f-sulphoethylaniline, 4. 4-amino- 
3-methyl- N-ethyl-(V’-methyl-8-methyl-sulphonamidoethyl)-aniline. All others 
are 4-amino-N, N-diethylanilines with the indicated substituents in the 3 and 5 
positions; 5: H,H:; 6. Cl, H; 7. Me, H; 8. Et, H;9..n-Pr, H; 10. i-Pr, H; 11. 

MeO, H; 12. Me, Me; 13. MeO, MeO; 14. ¢-Bu, H. 



694 K. Thomas Finley and L. K. J. Tong 

Furthermore the overall reaction rate was found to be independent of 

the concentration of oxidant, which suggests that kg is very large, and 

the observed bimolecular rate constant is approximately equal to kj. 
The combination of the two observations suggest that all reactions 
described in this section proceed with a rate-determining addition, and 
that this is solely determined by the basicity of the coupler anion. 
This hypothesis is further supported by the following arguments. As 
described earlier in the coupling of naphthol derivatives, where 
elimination was rate-determining, the elimination of Cl is much 
faster than the elimination of MeO. The observation that the 
overall reaction of the MeO derivative is faster than the Cl derivative 
when they are on 2,6-dimethylphenol would indicate that elimination 
is not rate limiting in these cases. 
When thestructure of the quinonediimineisaltered, both the coupling 

rate (with a given coupler) and the deamination rate (at constant 
[OH~]) would be expected to change. A comparison of the variations 
in these two rates with quinonediimine substituent would give a com- 
parison of the relative change in the free energy of the two transition 
state complexes 38 and 39 since the changes in the reactants are 
common for the two reactions. Figure 4 shows such a correlation on 
both rates®*. The slope, which is roughly a ratio of p’s for the two 
reactions, shows that coupling is more sensitive to substituent effects 
than deamination. It was assumed that in deamination reactions the 
intermediate is in rapid equilibrium with the reactants and the de- 
composition of the former is rate-determining; while in coupling, the 
addition reaction is rate-determining. The corresponding transition 
states therefore have structures 38 and 39. 

Ree Re 
(39) 

Those quinonediimines with points below the line have large 
groups for X and steric effects might be expected to be more important 
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in coupling than in deamination. It is interesting to note that the effect 
is not great until X reaches the size and bulkiness of an isopropyl 
group or until both positions ortho to the reacting nitrogen atom 
are substituted. The two points lying above the line were obtained 
from quinonediimines with X = OMe. This indicates extra stability 
produced in transition state 39 over 38 by the OMe group; probably 
by a +R effect. 

4. Sulphonation*® 

Reactions between sulphite and quinonediimines are easily followed 
by measuring the absorption of the latter in the flow apparatus. The 
difficulty in this problem is usually the identification of products. Such 
structure proof must accompany the kinetic measurements for each 
quinonediimine, because sulphonation does not take place at the same 
site for all substrates. The problem is especially difficult due to the fact 
that until recently there has been no simple analytical method avail- 
able®’. Consequently, although the rates for many quinonediimines 
have been measured, only three were done in sufficient detail for mech- 
anistic interpretation. The danger of assuming the same reaction for all 
substrates was illustrated in Section II.B.3. Results with N,N-dimethyl- 
quinonediimine show evidence for small amounts of other products 
being formed in the relatively low pH region*®. The rate of disap- 
pearance of quinonediimine, with low sulphite concentration, was 
found to be bimolecular involving [T*] and [SO,?7] each to the first 
power. When a large excess of sulphite was present, kinetic complica- 
tions arose which suggested the accumulation of reaction intermediates. 
An acidic intermediate seems most reasonable since the effect ap- 
peared at lower sulphite concentrations when the pH was lower. The 
diimine appears to be the reactive species since in alkaline solution, 
where it is most stable, introduction of excess diamine or ferricyanide 
did not produce any change in the rate. 

The kinetic evidence for the formation of intermediates is the obser- 
vation that with a large excess of sulphite and at relatively low pH 
the first-order plot for the decomposition of the quinonediimine 
showed a break, i.e. a rapid initial rate followed by a much slower 
rate. However, when low and equivalent concentrations of sulphite 
and quinonediimine were used, good second-order rates were obtained. 
Evidently the accumulation of intermediates is a borderline situation 
depending on the concentration of sulphite. Therefore, except for those 

experiments designed to detect intermediates, the kinetic data were 

obtained at low sulphite concentrations to suppress the concentration 
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o pH 8-00 

OpH 8-26 

O pH 8-80 

O° 

—_—_—"s
 pH 10:10 

0: 

0 | zl | 
0:05 0-10 O15 

[H SPO, | = HP Oe | FPO oo] 

Ficure 5. Phosphate buffer catalysis of the sulphonation of WN, N-diethyl- 
quinonediimine. 

of the intermediates. We should note that there may be more than one 
intermediate present and the predominant intermediate may not be 
that which leads to the predominant product. 

Figure 5 is a plot of the second-order rate constant kgo2- versus total 
phosphate concentration for four sets of experiments. Each of these 
was carried out at a constant pH and thus has a constant ratio of 
the buffering species; the ionic strength was kept constant with KCl. 
It is apparent that the dependence on the concentration of phosphates 
is greater than the dependence on pH; in fact, when extrapolated to 
zero phosphate concentration, all lines meet at a common point, 

H+ 

oe x 
NH NH 

SO. SO, - 
| H H 

ZA A~ 

NEt, NEt, 
(40) (41) 
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showing independence of the rate on pH. This could be interpreted 
as the general acid-catalysed decomposition of intermediate 40 or the 
general base-catalysed decomposition of the conjugate acid 41. 

The second interpretation is preferred, since it is more reasonable to 
assume the removal of a proton from a carbon atom than the addition 
of a proton to a nitrogen atom as the rate-determining step. The 
mechanism suggested is a reversible equilibrium with 41 followed by 
general base-catalysed ao. to the product: 

NH 
re A oe 

eH = S0,7- == Ges (41) 

NE NEt, NEt, 
ES Ee (41) 

The sulphonation of N, N-dimethylquinonediimine is more complex 
than that of the diethyl] derivative. The graphs in Figure 6 show k versus 
pH profiles at constant phosphate concentrations and ionic strength. 
It is apparent that the rates at constant pH increase with phosphate 
as in the above example, i.e. more rapidly at lower pH. However, the 
difference is that the extrapolated curve for zero phosphate concentra- 
tion is not independent of pH. The phosphate concentration depend- 
ence can be interpreted as general base catalysis; however, the terms 
for the solvent obtained by extrapolation to zero phosphate require a 
more complex interpretation. The spectrophotometric curves showed 
that at lower pH the reaction products were mixtures, which may be 
responsible for the complexity of the solvent term. 

By assuming that the phosphate terms, at least, are due to general 
base catalysis leading to the principal product, we may write the 
equation: 

NH 

Hp SO,2- ——— (42) 

H:Base 

_ a att Mé “Me , 
we “Ni, 

The structure of the intermediate is drawn as that required by the 
work of Bauer, Meyer, and Ulbricht*®-3’, but as pointed out earlier 
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(see Section II.B.3) there is evidence that this may not be the only 

product. The assumption of the protonated intermediate facilitates 

the explanation of different orientation of the sulpho group for the 

diethyl and dimethyl derivatives, because the difference between the 

two positions decreases after protonation and minor variations could 

alter the relative stability of the two possible intermediates (i.e. that 

30 

0 | | | 
9 10 11 

pH 
FiGuRE 6. Sulphonation rate-pH profiles for N,N-dimethylquinonediimine 
at various phosphate buffer concentrations. 1. w(phosphate) = 0-375; 2. w(phos- 
phate) = 0-1875, w(KCl) = 0-1875; 3. u(phosphate) = 0-0938, w(KCl) = 0-2812. 

shown in equation (42) and its isomer analogous to 41). The differ- 
ence in orientation can be rationalized by saying that steric hindrance 
of the ethyl groups prevents sulphonation at the position ortho to the 
tertiary nitrogen but additional stabilization by hyperconjugation and 
reduction of steric hindrance in the case of the dimethyl derivative 
favour sulphonation at this position. Without assuming the protonated 
intermediate, it is difficult to account for this selectivity in orientation 
because the quinonediimine molecule is electronically unsymmetrical 
with respect to the imino groups. 
The unsubstituted quinonediimine, in contrast to the N,N-dialkyl 

derivatives, reacts with sulphite at rates having first and second-power 
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8 9 10 n 12 

pH 

Figure 7. Sulphonation of quinonediimine at various pH’s. 

dependence on [H*] as shown in Figure 7. The kinetic equation 
contains no phosphate term: 

—d[T So = (hou-[OH™] + nyo) KH *}*[SO,?-][T*] 
K, is the equilibrium constant for the formation of the intermediate 42, 
koy- and ky,9 are the rate constants for its catalytic decomposition by 
OH- and H,O respectively. Equation (43) is consistent with the scheme: 

\t7 
N 

SO; = ‘ogeltee 

is pee eed. iF + 2H*+4 S0,2- === H 2 (43) 

H 
Ss 
H 

catalysis by H2O 

(42) pH <9-5 

NH 

NH 

Meise 



700 K. Thomas Finley and L. K. J. Tong 

which postulates that the intermediate is formed by protonation on 

both nitrogens as well as addition of sulphite to the ring. In this case 

there is no question as to the orientation of the sulpho group because 

of symmetry. The absence of phosphate catalysis on the deprotonation 

step requires a large B in the Bronsted equation for general base 

catalysis k; = GgKy"*, so that at high concentration of phosphate the 

catalysis was dominated by OH~ ; at low pH, where the OH catalysis 

was suppressed, the reaction was dominated by H,O because the 

weaker bases were too unreactive. 

Ill. THE CHEMISTRY OF 
N,N’-QUINONEMONO- AND -DIIMIDES 

A. Preparation and Reactions 

The instability of quinonediimines prompted Adams and his 

students to examine the chemistry of the analogous quinoneimides (48) 

and (44) 8-59, All of this work, reported in some 50 publications, is 

NSO,R(—COR)(—CO,R) NSO2R 

| 
NSO,R(—COR)(—CO.R) 6 

(43) (44) 

reviewed definitively ® and only a brief selection of major points will be 
recorded here. 

In contrast to quinonediimines the quinonediimides were isolated, 
recrystallized, analysed, and generally handled as ordinary stable or- 
ganic molecules. For simplicity only the benzoquinonedisulphonimide 
will be shown with the understanding that a large variety of other 

NHSO,R NSO.R 

{Ol ( 4 4) 

NHSO.R NSO,R 

imides (e.g. benzimides, naphthoquinone-, substituted benzoquinone- 
monoimides, etc.) have been studied. A number of oxidizing agents 
were tried and found to be more or less useful, but the vast majority 
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of the quinonediimides were prepared using lead tetraacetate in 
acetic acid. More sensitive compounds, e.g. acylquinonediimides, 
and those which reacted with acetic acid were prepared by oxidation 
in benzene or chloroform. Investigators in another laboratory have 
also prepared some compounds of these types ®:®1, 

The reactions of the quinonediimides may be divided into two 
broad classes—reduction and addition. Those reagents commonly 
recognized to be reducing agents, e.g. hydrogen and catalysts, zinc 
and acetic acid, hydriodic acid, etc. reduced the quinonediimides 
rapidly and quantitatively to the corresponding amides, i.e. the reverse 
of equation (44). In a number of cases reagents which are not 
usually thought of as reducing agents did reduce the quinonediimides ; 
presumably because the latter are strong oxidizing agents. Examples 
of such reducing agents are aqueous sodium hydroxide and dilute 
sulphuric acid. 
A wide variety of compounds were added to the quinonediimines as 

indicated by equations (45) to (51). 

NHSO,R 

Cl 
ich a (45) 

NHSO,R 

NSO.R NHSO.R 

O,CR 
+ RCO,H ——> ‘ (46) 

NSO.R NHSO,R 

NHSO,R 

+ROH ——> ra (47) 

NHSO,R 

In most cases it was possible to reoxidize the substituted p-diamide 

product and make a second addition of either the same or a new 

reagent. i 

Certain special cases are of sufficient interest to point out indi- 

vidually. The mercaptans which are good reducing agents showed this 
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NHSO,R 

SO2Ph 
+ PhSO,H —— oO ; (48) 

NHSO,R 

NHSO,R 

SR 
4 OE pe (49) 

NSO2R NHSO.R 

NHSO,R x 

a CHO 
Senne y Se 

ay, 
(active methylene 

compounds) NASOaR 

jhe NHSO,R 

“—-OO « = 
a 

i NHSO,R 

property, especially with imides which were sterically crowded. The 

addition could be promoted by the use of acidic and basic catalysts 

(to be discussed later). 

NHSOR NSO,R NHSOR 

RSSR + O° = + =o" (52) 

NHSO.R NSO.R NHSO.R 

One group of reagents showed the interesting property of adding 
smoothly to the naphthoquinonediimides, but of either reducing or 
giving complicated mixtures with benzoquinonediimides. Grignard 
reagents, nitroalkanes, and hydrogen cyanide are examples of such 
compounds. Investigators in another laboratory have also studied the 
addition of Grignard reagents to quinonediimides and made similar 
observations &2-6¢, 
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NSO3Ph NHSO.Ph 

R 
Ries Se (53) 

NSO,Ph NHSO,Ph 

NSO2Ph NHSO,Ph 

Se. a (54) 

NSO.Ph NHSO,Ph 
(after hydrolysis) 

The reactions of amines with the quinonediimides is complicated 
and very sensitive to reaction conditions and the class of amine being 
added. A few examples will serve to illustrate this. 

NSOPh gy NHSO,Ph 
N +( ; aa N(CHaCHs)0 . ag 

O 
NSO,Ph NHSO,Ph 

(45) 
ev (55) 

NHSO,Ph 

N(CHaCHsO come 45 
O(CHzCH;)2N 

NHSO,Ph 

(46) 

If chloroform was used as the solvent, no 45 was obtained. The com- 

plex product mixture contained 46 along with at least the following: 

NHSO,Ph N(CH,CH,).0 NSO.Ph 

N(CH,CH2)20 
+ + PhSO,NHz + 

O(CH,CH,)2N 
NHSO,Ph = NHSO,Ph NSO,Ph 
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Aliphatic primary amines all seemed to show 1,2 addition followed 

by elimination of benzenesulphonamide. 

NSO,.Ph Buss NHBu-n 

PtO. 
+ 2n-BuNH, ——> ae (56) 

NSO jPh NBu-n NHBu-n 
+ 

2PhSO,NH, 

The aromatic amines followed yet another reaction path, as shown 

in equation (57): 

NSO,Ph NPh NHPh 
NHPh 

+ PhNH, —— + PhSO,NH, + (57) 
PhNH 

NSO Ph NPh NHPh 
(major product) 

The 1,2-benzo- and naphthoquinonediimides were also investigated 
and, except for differences caused by their special structural arrange- 
ment, showed chemistry very similar to that described for the 1,4 
cases. 

B. The Mechanism of Ring Addition to Quinonediimides 

The extensive synthetic studies cited in the preceding section do 
not lend themselves to rigorous mechanistic interpretation. In spite 
of this we feel that some qualitative remarks should be made. ‘These 
remarks are purely speculative and are intended solely as tenuous 
hypotheses for anyone who might undertake additional studies of 
these reactions. 
Adams and his students studied the quinonediimides with the expec- 

tation that the compounds would possess greater stability while still 
showing much of the potentially interesting chemistry of the quinone- 
diimines®®. The observed reactivity towards a wide variety of 
nucleophiles suggests that these reactions are related to the large body 
of 1,4 addition-elimination reactions typical of the a,8-unsaturated 
carbonyl group. This point of view is further substantiated by the 
observed acid and base catalysis. A considerable amount of work has 
been published concerning the mechanism of such reactions and has 
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been reviewed recently ®°-°°. In general, we should recall that at least 
two steps are involved, both of which are reversible and either of which 
may be rate determining. These facts clearly illustrate the impossibility 
of drawing mechanistic conclusions from yield data. Until the equili- 
bria have been studied and the rate-determining step identified, we 
must content ourselves with pointing out those observations which 
pose questions which the eventual mechanism must satisfactorily 
answer. 

Before looking at the usual 1,4 ring addition reactions we should 
examine the cases of 1,2 addition followed by loss of sulphonamide. 
These reactions might be considered analogous to the deamination 
reaction of the quinonediimines. The greater stability of the imides 
may, in part, account for the limited number of such reactions®*~®, 
As shown in equations (58) and (59), hydrolysis was observed only with 
polycyclic aromatic or highly substituted systems. 

at a ear 

Cl 

OAC 
(58) 

NSO,R 

NSO.Ph OH 

Me Cl Me 
HCI 

fel a (59) 

Cl Cl Gl 

NSO.Ph OH 

The latter reaction (equation 59) was also shown to result in only 

monodeamination under slightly different conditions ®*. 

NHSO,Ph fe 
Me 

cl hone (60) 
NHSO,Ph NSO Ph 

The acidic conditions required for these reactions indicate that the 

mechanism might be very similar to that which we have found with 

quinonediimines except that the uncatalysed rate with water is very 

slow. 
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NSO,Ph *NHSO,Ph a eed 

O n=O) +e Ce 

NSO,Ph NSO,Ph PhSO,HN* 

O O 

PhSO,NHa + +H oe 0 == O (61) 

PhSO.HN+ PhSO,HN OH O 

In reaction sequence (61) the other ring substituents have been omitted 
for simplicity. 

Like the quinonediimines, the quinonediimides show a basic de- 
amination reaction. This was observed in the reactions of amines and 
is therefore more properly called a transamination. Perhaps the clearest 
example is in the case of n-butylamine, where the only product which 
could be isolated under normal conditions was benzenesulphon- 
amide’°. By carrying out the reaction under reducing conditions it was 
possible to isolate a good yield of N,N’-di-n-butyl-1,4-phenylenedi- 
amine, showing that the alkylimine (47) was the probable intermediate, 
and suggesting a 1,2 addition across the azomethine bonds followed by 
elimination of the weaker base. 

ts PhSO,NH__NHBu-n 

+ 2n-BuNH, == ——s 

NSO,Ph PhSO,NH  NHBu-n 

NBu-n NHBu-n 

+ 2PhSO,NHg ee O (62) 

NBu-n NHBu-n 

(47) 
The fact that no ring addition products were found indicates that the 
transamination step is fast with respect to addition and that the N,N’- 
dialkylquinonediimine decomposes rapidly in accordance with 
Willstatter’s observations !:2:59, 

The variety of products which are found when aniline reacts with 
quinonediimides in a non-polar solvent (see Section III.A 87) can also 
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be understood in terms of the above discussion. The scheme is clearly 
presented by Adams as a series of 1,2 and 1,4 additions®. The greater 
stability of the N,N’-diarylquinonediimines, reported by Willstatter, 
also makes this an attractive explanation of the experimental results. 

Only a few amine additions were carried out in acidic media, but 
they are of special interest in view of the differences in product com- 
position brought about by small changes in structure and/or reaction 
media and the possibilities for fruitful study they suggest. The case of 
o-toluidine is probably close to the border line in that the absence of 
acid produced only transamination”?. 

NSO.Ph 

OO :o"= 
NSO,Ph 

PhSO,HN_ .NHC,H.Me-o NC.H,.Me-o 

03 —-OO » 
PhSO,HN~ ~NHC,H,Me-o Nebo 

When the same reaction was carried out in acetic acid, ring addition 

became competitive with transamination and the product shown in 
equation (64), or the other ring isomer, was obtained. 

oe NH, 
Me 

+ are 

So 

C,H,.Me-o NH 2 
PhSO,HN. .NHC,H.Me-o her : 

Me e 

ew ai 

HOAc, 
ae ——————— 

NSO,Ph NSO,Ph 

NHC, Cee 0 NHC,H.Me-o 

NHC,H,Me-o ——~> NHC,H,Me-o (64) 

o 

OL  NHSO,Ph 
(48) 
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The structure which Adams thought most probable sterically (48) 
would also be the most likely on mechanistic grounds, assuming that 
the 1,2 addition and loss of benzenesulphonamide occurred first. 

The addition of aniline®’, morpholine®’, methylaniline™? and p- 
toluidine”? to 1,4-naphthoquinonedibenzenesulphonimide in acetic 
acid also appear to be consistent with an acid-catalysed 1,4 addition. 
In all of these cases good yields of the 2-adduct were obtained, e.g. 
equation (65). 

NSO.Ph NHSO,Ph 

NHPh 

OL) em OO 
NSO,Ph NHSO,Ph 

(65) 

The evidence cited with regard to the reactions of amines with 
quinonediimides seems to fit quite well a general mechanistic picture 
of carbonyl additions. However, it should be noted that there are other 
data which are not easily rationalized, e.g. 71-72 

NSO.Ph H NHSO,Ph 

N NCsFio 

OL) “O=1@@ es 
NSO2Ph NHSO,Ph 

NSO,Ph NHSO,Ph 

eHaNHMe-p 

+ PhNHMe —t > (67) 

NSO,Ph NHSO,Ph 

Both of these reactions give yields in excess of 90% and the reasons 
for their course will not be answered until further mechanistic studies 
have been made. 
The ring addition of hydrogen chloride to quinonediimides has been 

studied in a greater number of cases than the other reagents. This is 
due to the ease and scope of the reaction®, Hydrogen chloride 
Serves as its own catalyst even in such non-polar solvents as benzene. 
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In fact, some of the more reactive quinonimides reacted with hydro- 
chloric acid in a heterogeneous mixture ®°. 

NSO Ph NHSO,Ph 

s +H}, a> OL (68) 

It seems reasonable to expect the following pathway to obtain: 

NSO,R NHSO,R 

O = ae ee 
(i) NSO,R 

(4-4) ‘ 
NHSO, R NHSO,R 

CG] Cl 

ceciia? +H,O* (69) 

NHSO,R NHSO,R 

The organic acids and alcohols also add to quinonediimides, but 
are much less reactive as is illustrated by the fact that they are useful 
reaction and recrystallization solvents. The presence of strong Lewis 
acids such as boron trifluoride, hydrogen fluoride and concentrated 
sulphuric acid (especially the first of these) leads to smooth addition 
in good yield 7*-7°, 

The action of these catalysts is typical of the effect of acids on 
reactions involving two reversible steps®°. Whereas the reaction in 
strong acid leads to a high concentration of protonated intermediate, 
the Lewis acid may facilitate the removal of a nuclear proton in the 
product forming step: 

NSO, dig int NHSO,R 
| OAc 

+HOAc === OAc] ——> (70) 

NSO,R NHSO,R NHSO,R 
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This would also be consistent with the pre-protonation which we 
have observed in the sulphonation of quinonediimines (see Section 
II.D.4). 

The addition of organic acids to 1,4-naphthoquinonedibenzenesul- 
phonimide represents an especially interesting case. The Lewis acids 
which effectively promoted addition in the benzoquinonediimides 
failed, while bases such as triethylamine, sodium acetate, and potas- 
sium cyanide were very satisfactory “°-7”. General base catalysis is also 
frequently observed in carbonyl additions ®*. In this case it may also 
involve such factors as steric hindrance by the naphthalene fperi- 
hydrogens or a smaller tendency to reform the aromatic system, result- 
ing in a stronger carbon—hydrogen bond which must be broken in the 
product-forming step: 

NSO,Ph NHSO,Ph 
OAc 

OO v=— Och — 
NSO,Ph NHSO,Ph 

NHSO,Ph NHSO,Ph 
OAc _OAc 

OC fu|—-OO™ » 
NHSO,Ph NHSO,Ph 

Studies of the addition of mercaptans provide additional evidence 
for the reasoning used in the above examples of general acid and base 
catalysis. Using thiophenol as a typical example, it is found that both 
acidic and basic catalysts produce good yields of ring addition”®, 
Thus the strong acid catalyst leads to a high concentration of 
intermediate 49 in path (72a), while the weak acid thiophenol 
produces a low concentration of the same intermediate in path (72b). 
This latter circumstance is offset by the presence of a basic catalyst 
which facilitates proton removal in the activated complex 50 and 
both systems have overall rates which lead to practical synthetic 
routes. 

Benzenesulphinic acid, which is of course a much stronger acid 
(pK, = 1:217°), adds smoothly to quinonimides without a 
catalyst 7°-°°-81 Thus the cycle is completed and we return to the 
situation which was postulated for the addition of hydrogen chloride. 
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¢NHSO4Ph NHSO, Ph 
SPh 

SPA > (72a) 

NSO,Ph NSO.Ph A pe NHSO,Ph 

| ens = SPh 

NSOzPh NHSO.Ph : res 
SPh === SPh 

NHSO,Ph HNSO,Ph 

(50) | (72b) 

NHSO,Ph 
SPh 

NHSO,Ph 
NSO,R cWHSO. R NHSO,R 

SO.Ph 
+ PhSO,H === SO,Ph ——> (73) 

NSO,R NHSO,R NHSO,R 

Two other types of data useful for mechanistic considerations are 
provided by these product studies of the reactions of quinonediimides 
—the effect of different classes of N-substituents and the orientation 
influence of the first ring substituent on the second entering group. 
In the former there is just sufficient data to suggest that further 
study would be profitable and the latter has been well reviewed and 
discussed ®. 

IV. QUINONEMONOXIMES 

A. Preparation and Tautomerism 

One of the earliest observations of tautomeric equilibrium was that 
of benzoquinonemonoxime and f-nitrosophenol®?. The two common 
methods of preparing these compounds both produce the same product 
mixture (equation 74). 
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ee 
+ HNOM Re Ho-())-No 

This system has been the subject of a great amount of study since the 
early part of the twentieth century. Extensive early studies of 
Hodgson ®:§* are well summarized in the literature®°. They also 
provided data which led to some interesting recent research. 

In 1923 Hodgson and Moore reported studies which gave chemical 
evidence that they had succeeded in isolating 3-chlorobenzoquinone- 
4-oxime and 3-chloro-4-nitrosophenol as individual compounds ®?%. A 
number of reinvestigations have been made of this problem and the 
intriguing possibilities presented by it®*°?, These latter studies have 
generally confirmed Hodgson’s conclusions concerning the tauto- 
merism of most quinonemonoximes with p-nitrosophenols, but strongly 
questioned the isolation of tautomers in the 3-chloro case. In the early 
1950’s a series of papers appeared which seem to explain this diff- 
culty 10.93-96, 

When the nitrosation of 3-chlorophenol is carried out in aqueous 
media of limited acidity, the product melts at approximately 140°. 
When the same reaction is performed in sulphuric acid a product 
melting at 184° is obtained. These are the materials assumed to have 
benzenoid (51) and quinonoid (52) structures respectively ®°: 

OH 

Cl Cl 

NO NOH 

(51) (52) 
140° 184° 

The low-melting product is unstable to light and can be transformed 
into the higher by treatment with acid or alkali®%. All the evidence 
indicates that the high-melting material is a homogeneous substance 
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which in solution is an equilibrium mixture of benzenoid and quino- 
noid tautomers?®:®8-°*, The spectra of the low-melting material at 
various pH’s indicate that it is a mixture. The application of counter- 
current distribution showed the presence of at least three components. 
The major fraction was identical with the high-melting substance or 
tautomeric mixture. 

Using column chromatography it was possible to obtain larger 
amounts of the components of the low-melting mixture 9°. Considera- 
tion of the possibility of nitrosation at the 6-position (and the product’s 
sensitivity to light) led to the suggestion that one of the additional 
components might be 3-chloro-6-diazocyclohexadienone (53). This 
compound was prepared by an independent route and proved to be 

O 

Na 

Cl 
(53) 

identical with that isolated from the nitrosation reaction mixture. Its 
marked sensitivity to light suggests that the one or more additional 
compounds found in counter-current separations are decomposition 
products. The implied diazotization of a nitroso group is well sup- 
ported by the literature®’ and by the group reporting this finding®°. 

B. The Beckmann Rearrangement 

Ernst Beckmann himself attempted the rearrangement of benzo- 

quinonemonoxime under rather unusual basic conditions *®. 

O oO 

Oe e 
N 

NOH i 
(54) 

The product obtained gave an acceptable analysis and some chemical 

evidence that it was the expected product (54). Because some of the 

tautomeric forms of this compound can be considered aza-y-tropolone 

(equation 76), Leonard reinvestigated its structure®®. 
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OH 

\ (76) 

Chemical and spectral evidence obtained by these workers together 

with comparison with an authentic sample established the structure of 

the product as 4-azoxyphenol (55). The analytical and molecular 

weight data of Beckmann, which cannot fit the true product 55, are 

regarded as being either fortuitous or in error. All the chemical 

observations are equally well understood for either 54 or 59. In efforts 

to optimize the yield of product a number of significant observations 

Or-O- 
O 

(55) 

were made which led to the following proposed reaction pathway: 

O 

ct bre — Cyc tcs 
NOH 77) 

of RNC PhSOs” - 2H 
) ae of {ko ee 

prso,on{ 0 ee 

Concurrent with these observations, another laboratory published 
exactly the same conclusion with regard to the product from benzo- 
quinonemonoxime?®°. In addition, they reinvestigated Beckmann’s 
work with anthroquinonemonoxime and concluded that this did in 
fact undergo the usual rearrangement. As is indicated (equation 78), 
the product 56 underwent hydrolysis to a compound which is easily 
understood in terms of the expected Beckmann rearrangement pre- 
cursor. Compound 56 acted as a normal lactam and showed no evi- 
dence of tropolone character. 



14. Quinonediimines and Related Compounds 715 

O 0 O 

O oto-oto-—oto- 
NOH oN H,0C NH, 

(56) 

C. Brief Reports Involving Quinone Oximes 

There are in the literature several interesting, but very limited 
studies, which will be cited with only brief discussion. 

I. Nitrosation of primary aromatic amines 

Diazotization with a solution of NaNO, in concentrated sulphuric 
acid, while not a general reaction, has been useful in certain cases. 
This reagent with a number of primary aromatic amines, e.g. m- 
toluidine, m-anisidine, 1-naphthylamine-2-sulphonic acid, etc., results 
in nitrosation*®*, These products, e.g. 57, are in tautomeric equili- 
brium with the corresponding quinonimineoximes and this in many 

NH, NHz NH 

SO + ONOSC,H —— ———s (79) 

OMe OMe OMe 

NO NOH 

(57) 

cases is the preferred route for their synthesis. 

2. Inner complexes 

Phenanthrenequinonemonoxime and related compounds were 
found to give extremely stable complexes with a variety of metallic 
ions, e.g. Ni, Cd, Cu, etc.1°? Spectral characteristics for these ¢om- 
plexes are reported 1°. 

3. Hydrolysis 

The preparation of substituted quinones by hydrolysis of the appro- 
priate nitrosophenol is an attractive synthetic route since the latter 
can be prepared in good yield. Three methods of hydrolysis were 
examined, with that shown in equation (80) appearing most useful *°*. 
Some observations of mechanistic interest were made: (a) leaving out 
the acetone reduced the yield slightly while omission of the cuprous 
oxide resulted in a very low yield; (b) steric hindrance of both the 
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NO NOH O 

methyl- 
—————_ 

R ===> R + Me,CO + Cu,0 R (80) cellosolve 

OH O O 

nitroso and hydroxyl groups made the hydrolysis difficult while 

partial hindrance of the nitroso group alone seemed to slightly favour 

reaction. 

4. Reactions of diazomethane with 4-nitrophenols 

With the parent compound, 4-nitrophenol, diazomethane gave only 

the expected ether 1°. 

OH OMe 

0: CH,N, ———> 0 * (81) 

NO, NO, 

However, reaction with 10-nitro-9-anthrone gave a 60% yield of 
anthraquinonemonoxime, and the suggestion was made that the 
reaction involves the quinonoid form. 

O 

OLN 

5. Imines of anthrone 

In the course of a brief study of the stability of imines of anthracene 
a novel reaction involving Pipi hr was observed ?°°, 

osc * 
NC.H,OH-p 

6. Molecular orbital discussion of the nitrosophenol 
quinonemonoxime tautomeric equilibrium 

Using a perturbation method the difference in z-electron energy 
between the two tautomers was calculated and their relative stabilities 
estimated *°’, In the para case the quinonoid form is predicted to be 
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favoured by 4-6 kcal/mole, in general agreement with experimental 
observations. 

7. Polarography of quinone oximes 

A study of the polarographic reduction of quinonemono- and 
-dioximes over a broad range of acidities has been reported *°, The 
four-electron reduction of the monoxime takes place in one step 
(equation 84). Therefore the direct ike o Pasi the quinonimine is 

NOH 

[» (84) 

ae 

favoured over the alternative ay, 4-hydroxylphenylhydroxy]l- 
amine (58). This is by analogy with the reduction of 4-nitrophenol 
which proceeds in two steps through intermediate 58. 

The same general scheme accounts for the reduction of the quinone- 
dioximes, with the additional complication that in neutral media a 
kinetic wave is observed which requires an isomerization at the elec- 
trode prior to reduction. It is suggested that nitrone tautomer 59 may 
be involved. In both acid and alkaline solution the isomerization is 
thought to be so rapid that a one-step process is observed. The work 
of Ramart—Lucas®° is cited as offering some evidence for the existence 
of the nitrone. gee requirement of a third form () ®* no longer 
appears necessary (see Section IV.A). 

NH+O O-GeGrg - 
ton 
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V. STUDIES OF MORE LIMITED SCOPE 

A. The Diels-Alder Reaction of Quinonimine and Diimine 

Unlike the quinones, which have an extensive literature of Diels— 

Alder reactions!°°, only a single paper has appeared describing 

this reaction of the corresponding imines'°®. The reaction with 

cyclopentadiene produced only polymer except when catalysed by 

concentrated hydrochloric acid. This produced the dicyclopentadiene- 

quinonimine and -diimine (60 and 61) as hydrochlorides. The hydro- 

chloride 60 was very stable and the free imine also showed reasonable 

NH NH,*Cl- NH 

OeD= GOO" GOB 06 
O Oo O 

(60) 

NH NEDY Ele NH 

OnD = = e” 
NH NE GSCl= NH 

(61) 
stability although it did decompose after several months. No comment 
was made regarding the stability of the diimine adducts. The structures 
of 60 and 61 were substantiated by analysis and hydrolysis to the 
known dicyclopentadienequinone. 

An effort was made to obtain cyclopentadienequinonimine by 
reactions with less than two equivalents of cyclopentadiene. ‘There were 
experimental difficulties associated with the very low yields of product 
which was only poorly purified, but the weight of evidence indicated 
that the desired compound 62 was obtained. All experiments directed 
towards the synthesis of cyclopentadienequinonediimine were un- 
successful. 

NH,*Cl- NA 

OND zi : 
oO O 

(62) 
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The catalytic effect of hydrochloric acid was discussed and rational- 
ized in terms of a prior protonation of the quinonimine followed by a 
two-step cyclization reaction. 

NH,* Cl- 

“GD - 
More recent studies of the mechanism of the Diels—Alder reaction 11! 
would tend to support this as a plausible mechanism, although it might 
be described as unequal bond formation in the transition state rather 
than two distinct steps. 

B. Quinonimines as Intermediates in a Nitrile Cyclization 

It was found that in concentrated sulphuric acid the intramolecular 
cyclization shown in equation (90) took place in good yield+1*. The 
reaction also took O with simple 6 groups in place of an aroyl 

ey HiSOx. (90) 

boar NH, 

group. The most reasonable mechanism for these reactions appears to 
involve the conjugate acid and the imine, which rapidly tautomerizes. 
When tautomerism was prevented by alkyl substitution, the correspond- 

S O H iS) R i aaa +C== 

ing carbonyl compound 64 was isolated. This can easily be under- 

stood as the hydrolysis of the imine 63; a reaction which is not at all 

surprising under the reaction conditions. 

These studies were later extended to the synthesis of 9-amino- 

anthracenes by reaction of 2-benzylbenzonitriles'*®. When the reac- 

tion of the parent compound (65, R = H) was attempted, a large amount 
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OS pn @ Bu-n @ Bu-n 

The ee ia Bu-n} ——> Bu-n (92) 

Oo Oe ‘ 
(63) (64) 

F R 
Cc 

OCO= ° 
CN 

NH, 

(65) 

of sulphonation took place, but the product mixture gave some evi- 
dence of containing the desired amine. After numerous recrystalliza- 
tions pure anthraquinonimine was obtained, giving clear evidence of 
the presence of the amine. This is true because it has been demon- 
strated that the instability of 9-aminoanthracene is due to its ease of 
autoxidation 144.115, When R in compound 65 was phenyl or methyl 
the 9-imino-10-hydroperoxides (66) were stable and isolated in good 
yield. By preventing tautomerization with two substituents, the 

R. JOOH 

QUO 
NH 

(66) 

carbonyl compound 67 (presumably the hydrolysis product of the 
imino compound formed initially) was isolated. 

Pho Ph Me Ph Me an 

ORO. OCOE OOo CN 

NH O 
(67) 
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C. An Aldol Condensation of Aldehydes and Related Compounds 
with o-Quinonimines 

The formation of 2-phenylphenanthroxazole (68) from phenanthra- 
quinone, benzaldehyde and aqueous ammonia was observed nearly 
90 years ago*®. It has stimulated a good deal of experimental work and 
speculation, but no systematic mechanistic study appeared until 
1941. The first of a series of papers provides a comprehensive review 
of the earlier work in which a quinonimine intermediate was postu- 
lated?!. On the basis of a detailed study of the effect of reactants and 

O © O 
i NH, by 4 + O PhCHO 

O NH 

+ PhCO,H —— ‘mn +2H,O (95) 

OH 

oO 

reaction conditions on product yield it was shown that both the 
quinonimine and hydrobenzamide (69) are necessary intermediates. 

The structure of the retenoxazole (70) was not proven, but was con- 

sidered most probable on the basis of steric influence. A mechanism 

O 

2 

Me Me 

O O PhCH=N 
+ SCHPh —_—> en + 2 PhCH=NH 

NH  PhCH= NO 

(69) (96) 

Pr-i Pr-i 

(70) 

was proposed, but was later revised and will be discussed in its more 

recent form below. 
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The next extension of this study involved the use of amines as 

catalysts for cyclization’!”. When retenequinonimine and benzalde- 

hyde react in the presence of n-butylamine, good yields of 2-phenyl- 

retenoxazole (70) are obtained. It was recognized that two possible 

mechanisms might obtain: (a) an aldol condensation catalysed by the 

amine or (b) a preliminary reaction of the aldehyde and amine to 

form a Schiff base followed by condensation with the quinonimine. 

In order to test the first mechanism, amines which cannot form Schiff 

bases were employed. Triethylamine and piperidine gave excellent 

yields of 2-phenylretenoxazole while the weaker base, pyridine, gave 

no oxazole. A mechanism closely related to the usual aldol condensa- 

tion was proposed (B = base). 

S pp ~ -@ 

. 4+8==| [ |+8H* === 
\ X 
Si 2 NN 

O O OH 
SV Neer s 2 Pus Se NE Oe 

aN aN\ oN one 
NCHPh NCHPh N=CPh 

The irreversibility of the final step is well supported by earlier demon- 
stration of great difficulty in hydrolysis of the oxazole** and accounts 
for the high yields of products, Reactions of phenanthraquinonimine 
showed similar results. 

The second possible reaction pathway for primary amines, 1.e. 
preliminary reaction with the aldehyde to form a Schiff base, was also 
studied148, Benzylidene-n-butylamine reacted rapidly with retene- 
quinonimine under anhydrous conditions, to give a good yield of 2- 
phenylretenoxazole. The possibility of a preliminary hydrolysis of the 
Schiff base was excluded by its failure to form a phenylhydrazone under 
the reaction conditions when phenylhydrazine was substituted for the 
quinonimine. 

The mechanism suggested is very similar to that for the aldol 
condensation path (equation 97), except that the Schiff base acts both 
as the basic catalyst and as the aldehyde component of the reaction. 
The cyclization step could conceivably occur by two different routes. 
The one-step path is favoured on the basis of the close analogy between 
Schiff bases and aldehydes in addition reactions, but the two-step 
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9H 

C No rncph 
ll NHBun ——— =| | + n-BuNH, 

| C==N 
N=CPh od 

ye lyfe (98) 
< Bp to poh 
] T NHB 
en NHBu-n 

7 

path could not be ruled out. An investigation of the reaction and 
physical characteristics of a series of Schiff bases indicated that their 
reactivity was influenced by both the basicity and state of aggregation. 
The Schiff bases which are most basic and predominantly monomeric 
gave the best yields of oxazole. As before, essentially the same observa- 
tions were made with phenanthraquinonimine. 
A brief investigation of the reaction between quinonimines and 

primary amines has been made??®. The fact that oxazoles rather than 
imidazoles were formed indicated that the initial reaction took place 
at the imino group. It was also noted that only primary amines with 
two a-hydrogens reacted and the following mechanism was proposed. 

~ 

ie ee Pee hero) ——— eee 
SNH oP ae 

“G-0H a - We — —— 

S-N=CHR a HH I ee 
(71 

The final step, involving the oxidation of intermediate 71, is interest- 
ing in that it requires a hydrogen acceptor. In fact, eitod wine was 
isolated when the reaction was carried out in the presence of p- 
benzoquinone. 

Still another class of compounds, the alkylidenebisamines, possess 
a structural similarity to the aldehydes and Schiff bases and their 

reaction with quinonimines has been studied?*°. When benzalbispi- 

peridine and methylenebismorpholine were allowed to react with 

retenequinonimine, nearly quantitative yields of 2-phenylretenoxazole 

and retenoxazole were obtained. The mechanisms proposed above also 

account nicely for these reactions. One interesting abnormality was the 
24+ C.C.N.D.B. 
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reaction between phenanthraquinonimine and methylenebismorpho- 
line which produced only 2-morpholinophenanthroxazole. The de- 
tailed reason for this was not investigated, but it is understandable in 
terms of the mechanism proposed for the reactions of primary amines 
(equation 99). 
The first compound studied by this group, hydrobenzamide, may 

be considered either a Schiff base or an alkylidenebisamine. Its reac- 
tion with retenequinonimine was re-examined and the mechanism 
proposed earlier recast in the light of later experimental facts. This 
new mechanism is essentially the same as those proposed above. This 
series of papers represents a model of the non-kinetic investigation of 
reaction mechanisms and can be profitably read by any physical- 
organic chemist. The studies are neatly summarized and analogies to 
other reactions cited in one publication ???, 

D. Brief Reports 

I. Quinonediimine-N,N’-dioxides 

It was found that this class of compounds (72) could be prepared by 
the oxidation of either substituted quinonediimines or p-phenylene- 
diamines*?, The latter method also produced a by-product, a p- 
nitroaniline (73), when R and/or R’ = unsubstituted alkyl. Some of the 
physical properties of these compounds were reported and the obser- 
vation that they are light-sensitive was made. 

NR RN +O 

+ 2PhCO;H ——> O (100) 

2 NR RN—->O 

(72) 

NHR RN—=0 re 

-- 3 PhRCO,H ==, 

: O : O (101) 
NHR’ 

R’N +O NO, 

(73) 
; A more complete study of the products of the photochemical reac- 
tion of the N,N’-dioxides revealed that the course of the reaction was 
strongly influenced by the substituent on nitrogen?2%, The first reac- 
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tion is a rapid and quantitative decomposition into p-quinoneimine- 
N-oxides (e.g. 74) and azo compounds. This is followed by the 
conversion of the N-oxides into p-quinone and azo compounds. The 
further reaction of the intermediate 74 can be separated from the initial 

an hi = ita + PhN-=NPh + Q (102) 
O Oo 

(74) 

reaction because it requires a shorter wavelength for activation. If R 
and R’ are different aryl groups, all three possible azo compounds are 
formed, while if one is an alkyl group only the symmetrical aryl azo 
compound was found. The aliphatic imine substituents were assumed 
to produce aliphatic azo compounds although none were isolated. 

2. The Gibbs reaction 

The formation of indophenols from 2,6-dihalobenzoquinone chloro- 
imide has long been known as a sensitive test for phenols?**. It was 

OH NC x 

| | —o n-(C)-or +YCI (103) 
ara OK 

Y O x 

originally felt that very few phenols in which the para position was 
blocked (Y 4 H) would give the characteristic blue colour. However, 
two more recent studies have shown that a wide variety of para sub- 
stituents can be displaced!?°12°, The substituents included halo, 
carboxyl, alkoxyl, and amino groups. The spectral characteristics‘and 
melting points (of the leuco dyes) are given for a large number of the 
compounds studied. 

3. A preparation of quinone sulphenimines 

An attempted preparation of the mercaptoindophenol 5 resulted 

in a quantitative yield of the isomeric quinone sulphenimine (76) **’. 

A number of these compounds were prepared and it was found that the 

desired compound could be obtained by an intramolecular rearrange- 

ment in refluxing acetic acid (equation 104). 
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SH NCI 

1 —_+~—— HS n{_ ro (104) 

(75) O ‘ ee 

aoe 
(76) 

4. Hydrolysis of 1,2-naphthoquinone-|-imine 

This appears to be the first report of quantitative data for imine 
hydrolysis??8. It was found that 1,2-naphthoquinone-l-imine was 
stable for several hours in 95% ethanol, but with more than 25% 
water rapid hydrolysis took place. It was observed that the correspond- 
ing benzimide was much more stable towards hydrolysis although it 
reacted with 95% ethanol to form an adduct. 
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sulphonation 697 
of quinonediimides 704 
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rearrangement 713 
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want 

Benzothiazole 316 
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photoisomerizations 
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N-Benzylideneaniline—cont. 
polarographic reduction 158 
test for 150 

N-Benzylideneanilines, conformation 
187, 188 

structure 366 
substituted, mass spectrometry 170 
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Bisulphite method, azomethine analy- 

sis 156, 157 
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calculation of 6 
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Bromide ion 302 
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N-Butylamine, catalytic effect in for- 
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N-n-Butylbutylideneamine 5, 155, 
157 

ultraviolet absorption spectrum 
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Butylimine 157 
N-n-Butylpropylidenamine 5 

(+)-Camphor oxime 230 
benzoate 230 
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dichloro-, addition to benzalaniline 
301 
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Carbobenzoxy groups 308 
Carbodiimides 634 

electronic spectra 201 
formation 99, 124 

by rearrangement of imidyl azides 
454 
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from iminophosphoranes 102 

Carbon, heat of sublimation 5 
Carbon monoxide, addition reactions 

275, 276 
Carbonyl-amino condensation, mech- 

anism 79 
Carbonyl compounds 98 

interchange of C==N bonds with 
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reactions with isocyanates 115 
Carbonyl group 1—see also Condensa- 

tion 
amidic and esteric, reaction with 

amino groups 77, 78 
condensations with amidic amino 

groups 77 
reactions with-hydrazine 71 
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reactions 265, 266 
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310 

Catalytic parameter 485 
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cleavage, with amines 83 
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intramolecular 440 
mechanism 440, 441 
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alkyl 443, 444 
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Chelate intermediate 292 
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402 
N-Chlorimines, configurational as- 
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stereoisomers 400 
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Chloroform 301 
N-Chloroketimines, rearrangements 

451 
2-Chloro-4-nitrodiphenylsulphone, re- 

actions with nucleophiles 676 
Chloro substituents, displacements 

328-334 
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Cinnolines, electrolytic reduction 
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Circular dichroism 202 
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terms and definitions 203 
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nomenclature 466-468 
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of Co (III) 246 
of Cu (II) 247 
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248 
of Ni (II) 242 
of Pd (II) 243 
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715 
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transition state, change in free 
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retention during Beckmann re- 
arrangement 421 
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Conjugated molecules, linear 3 
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Correlation problem 25 
Cotton effect 203 
Coulomb integrals 11 

atomic, exchange type 27 
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molecular 26 
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elementary rate constants 691 
in study of mechanism of nucleo- 
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leading to indoaniline dyes 

Cu (II) complexes 247 

669 
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amines as catalysts for 
of amides 105, 106 
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647 

of carbon-nitrogen double bonds 
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to alkenes 300 
toimines 300 

1,3-Cyclohexadiene 319 
Cyclohexanone, polarographic deter- 

minations 160 
pyrrolidine immonium salt 302 

N-Cyclohexylideneaniline, u.v. spec- 
trum 187 

N-Cyclohexylidene-n-butylamine 183 
N-Cyclohexylidenecyclohexylamine 

183 
Cyclopentadiene, addition with JN- 
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N-Cyclopentylidene-n-butylamine 

tautomerism 207 
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kinetics 680 ‘ 
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rate constants 684 
summary of reaction schemes 686, 
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with aldehydes 73 
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Diaziridines 300 
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Diazoalkanes 310-314 
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electrolytic reduction 551 

Diazocompounds 127 
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tion 305 
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monium salts 303 
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tions 91-95 
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of quinondiimine 718, 719 
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N,N-Dimethylhydrazones 230, 231 
2,4-Dinitrophenylhydrazine method, 

azomethine analysis 156 
2,4-Dinitrophenylhydrazones, config- 

urational assignments 393 
rates of syn—anti; isomerizations 396 
stereoisomers 393 

Diphenylamines, from Chapman re- 
arrangement of imidates 441 

2,2-Diphenyl-2-anilino-1,1,1-trichloro- 
ethane - 301 

Diphenyldiazomethane 
Diphenylketimine 236 

chet 
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Diphenylmethylene aniline 301 

1,5-Diphenyltetrazole, conversion to 
diphenylnitrilimine 314 

formation 634 
1,5-Diphenyl-A2-1,2,3-triazoline 310 

Dipole moments 2, 4, 5, 244 

Displacements, of alkoxy groups 334— 
346 

of amino groups 349-351 
of chloro substituents 328-334 
of hydrogen 348, 349, 351 
of hydroxy group 351 
of thioalkoxy groups 346-348 

Dyes 669 
azo, formation 670, 679 
formation by displacement 671 
indamine 669 
indoaniline 669 
indonaphthol 668 

Ehrlich—Sachs reaction 83 
Electrochemical preparation of azo- 

methine compounds 517-533 
Electrode potential 506 
Electrolytic oxidation—see oxidation 

electrolytic 
Electrolytic reaction, control of 507— 

513 
factorsinfluencing 513, 514 

electrode material 514 
electrolyte 514 
pH 514 

Electrolytic reduction—see Reduction, 
electrolytic 

Electron affinities 16 
Electronegativity 13 
Electronic charge densities 12 
Electronic spectra 184 

of azomethines, conjugated 188— 
191 

substituted 198-201 
unconjugated, aliphatic 183 

solvent effects 187, 197 
Electrons, lone pair 8 
p-Electrons, ‘equivalent,’ of nitrogen 

atom 7 
a Electrons 10 

of azomethine group 
o Electrons 31-36 
Electrosynthesis, optimal conditions 

515 
Elimination reactions of 

halides 623-626 
Enamine 95, 96, 320 

structure 167 

10-24 

imidoyl 

Subject Index 

Enolic forms, fixation in thioamides 

7 
of aldehydes 80 
of ketones 80 

Epoxidation of alkenes 304 
Equilibrium constants 470 

for complex formation 239 
Equilibrium for ‘semiquinone’ for- 

mation 688 
Eschweiler reaction 283, 284 
Ethane, bond lengths 3 
Ethyl acetimidate 315 
Ethyl 3-anilinocinnamate 
N-Ethylbutylidenamine 5 
N-(2-Ethylbutylidene)-2-ethylbutyl- 

amine 157 
2-Ethylbutylimine 157 
Ethyldiazoacetate, copper catalysed 

decomposition 303 
Ethylene, bond lengths 3 
Ethylene oxide 302 

303 

2-Ethylhexylimine 157 
N-Ethylideneaniline 157 
Ethylimine 157 

polymer 157 
Ethyl 2,4-pentadienoate 320 
2-Ethyl-l-piperideine 320 

Flow apparatus, for study of quinone- 
diimine reactions 675 

Fluorescence 177, 178 
N-Fluorimines, syn and anti isomers 

400 
N-Fluoroamidofluorides, dehalogena- 

tion 608 
Formimidoyl chloride 651 
Fragmentation, of e-amino ketoximes 

425 
of p-toluene sulphonate esters of 

ketoximes 428 
Fragmentation-recombination 423 

leading to Beckmann products 421 
Free-radical nitrosations 89 
Friedel-Crafts reactions 640, 643 
Fulminates, additions 114-116 

Gattermann aldehyde synthesis 650 
Gibbs reaction 725 
Glyoxime complexes 250, 251 
Goeppert—Mayer and Sklar approxi- 

mations 27 
Grignard reagents, addition reactions 

266-271 
four centre mechanism 269 
with isonitriles 112 



Subject Index 

Grignard reagents—cont. 
with nitriles 113 
conversion to anils 

Guanidines 322, 468 
electronic spectra 200, 201 
rearrangements 455 

108 

Halimines 468 
N-Halimines, syn-anti isomerization 

399-402 
N-Haloamides, reaction with tri- 

phenylphosphine 652 
N-Haloguanidines, rearrangements 

455 
a-Haloketones, conversion to hydra- 

zones and osazones 75 
Hammett parameters 483 
Heat of atomization 5 
Heat of sublimation of carbon 5 
Heterocyclic systems, from imidoyl 

halides 642 
Heterodienes 321-323 
Hoesch ketone synthesis 
Hoesch synthesis 113 
Hiickel method 10-18 
Hiickel molecular orbital theory re- 

lated to quinonediimines 674 
Hund’s rule 7 
Hybrides, digonal 7 

tetrahedral 7 
trigonal 7 

Hybridization, of nitrogen atom 6— 
10 

Hydrazidic chlorides 314 
N-carbethoxy benzhydrazidic chlo- 

ride 316 
N-phenylbenzhydrazidic chloride 

315 

650 

Hydrazidines 468 
Hydrazines, electrolytic oxidation 

532 
reactions, with carbonyl group 71 

with f-diketones 72 
with y-diketones 72 

Hydrazones 82, 323, 467 
acylated, electrolytic reduction 

543, 544 
conversion to azines 82 
cyclic, acylated, electrolytic re- 

duction 546-550 
formation from -halo-ketones 

and hydrazine 72 
electrolytic reduction 543-544 
electronic spectra 199 
formation 81, 91, 123 

783 

Hydrazones—cont. 
formation by oxidation 

from azines 82 
from a-haloketones 75 
from hydrazine 71 
from «-hydroxyketones 74 
from oximes 82 
via diazenes 127 

syn—anti isomerization 392-399 
rearrangements 454, 455 
substituted, formation from  sub- 

stituted hydrazines 73 
thiobenzoyl hydrazones, electrolytic 

reduction 550, 551 
Hydrobenzamide, as necessary inter- 

mediate in 2-phenylphenanthrox- 
azole formation 721 

Hydrogen abstraction 590-592 
Hydrogenation, catalytic 276-279 

of azomethine compounds, stereo- 
chemistry 285-293 

reactions 276-293 
Hydrogen bond 43 
Hydrogen-bonded complexes 
Hydrogen bonding 195, 196 

intramolecular 165 
Hydrogen cyanide. addition reactions 

256-258 
Hydrogen displacements 

351 

120 

239 

348, 349, 

Hydrogenolytic asymmetric transami- 
nation 289 

Hydrogen sulphide, addition reactions 
260-262 

Hydrolysis, dependence on steric and 
electronic features 630, 631 

of imidoyl chlorides 629-631 
ofimines 726 
of iminolactones 
of nitrosophenol 715, 716 
of Schiff bases 468-492 

kinetic data 476 
of A, thiazolines 501, 502 

Hydroxamic acids, alkyl 346 
electrolytic reduction 558, 559 
syn and antiisomers 403 

Hydroximic acid chlorides 
2-Hydroxyacetophenonimine 

plexes 248 
4-Hydroxybenzaldoxime, test for 150 
N-(m-Hydroxybenzylidene) aniline 

493-501 

353,304 
com- 

196 
N-(o-Hydroxybenzylidene) aniline 

196 
phototropy 177 
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N-(p-Hydroxybenzylidene) aniline 
196 

phototropy 178 
N-(o-Hydroxybenzylidene)-f- 

naphthylamine, phototropy 177, 
178 

Hydroxy group, displacement 351 
a-Hydroxyimines, rearrangements 

452, 454 
thermal 453 

a-Hydroxyketones 74, 77 
Hydroxylamine method of azomethine 

analysis 157 
Hydroxylamines, electrolytic oxida- 

tion geoo2.7050 
Hypochlorite and phenol, test for 

Schiff bases 150 

Imidates 322, 468, 649 
acyl, Chapman rearrangement 

445, 446 
alkyl 334-345, 352, 353 

rearrangement, Chapman 443, 
444 

intermolecular 443 
thermal 443 

allyl, intramolecular mechanism of 
thermal rearrangement 444 

aryl, rearrangement to WN-aroyl- 
diarylamine 439 

Chapman rearrangement to di- 
phenylamines 441 

conversion to 1,2,4-oxadiazoles 317 
electrolytic reduction 538 
electronic spectra 201 
formation 80, 103, 109 

from imidoyl halides 631 
from rearrangement of benzi- 

midoyl benzoates 404 
syn—anti isomerization 402-405 

Imidazoles 723 
formation from imidoy] halides 

621, 622 
Imides, formation by rearrangement 

of benzimidoyl benzoates 445 
Imidic acids 598 
Imidic esters—see Imidates 
Imidoates—see Imidates 
Imidocarbonates, rearrangements 

447 
Imidothio esters, electrolytic reduction 

538 
Imidoyl halides 597-656 

as reactive intermediates 647-656 
bromides 600 

Imidoy1 halides—cont. 
chlorides 319, 323, 328-333, 600 

hydrolysis 629-631 
dependence on steric and elec- 

tronic features 630, 631 
elimination reactions 623-626 
fluorides 600 
Friedel-Crafts reactions 640, 641 
geometrical isomerism 617, 618 
halide exchange 629 
hydrolysis 629-631 
infrared spectra 615-617 
in heterocyclic synthesis 642-647 
mechanism of formation 605 
nomenclature 599 

N-benzenesulphonylbenzimidoyl 
chloride 599 

N-(t-butyl)benzimidoyl fluoride 
599 

N-(n-butyl)-2-ethylhexanimidoyl 
chloride 599 

chloroisonitrosoacetone 599 
1,3,3,4,5,6,7-heptachloroiso- 

indolenine 599 
N-methylbenzimidoy] chloride 

599 
N-phenylbenzimidoy] chloride 

599 
N-phenyltrichloroacetimidoyl 

chloride 599 
N-(p-tolyl)isobutyrimidoyl 

chloride 599 
2,3,3-trichloro-1-piperideine 599 

nucleophilic substitution 628 
N-phenylbenzimidoyl chloride 600 
physical properties 614-618 
preparation 601-613 

from amides 601-606 
from amidohalides 607, 608 
from diazotates 613 
from difluoroamine 613 
from imidates 612 
from isonitriles 608, 609 
from isothiocyanates 613 
from ketenimines 613 
from nitriles 609-611 
from oximes 613 
from thioamides 613 
from trichloroacetamides 613 
from trichloronitrosomethane 

613 
reactions, with alcohols 631, 632 

with amidines 633 
with amines 632 
with carbanion reagents 638-640 
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Imidoy]l halides—cont. 
reactions, 

with carboxylic acids 
with hydrazines 634 
with hydrazoic acid 634 
with hydrogen cyanide 635 
with hydrogen sulphide 637, 638 
with hydroxylamines 633 
with phenols 631, 632 
with phosphites 638 
with thioacids 637, 638 
with thiols 637, 638 
with urethanes 633 

reduction 627, 628 
salt formation 626, 627 
self condensation 618, 619 
structure 614 
substitution at the a-carbon atom 

641 
Imidyl azides, rearrangement to car- 

bodiimides 454 
Imidyl chlorides—see Imidoy] halides 
Iminazoles—see Imidazoles 

635-637 

Imines 108, 467 
N-alkyl 316 
N-aryl 316 
azomethine 316, 317 
chrysenequinone imine 318 
cycloadditions 300 
formation, from amines 119 

from iminophosphoranes 98 
from ketones 67 

group theoretical treatment 45 
hexafluoroacetoneimine 313 
hydrolysis 726 
interchange, to form nitrones 82 

with carbonyl compounds 82 
of anthrone 716 
ozonolysis 318 
phenanthraquinone imine 318 
preparation, by addition of Grig- 

nard reagents to nitriles 112 
stability 300 

Iminium ion 437 
as insertion product 437 

Iminocarbonates isomerization, syn— 
anti 402-405 

rates of 402 
Imino chlorides—see Imidoy] halides 
Imino ethers—see Imidates 
Imino group, anisotropy effect of 

phenylimino group 382 
Iminolactones, hydrolysis 493-501 
Iminophosgenes—see Isonitrile diha- 

lides 

785 

Iminophosphoranes 99 
addition to triple bond 102 
conversion, to carbodiimides 102 

to Schiff bases and imines 98 
Imino sulphonates 319 
Iminothiocarbonates, isomerization 

404 
Immonium salts 114 

formation 83, 103, 119, 122 
reaction with diazomethane 

Indazolones, as couplers 670 
Indicator yellow 194 
Infrared correlations, for configura- 

tional assignments 377 
empirical 377 

Infrared spectra, in analysis 

303 

162-— 

of aldimines 163-167 
of imidoyl halides 615-617 

Infrared stretching frequency of C—=N 
bond 2 

Insertion product, iminium ion 
437 

Interatomic distances 2 
Intermediates 690 

in quinonediimine-sulphite reaction 
695 

protonated, in sulphonation of WN, N- 
dimethylquinonediimine 

698 
Intermolecularity, during Beckmann 

rearrangement 421 
Internuclear distances 2-4 
Intramolecular hydrogen bonding— 

see Hydrogen bonding 
Ionic character, of C==N bond 20 
Ionization potentials of valence state 

16 
N-Isobutylbutylidenamine 5 
Isocyanates 99 2 

acyl 322 4 
addition reactions 114-116 
phenylisocyanate reaction with ni- 

troalkanes 317 
reactions with imines 
thioacyl 322 
thiobenzoyl 323 

Isoimides 635-637 
Isomerism, geometrical, of azome- 

thines 207 
of imidoylhalides 617, 618 
of oximes 228-230 

in oximes, x-ray diffraction studies 
385 

syn—anti 

309 

167 
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Isomerization, cis—trans 574-582 
of iminocarbonates 404 
ofiminothiocarbonates 404 
photochemical, of oxime ethers 392 

of oximes 390 
photo-, of N-benzylideneaniline 

367 
rate, effect of substituents on 377, 

381 
ofiminocarbonates 402 

syn—anti, mechanisms 405-408 
of aldimines, N-alkyl 364-373 

N-aryl 364-373 
of azines 392-399 
of N-halimines 399-402 
ofhydrazones 392-399 
ofimidates 402-405 
of iminocarbonates 402-405 
of ketimines, N-alkyl 373-383 

N-aryl 373-383 
of oxime ethers 383-392 
of oximes 383-392 
rate, effect of substituentson 369 

of DNP’s 396 
thermal, of oxime ethers 392 

of oximes 390 
Isomers, syn—anti, of azomethines . 66, 

81 
of N-fluorimines 400 
of hydroxamic acids 403 

Tsonitriles 467 
addition 113, 114 
conversion to imidoyl halides 608, 

609 
dihalides 609 
reaction with Grignard reagents 

tS 
Isooctopine 289 
N-Isopropylbutylidenamine 5 
N-Isopropylideneisopropylamine 157 
Isoquinoline 316 
Isorhodopsin 194 
pecs aioe electrolytic reduction 

phenylisothiocyanate 
Isothioureas 468 

s-alkyl 347, 348 
Isoureas 468 

o-alkyl 345, 346 

309 

Japp-Klingemann reaction 92, 94 

Ketals, reaction with amino groups 

Subject Index 

Ketene diaminals, addition to JA- 
arenesulphonyl benzaldimine 
309 

Ketene dimers, reaction with imines 
305 

Ketenes, alkyl 305 
p-chlorophenyl ketene 306 
conversion to p-lactams 305 
N,N-diacylaminoketenes, formation 

307 
diphenyl- 305 
monoaryl 305 
p-nitrophenylketene 
phenylketene 306 

Ketenimines, formation 619 

306 

from N-alkylamides 123 
from azo compounds 129 
from imidoyl halides 623, 624 
from isocyanates 100 
from ketenes 98 
from phosphoranes_ 102 

Ketimines 70, 82, 351, 352 
N-alkyl, syn—anti isomerization 

373-383 
N-aryl, syn—antiisomerization 373— 

383 
N-chloroketimines, rearrangements 

451 
double, infrared spectra 169 
N-perfluoroalkyl, configurational 

stability 378 
potentiometric titration 155 
reaction with nitrile oxides 318 

Ketoketenes, cycloaddition 305 
Ketones 82 

condensations, with amines 64-69 
with N,N-dialkylhydrazines 

73 
conversion, to Schiff bases and 

imines. 98 
to semicarbazones 74 

B-diketones 70 
enolic forms 80 
Hoesch synthesis 650 
sterically hindered, azomethines of 

82 
aB-unsaturated 66, 70 

Ketoses 74 
Ketoximes, «-amino, Beckmann frag- 

mentation 425-428 
p-toluene sulphonate esters, frag- 

mentation 428 
Kinetic data, for hydrolysis of Schiff 

bases 476 
Kinetics, of deamination 680 
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Kroéhnke reaction 85, 101 
&so2- versus total phosphate 696 

— formation from ketenes 

3-monosubstituted 305 
Leuckart reaction 283 
Lewis acids 709 
Lewis base 235 
Lithium aluminium hydride 281 
Lithium dichloromethane 302 
Lithium, metallic, addition reactions 

PAPE 273 

Magnesium—magnesium iodide mix- 
Pore: 6273 

Maleic anhydride, addition reactions 
266 

Mass spectrometric method of analysis 
170-175 

Melamine, C=N bond length 3 
(—)-Menthone oxime 230 
Mercaptoindophenol, attempted prep- 

aration 725 
Mesoionic oxazolones 307 
Metal chelate, intermediate cyclic 

compound 287 
Metal complexes 44, 239 
MetarhodopsinI 194 
Metarhodopsin II 193 
Methane-sulphinic acid 314 
Methanol, catalytic effect on tria- 

zoline formation 310 
Methine couplers 671 
(—)-Methone oxime acetate 230 
N-p-Methoxybenzylidine-benzylamine 

155 
N+.p-Methoxybenzylidene-sulphathia- 

zole 155 
N-p-Methoxychlorobenzylidene- 

benzylamine 155 
N-Methyl-a-amino acid 282 
4-Methyl-4-azaandro-5-en-17-f-ol- 

acetate 218 
N-Methylbenzaldimine 317 
a-Methylbenzylimine 157 
(+)-3-Methylcyclopentanone 205 
Methylenebismorpholine, reaction 

with retenequinonimine 723 
Methylene compounds as couplers 

a-Methylmercaptobenzalaniline 307 
N-Methylmethylenimine 5 
(+ )-1-Methyl-3-phenylpropylamine 

221 

787 

Microscopic identification of azo- 
methines 150 

MO-LCAO calculations 
Molecular amplitude 205 
Molecular core integrals 26 
Molecular ellipticity 202 
Molecular integrals, Coulomb 26 

exchange 26 
Molecular orbital discussion of nitro- 

sophenol quinonemonoxime 
tautomeric equilibrium 716, 
717 

Molecular rotation 202 

582 

Neber rearrangement 447-452 
mechanism 448-450 

N-Neopentylidene-alkylamines 
N-Neopentylidene-s-butylamine 
Ni (II) complexes 242 
Nitrenes, addition to unsaturated 

centres 299 
intermediates, rearrangements 

through 126-128 
Nitrile imines ‘646 
Nitrile oxides. 114-116, 317, 318, 646 

183 
207 

acetonitrile oxide 317 
aromatic 318 
propionitrile oxide 317 

Nitriles 300 
addition 108 

of Grignard reagent 112 
cyclization, quinonimines as inter- 

mediates 719, 720 
interaction with hydrogen halides 

600, 609-611, 649-652 
reaction with acyl halides 611 

Nitrile ylids 624, 646 
1,3-dipolar cycloadditions 625 

Nitrilimines 314-316 
C-carbethoxy-N-phenyl- 315 * 
diphenyl, formation, from  1,5- 

diphenyl tetrazole 314 
from the hydrazidic chloride 314 

Nitrilium salts 610 
N-alkyl 436 
formation 627 
infrared spectra 616 
intermediates 434 

Nitrimines, electronic spectra 201 
Nitroalkanes 95-see also Nitro-com- 

pounds 
addition reactions 273, 274 
coupling with diazonium salts 94 
reaction with phenylisocyanate 

Z17 
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Nitroalkanes—cont. t 
«-substituted, electrolytic reduction 

518-520 
m-Nitrobenzaldazine, test for 150 
Nitro compounds—see also Nitro- 

alkanes 
electrolytic reduction, of aliphatic 

BUS oS 
of aromatic 520, 521 
of «8 unsaturated 518 

reduction 124, 125 
Nitrogen atom, ‘equivalent’ p electrons 

ground term 7 
hybrides 7 
hybridization 6-10 
lone pair of electrons 8 
spin 7 

Nitrolic acids, formation 87 
Nitrones 71, 79, 129 

aldol condensation 71 
conversion to azomethines 82 
electronic spectra 198 
formation 83, 96, 100, 101 

from diazo and nitroso com- 
pounds 101 

from imines 82 
rearrangement 583-585 

p-Nitro-N-(p-nitrobenzylidene) 
aniline 310 

4-Nitrophenols, reactions with diazo- 
methane 716 

p-Nitrophenyl azide, reaction with p- 
nitrostyrene 310 

N-Nitrosamine, photoaddition to 
C=C bond 90 

c-Nitrosation, leading to oximes 85-— 
Oil 

mechanism 88, 89 
Nitrosations, at tertiary carbons 87, 

88 
free-radical 89 
of primary and secondary carbons 

86, 87 
of primary aromatic amines 
photochemical 89 
trans 90, 91 
with decarboxylation 88 

Nitrosative decarboxylation 86, 92 
Nitroso compounds, conversion to 

anils 83 
electrolytic reduction 518-521 
reactions, with ylids 100 

with diazo compounds 
c-Nitroso compounds 88 

TS 

101 

Subject Index 

Nitroso-methylene condensations 83-— 

Nitrosophenols, hydrolysis 715 
tautomerism, with quinonemon- 

oximes 666 
molecular orbital discussion 716, 

wd 
p-Nitrosophenol, tautomerism with 

benzoquinonemonoxime 711 
p-Nitrostyrene, reaction with -nitro- 

phenyl azide 310 
Nuclear magnetic resonance 176 

correlations for configurational as- 
signment 388 

empirical 388 
Nucleophiles, reaction with 2-chloro- 

4-nitro-diphenylsulphone 676 
Nucleophilic addition 672 

of quinonediimines, orientation 
674 

toimines 304 
to quinonediimines 675-700 

Nucleophilic attack, of trichloro- 
methyl anion 301 

Nucleophilic substitution, of imidoyl 
halides 628 

Olefins—see Alkenes 
Opsin 193 
Optical dissymmetry effects 202— 

see also Optical rotatory dispersion 
and Circular dichroism 

of azomethines 181 
cyclic 220 

of N-salicylidene derivatives 222 
-aralkylamines 227 

Optical rotatory dispersion 202, 207, 
230 

ofazomethines 181-231 
of N-neopentylidene derivatives of 

a-amino acid esters 210 
terms and definitions 203 

Orbital electronegativities 16 
Organoaluminium compounds, di- 

ethyl aluminium chloride and 
iodide 312 

Orientation in nucleophilic addition 
of quinonediimines 674 

Ortho esters, conversion to imidoates 

Osazones 74 
formation from a-haloketones 75 

Oscillator strengths 31 
Out-of-plane motions 46 
Overlap integrals 4, 11 
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1,2,4-Oxadiazoles, 
imidates 317 

1,3,4-Oxadiazoles 
Oxaziranes 304 
Oxaziridines 583 

electrolytic reduction 531 
Oxazoles, formation from o-quinon- 

imines 666 
preferential formation from quinon- 

imines and primary amines 723 
Oxazolones 105 

mesoionic 307 
Oxidation, electrolytic, 

Dab 52 
of hydrazines 532 
of hydroxylamines 
of 2,4,6-tri-i-butylaniline 

of amines 117-120 
of f-phenylenediamines 667 

‘Oxidative eliminations, from amines 
L2I 

N-Oxides 582-586 
Oxime ethers 323 

isomerization, syn—anti 
photochemical 392 
thermal 392 

Oximes 39, 467 
Beckmann fragmentation, 

disubstituted 423 
of a-trisubstituted 417—422 

benzophenone, p-substituted, picryl 
ethers of 431 

a-chloro- 317 
circular dichroism 230 
configurations, syn and anti 70 
conversion to hydrazones 82 
electrolytic reduction 551-554 

of acylated oximes 556 
of alkylated oximes 554, 555 

electronic spectra 198 
formation 69, 81 

by Barton reaction 128 
by oxidation, of amines 119 

of hydroxylamines 120 
by reduction of nitro compounds 

124 
from f-nitroso nitro compounds 

129 
via C-nitrosations 85-91 

isomerism, geometrical 228-230 
x-ray diffraction studies 385 

isomerization, syn—anti 383-392 
photochemical 390 
thermal 390 

reaction with diazomethane 

formation from 

645 

of amines 

532, 533 
533 

383-392 

of a- 

313 
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Oximido group, magnetic anisotropy 
388 

«-Oximino ketones, Beckmann frag- 
mentation 423-425 

Oxindoles, N-substituted 302 
Ozonolysis of imines 318 

Pariser—Parr—Pople method 20 
Pauli exclusion principle 7, 24 
Pd (II) complexes 243 
Penicillin 306 
Peracetate ion 304 
N-Perfluoroalkylketimines, configura- 

tional stability 378 
Perfluorohydrazine, addition to vinyl 

fluoride 618 
Peroxy acids 304 
Phenanthrenequinonemonoxime, in- 

ner complexes 715 
Phenanthridine 316 
Phenol and hypochlorite, 

Schiff bases 150 
Phenolic couplers 671 
Phenylacetic acid ester, addition re- 

actions 263, 264 
1-Phenyl-5-p-chlorophenyl]-A?-1,2,3- 

triazoline 310 
2-Phenyl-5,6-dihydro-1,3-thiazine 308 
p-Phenylenediamines, oxidation 667 

unsubstituted 683 
Phenylhydrazones, autoxidation 202 

configurational stability 395 
conversion to amidines 454 

test for 

stereoisomers 393 
Phenylimino group, anisotropic effect 

382 
N-Phenyliminophosgene 323 
(—)-a-Phenylneopentylamine 226 
2-Phenylphenanthroxazole, formation, 

hydrobenzamide and quinonimine 
intermediates in 721 

(—)-a-Phenyl-n-propylamine *226 
pH of solution versus dependence of 

rate of reaction 69 
Phosphate, in general base catalysis 

697 
total, versus kgoz- 696 

Phosphoranes, addition reactions 
274, 275 

conversion to ketenimines 102 
Photoaddition to C=C bond 90 
Photochemical isomerization—see 

Isomerization 
Photochemical reactions, formation of 

azomethines 126-129 
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Photochemical nitrosation—see Nitro- 
sation 

Photochemical properties 177, 
17 

Photochemical reaction of quinone- 
diimine-N,N’-dioxides 724 

Photochromism 566-570, 592 
Photoisomerization—see Isomerization 
Phototropy, of N-benzohydrylidene- 

aniline 178 
of N-benzylideneaniline 177, 178 
of N-(o-hydroxybenzylidene)- 

aniline 177 
of N-(p-hydroxybenzylidene)- 

aniline 178 
of N-(o-hydroxybenzylidene)-f- 

naphthylamine 177, 178 
of salicylideneaniline 177 

Phthalazines, electrolytic reduction 
527, 528 

Picryl ethers, of p-substituted benzo- 
phenone oximes, rearrangement 
431 

Pigments, indicator yellow 
visual purple 193 

Pinner reaction 109, 113 
1-Piperideines 214, 216 
Piperidinediones 305 
Polarographic method of analysis 

157-162 
determination, of acetone 

of cyclohexanone 160 
Polarographic reduction—see Reduc- 

tion 
Polarography 157-162 

kinetic waves 534 
of quinoneoximes 717 
of N-salicylideneaniline 159 
studies of substituent effects in 

aromatic azomethines 161 
Potassium t-butoxide 301 
5a-Pregnan-3-one oxime 
5f-Pregnan-3-one oxime 
Prelog rule 292 
N-n-Propylbutylidenamine 5 
Protonation of azomethines, conjuga- 

ted 192 
unconjugated 

Prototropic shifts 
1-Pyrazolines 310 
Pyrazolones, as couplers 670 
Pyridazines, electrolytic reduction 

523--525 
Pyridine 316 

ultraviolet spectrum 

194 

160 

230 
230 

186 
126 

187 

Subject Index 

Pyridoxal derivatives, of o-hydroxy- 
arylidene Schiff bases 194 

Pyrimidines, electrolytic reduction 
528, 529 

ultraviolet spectrum 187 
Pyrrolidine immonium salt of cyclo- 

hexanone 302 

Quantum chemical aspects, of C==-N 
bond 6-37 

Quaternary hydrazonium salts, re- 
arrangements to «amino ketones 
451 

Quenching effects 
Quinazolines 643 
Quinolines 316, 643 

from imidoyl] halides 
Quinonediimides 666 

addition 701 
of alcohols 709 
of hydrogen chloride 
of mercaptans 710 
of organic acids 709 

1,2-addition and loss of sulphona- 

Lig. 

622 

708 

mide 705 
analogy to deamination of qui- 

nonediimines 705 
1,4-addition-elimination reactions 

704 
catalysis, acidic 704 

basic 704 
reaction with aniline 706 
reduction 701 
transamination 706 

Quinonediimines, addition of aryl- 
sulphinic acids 673 

deamination 668 
analogy to sulphonation of qui- 

nonediimides 705 
intermediates 683 

with spiro structure 
N,N-dialkyl 666 

basic deamination 668 
N,N-dimethyl, sulphonation 697 
reaction with sulphite anion 673 

Diels—Alder reaction 718, 719 
N,N’-dioxides 724-726 

photochemical reaction 724 
preparation 724 

general base-catalysis 697 
instability, in acidic media 667 

in alkaline media 667 
in neutral media 667 

nucleophilic reactions, addition 
672, 675-700 

683 
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Quinonediimines—cont. 
orientation, prediction by HMO 

theory 674 
mechanism 687 
reactions, flow apparatus for study 

of 675 
mechanisms 664 
product distribution 677 
with sulphite 695 

intermediates 695 
reactive species 695 

reaction sites 676 
structure, effect on rate of deamina- 

tion 681, 682 
unsubstituted, reaction with sul- 

phite 698 
Quinoneimides 700-711 

addition of benzenesulphinic acid 
710 

Quinonemonoimines, deamination 
668 

Quinonemonoximes, tautomerism with 
nitrosophenols 666 

equilibrium, molecular orbital dis- 
cussion 716, 717 

Quinoneoximes, inner complexes 
715 

polarography 717 
preparation by hydrolysis of nitro- 

sophenol 715 
Quinone sulphenimine, formation 

725 
Quinonimine intermediate, in for- 

mation of 2-phenylphenanthrox- 
azole 721 

Quinonimines, Diels-Alder reaction 
718, 719 

intermediates in nitrile cyclization 
719, 720 

reaction, with alkylidenebisamines 

with primary amines 723 
o-Quinonimines, condensation with 

aldehydes 666 

Raman frequencies 38 
Rate constants 679, 680 

composite 680 
elementary 680 

for coupling 691 
of deamination reactions 684 

Rate of reaction, dependence versus 
PH of solution 69 

Reactive species 679, 688 

Rearrangement—see also specific re- 
arrangements 

dependence on nature and position 
of substituents 440 

formation of azomethines by 126- 
129 

in C=N bond 408-455 
intermolecular, of alkyl imidates 

443 
of amidines 455 
of aryl imidate to N-aroyldiaryl- 

amine 439 
of benzimidoyl benzoates to imides 

404, 445 
of N,N’-biisoimides 446 
of N-chloroketimines 451 
of N,N-dichloro-s-alkylamines to 

a«-amino ketones 450 
of guanidines 455 
of N-haloguanidines 455 
of hydrazones 454, 455 
of a-hydroxyimines 452-454 
of imidocarbonates 447 
of imidyl azides to carbodiimides 

454 
of picryl ethers of -substituted 

benzophenone oximes 431 
of quaternary hydrazonium salts to 

a-amino ketones 451 
rates, effect of solvent variation 439 
through nitrene intermediates 126-— 

128 
Reduction, electrochemical, of cam- 

phor oxime 553 
stereoselectivity 553 

electrolytic 284 
of acid derivatives 521-523 
of amidines 538, 539 

cyclic 539, 540 
of azines 541, 542 2 

cyclic 542,543 , 
of azomethine compounds 533-— 

559 
of benzonitrile oxide 522 
of benzo-1,2,4-triazine 530 
of cinnolines 525-527 
of diazoalkanes 551 
of 3,6-diphenylpyridazine 
of hydrazones 543, 544 

acylated 544-546 
cyclic acylated 546-550 
thiobenzoyl 550, 551 

25 

of hydroxamic acids 558, 559 
of imidic esters 538 
of imidothio esters 538 
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Reduction—cont. 
electrolytic—cont. 

of isothiocyanates 540 
of nitroalkanes, «-halogenated 

518 
dihalogenated 519 
a-substituted 518-520 

of nitro compounds 517-521 
aliphatic 517-518 
aromatic 520-521 
«,B-unsaturated 518 

of nitrosoalkanes, dihalogenated 
520 

monohalogenated 520 
of nitroso compounds 517-521 
of oxazidirines 531 
ofoximes 551-554 

acylated 556 
alkylated 554-556 
amide 9559 

of phthalazines 
of pyridazines 
of pyrimidines 528-530 
of Schiff bases 536, 537 
ofsemicarbazones 544 
of tetrazolium salts 530, 531 
of thiosemicarbazones 544 

of imidoyl halides 627, 628 
of nitro compounds 124, 125 
of pseudo-nitroles 520 
of quinonediimides 701 

polarographic, of benzophenone 
anil 158 

of benzylideneaniline 
using metals 279-281 

Reductive eliminations, from amines 
121 

Resonance integral 11 
Resonance, steric inhibition 312 
Resorcylaldoxime, test for 150 
Retenequinonimine, reactions, 

benzalbispiperidine 723 
with benzaldehyde 722 
with benzylidene-n-butylamine 

722 
with methylenebismorpholine 723 

Retenoxazole, formation, from me- 
thylene bismorpholine and re- 
tenequinonimine 723 

2-phenylretenoxazole, formation 
from retenequinonimine, and 
benzalbispiperidine 723 

and benzaldehyde 722 
and benzylidene-n-butylamine 

722 

327, 328 
523-525 

158 

with 
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Retinal 193 
N-Retinylidenemethylamine 194 
Rhodopsin 193 
Ring addition, of hydrogen chloride to 

quinonediimides 708 
Rings, five membered 310-318 
fourmembered 305-309 
six membered 318-323 
three membered 300-305 

Salicylaldimine 240 
complexes 240-248 

Salicylaldoxime 240 
complexes 242 

Salicylazine, test for 150 
N-Salicylidenealkylamines 52 
Salicylideneaniline hydrochloride 

166 
N-Salicylideneanilines 44 

n.m.r. studies 197 
phototropy 177 
polarography of 159 

N-Salicylidene-aralkylamines, optical 
dissymmetry effects 227 

(S')-(+ )-N-Salicylidene-s-butylamine 
224 

N-Salicylidene derivatives 224, 225 
of aliphatic amines, optical dis- 

symmetry effects 222 
(S')-N-Salicylidene-diphenylethyl- 

amine 226 
N-Salicylidene-p-phenylalanine 

methyl ester 224 
N-Salicylidene-o-toluidines 178, 197 
Salt effect, on rate of deamination 678 
Schiff bases 64, 118, 310, 348, 349— 

see also Condensation 
aromatic, C==N bond stretching 

frequencies 164 
o-hydroxy 55 

attack by semicarbazide 74 
cyclization 587-590 
electrolytic reduction 536, 537 
formation 98 

from azides 99 
hydrolysis 468-492 

kinetic data 476 
o-hydroxyarylidene Schiff bases 

194 
of w-amino acids 66 
of trans-1,2-diaminocyclopropane 

175 
of pyridine-2-aldehyde 
titration, in acetonitrile 

in chloroform 153 

173 
154 
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Schrédinger equation 7 
Self-consistent-field (SCF) method 27 
ee ere attack on Schiff bases 

Semicarbazones 74, 81, 108, 467 
electrolytic reduction 544 
electronic spectra 200 
formation from ketones 74 

Semiquinone 667 
dismutation equilibria 678 
formation, equilibrium of 688 

Slater atomic orbitals 4 
Slater determinants 25 
Sodium borohydride 281-283 
Sodium hydrogen sulphite, addition 

reactions 258, 259 
Sodium, metallic, addition reactions 

2725 2713: 
Solvent effects 225, 228 
Solvent variation, effect on rearrange- 

ment rates 439 
Spectral properties, of azomethine 

group 565, 566 
Spin, in nitrogen atom 7 
Spiro structure, of intermediate in 

quinonediimine deamination 
683 

Stephen reduction 648, 649 
Stereochemistry, of hydrogenation of 

azomethinecompounds 285-293 
Stereoisomers, of chlorimido acid 

esters 402 
of N-chlorimines 400 
of 2,4-dinitrophenylhydrazone 393 
of a phenylhydrazone 393 

Stereoselectivity, of dichloromethide 
anion addition 302 

Sterically controlled reaction for «- 
amino acid synthesis 287 

Steric course, of asymmetric synthesis 
288, 292 

Steric inhibition of resonance 
Steroidal alkaloids 222, 224 
Steroidal ketones, azomethines from 

206 
Stieglitz rearrangement 
Stilbene 49 
Stretching frequencies, of CN bond 

37 

312 

127 

in aromatic Schiff bases 164 
Substituent effect 380 
Substituents, chloro, displacements 

328-334 
effects of nature and position on re- 

arrangement 440 

793 

Sugars 75 
Sulphinic acids, aryl 673 
Sulphite anion, reactions, with N,N- 

dialkylquinonediimines 673 
with quinonediimines 695 

unsubstituted 698 
Sulphonamide, loss during !,2-ad- 

dition to quinonediimides 705 
Sulphonation of N,N-dimethylqui- 

nonediimine 697 
Sulphur trioxide 322 

Tautomeric equilibrium, NH/OH 54 
benzoquinonemonoxime/p-nitroso- 

phenol 711 
nitrosophenol/quinonemonoxime 

716, 717 
Tautomerism 197, 570-572 

in substituted imines 300 
of azomethines 183 
of N-cyclopentylidene-n-butylamine 

207 
of quinonemonoximes with nitroso- 

phenols’ 666 
phenol-o-quinonoid 196 

Tautomerization 303 
of amides 103-108 

w-Technique 20 
Testosterone oxime 230 
Tetrahydropyridines 318 
Tetramethylethylene 302 
3,3,4,4-Tetraphenyl-2-azetidinone, 

formation from diphenylketene 
305 

Tetrazolium salts, electrolytic re- 
duction 530, 531 

Thermal isomerization—see Isomeri- 
zation 

Thermal rearrangement, of imidates, 
alkyl 443 ‘ 
allyl 444 , 

intramolecular mechanism 444 
of a-amino ketones 452 
of a-hydroxyimines 453 

Thermochromic effects 177 
Thermodynamic parameters 
2-Thiazoline 306 
A, Thiazolines, hydrolysis 510, 502 
Thioalkoxy groups, displacements 

346-348 
Thioamides, S-alkylations 105 

fixation of enolic forms 107 
Thiobarbituric acid, test for aromatic 

aldehydes 150 
Thioesters 638 

480 
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Thioimidates 110 
alkyl 346, 347 

Thiols, addition reactions 260-262 
Thiosemicarbazones, electrolytic re- 

duction 544 
electronic spectra 200 

Thioureas 322 
Transamination 194 

hydrogenolytic asymmetric 289 
of quinonediimides 706 

Transitions, n—>7* 47, 
205, 214 

a—>a* 47, 187 
n—o* 47 
a—>o* 47 

Transition state complexes, change in 
free energy 694 

Transnitrosations—see Nitrosations 
s-Triazines 321 
Triazole 314 
1,2,4-Triazole-4-oxide, formation 315 
1,2,4-Triazoles 315, 644 

187, 202, 

1,3,5-triphenyl-, 315 
1-Triazolines 310 
1,2,3-Triazolines 310 

4,4-bis(trifluoromethyl)- 313 
N-methoxy- 313 ~ 

1,2,4-Triazolines 310 
2,4,6-Tri-t-butylaniline, electrolytic 

oxidation 533 
Trichloroacetate anion 302 
Trichloromethyl anion, nucleophilic 

attack 301 
Trihaloacetic acid, addition reactions 

264 
2,4,4-Trimethyl-l-pyrroline 185 
Trioxazolidines 318 
p-Toluene sulphonate esters of 

ketoximes, fragmentation 428 
N-Tosyl butyl glyoxylaldimine 319 

Subject Index 

N-Tosyl chloralimine 319 
N-Tosyl fluoralimine 319 

Ultraviolet absorption of azomethines 
182-202° 

Ureas 322 
Uretidinethione 309 
Uretidinones, formation from  iso- 

cyanates 309 

Valence-bond structures 19 
Valence state 15 

electron affinities 16 
ionization potentials 16 

Vanillins, azomethines of 
Veatchine 218 
Verazine 184, 217 
Vilsmeier—Haak synthesis 
Vision, chemistry of 193 
Visual purple 193 
Vitamin A 627 
von Braun degradation 608, 623, 

653-656 
mechanism of 654-656 

177 

651 

Wheland’s formula 23 

X-ray diffraction studies of isomerism 
in oximes 385 

Ylids, azomethine 316, 317 
conversion to Schiff bases 99 
formation of C—=N bonds 98-103 
reaction with nitroso compounds 

100 
Ynamines 309 

formation from 
623, 624 

imidoyl halides 

Zn (II) complex 243 
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