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The general plan of the prescnt volumc 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 
chaptcrs on the “Directing and Activating Effects” and on the 
‘‘ Syntheses and Uses of Isotopically Labelled Azoniethine 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 PATAI 
Jerusalem, September 1969 
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The Chemistry 0% t h e  Functional Groups 

The series ‘The Chcmistry 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 fkct ional  group treated and on the eflects which it exerts on the 
chcmical and physical properties, primarily in the immediate vicinity 
of the group in question, and sccondxily on the bchaviour of the whole 
of the group in question, and secondarily on the behaviour of thc 
whole molecule. For instance, the volume T/ie C/zemistgj of the Ether 
Linkage deals with reactions in which the C-0-C group is involved, 
as well as with the effects of the C-0-C group on the reactions of 
alkyl or aryl groups connected to the ether oxygen. I t  is the purpose 
of the volume to give a 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 matier is not the whole mole- 
cule, but the C-0-C functional group. 

A further restriction in the treatment of the various functional 
groups in these volumes is that material included in easily and gen- 
erally zvailable secondary or tertiary sources, such as Chemical 
Reviews, Quarterly Reviews, Organic Rcactions, 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. Thzrefore 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, i t  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 

ix 



X Preface to the Series 

reasonable coverage with moderate overlap, with a minimuin of cross- 
references between the chapters of each volume. I n  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.c. 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 cr  in 
conjunction with other reagents. 

(e) Special topics which do not fit any of the above sections, such 
as photochemistry, radiation chemistry, biochemical formations and 
reactions. Depending on the nature of each functional group 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 ‘Thicketones’ 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 
maiiuscript late or not at  all. In  order to overcome this problem at 
least to some extent, i t  was dccided 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, i t  is found that either owing to non-delivery 
of chapters, or to new developments in the subject, sufficient material 
has accumulated for publication of an additional part, this will be 
done as soon as possible. 

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

The Cfiemzktry of  the Alkenes (published) 
Thc Chemistry of the Carboy1 Group (published) 
The Chemistry of  the Ether Linkage (published) 
The Chemistry o f  the Amino Group (published) 
TJze Chemistv of  the Nitro and Nitroso Group (Part I, published, Part 2, 

The Chemistry of CarboxJvlic A c i h  and Esters (published) 
The Chemistry o f the Carbon-Nitrogen Double Bond (published) 
The Chemistry of the Cyano Group (in press) 
The Chemistry of the Amides (in press) 
The Clremistry of the Carbon-Halogen Bond 
The Chemistry of  the Hydroxyl Group ( in  press) 
The Chemistry o f  the Carbon-Carbon Triple Bond 
The Chemistry of the Azido Group (in preparation) 
The Chemistry of Imidoates and Arnidines 
The Chemistry of the Thiol Group 
The Chemistry of the Hydrazo, Azo and rlzoxy Groups 
The Chemistry of Carbonyl Halides 
The Chemistry of the SO, SOz, -SO,H and -S03H Groups 
The Chemistry of the -OClV, -NCO and -SCN Groups 
The Chemistry o f  the -P03H2 and Related Groups 

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

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and 
advise me. The efficient and patient cooperation of several staff- 

in preparation) 
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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. 2. 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 
Jerusalcm, ISRAEL 
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1. INTRODUCTION 

In  previous volumes of this series the carbon-carbon double bond and 
the carbonyl group were dealt with extensively. The azomethine 
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2 C. Sandorry 

group is, in inany respects, intermediate betwecn the two, and we 
shall find it useful to compare the properties cfthcse threc groups. 

Certain analogies and differences are obvious. All three groups have 
two electrons in T orbitals and these account for some of their most 

characteristic properties. While carbonyl groups arc 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 gmups 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 hndamental 
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. 

II. SOME PHYSICO-CHEMICAL DATA 

The author envies his distinguished colleagues who wrote thrt cor- 
responding chapters in the first two volumes of this series relating iti 
the C=C and C=O groups1L2. 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- 
1.31 A for the non-conjugated group and 1.35 or 1.36 A for aza- 
aramatic compounds (see, for example, pages M 131, M 141, M 150, 
M 162, M 179, M 217 in reference 3). 

Layton, Kross and Fasse14 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 A for the 
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C-N bond, 1-29-1.3 1 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 1.537 C--T\J 1.47 N-N 1.47 C-0 1.40 
(Ethane) 
c=c 1.397 C=N 1 -36 C=O 1.29 
(Benzene) (ring conj.) (strongly conj.) 
c=c 1-338 C=N 1.30 N=N 1.24 C=O 1.21 
(Ethylcne) 
c=c 1.205 CEN 1.16 N=N 1.09 
(Acetylene) 

The values for ethane, ethylene, benzene and acetylene are from 
Stoicheff 5, Dowling and Stoicheff 6, Langseth and Stoicheff and 
Christensen, Eaton, Green and Thompson8 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 method> 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 : 

and taking all CN distances equal (1.35 A), Palmer10 computed it by 
supposing that C-C in benzene bears the same relation to C-C 
(1.54 A) and C-C (1.33 A) as C-N in melamine does to C-N 
(1.47 A) and C=N(X). 

Then 
1.47 - 1.35 - 1.54 - 1.39 

1.54 - 1.33 
- 

1.47 - X 
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whence X = 1-30. With (C=C) = 1.339weobtain 1.304for (C=N). 
Bond length-bond order curves are available for CN, CO and 00 
bonds (Orville-Thomas 11, Morris and Orville-Tliomas 12) and natur- 
ally, CC bonds. (See, for example, Daudel13, C o u l ~ o n ~ ~ . )  

6. 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 (T-T) overlap integrals 
are taken from the famous paper of Mulliken, Rieke, Orloff and 
Orloff15 where they are given as a function ofthe 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 over!ap integral values. 

c=c 0-246 C=h' 0-208 C=O 0-186 
(Benzene) (ring conj.) (strongly conj.) 
c=c 0-27 1 C=N 0.230 C=O 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. SmythlG.17 esti- 
mates it to 0.9 D. The following values taken from his book are of 
interest (Table 3). 

TABLE 3. Some typical bond dipole moments. 
~ ~ ~~ c=c 0.0 D 

C=N 0.9 D 

c=o 2.3 D 

c=s 2.6 D 
N=O 2-0 D 
C=N 3.5 D 

Smith1* computed 0.45 D for the C-N bond (if the bond moment 
of H-C is 0.4 D). Because of this and our considerations of the pre- 
vious section, we believe that the contribution of the T and u bonds to 
the 0.9 D of C=N is roughly the same. 
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The following data measured by Everard and Sutton 2o are given by 
McClellan l9 : 

N-n-butylethylidenamine 1.61 rt 0.03 D 

N-ethylbutylidenamine 1-67 -C 0.05 D 

N-n-butylpropylidenamine 1.61 2 0.02 D 

N-n-propylbutylidenamine 1 -55 ? 0.02 D 

N-isopropylbutylidenamine 1.6 1 -+_ 0.02 D 

N-n-butylbutylidenamine 1-61 -C 0.03 D 

N-isobutylbutylidenamine 1-55 & 0.03 D 

Sastry ar,d Cur121*22 measured the dipole moineiit of N-methylmethyl- 
enimine CH2=NCH3 in the gas phase by microwave methods and 
fowd it to be 1.53 D. 

From these data: taking the C-H, C-N and -CH3 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 D*. 

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 0r"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 book23. 

The heat of atomization is the enthalpy change, AH, for the reaction 

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 moleculc 
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"~ 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. C ~ t t r e l l ~ ~  used 
170-9 kcal/mole. The values given by Cottrell and quoted here were 
calculated from the original data of Coates and S ~ t t o n ~ ~ .  

* The dipole moment of Me2CHCH=NCH2CHMe2 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 t 0.05 D. 

AlB,C,. - * - > /A + rnB + nC +... 
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TABLE 4. Some typical bond energies. 

E(c-c) = 82.7 kcal/mole E(c-o) = 85.5 kcal/molc 
E(c=c) = 145.8 kcal/mole I?(,,=,, = 179.0 kcal/mole 
E(c,c) = 199.6 kcal/mole 
E(C--N) = 72.8 kcal/mole E ( N - N )  = 39.0 kcal/mole 
E(C=N) = 147.0 kcaifrnole E ( N = N )  = 101-0 kcal/molc 
E ( C = N )  = 2 12.4 kcal/molc E ( N E N )  = 225.8 kcal/mole 

(in ketones) 

seems to vary by about 10 kcal/mole from molecule to 
molecule. As can be seen it is not very different from E,,=,,. 

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 booklo (Table 5). 

TABLE 5. Some bond energy data. 

83 kcal/mole (ethane) 
145 kcal/niole (ethylene) 
200 kcal/molc (acetylene) 

69 kcal/molc (amines) 
142 kcal/mole (isobutilidene-n-butylamine) 
2 14 kcal/mole (acetonitrile) 

175 kcal/mole (acetone) 
82.6 kcaI/rnole (dimethylether) 

Palmer also gives some detailed examples of the calculation of bond 
energies from thermochemical data. E((C=N) 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. 

111. QUANTUM CHEMICAL ASPECTS 

A. The rVitragen Atom; HyBridiz~ition 

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 lsz2s22p3 
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The three ‘equivalent’ electrons yield three terms*, which are com- 
p t i b l c  with the Pauli principle: ‘S, 2D and 2P. O f  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. I n  this the total 
spin projection Sis p, since 2s + 1 = 4, that is, all thesep electrons have 
parallel spins. This means that the configuration is actually 

I\! ls*2s22p.,Zp,2p, 

and the atom is prcpared for formins three covalent links a t  right 
angles to each other. 

The valence angles are, howevcr, significantly cliffwent 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 Schrodinger 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 niolecules 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 s,p, . . . functions 
or if it is better to use combinations of them for that purpose. The two 
approaches are actually cquivalent, 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 certzin 
advantages or at least a higher descriptive value. 

Just as in the case of carbon, the ‘pure’ 2s, Zp,, 2pv, 2pz orbitals of 
nitrogen can be combined to yield tetrahedral, trigonal and digonal 
hybrides. There are, however, certain difrerenccs. 

(a) I n  the case of carbon, the 3P ground state is issued from con- 
. figuration ls2 2s2 Zp, 2 p y ;  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 instcad 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 appIies in the case 
of oxygen also.) 

* The reader may like to consult G. Herzberg, AtomicSpectra and AtomicStructure, 
Dover PublicaLions, 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- 
formstion on this. Let us compare the configuration of nitrogen under 
the different possible hybridizations : 

Example 
Unhybridized N ls2 2s2 2p, 2py 2p, N 
Tetrahedral N ls2 te, te, te, te," NH3 

Trigonal N ls2 tri, tri, tri, 2pZ2 aniline 

Digonal N Is2 di, di, 2py 2pZ2 
or N Is2 tri, tri, tri,2 2pz pyridine 

or N ls2 di, di,? 2py 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 symnietrical 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 
plaiie, leaving only one 7r electron in the unhybridized 2p 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. 

Thns we think of the C=N group as having both C and N atoms 
trigonally hybridized, with each of these atoms contributing one T 

electron and the nitrogen having an asymmetrical lone pair orbital in 
the plane of the group, the valence angles being close to 120". 

\ I  
/ \  

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

C=N 

Then 
tri, = Q,S + 6,x + c,y 

tri, = 0,s + b3x + c,y 
tri, = Q ~ Y  + D2x + c2y ( 1 )  
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with s 3 z,hSs x Y2Px and Y = $ZPY 
We have nine coefficients to determine. The hybrid wave functions 
must be normalized and mutually orthogonal, as were thc original 
‘pure’ functions. Thus we can write 

ala + b12 + cI2 = 1 
Qz2 + b Z 2  + ~2~ = 1 
Q32 + b32 + c~~ = 1 

nlaz + bib, + clcz = 0 
a1a3 + b1b3 + ~ 1 ~ 3  = 0 

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. 

a2a3 + bzb3 + ~ 2 ~ 3  = 0 

Then 
al = a2 = a, 

We shall choose the axes as shown: 

Y 

and require that the axis of tr i ,  lie in the x axis. Then $2py cannot 
contribute to hil, 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 

With Q = 1 / 1 6  and 
finally obtain : 

tri, = 

tri, = 

tri, = 

tl = 0 

using the reIationships of equation (2), we 
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Once equations (1) and (2) were given it would have been possible to 
obtain equation (3) by simple group thcoretical considerationsz6. 

However, the three hybrids are identical only if there is tlireefold 
symmetry around the atom and all three angles are equal (D3 because 
of the requirement of coplanarity) , as in CH, + or BF,. 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 z5*29. 

The reader who wishes to know more about hybridization is re- 
ferred to the relevant works by Coulson14, Cotton2G, Pitzerz7, Eyring, 
Walter and Kimball 28  and especially J ~ l g " ~ . ~ ~ .  

We conclude this section in drawing attention again to the pos- 
sibility of having a lone pair in either a 7~ or an sp2 hybrid orbital on 
trigonally hybridized nitrogen. We believe that this is of fundamental 
chemical and biological importance, and together with the variability 
of the angies 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. Tfie x Electrons of the Azoaieihine Group; Empirical Methods 

1. The Hiickel method 

There are only two 7-r 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-1110 

method in its simplest form*. I n  the case of ethylene, with only the two 
7~ electrons considered; the molecular orbitals are of the form: 

where cA = *C, for reasons of symmetry. xA and X, are atomic 
orbitals, that is, wave functions which an electron would have in the 
free atoms A or B; 4 depends only on o m  electron's coordinates. 
The energy of an electron in molecular orbital 4 is obtained by use o 

* For simple worked examples the reader may refer among others to Streit- 
wieser"O, Sandorfy31, Salem32 and JulgZg. 
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the variational method, which minimizes the erxrgy with respect to 
the coefficients cA and cB. Supposing the wave functions are real 

J (cAxA + cBxB)H(cAxA + cBxB) c.17 

I (cAxA + c B x B ) ~  d~ 
(5) 

E =  (6) 

I n  equation (6) JxAHxA d7 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 
/xAHxB d7- is called the resonance integral. It contains two atomic 
orbitals and has no classical analogue. I t  would vanish if the two atoms 
were at  infinite distance and it m2y be taken as a rough measure of the 
strength of the bond. /xAxB d7 is an overlap integral. The  contribu- 
tion to this integral of a given volume element is different from zero 
only if both xA and xB are diffcrent 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: 

E =  

C A ~  JXAHXA + ~ C A C B  IxAHxB d~ + cB2 { X B H X B  dT 

CA" IXn2 d7 ~ C A C B  /XAXB d7 + C B ~  I X B ~  d7 

Coulomb integral 

Resonance integral 

a, EZ H,, = J'x,Hxr d r  

Prs = H,, = Ix,Hxs d r  
Overlap integral Srs J XrXs d7 

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

S r r  = J X r X r d 7  = 1 

We then have in the case of ethylene 

In order to find the minimum value of the energy with the given wave 
function, we consider it as a function ofthe coeficients cqand cB, compute the 
derivatives of equation (7) with respect to these coefficients separately and 
equate the derivxtives to zero. Then we obtain the set of equations 

cA(HAA - E s A A )  + c B ( H A B  - E s A d  = 0 
cA(HAB - E s A B )  + c B ( H B B  - E&B) = 0 
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In  the simple I-Iuckel approximation the ovcrlap integrals arc neglected 33. 
(Also all Coulomb integrals are taken equal for carbon atoms as are all the 
rcsonance integrals for C-C bonds.) Rcsonancc integrals between nrx- 
bonded atoms are ncglected. 

Thm we have, with the above notations 

a n d y =  t _ l  
Therefore 

El = a + /3 
E2 = CL - /3 

(y = - I )  
(y = + 1 )  

where El is the cnergy of the orbital of lower energy. 
From equation ( 15), after normalization 

41 = 0 . 7 0 7 ~ ~  + 0 . 7 0 7 ~ ~  
4 2  = O.707xA\ - 0.707~3 

Since in the ground state both electrons are in 

The electronic charge are simply 

qA = 2 6 A 2  = I and  qe = 2cs2 = 1 

a n d  the bond order35*36 

P A B  = 2 c A c g  

Then, with the normalized coefficients 

O D  E + c ~ ~ B ) H ( c A ~ ; A  + tBxB) dT = (CA' +- c B 2 ) u  + L t A G B p  

and, for the two electrons 

E(totnl) = (VA + q B l a  $- 2PAB/3 z= za + 28 (12) 

where P A B  is the Coulson bond order. As to the actual values of a and /3, it is 
preferable tg choose suitable empirical values. This can remedy at  least a part 
of the errors inherent in the method. 
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Thorough criticisins of the LcAo-hi0 method in its various approximations 
have been given by inany authors and it would bc 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 suffcient to produce that prodigious world called organic chemistry. 
So let us use the Huckel LCAO-MO mctliod as an empirical device of wave 
mechanical inspiration with some confidence”. The  method is expected to 
givc better results when it is trying to explain ‘trends’, that is the gradual 
change in properties from molecule to molecule, than in explaining thc 
behaviour of one given molecule 7 .  

a. Estimation of parameters. For many purposes it is not actually 
necessary to know the numerical value of CI and 8. A< we have seen, 
the electronic charge densities and bond orders, for example, can be 
obtained without them, I n  camparing different molecules, however, 
we must know how a and /I va y. 

It is reasonable to suppose that if we replace a carbon atom by a 
nitrogen atom, the greatest part of the vzriation of a, would be due to 
the difference in interaction of the T electron with the carbon and 
nitrogen cores. I t  is therefore logical to link a, to quantities like the 
ionization potential or electronegativity of thc respective atom. 

Eiectronegativity was first introduced by Tauling 37 as a scmi-quantita?ivc 
concept. Pauling’s e1ectronegativi:ies were linked to bond energies and the 
partial ionic character of bonds. T h e  values of his original electronegativities 
(X) for :some elements are: 

H 2-1 (2-0) 
C 2-5 
N 3.0 (3-15) 
0 3-5 (3-60) 
1: 4.0 (4.15) 
C1 3.0 (3-10) 

where the numbers in brackets are the somewhat modified values computed 
by Bellugue and Daudel38. If Do - A) and D,, - B) are the energies of covalent 

* We recommend that those who art: not engagcd in resezrr-h in quantum 
chemistry read the revie\\, of the approximations involved in MO theory by 
Streitwieser (reference 30, pp. 99-101). 

t 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 Do- B) that of A-B (which has a partial ionic 
character), thcn the differcnce between Do- B) and the arithmetic mean of 
D(A- A) and D,B - B) is 

(‘3) = DO-,, - +{D(A-A)  + Do-.; 
and 

X A  - XB = 0.208 d A  

where d is in electron volts. Then X,, for example, is obtair.ed 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 39*30 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 41. 

In LCAO language we can say that a t o m  A and B are equally electro- 
negative if in equation (4) cn2 and cn2 are equal. For this it is necessary, 
however, that the Coulomb integrals aA and be the same. Thus Mulliken 
took the negative of the Coulomb integral (a and ,!3 are inherently negative) 
as the absolute theoretical electronegativity. The Coulomb integral is not a 
purely atomic integral, and therefore electroncgativities can be assigned to 
individual atoms in an approximate manner only. In fact it should and does 
vary, in g m e ~ ! ,  fro= aile i r d z c i i k  iu  another. iu‘ow ixuiiiker! has shown 
that the interatomic terms in a arc either small or cancel each other in a 
fairly good approximation, and he obtained for the electronegativity 
eqGation ( 14) : 

XA = %(I* $- E,) (14) 

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

iXA - ‘‘B)Paullng 0.36(xA -- XD)Mulllken (15) 

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

It would be advantageous t o  change the units so that the Coulomb 
integral cc is taken equal to Mulliken’s electronegativity, but in units of 
the resonance integral ,B (or a suitably chosen &, if more than one 
different ,B is used for a molecule). Since according to equation (15) : 

Xhtullilcen = 2.8XPauling 

XhIu,lIken = P&nul*ng 

it would be easy to say that 
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if fl was equal to 2.8 ev and XpaullnR dimensionless. This may be 
accidentally true for a givcn C-C 7~ bond and may serve for Some 
qualitative rcasoning. .At any rate, Since for many purposes a and 6 
may remain indctermincd, it is customary to keep aC of a carbon atom 
as a reference without giving it a numerical value and then take for 
nitrogen, for example, 

cLN - aC = (xN - 'yC)PaullnghFO 

or 

aN = ac + AX/@, whcre /L is a parametcr (16) 

Usins this expression, the secular equation is easier to solve. I n  the 
case of nitrogen AXwould be about 0.5, and in thc case of oxygen, 
about 1.0, using Pading's original electronegativities. To start with 
one can put h = 1. (For the paramctcrs recommended by Streit- 
wieser, see reference 30, p. 135.) 

hhlliken pointed out thz t the ionization potentials and electron 
affinities entering the definition of electronegativity (equation 14) arc 
not those of the free atom but should be taken in the appropriate 
valence 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. I n  general, these canfigurations 
contain equivalent electrons (same n and I quantum numbers), 
and therefore morp than qne state is issued from thein since the total 
angular momentum and spin quantum numbers ( L  and S) 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 s2p2 of carbon three spectroscopic states belong: 3P, 'D and 
lS; to sp3:5S, 30, 3P, '0, 3S and 'P.) I n  the case of nitrogen, to con- 
figuration s2p3 belong 4S, 20 and 2P, and to sp4 : 4P, 2D; "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 Slater4", Condon and S h ~ r t l e y ~ ~  and 
R a ~ a h ~ ~  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 1iybridizatio:i. So, for instance, the 
electronegativity of carbon is supposed to increase in the order 
tetra?iedral < trigonal < digonal 14. 

The best sources for finding ualence state ionization potentials and 
electron affinities a t  present are the publications of PiIcher and 
Skinner45 (and previous ones by Pritchard and Skinner46) and by 
Hinze and Jaffd 47. 

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

I t  appears clearly from these data that 1, and EA 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. I t  is 
by no means indifferent, for example, if in C tri, tri2, tri, z the electron 
is taken away from (or added to) a trigonal hybrid orbital or a 2p, 
orbital. Since this is so i t  is necessary to define orbital electronega- 
tivities rather than atomic electronegativities. Hinze and Jaffi 4i 
defined as orbita! electroiiegativities half the sum (in ev) of the 
ionization potentiai and electron affinity for the relating valence 
state and orbital. I n  order to preserve the linear relationship between 
Mulliken’s and Pauling‘s elec tronegativity scales they worked out a 
formula (equation 17) converting their orbital elcctronegatives X,, 
which are basically of the Mulliken type, into Pauling-type electro- 
negativities (X,). 

0*168(2XM - 1.23) = X ,  

The ratio Xh1/X, is approximately equal to 3.2 ev, [instead of 2.8 
from equation (15)]. The values they obtained for XM and X, for the 
cases of interest to us are given in Table 6. If, following Mulliken, we 
take XM = a for the Coulomb integral to be used in the Hiickel 
LcAo-b io  method, then for the T orbital in trigonal hybridization we 
have for carbon ac = 5-60 ev and for nitrogen, with the lone pab- in 
a trigonal hybrid, aN = 7.95 ev. The respective ‘Pauling’ values of 
Hinze and Jaffd are A‘, = 1-68 and 2.47. 

The concept of orbital electronegativity has been considerably 
developed through works by Sanderson 48, Iczkowski and Margrave 49, 

Klixbull- Jorgensen 50 ,  Hinze, Whitehead and Jaffk 51 and Klopman52. 
We shall use this concept in the course of this discussion. Concerning 
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the numerical value of the resonance integral 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 enernies. These quantitics themselves usually 
depend on certain assumptions and arc affected to a variable extent by 
the approximations introduced into the Huckcl 1.10 mcthod. Estimates 
vary from perhaps 1 a 5  to 3.5 ev for carbon 7-r electrons (cf. reference 

T h e  situation is much better in the case of the dies of the B values 
in going from one molecule to the other. As Mulliken first observed, 
the BTs vary roughly lincariy with the overlap integrals S,, (computed 
with Slater. orbitals) which themselves vary with the iritcrnuclear 
distance for the same pair of atoms and are easy to computc. If wc take 
for reference ( P o )  the resonance integral for a 7;- bond in  ethylene, 
the following data illustrate the relationship betweer, the internuclear 
distance (A),  S,, and  Frs for two 7~ electrons: 

? 

30, pp. 103-1 10). 

TABLE 7. v Internuclear distances, overlap integrals and 
relative values of resonance integrals. 

1.205 0.335 1.24 
1.339 0.271 1 .oo 
1.397 0.246 0-9 1 
1.537 0.193 0.7 I 

With some caution the P-S relationship can be extended to hetero- 
atoinic molecules. Also, if the axes of the two 7~ orbitals are twisted 
relative to one another by an  angle of 9 the relationship: 

p = Po cos 9 

is approximately i ~ a l i d ~ ~ - ~ ~ .  With the overlap integrals taken from the 
tables of Mulliken, Rieke, Orloff and Orloff l5 we have for the re- 
spective non-conjugated 7r-x bonds : 

c=c 0.271 1.00 
C=N 0,230 0.85 
C=o 0.2 I 8  0.80 

2. Calculations on the  azomethine group 

azomethine group. W e  shall use simply: 
Let  us now make a simple calculation for the two TT electrons of the 

aN = ac + 0.5p 
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and 

f l  = PCN = f l0  

The secular equation is: 

CC(.C - E )  + CNfl = 0 
C& + cN(o!C + 0*5@ - E )  = 0 

or if we put: 
CYC - E 

B Y =  

CCY + CN = 0 
CC + cN(z/ + 0.5) = 0 

Equation (19) yields yl = - 1.281 and y, = + 0 - 7 8 1 .  Since f l  is a 
negative quantity (as is a) y1 corresponds to the ground state (Eo) and 

(2 1) 

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

E, = 01c + 1*281/3 

0.76 I -24 + 0.24 - 0.24 
C - N  or c -  N 

This predicts a fairly large dipole moment of about 1.50 3 if the C=N 
distance is taken as 1-30 A. (One effective charge and an internuclear 
distance of 1 A  would mean 4 * 8 ~ . )  Clearly the amount of charge 
transferred from the carbon to the nitrogen is a function of aN - ac 
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 

$tot = (0*707x, + 0.707~5,) (1)  (0.707xA + 0.707xB) (2) 

where 1 and 2 represent the coordinates of electron 1 and 2 respectively. 

0 . 5 X A ( 2 ) h ( 1 )  -k 0-5XB(1)XB(2) (22) 

This means that the three possible structures have the following 
weights (their share in I& = 1, neglecting overlap) : 

$tot = 0'5XA(i)XA(2) + 0-5xA(1)xB(2) 

c*- C B +  t, tB c,+ cg-  
25% 50% 2% 

2 -I- C.C.N.D.B. 
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The share of the ionic structures is highly exaggerated, a well-known 
defect of the simple Huckel MO method. For the azomethine group we 
obtain, with the above normalized coefficients, 

#tot = (0.616xc + 0 . 7 8 8 ~ ~ )  (1) (0.616xC + 0 . 7 8 8 ~ ~ )  (2) 
o.380xC(1)xC(2) -k 0*485xC(1)xN(2) -k o*485xC(1)xN(2) (23) 
+ O.~~OXN(~)XN(~)  

C- N+ t i  C +  N- 
I 4*5y0 47% 38.5 yo 

It is seen that the difference between the weight of C + N-  and C -  Ni 
is equal to the effective negative charge on the nitrogen (24y0). So 
this can be considered as a measure of the ionic character of the bond. 

Since the Huckel 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 o technique. I t  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. D a ~ d e l ~ ~ ,  
Laforguess and Wheland and Mann5’. If qr 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 

(24) 

where o is a dimensionless parameter chosen to give agreement with 
experimental data. With the modified ar we repeat the Huckel cal- 
culation which will yield a second qry which can again be used30 to 
obtain a twice improved value for ary and so forth. This is an iterative 
procedure which can he repeated until a, and qr are in conformity with 
each other. This amounts to a certain self-consistency and somewhat 
better treatment of electronic repulsion in the simple,) Huckel MO 

method58. 
Most of the earlier authors used o = 1, but Streitwieser58 recom- 

mends o = 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 methodS9*6O. 

0.895 1*105 
c- N 

ar = a0 + (1  - 4r)O’rBO 

With o = 1-4 and aN = ac + 0-5F we have: 
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I t  is interesting in this respect to invoke an idea originally due to 
Sanderson4* which thcn became a crucial point in orbital electro- 
negativity theories. According to it, since the electronegativity of an 
atom in a niolecule depends on its charge density q, the electro- 
negativities of both atoms bonded together must hecome equal. Sub- 
sequently this idea has been applied to the tonding atomic orbitals 
rather than the whole eleciron distribution around the atoms. 
Iczkowski and Margrave49 observed that it is possible to obtain 
electron affinities from the extrapolation of successive ionization 
potentials using an equation of the forin 

E(q) = aq + bq2 + cq3 + dq4 f - 5 .  (25) 

where q is the number of electrons in the AO 3x and a, b, c, are constants. 
Then the assumption is made that q 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 q gives: 

dE - = a + 2bq + 3cq2 + 4dq3 + a  

dq 
The constants can be determined from observed ionization potentials. 
If we plot dE/dq against q then the area below the function for two 
values of q, say q1 and qz, gives the energy for the addition of q2 - q1 
electrons. 

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

(27) 
and 

E = aq + bq2 

- _  - a + 2bq 
&7 

dE 

From these we obtain with q = 1 

E = a + b = I ,  (29) 

the ionization energy (I,) of the simply filled orbital in the given 
valence state. 

With q = 2 we have: 

E = 2a -t 46 = I, + E, (30) 

the sum of the ionization energy (I,) and the electron affinity (&). 
From equations (29) and (30) we obtain that: 

31, - E... 
2 

E" - 1, 
2 

and 6 = a =  
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Zn this approximation the electronegativity becomes : 

1, + E v  

2 A’= (z) = a  + 26 = 
q =  1 

which is the same as Mulliken’s definition. 
I t  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 Jaffe’s values4’ 

31, - E, 
X, = (g) = a + 26q = 2 + ( E v  - I v ) q  

= 3(3 x 11-16 - 0.03) + (0.03 - 1l.lSjq 

and for nitrogen 

31, - E, 
2 + ( E v  - X ,  = (g) = a + 2bq = 

= 9(3 x 14.12 - 1.18) + (1.18 - 14.12)q 

With = 1 - q being the effective charge 

(1  - g)(0.03 - 11.16) + 3(3 x 11.16 - 043) 
= ( 1  + ij)(1*78 - 14.12) + t ( 3  x 14.12 - 1.78) 

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

0.90 1.10 
C- N 

Mulliken’s electronegativities are then with qc = 0.9 and q N  = 1.1 
6.72 ev for both C and N, which i s  almost the same as the mean 
value of the respective electronegativities computed from Mulliken’s 
original ( I ,  + E,)/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 il) technique with w = 1.4 and aH = aC i- 0.58. I t  
yields a n-dipole moment equal to 0.62 D with an internuclear distance 
of 1-30 A. The author believes that this is reasonable. 

3. Inclusion of overlap 

LCAC-MO methcd. 

equation becomes : 

The situation changes when overlap integrals are included in the 

In  the case of the two n-electron system of ethylene the secular 

(a - E)c, -k (p - E s ) C B  = 0 

(p  - Es)C, -/- (a - E)CB = 0 (32) 
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We can divide throughout by ( p  - ES) and put, according to a sug- 
gestion by Whelarid6' 

a - E  
' = P - E S  (33) 

Then 
c*y + CB = 0 

(341 

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 

(35) 

CA + CBy = 0 

(CAx.1 f CBXB)2 = CA2 + cB2 + z c ~ c ~ s  = 1 

whence with S = 0.271 

cA2 = 0.393 cB2 = :0*393 ~c,c$ = 0.213 

and we obtain the following diagram (for the two r electrons) : 
0.786 0.426 0.786 
C C 

Thus we now have an overlap charge of 0.426 electrons whose centre 
can be located a t  the midpoint of the internuclear line. For the C-N 
group we can write: 

If we want to express aN as ac + some supplement we encounter 
difficulties in dividing by (p - ES). Therefore, according to M ~ l l i k e n 4 ~  
and Wheland61 we introduce a new resonance integral 

Then 
y = @ - S a  ( p = y + S a )  (37) 

( p  - ES)  = y + S(a  - E )  (38) 

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

(ac ; 3.. + (1 + s-c- O' - E).. = 0 

- + s)c, = 0 (1 + sac - E ) C 1  + (ac 
(39) 

Y 

Y Y 
where aN = ac + 8 a n d  6 is expressed in y units. 
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Introducing, according to Wheland, 
a - E  a - E  Y 
p - sa Y 1 - sy 

_ -  --- - 

we obtain, multiplying through by (1 - Sy) 
CCy + CN = 0 

CC + c,(y 4- 6(1 - Sy) = 0 

If for the sake ofsimpiicity we take S = 0.23 and 6 = 0 3 y ,  we obtain 
0.564 0.359 1.077 

C N 

These charges seem to be too great. Intuitively, since y has a larger 
value than ,I3 we should use a lower value for 6. With 8 = 0 . 2 ~  we 
obtain: 

0.712 0.371 0.916 
C 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. I t  is interesting that the overlap charge changed 
only slightly in going from C=C to C=N. I n  fact the main difference 
is that about one tenth of an electronic charge was transferred from C 
to N. 

C. The z Electrons af the komethine 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 rr-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 
eneygy 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. 

I n  order to obey the Pauli principle we must multiply the wave 
functions depending on the space coordinates of the electrons by 
adequate spin functions, talce 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, i t  will not directly afftxt 
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 modcrn quantum 
chemistrya2. I t  will not be dealt with in this chapter. I t  is partially 
allowed for through configuration interaction. Four configurations are 
possible for our two-electron system. I n  the one of lowest energy both 

. electrons will be in g41. This is necessarily ir singlet. Then we can excite 
arl electron to g42, thereby freeing the spins. The  resulting configuration 
may be either singlet r?r triplet. Finally both electrons can be put 
into 42. --- --- 

l El l E 2  E2 I E3 

The antisymmetrized total wave functions corresponding to these 
configurations are, with the bar meaning f i  spin: 
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The Hamiltonian of the system can be written as follows: 

e2 

11 2 
H = T(1) + H o ( l )  + T(2) -!- H o p )  c - (41) 

where T( 1) and T(2)  represent the kinetic energies of electrons ( 1 )  and (2), 
and -ZYo(2) the potential energies arising from thc interactions of 

electrons (1) and (2) wirh the core that remains of the system if we formally 
remove the two T electrons. e2/rI2  is the repulsion potential between the two 
electrons (r12 is the distance between the electrons). 

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

'El = l$lH1$l d7 (42) s 
and so on. 

We shall not go into details. This trcatrnent is essentially the same as the 
one given by Parr and C r a w f ~ r d ~ ~  for ethylene and it was given in full 
elsewhere 31. Substituting the wave functions given under equation (40) and 
the Hamiltonian undcr equation (41) into (42) we obtain the energies in 
terns of molecular integrals. Among these there are molecular core integrals 
of the type 

Hicore = J+i (1) [~(1)  + ~ , ( l ) l + i  d7 (43) 

and molecular integrals of the Coulomb type 

(4.4) 
'< 

Ji j  = J+i(l)+i(I) e" +,(2)+j(2> d7 *'',a, 

r12 

and of the exchange type 

Kij = J+i(l)+j(l) e" +i(2)+,(2) d7 (45) 

For a closed-shell configuration the well-known expression for the total 
electronic energy is 

(46) 

where the summation is extended to all occupied molecular orbitals i , j  and 
J 1 1  = Kli. 

The next step is to introduce the expression of the molecular orbitals $$1 in 
terms of atomic orbitals. Then the molecular integrals are transformed into 
integrals over atomic crbih!s. The  cOre Hamiltonian introduces so-called 
penetration integrals of types 

( p  + :QQ) = JX,(l) T (  1) f Ho( l ) ] x , (  1) dT 

r12 

E = 2 2 Hf0" + 2 2 (ZJ,, - Ki,) 
f t i  
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and 

27 

where q d 1 represent atomic orbitals centred on the respective toms. I t  
is customary to separate in H,( 1) the term relating to the electron’s ‘own’ 
atom, assuming that go = zQ ii, + . 

Then [T(1) + H p + ( l ) ]  can be considered as an operator whose atomic 
orbital xp is an eigenfunction, 

(48) 

with the eigenvalue W,, representing the valence-state ionization potential 
of an electron in xP.  This is one of the Goeppert-Mayer and Sklar64 ap- 
proximations. (It is hard to justify.) Thus we eliminate the kinetic term and 
the one-centre penetration integral (P+ : p p )  from the expression of the 
molecular core integral. 

The e2/rI2 term of the Hamiltonian introduces a number of integrals of 
type 

where 

[T(l) + HP+(l)lXP = W Z P X P  

( P P l M )  , ( P J m ) ,  ( P P / P d  , (Pq/Pq) 

and so on. These atomic integrals are of 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 threc- and four-centre 
integrals among them. 

This is or-c of the reasons why the above-described antisymmetrized 
molecular orbital (Ashlo) method as such is seldom used. Another reason is 
that this method does not include any other minimization ofthe energy than 
the one applied in obtaining the simple Huckel orbitals. Still another reason 
is that serious objections can be made against the theoretically computed 
values of certain integrals, especially those of the (Pp/@p) 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 (SCF) method or the configuration interaction method or a 
combination of the two. Roothaan has shown 65 how the SCF procedure can 
be applied to Slater determinants formed from LCAO molecular orbitals 
while the energy and charge distribution in ezch molecular orbital depends 
on the electron distributions represented by all the molecular orbitals. For 
a clcsed-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 
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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: 

(50) Y = s l h  + s242 + ... 
and the energy is minimized with respect to the sk. 

Parker and Parr e6 and Pople G8 introduced some simplifying features into 
the ASMO-CI and SCF 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 [!ike xp(l)xq(l)] either once or 
twice. This is a sweeping simplification whosc meaning and justification was 
and still is discussed by many authors. Furthermore, in the PLriser-Parr- 
Poplc 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 66*67 

are equated to the difference of the related valence state ionization potem 
tials and electron afii t ics.  

(51) 

They can also be adjusted by diminishing the Ze,, number of :he orbitals 
using spectral data 69*70. 

The two-centre Coulomb integrals are determined according to Pariser 
and Parr66*71 in the following way. For distances r 2 2-8 A they are com- 
puted from the uniformly charged sphere formula : 

(PPlPP) = I - -4 

(pp/qq) = (7*1975/r){ [l -k (&)2(Rp - Rq)2]  -' 
+ [ 1 + (F$'(R,~ + R,)'] -'} ev (52) 

in which 

where 2, is the effective nuclear charge according to Slater. 
For distances smaller than 2.8 A they are determined from the equation 

(53) 

in which the constants a and b are obtained by fitting values obtained from 
equation (52) for r = 2.80 A and r = 3.70 A. 

Another way ofadjusting the two-centre Coulomb integrals was proposed 
by Mataga and N i s h i m ~ t o ~ ~ .  These authors assumed the values given by 
the expression : 

Q7 + b y 2  = 3C(PPlPP) + (44/44)1 - ( P P / W )  

e2 
(PPl44)  = - 

a + ?PI3 
(54) 
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The parameter Q is determincd, in the homonuclear case, from thc equation 

(55) 

and for the case of two different atoms by taking as e2/a the arithmetic mean 
of the e2/n of carbon and nitrogen for example. They found oCc = 1-328 A, 
uCN = 1.212 A and aNN = 1.1 15 A. The values obtained in this manner are 
somewhat lower than the ones determined by Pariser and Parr's formulas. 

c2 
- = (PLIPL) = 1, - A P  n 

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

H:o'e = 3 (XC f XNlHO(XC + XN\/ dT 

= 31 I x C H O x C  dT + IXNHOX'N dT + IXCHOXN dT -k I x N H O x C  dT 

= !f[% $- QN + S C N  $- P N C I  (56) 

Hzo'e = 4 f (X'C - XN)HO(X'C - XN) dT 

= +(.C f cLN - F C N  - B N C )  

where from equation (49) 

ac = J x c ( 1 ) E W  + Ho(1)lxc dT 

= Ixc[T + f&+ + ~ ? N + ] X ~  dT (57) 

= W2p-k ( H N + : C C )  

In  the polyelectronic case there will be a sum of integrals of the type 
(Ha+ : bb).  According to Goeppert-Mayer and Sklar's second approxima- 
tion the neutral (spherical) Hamiltonian is often introduced instead of the 
ionic Hamiltonian. 

@ is treated as an adjustable parameter to fit experimental data. 
The similarity between the Huckel and Pariser and Parr methods may be 

seen clearly. The parameters do not have necessarily th-, same numerical 
values, however. The a and /3 of the Huckel method are imagined to con- 
tain a term representing the energy due to the repulsion ofthe other electrons 
whereas iil 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 
Parr 73, Daudel, Lefebvre and Moser 74 ,  Deudel 7 5  and Salem 76. 

We now return to the two r-electron problem of the 'C=N- 

group. We tried several choices of parameters. The one w e  show 
gives the first TTT--~T, singlet-singlet transition energy correctly. I t  is 

/ 
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approximately 7 ev (see p .  47). This can be obtained by !!ie 
following selection of parameters : 

W,, carbon 11.22 ev 
W,, nitrogen 14-51 ev 

both equal in absolute value to the valence state ionization potentials 
given b y  Pilcher and Skinner45. 

The Zcff values were for carbon 3-25, for nitrogen 3-90, and 
pCN - 2.7 ev. (Pariser and 

The initial Huckel coefficients were: 
originally used - 2.58 ev 77.)  

= 0 . 6 6 7 ~ ~  + 0.745>(, 
= 0.745xc - 0.667xN 

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 :66 

(CClCC) = 10-53ev 
(CC/NN) = 7.82ev 
(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 beczme -36.85 ev. The transition energies calculated 
with the orbitals obtained from the iteration of the ground state were : 

first singlet-triplet 3.97 ev 
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 

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

0.00 

1 -54 0-87 
-29.80 - E ( 5 8 )  
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The numbers are given to two decimzl 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 Huckel 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 I 1-19 
(mainly ) C N 

F i r s t  excited statc 1.01 0.99 
(mainly -*> C N 

Second excited state 1.18 0-82 
(mainly - I C  N 

In the ground state this would lead to a dipole moment about 
double what we arrived at previously, i.e. 1.12 D. The excitation 
energies are 7.09 ev (or 57,219 cm-l) and 11.83 ev (or 95,446 
cm-l). The respective oscillator strengths aref = 0-3’7 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. 

B. The a Electrons; a Hiickel-type Culculation 

The a framework has not Enti1 now been explicitly considered. In  
the present section a Huckel-type calculation concerning the (3 electrons 
will be presented. Early works on a-electron systems were based on 
bond or group orbitals 78 .  The first ‘individual electron’ calculations 
on saturated hydrocarbons and their derivatives based on modified 
Huckel methods were made by Sandorfy and Daudele0, Sandorfy81, 
Fukui, Kato and Y o n e ~ a w a ~ ~ ’ ~ ~ ,  K l ~ p m a n ~ * - ~ ~  and were followed by 
the ‘extended Huckel method’ of Hoffmanne6, who used the Wolfsberg 
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Helmholtz parametrization 87, and by the more elaborate treatment of 
Pople and S a n t ~ y ~ ~ ,  who made a thorough study of the causes of 
delocalization in o-electron systems. 

We are going to consider the following model: 
r- 

The molecular orbitals will be built from the nine 5p2 hybrid atomic 
orbitals shown on the above diagram. Number 3 is the orbital con- 
taining the lone pair. Since our main intcrest is in the C=N group, the 
other carbon atoms are of interest only in as much as they make up 
+he environment of the C=N group and their orbitals not shown in 
the diagram are disregarded. Also disresarded are the two T 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 Jaffi547. Thus, for the carbon sp2 orbitals: 

= 8-79 ev 
15-62 + 1.95 

2 
a1 = a5 = Cr6 = c17 = CLg = CLg = 

For the nitrogen sp2 orbitals the corresponding value would be 

= 12.87 ev 20-60 + 5.14 
2 

a2 = Crq = 

I t  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 a n  uncertainty concerning the choice of a3, the Coulomb 
integral relating to the orbital containing the lone pair. The corre- 
sponding ionization potential found in the tables of Pilcher and 
Skinner45 is 15-19 ev and we may use this for a3, taking the electron 
affinity as zero. However, from the lone pair orbital electronegativities 
given by Hinze, Whitehead and Jaff1251 it can be inferred that this 
parameter should have a much lower value, perhaps 5 ev. Anyway, 
we varied a3 too, our calculation being of an exploratory nature. 
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The resonance integrals, @, were estimated in the following way. 
The X--rr PcN was assumed to be 2.70 ev since this gave us reasonable 
results in our r-electron calculation. Then we supposed that all /3 
values are proportional to the ovcrlap integrals so that 

2.70:0*23 = ~:0.718 
and 

fIl2 = 8.43 ev. 

We computed the overlap integrals from the tables of Mulliken, 
Rieke, Orloff and Orloff 15. Thc presumed internuclear distances 
were : 

and all angles were taken for 120". 2, = 3.25, Z, = 3.90. 
Then the overlap integrals were: 

s,, = 1-000 S,6 = 0 s,, = 1.000 

SI3 = 0.149 S18 = 0496 s,, = 0 
SI2 = 0.718 S17 = 0.096 S23 = 0 

S14 = 0.149 S19 = 0 S25 = 0.059 
S15 = 0.216 &6 = 0.083 

~~~ 

S27 = 0.184 s3, = 1.000 s,, = 1 -000 
S,, = 0.184 s3, = 0 S,, = 0.647 

s36 = -0.116 s 4 7  = 0.040 
S Z g  = 0.083 835 = 0.149 s46 = 0.114 

837 = -0.045 
838 = -0.040 

LS48 = -0.045 
s49  = -0.1 16 

S3, = 0.114 
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The reader who is accustomed to n-electron problems will be 
interested to see that many of the long rmge 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 a-electron problems can be considerably 
greater than those entering r-electron problems. 

I. a3 = 15.19 ev 

Here are some of the charge distributions we obtained. 

a2 = u4 = 9.00ev 

11. a3 = 10-00ev ctz = a4 = 9-00ev 

-0.017 -0.061 c N 

111. a3 = 8.00ev a2 = a4 = 9-00 ev 

-0,033 + 0.057 
C N 

c 0.069 ! 1.078 

/(023 ' - y,966 
r 

1.025 

-0,033 + 0.057 
C N 

From some other calculations we only give the charee distribution 
around the nitrogen atom. 
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TABLE 8. Charge densities in (I orbitals on the N atom. 
~~ 

(I2 43 a4 
a3 aS = n+ 

15.19 10.00 1.237 I -999 1.275 
10.00 10.00 1.251 1-908 1.298 
8-00 10.00 1.272 1 -630 1.362 

15.19 11-00 1 *480 1.999 1-536 
10.00 1 1.00 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 0.97 1 1 *904 
7.00 12.87 i.909 0-568 1-91 1 
7.00 a 12.87 1 *85 1 0.513 1.740 - 

Overlap integrals between non-neighbours ncglcctcd. 

The first observation that emerges from these data is the great 
sensitivity ofthe charge distribution to the choice of parameters as and 
a2 = a4. Only I and 11 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, I1 and 111 in which the numbers repre- 
Sent q1 + q6 + q9 for carbon and qz + q3 + q4 for nitrogen, respec- 
tively.) Higher values of a2 yield unreasonably high charges on the 
nitrogen atom. We have to conclude that in these Huckel-type cal- 
culations the Coulomb integral of N should not be much higher than 
the one of C. 

(ac = 8-37 and aN = 9-00ev) 

The effect of a3 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 a3 
should not be lower than 10 ev. 

We should now put together our u and T calculations. We could 
make a calculation choosing /3 values to take u- interaction into 
account. We could also consider the effect of the qn and qo on each 
other's Coulomb integrals in an iterative matter, as in tlie w teckiquc. 
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 u charges as additive. (Cf. the diagram on 
p. 20 and 11 on p. 34.) 
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Pariser-Parr-Pople typc calculations have been made on saturated 
niolecules by Pohl, Rein and AFpela8, Pople, Santry and SegalE9, 
Kaufman Klopman 01, Skancke 92, ICatagiri and Sandorfy 93 arid 
oilicrs. .A. deeper look z: i k  problem was recently made by Cook, 
Hollis and McWccnyg4. These methods have not been applied to our 
problem. 

\r--pV+/ and ‘\c=N- 

The ions that are produced from the >C=N group by protonation 

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 successfiil attempt in 
this direction has been made by Brown and Pedoldg5. 

They treated the problem by both the Pariser and Parr method 
completed by configurational interaction, and by the SCF 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’. aN for a 
negatively charged nitrogen is different from that for neutral NH 
because the value of the penetration integral (H,:NN) for the 
penetration of the 2 p ~  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 tha, of a negatively charged nitrogen 
atom, in which both electrons which originally formed the N-H bond 
are accommodated in an sp2 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 95. 

We reproduce here the charge distributions they obtained. They refer 
to the rr-electron distribution. 

It is seen that extra charges on the nitrogen cause a reversal of the 
electronegativities for N - and rather large effective rr-electron charges 
for both N- and N+.  

E* /“-’ \ /  

/ 
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TABLE 9. n-Electron charge densitieso6. 

CH,=NH 

CHZ=NHz + 

SCFhfO ASM OCk 

0.938 1 -062 
c -- N 

0.385 1.615 
c -  N 

0.953 1 -047 
c -  N 

0.425 1.575 
c -  N 

1.529 0-47 1 1.480 0.520 
N c -  N c -  CH2=N- 

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

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 

The latter value corresponds to the C=N distance in heterocycles 
rather illail to a C=N group in ail aliphatic environrxnt. 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. 

+ 1.4 for N+. +O.I for N. - 1 . 1  for N- 

C-H 1.071 A N-H I.014A C=N 1.36A 

IV. INFRARED AND RAMAN %PfXTRA 

By far the greatest number of data to be found in the literature relate 
te :he 2=N stretching frequency. I n  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. 

~ ( c m - 1 )  €(litre m o l e - l c m - l )  
G O  1715 400- I000 
C=N I670 100- 300 

The corresponding force constants are in the harmonic oscillator 
approximation 

C=O I I .9 dynes cm - 
C-N 10.6 dynes crn - 
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Infrared spectra of purely aliphatic imines are scarce in  th e 1' iterature. 
The values shown in Table 10 were measured in 1968 by J. Cob0 in the 
author's laboratory. 

TABLE 10. C=N infrared stretching frcquencics (non-conjugated). 
R' 

C-N-R' 
\ 

/ 
R" 

V l I q .  or no110 VCCl4  

R' R" R" (cm-1) (cm - 1) 

Fabian and Legrand 96 found 1673 cm - for C2H,-CH=N-C3H7 in 
CCI,. K a h o ~ e c ~ ~ ~ ~ *  and Kirmann and Laurent 99 lineamred the Raman 
spectra of 18 aldirnincs (R"=H) and found in all of them a band 
between 1674 and 1665 cm-l.  

Generally speaking, there is very little difference between infrared 
and Raman frequencies and between thc spectra of pure liquids and 
solids and their solutions in CCI,, or other not very associative solvents. 
The  C=N frequency in trialkyl ketimiges (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. 

I t  may be seen that phenyl groups lower the C=N frequeiicy more 
thar, t!ic vir.yl group 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 T orbitals in the 
C=N and phenyl groups are far from being perpendicular to each 
other. 

I n  1956 Fabian, Legrand and PoirierlOO 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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TABLE 11. C=N infrared stretching frequencies (conjugatcd). 
R' 

C=N-R" 
\ 

/ 
R" 

39 

R' K" R" 

CH2=CH ,Y C6Hl l  1655 1655 

CH3CH=CH H c3 H, 1656 1658 
C,HS H CH*CH(CH3)2 1640 1646 
C 6 H S  H C,H, 1625 1628 
CGHS CH3 C6HS 1627 1639 
C,HS C6H5 c6EI!5 161 1 1619 

CEljCH=CH H CGHII 1657 - 

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'Ol. 

R' R' 

C=N--I\IH-C6H, 
\ 

/ 
C=N-NHz 

\ 

/ 
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 conjugatcd, e.g. 

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=G, 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 obseniatioii would 
require extensive theoretical work perhaps in the style of Bratoz and 
Besnainou 102.103. We deliberately refrain from attempting to interpret 
small differences in frequencies. These are due to a combination of 
various electronic, mechanical and steric changes and all possible 
exphnations would be purely speculative. 

(CH 3)2C=N -N=C(C H 3) 2 



TABLE 12. Ranges for C-=N streichiiig frcqGcncics'oo. 
~~~ ~ ~ 

Non-conjugated hlonoconjugatcd Diconjugated 

-CH=N- R-CH=N-R C,H,-CH=N--R' CGH,--CH=N-CeHtj 
1665-1674 cm-I 1629-1656 cm- '  1626-1637 cm-' 
(19 compounds) (20-30 compounds) (7 compounds) 

1649-1 662 cm-I  1640-1650 cm-  1630 solid 
(6 compounds) (2 compounds) 1640 solution 

C=NH R CEHS 
\ 
/ \ 

i 
', 
/ 

C=NH C=NH 

R R' 
1640-1646 cm- I  1620-1633 cm- '  
(associa t cd) (associated) 
(5 compounds) (7 compounds) 

-CH=NOH R-CH=NOH CeH,-CH=NOH 
1652-1673cm-' 1614-1645cm-' 
(associated) (associated) 
(8 compounds) (8 compounds) 

-C=NOH R CGH5 

C=NOH 
\ 

/ 
C=NOH 

I \ 
/ 

R' R 
1652-1684 cm- I  1 6 2 0 - 1 6 4 0 ~ m - ~  
(1  0 compounds) (3 compounds) 

-C=N- CeHs-C=NCHj C~H~-C=N-CCHS 
I I 

kCH, SCH3 
I 

I 
S 

1627-1640 cm- I  1622 cm-1 161 1 cm-I 
(5 compounds) 

LJ.. c 8 H 5 

1607-1613~m-~  
(2 compounds) 

NH NHCHj NHR 
I 1675 Raman 1635-1651 cm- '  1620-1630 cm-1 

1685 1.r. according to ( 1  1 compounds) R 
so1ver.t 

I 

- 
-C=h'- C~HS-C=N-R C6H5--C=N--C6H, 

I 
NRR' NR'R" 

I 

/ \  
N 

1614-1621 c m - l  1582-1597 cm-1 
(2 compounds) (4 compounds) 

c_ 

-C=N- 1664-1630 cin- ' 1645-1667 cm- '  C6Hs-c=N-C6H5 
(oxazolones) (oxazoloncs) I 

OCH3 
I 
0 
I 1666 cm-' 
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Fabian and Legrand104 carried out a very useful study on the 
molecular extinction coefficients of the C=N stretching vibration. 
This IS !low they summarize their results: ‘The intensity of absorption 
due to -C(Z)=N- is highest when Z represents a n  oxygen con- 
taining group or one containing a second nitrogen (imino ethers or 
amidines). I t  decreases when Z is a sulphur-containing group, an  
alkyl or a hydrogen (imino thioethers, ketimhes or aldimines). The 
presence of an oxygen or nitrogen cogtaining substituent on the nitro- 
gen of the imino group (oximes and hydrazones) further weakens the 
absorption.’ 
Numerically, the following ranges can be given : 

(a) E > 350 when Z is NRR’ (amidines or OR (imino ethers) 
(b) E z 250 when Z is R (ketimines) or SR (imino tliioethers105) 
(c) E is between 180 and 140 when Z is a hydrogen (aldimines). The 

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

(d) E < 30 for oximes106 
(e) E is practically zero for hydrazones. 

Fabian, Delaroff and Legrand Io7 found unusually high extinction 
coefficients ( N  900) for N-alkyl-N’-phenylbenzamidines. Leonard and 
P a ~ k s t e l i s ~ ~ ~  gave infrared frequencies for the positive ion 

\ /  

/ \  
C=N + 

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 cxplain. I t  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 95, supposing proportionality between bond 
energies and force constants. Conjugation ciearly lowers the ficqrtency 
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 and by Witkop and his collabor- 
a t o r ~ ” ” - ” ~ .  Witkop indicated a range of 1639-1626 cm-I  for aromatic 
Schiff bases and 1672-1646 cm-l 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 W i b e r l e ~ ” ~  for 
a good review of the C=N vibrations. 
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TABLE 14. C=N+ infrared stretching frequencies lo8. 

Compound Structure Y (cm-I) 

N-isopropylidenedimcthylaminium 

>1;3 N-isopropylidenepyrrolidinium 

N-2-bu tylidenepyrrolidinium 

XI 
0-"3 

N-cyclohex y!idenemorpholinium ( y - J o  

N-3-pen tylidenepyrrolidinium 

N-cyclohexylidcnepyrrolidinium 

N-I-methylcinnamylidenepyrrolidinium 

1687 

1690 

1680 
, 

1665 

1665 

1640 

1622 

Many molecules containing the C-N double bond exhibit cases of 
chelation or metal complex formation. 

A typical examp!e for the former is N-salicy5dene-2-aminopropane 
@A) 

whose structure has been confirmed by Teyssie and Charette1l6. A 
broad, concentration-independent band centred at  about 2700 cm- 
gives evidence of a strong ifitramolecular hydrogen bond. The C=N 
stretching band is at 1634 cm-l 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 0-H - . -0 or 0-H - - N  
type hydrogen bonds. 

Teyssie and Charettc also measured the infrared spectra of a number 
of metal complexes of SA and similar compounds. Here arc a few of the 
C=N stretching frequencies they obtained : 

SA (SA), Co (SA), Ni (SA), Cu (SA), Zn (SA), Pd 
I634 I607 1612 1617 1619 I 624 (cm - l) 

In  a more recent paper K o ~ a c i c ~ ~ ~  reported the infrared spectra of 
copper compIexes oi' salicylideneanilines : 

OH 

These have the general structure 

CH=N 

R 

In  NEjol mulls the C-N stretchingfrequency is in the range 1616-1603 
cm-l while in methylene chloride solution it is between 1612 and 1602. 
I n  these compIexes the phefiolic C-0 vibration appears at 1330-1310 
whereas in the free anils it is found between 1288 and 1265. I n  the 
salicylidene anilines themselves an internal hydrogen bond is formed, 

causing a weak and broad OH band between 3100 and 2700 crn-l. 
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, Aspi:y and Dudley llB 

found the C=N absorption at 1637-1616 cm-l 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 
C 

G N  
\ 

C ' \c 

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: 

r 15 5 r.¶ 4 4 
rll 4 4 
P O P  4 - 4  

1" is the reducible representation based on the 3N rectangular 
coordinates, where N = 5 is the number of atoms. I t  reduces to 

I' = 10A' + 5A" 

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

r, ,b = 7A' + 2A" 
Thus we expect seven totally symmetrical and two non-totally sym- 
metrical vibrations. 

Some fiather 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 vibrationsllg. 
I', is the reducible representation based on the stretching coordi- 

nates, or more exactly the increments of the four internuclear dis- 
tances between neighbours, r b  the one based on the four in-plane bond 
angles (their increments) and To, on the four out-of-plane angles, 
which are of course zero at the vibrationzl 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 

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 T,,,. 

(a) Four stretching modes, one of them will be essentially a C=N 
motion. The three others will contain various amounts of C-C and 
N-C motions. These are likely to be located in the 1300-1000 
cm-l range.’ 

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

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. 

Finally we have the following normal vibrations : 

A n 

V. ELECTRONIC SPECTRA 

A. Mon-conjugated Azomethine Group 

Little is known about the electronic spectrum of the ‘C=N-group 
/ 

itself in a purely aliphatic environment. 
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in all likelihood the first T* i- T transition. Ethylene has a broad band 
centred a t  1620 A in the gas phase but extending to 2000 A121*122. 
The n* <- T absorption in simple carbonyl compounds like formalde- 
hyde is a t  higher frequencies, about 1550 A123. 

Since we could not detect any absorption bands at frequencies 
lower than 2000 A we shall tentatively admit that the n* + 72, u* +- n 
or u-T transitions must be under the shoulder of the strong band, the 
7 ~ *  t n band perhaps between 2000 and 1900 A and the u* f- n band 

160 

120 

x (A)  
2000 19001800 1700 1600 I500 1400 1300 1200 1150 

1 1 I I I 1 1  1 I 1  1 I I I 

- 
CH,, 

CH-CHzN-C,H, 
- 

1 

CH, 
L=l.Ocm P i  1 3mm - 

500 55.0 60-0 650 70.0 7 5 0  80.0 85.0 
kk 

FIGURE 2. The far ultraviolet absorption spectrum of (CH3)&HCH=NC2HS. 

at about 1800 A. The asymmetrical shape of the strang 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 T electrons or its ionization potential 
is not known. 

(CH,),CHCH=NC2M, has a similar spectrum (Figure 2) but 
the shoulders between 50,OOG and 55,000 cm -' are more pronounced. 
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Platt12* and S i d r n a ~ ~ l ~ ~  estimated that the 7r* t n transition lies at 

2103 b if the ‘C=N-gmup carries only aliphatic substituents, at 2500 

if conjunated with a vinyl group and at 2900 if on a benzene ring. 
I t  is interesting to compare the position of the m* t- n band for 

various unconjugated lone pair containing groups : 

/ 
? 

C=N- 2000- I900 A (7) 
\ 

/ 

\ 

/ 

\ 

/ 
-N=O 

--NO2 2700 

C=o 2800 

-N=N- 3700 

C = S  5500 

6800 

We cannot expect that C=N and C=O should behave in a very 
similar manner. Among other things, hybridization is differeat in 
the two groups ISo aild the T electrons are more strongly bonded in 
C=O (cf. Berthier and Serre-2). 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 126, Kiss and Auer 127 and Kiss, Bacskai and Varga lz8. In 
the much. more iezent work of Jaffk, Yeh and Gardner129, which 
deals mainly with azobenzene derivatives, there is a new interpretation 
of the spectrum of benzalaniline, C6H,CH=NC6H5, 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 
n* f- n transition. I n  trans-azobenzene there are two of them, and both 
seem to contribute to the broad weak band at  about 4400A. In 
benzalaniline, the energy of the lone pair is likely to be close to the 
average of the two R levels formed by the two lone pairs of azobenzene 
but the relating excited T orbital must be considerably higher. There- 
fore the 7;* t 2 transition of benzalaniline is expected to lie at higher 
frequencies. Unfortunately it is hidden under the envelope of the next 
T* + m band. Jaffd, Yeh and G a ~ - d n e r l ~ ~  located it at 3600 b with 
E “N 100. 



50 C. Sandorfy 

The other bands in these spectra are T* i- T. The apparent peaks 
are given in Table 15. 

TABLE 15. Apparent peaks in the spectra of stilbene, benzalaniline and 
azobenzene12s. 

Stilbene 3000 2280 2000 
Eenzalaniline 3600 3000 2600 
Azobenzene 4400 3200 2300 
Conjugate acid of azobenzene 3 100 4200 2900 2350 

Jaffd and coworkers carried out Hiickel calculations and applied 
Platt’s scheme to interpret these spectra. The lower frequency n* t T 

peak is due to transitions between T 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 

3 0  

R I 

0 20  
X 
4r 

0.10 

0 
200 250 300 

X (mp) 

FIGURE 3a. Spectra of trans and cis-stilbene in heptane and ethanol respectively. 
Reprinted hy permission from H. Suzuki, Bull. Chern. SOC. Japan, 33,381 ( 1960). 
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F I G U ~ E  3b. The spectra of cis- and trans-azobenzene in 957, ethanol. Reprinted 
by permission from H. H. Jaffk and M. Orchin, Theory and Applicaliom of 
Ultraviolet Spectroscopy, John Wiley and Sons, New York, 1 96213*. 

weaker transitions of mixed type probably contribute to the intensity 
of the lower frequency T* t T bands. 

The data given in the table are approximate and represent band 
centres. Further details are given in references 130 and 131. The cis 
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 + C.C.N.D.B. _- 
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Jaffd, Yeh and Gardner show that this is due to the lowcr symmetry 
of benzalaniline and that the phenyl+ central double bond type 
transitions become the greater contributors to this Iiand in the case 
of benzalaniline. 

Kanda132 measured thc gas phase spectrum of benzalaniline. He  
found two band systems a t  2940-2833 A and at  2488-2351 A with a 
vibrational interval of 273 cm-l.  The 7r* t 7 bands of benzalaniline 
are not very sensitive to soivent effects. 

0 

FIGURE 3c. The spectrum of benzalaniline in 95y0 ethanol. Reprinted by 
permission from H. H. Jaff6 and R. W. Gardner, J .  Mol. S'ecfr., 2, 120 (1 958). 

Charette, Faltlhansl and Teyssie 133 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)13*. 
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In  cyclohexane there are three bands in the ultraviolet at 21 70, 
2540 and 3 180 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 400G 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 T* t 7r bands as shown by 

FIGURE 4. Absorption spectra of SA in cyclohexane (- ) ; methanol (- - - -) ; 
formamide (- --.--- ). Concentration 1 0 - 4 h r ;  b = 1 cm13*. 

their high intensities and red shift character in order of increasing 
solvent polarity. The  new bands do not correspond to the positive or 
negative ion. of the molecule. The anion is obtained by dissolving SA 
in 0 . 1 ~  sodium methylate. There is a strong band centred at  3500A 
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 HCI to a methanol solution. I t  has two strong bands at  
2750 A and 3500 A. 
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Spectra of many other orh-hydroxy compounds, mainly those of 
naphthalene and phenanthrene derivatives, were examined by Voss 135 

and by Muszik 136. Examples are : 

i-1-0 

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 bards appearing in the polar solvents can be 
assigned to the NH form. C~S-~T-Q~S isomerism is a coiiiplicating 
factor 136. 

Charette133 also considered thc 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 n-hydroxy derivatives do not, showing again the involve- 
ment of tautomeric forms. 

Bruyneel, Charette and de H ~ f f r n a n n ' ~ ~  explained the kinetics of 
the hydrolysis o f  0-, m-, and ~-hydroxy-n-benzylidene-2-aminopropanes, 
invoking tautomeric equilibria. 

Mason137, 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 (l), the 
cation (2), the anion (3) and the zwitterion (4a) or amide (4b). For 
example: 
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0-  
H H 

OH 0- 

He found that the lowest energy transition of a given compound lies 
at wavelengths which show the order zwitterion > anim > 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 13* carried out 
similar studies on o-hydroxy aromatic Schiff bases and found that the 
order for these compounds is zwitterion > cation z anion > enol. 
They measured the spectra of N-methylsalicylaldimine, N-salicylidene- 
aniline and N-methoxybenzylidene-o-hydroxyaniline and followed 
them by Huckel molecular orbital calculations. 

According to V O S S ~ ~ ~  the compounds of the type 

H-0 

are not fluorescent a t  room temperature. At lcw temperature jn 
solution or in rigid glasses, however, the NH-form .,is fluorescent. 
M ~ s z i k l ~ ~  found that the N H  form of the molecules of type 

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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1. 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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I I .  REACTIONS O F  CAR6CNYL GTiOUBS-WlTH 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 cr amino compounds (e.g. 
amino acids in protein hydrolysates ') ; or for the protection of these 
groups during cornplex or sensitive reactions (e.g. amino acids during 
peptide synthesis2). 

I n  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 PJdehydes and Ketones with Amines 
1. Primary amines 

The condensation of primary amines with carbony1 compounds was 
first reported by Schiff3, and the condensation products are often 
referred to as Schiff bases. The reaction was reviewed 4.5. 

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'"H2 RR'C=NR" t- HZO ( 1 )  

Usually, it is advisable to remove the water as it is hrmed by distil- 
lation or by using an azeotrope-forming solvent 6.7. 'This is necessary 
with diary1 or arylalkyl ketones, but aldehydes and dialkyl ketones can 
usually be condensed with arnines 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 aldehyde8. 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 i t  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 acidsg, BF3 etherate lo, ZnC1, 7-9-11-13 or POC1314). 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 catalysts4. Ultraviolet irradiation is 
reported to promote the formation of azomethines from aldehydes. 
This is explained13 as a light-promoted autoxidation of part of the 
aldehyde to the correspozding 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 -CI-I&H=N- group undergo very 
easily aldol-type condensations, so that in the reactions of such al- 
dehydes with amines, polymers are usually formed 15. 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 

CH3CHCH2CH=NPh and CH,CHCH=CHNHPh 

: 

I 
NHPh 

I 
NHPh 

The same products are also obtained by the reaction of aniline with 
aldol. Other aldehydes give s i d a r  dimt-rs 16-18. Secondary aldehydes, 
whose azomethines are incapable of forming a,&unsaturated imines 
which would result in polymerization, give the monomeric imines 17. 
Primary aliphatic aldehydes can give azomethines with various 
amines if the reaction is carried out at Ooc, and the product distilled 
from KOH 19*::0. 

Acetone and 2-butanone react with aromatic amines to give sub- 
stituted dihydroquinolines 21.22 : 

ab PhNH, + (CH,),CO - 
H 

Isopropylidene amines, however, can be easily prepared by the method 
of Kuhn 23, 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: 

KCN 
(CH3)cCO + RNHo_.HI*2Agl (CH3)2C-NR.HI.ZAgI __f (CH3)zC-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 cstcr 24, through a route similar to the alkaline hydrolysis 
of acetoacetic ester: 

PhNH- P h N H  
CH3COCH,COOEt  4 CH3COCH,NHPh 4 (CH,),CO + (PhNH),CO 

PhNHa 1 PhNH2 

P h N H  
> (CHJ2C=NPh + (PhNH),CO 

II 
NPh 

1 PhNH2 1 P h N H  
CH,CCH,COOEt 4 CH3CCH2CONHPh 

II 
NPh 

a$-Unsaturated ketones do not condense with amines or ammonia 
to axomethincs, but rather add them to the double bond to form /3- 
amino ketones 25. 

a-Bromo ketones react with alkyl amines to give a-hydroxyimines ; 
epoxides are formed as intermediates 26. 

EiNH 
PhCC(CH3)2Br d> PhC-C(CH,), + PhC(CH3)20H 

II 
N E t  

A /  
EtNH 0 

II 
0 

The reactions of formaldehyde with amines were reviewed *-15. The 
N=CH, function is very sensitive to polymerizations, and except 
for isolated cases 19*27, e.g. R,CN=CH2, only trimers which have 
the s-triazene .skeleton, or linear polymers, could be obtained; 
methylenimines are proposed as intermediates in their form- 
ation. Schiff bases ofrr-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 

I n  the formation of azomethines, both anti and syn isomers may be 
formed. However, as the energy barrier between them is Iow, 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 

n 
CI JQCH.NCH.CH,N Ph I W0 

where two isomers whose configurations were proved by u.v., i.r. 
and n.m.r. spectra were isolated 29. 

I t  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 30 : 

3. Ammonia 

Ammonia does not give azomethines with formaldehyde or with 
primary aliphatic aldehydcs 4, but either ‘ aldehyde ammonia’ ad- 
dition compounds or polymers, of which hexamethylenetetraniine 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 a r n n ~ o n i a ~ ~ - ~ ~  : 

3 RCHO + 2 NH, __j RCH(N=CHR), 

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

Ar-Ar 
ArCH(N=CHAr), - 

Ar 

(c) R3CCH(N=CHCR3), _j R3CCH=NCHzCR3 + R3CCN 

Aromatic ketones give imines with ammonia under drastic con- 
ditions, e.g. by bubbling dry NH, through the molten ketone34, by 
heating alcoholic solutions of the reactants in sealed tubes to high 



68 Shlomo Dayagi and Yair Degani 

t e m p e r a t ~ r e ~ ~ ,  by using AICI, as catalyst a t  high temperatures 36 or 
by passing NH, with the ketone over Tho, a t  300-400" 37. Ammonium 
salts (e.g. thiocyanate) may serve as an ammonia source in  reactions 
with reactive ketones38. 

When the imine is capable of cyclization a cyclic imine is isolated: 

2CH,COCHOHCH3 + NH3 - (ref. 39) 

O H  O H  

3. Secondary amines 

T h e  reaction of secmdary 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 : 

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 41 .42 .  Fluoroborates, while less 
convenient, are less explosive and safer to use41. 

In some cases, a neutral amine may be used when zwitterion for- 
mation is possible, e.g:I3 

PhCH=N 
PhCHO + ""a - 

0 0- 

Some secondary cyclic amines may give a neutral azomethine 
either by ring opening44 or by rearrangement 45:  
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ArCHO + H N d  -> ArCH=NCH,CH,Nq 

ArCHO + HNJ) I - ArCH-=NN b 
HNKNH 0 h H  

0 

B. Condensations of Aldehyder and Ketones with Other Amino 
Groups 

1. Amino group attached to oxygen 

In these condensations, oximes, 0-alkyl oximes, 0-acyl oximes, and 
compounds in which the C=N-0 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 forrr,, are supplied as their salts, 
which are then completely or partially neutralized,by the addition of a 
base or by basic ion or by carrying out the reaction in 
pyridine4*. The latter method is used especially for the oximation of 
diffcultly soluble ketones 49 and of steroidal ketones 46*50. 

The basicity of the reactioii medium is of high importance. The 
dependence of the rate of the reaction versus the pH of the solution l 3 s 5 I  

shows a rate maximum a t  a p H  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 cut in a buffer solution (e.g. in aqueous NaH,P0452). Al- 
though the reaction is acid catalysed, it is only rarely carried out in 
the presence of strong acid (e.g. conc. aqueous HC153). 

Sodium hydroxyIamine disulphonate, which is easily prepared by 
bubbling SO, through a solution. of sodium nitrite and sodium bisul- 
phite in water, is frequently used without isolation54: 

NaNO, + NaHSO, + SO2 + HON(SO,Na), 

HON(SO,Na), + RR'CO d 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 55. The hindered ketone (e.g. acetyl- or 
benzoyl mesitylene) in a solution of potassium i-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 otherwise56 because the 
ordinary reaction is very 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-carbonyl condensations. Here, the attacking agent 
is probably either the anion 1 or 255. 

NH,OH ~ H O H  NH,O- 
OH - 

(1) (2) 

Alternative methods to prepare oximes of highly hindered ketones 
are by the action of hydroxylamine on a ketimineS8 (see Section 11.G) 
and by the reaction of hydroxylamine with thc hindered ketone under 
very high pressures (about 9500 atmospheres) 59, which gives good 
yields (about 70y0) of oximes like that of hexamethylacctone. 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 

Whereas amines or ammonia usually add to the carbon-carbon 
double bond of cr,/3-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 25. O n  the other hand, 0-metliylhydroxylamine 
only adds to the double bond of a,/l-unsaturatcd ketones, while with 
&diketones it gives mono-0-methyloxime 25*60.  

Ketones which are stable in strong acids (e.g. fluorenone) give 
oximes by reaction with nitromethane in hot (190-200") poly- 
phosphoric acid 61. 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 q n .  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 62 thermodynamically, the vvn 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 oxiine 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 mecha-rism 
which was suggested for the Beckmann rearranzement until it was 
clarified by Meisenheimer 64. 

N-Alkylhydroxylamines give nitrones with alde!iydcs and ke- 
tones 65-67. 

RZCO + R"H0I-I R Z C L N R '  + HZ0 
L 
0 

When the aldehyde or ketone have a-hydrogens, an aldol-type 
condensation of the nitrone follows its f ~ r m a t i o n ~ ~ . ~ ~ ,  e.g. 

(CH3)ZCO + PhNHOH + [(CH,),&N(O)Ph] - (CH3)ZCCHzCCH3 
I I I  
N N(0)Ph 

HO / 'Ph 

Cyclic nitrones are more stable against aldolization and can be 
dimerized with basic catalysts, e.g. sodamide 69. When the aldolization 
product is not desired, a condensation of the hydrosylamine with an 
acetal instead of a ketone is f a v o ~ i r a b l e ~ ~ .  

N-triphenylmethylhydroxylamine gives with benzaldehyde an 
0-trityl derivative 70. Probably a nitrone is formed initially, and then a 
rearrangement leads to the less hindered and more stable 0-trityl 
oxime : 

PhCHO + PhaCNHOH [PhCH=NCPhJ + PhCH=NOCPhs 
I 

ij 

2. Amino group attached to nitrogen 
Reactions with hydrazitie. I n  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 kctones react readily, usually just by shaking 
the reactants in water or in alcohol, and in most cases only azines are 
obtained7'. I n  order to obtain the hydrazone, the reaction should be 
carried out in a large excess of h y d r a ~ i n e ~ ~  and in the total absence of 
acids. Alternatively, the hydrazones may be prepared indirectly by the 
action of hydrazine on the azine 72*73. 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. I t  forms the azine, how- 
ever, by the addition of a little acid72*74. 
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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 formed75*76. 

Diary1 ketones need more drastic  condition^^^*^^; in some cases 
a water-removing agent 60*79 has to be added, or the reaction has to be 
carried out a t  high temperatures 78.80. Usually, only hydrazones are 
obtained, but at  higher temperatures in an autoclave an azine may 
be formed75. The  azine, however, can be prepared from the hydrazone, 
either by acidifying its alcoholic solution and allowing it to stand at  
room t e m p e r a t ~ r e ~ ~ ,  or by refluxing the hydrazone with an excess of 
ketone74*81*82. By the last method, mixed azines may also be pre- 
pared ' * s a 2 .  

,&Diketones and liydraziiie give usually rnonohydrazonesa3, while 
y-dikctones give an internal cyclic azine, a 4,5-dihydropyridazine 
derivativeE4 : 

R' 

R" 
RCOCH,CHR'CCR" +- NH,NH, - 

R 

cis- 1,2-Cyclopropane dicarboxaldehyde gives with hydrazine a trimer 
of the corresponding internal azineE5 : 

OHC CHO v -  NH,NH, 

/?-Halo ketones give with liydrazine a five-membered cyclic hydrazone 86 : 

(CH,),CCICH,COPr-n 

Cyclic keto nitroncs react 
hydrazone 87 : 

with hydrazine to give a rearranged 
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Reaclions with substituted hydrazines. Thc reactions of alkyl aiid 
N,N-dialkylhydrazines with aldehydes and ketones give usually 
normal substituted h y d r a ~ o n e s ~ ~ . ~ ~ .  T h e  N-hydrogen of the alkyl 
hydrazones formed from aromatic aldcliydes is labile, and might add 
to the carbonyl group of another molecule of thc aldehyde when the 
latter is in excess; the producL dcpcnds on thc experimental con- 
ditions : 

(ref. 43) McOH 
ArCHO + CH,NHNH, r> CH3NN=CHAr 

EtOH + CH,NN=CHAr 

I 

I 

ArCHOCH, 

(ref. 89) CHAr 

CH3NN=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 IICl or iIiS04. 

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-ToNN=CH 2 

CHa 
I 

p-ToN N=CH 2 

analogous to the product from methylhydrazine and aromatic 
aldehydesa9, and in ethanol [ (CH,=N) (To)NCH,J,O 

/3-DimethyIamino ketones give with phenylhydrazine, through an 
elimination of dimethylamine, a five-membered cyclic hydrazone 'l. 
The intermediate open-chain hydrazone was also isolated 92. 

-Me NH 
+ PhCCH2CHzN(CH3)2 A 

PhNHNH? 
PhCOCH2CH2N(CH,)z - 

I1 
NHNPh 

I 

Ph 
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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 a-diketones and tosylhydrazine 83n33. 

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 13.51*9435. 

The formation of semicarbazones from ketones and semicarbazide 
is catalysed by aniline". Here, the mechanism is differcnt from the 
normal general acid-catalysed formation of semicarbazones. First, an 
anil is formed which is then interchanged with the semicarbazide. 

slow 
( I )  RzCO + PhNHz a RZCLNPh + H20 

fast 
(2) R,C=NPh + NHZNECONHZ RZGNNHCONHZ + PhNH2 

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 azomethincs in comparison with 
their parent carbonyl compounds. 

Osazones and related compounds. Since the first isolation of sl-lgar 
osazones by Fischerg7, 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 cascs they are prepared 
from a-hydroxy, or-halo, a-methoxy, a-acetoxy or a-dimethylamino 
ketones. 

The reaction of aryl hydrazine with a-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 rcactants, and 
on the structure of both the hydrazine and the carbonyl compound. 
Usually, in the prcsence of strong acids, hydrazones are obtained 98-101. 
In mild acidic media, such as acetic acid, both osazones and hydra- 
zones might be obtained. In acetic acid-water mixtures, the highcr the 
concentration of HOAc, the higher is the proportion of osazone to 
hydrazonelol. Hydrazones are also formed in neutral aqueous or 
alcoholic  solution^^^^^^^. 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- 
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repelling group (methyl, methoxy) hydrazones are obtained only 
from aldoses and not from ketoses. Phenylhydrazine reacts with both 
types loo. 

a-Halo ketones, too, ma.y give with hydrazines either hydrazones or 
osazones, or both, dependbg 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 
H2S04) gives with some halo ketones lo2 osazones, whereas with others, 
a-halo hydrazones are obtained 79,80. The a-halogen in these hydra- 
zones is very labile, and gives in methanol a-methoxy hydrazones 102J03, 

and in acetic acid a-acetoxy hydrazones Io4. a$-Unsaturated hydra- 
zones may be formed by elimination Io3. 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. 1 2 ~  hydrochloric acid) lo5. 

and dichloroacetaldehyde Io7 also gives osazones with 
aryl hydrazines, as do a-methoxy ketones Io8 and a-dimethylamino 
ketones. 

a-Halo ketones give glyoximes with hydrcxylamine in a similar 
reactionlog : 

RCOCHXR' + NHZOH - > RC=NOH 
I 

R'C==NGH 

Alkylamines sive with a-bromo ketones a-hydroxy imines 26, while 
fluorinated ketones give only additions to the C=O bond to form 
amino alcohols without the formation of a C-N bond l l O .  

The problem of the structure of the osazones was reviewed111J12. 
The currently zccepted structure of the osazones was first proposed by 
Fieser and Fieser113 and was later proved by chemical, spectral 
(u.v. and n.m.r.), polarographic methods '12,114 and by x-ray 
analysis 115 to be a ' quasi-aromatic ' system : 

1 
OW 

This structure explains why, in the osazonization of sugars by phenyl- 
hydrazine, the oxidation of tlie hydroxy groups of the sugar is confined 
to only one hydroxy group adjacent to the carbonyI. 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 116: 

I 
CHO CHzOH CH=NN(CH3)Ph 

(CHOH), o r  CO 

&H20H ( i H0H)n-l C!H=NN(CH3)Ph 

+ NHZN(CH3)Ph [C=NN(CH3)Ph]n 
I I 

I 
CH20H 

The ' quasi-aromatic ' structure explains also the differences in 
spectra and in chemical properties between sugar and non-sugar 
osazones112: The C,,, hydroxy group which is absent in the non- 
sugar osazoiies 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 tc give 
aldehydes or ketones, isolable as their hydra~ones"~. A mechanism 
similar to the one proposed for the oxidation, i.e. 

x\ ,. H. ..rjH3 x\ 
Y-' O...H,,.N HAr Y' 

C H O H  + ArNHNH2 5 [ y': . I ] d \ C = O  + NH,' + NH2Ar 

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

x\ x\ 

Y/  Y /  
CHOH + ArNHNH, - CHNHNHAr 

C=NNHAr + NH,+ + NH,Ar 
x, 
Y /  

This mechanism explains why the reaction is acid catalysed, and why 
the formation of osazones is favoured with phenylhydrazines with 
electron-attracting substituents 119, an effect which is opposite to the 
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substituent effect in the formation of hydrazones. However, a-hydroxy 
ketones and related compounds may be converted to osazones through 
other mechanisms, one involving unsaturated azo intermediates of the 
type C=C-N=NAr103~120, which were isolated in some cases12o. 

I 
+ 

N--NAr N=NHAr 

3. Other amino groups 
Aldehydes and ketones react normally with the following types of 

amino compounds : 
Garbam-ates, NH,NHCOOR 121, aminoguanidine Iz2, sulphen- 

a r n i d e ~ l ~ ~ ,  nitramineIZ4, c h l ~ r a m i n e ~ ~ ~ ,  phosphinic acid hydrazides 126 
and triazane derivatives l Z 7 .  

Very few cases of condensations of carbonyl groups with amidic 
amino groups are reported. Urea reacts with benzoin to give a gly- 
oxalone derivative 128. 

HOAc PhCOCHOHPh + CO(NH,), - P h m P h  

NKNH 0 

Sulphonamides react with aldehydes under the influence of Lewis 
acids (ZnCI, or AlCI,) 129. 

ArS02NH2 + RChO __f 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 acyl chlorides 130. 

RCOCl 
RNHCONH, + HCON(CHJ2 o"-lo" > RNHCON=CHN(CHJ,*HCI 

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

The amidic carbonyl group does not react normally with amines. 
Very few cases are reported of the reaction of hydroxylamine with 
arnides to give arnidoximes, e.g. 
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Y T $ - N H P  NH,CCOOH 
II or 

Ph NOH NOH 
(rcf. 131) (ref. 132) 

However, thioamides are much more reactive, and aromatic thio- 
amides 133, thioureides 134, thiolactams 135 or t h i o u r e t h a n e ~ l ~ ~  may 'be 
condensed with amincs 137, ammonia'S6, hydroxyhmine 133*134 or 
hydrazine Ig5. 

One case is reported of a reaction of benzoyl chloride with an 
amine 38 : 

+ PhCOCl -+ 

H,N HsnsH NH, Ph Ph 

Substituted amides are condensed in three steps with amines, with 
POCl, as a condensing agent 130 : 
0 " OPOCI, NHR" 
II I +  R'NH 1 + 

RCNR'R" f POC13 w RC=NR'R'CI- 4 RC=NR'R"CI- 
N R" 

OH- 11 + RC-NR'R" 

Similarly, amines react with the product formed from N,N-disubsti- 
tuted amides and aryl sulphonyl chlorides, with the formation of 
amidinium salts140: 

HCONMe2 + ArS02CI A Me2d=CHOSOzArCI - __f 

RNHCH=NMe2 ArS03- 

Hydrazones react with similar amide-sulphonyl products to give amide 
hydrazooes 141 : 

R" R* 
I I 

RR'C=NNH2 + ArSO,OC=NRW2 CI - + RR'C=NNHC-NR02 __f 

RNHa 

+ 

AsO2R 
OH - 

RR'C=NNHCR'=GR'2 ArS03- __f RR'C=NN=CR"NR", 

D. Other Carbonyl-Amino Condensations 

bonds are formed by the elimination of trimethylsilyl groups : 
N,N-Bis(trimethylsily1) amines react with ketones, and new C=N 

(ref. 142) 

(ref. 143) 

ZnCI, 
RR'CO + (Me3Si)2NR" or Zn,Cd RR'C=NR" 

RaCO + (Me3Si),NNa -> R2C==NSiMe3 
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E. The Mechanism of the Carbonyl-Amino Condensation 

The mechanism was discussed in detail in another volume of this 
series13. 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 13. 

F. Reactions of Amino Groups with Potential Carbonyls 

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

8 .  Hydrates, acetates, ketals and other esters 

gem-Dihydroxy compounds L44 and their acetates 145 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-Eenzalsulphonamides can be 
prepared from benzald.ehyde acetals by diitillation of the alcohol as it 
is formed 14'. 

N-Alkylhydroxylamines give with ketals the corresponding nitrones 
smoothly 65. Benzohydroxamic acid reacts with benzaldehyde acetal 
on heating in uacuo and benzaldoxime is formed148. I t  is assumed that 
first the nitrone N-benzoylbenzaldoxime is formed, which then acts 
as a benzoylating agent towards another molecule of benzohydroxamic 
acid : 

PhCONHOH 
PhCONHOH + PhCH(OEt)2 [PhCON(O)=CHPh] - 

PhCH=NOH + PhCONHOCOPh 

By using the hydrochloride of the hydroxamic acid, a rearrangement of 
the nitrone'takes place: 

80" 
PhCONHOH*HCl +- PhCH(OEt)l --&> PhCON(O)=CHPh + PhCOON=CHPh 
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Under the same conditions, benzophenone ketal gives a cyclic product 
with benzohydroxamic acid : 

0-N 

” I/ PhCONHOH + Ph,C(OEt), ----f PhZC 

0-C-Ph 
\ 

Thioacetals and disulphides behave like acetals 149, e.g. 

RCHZSSCHZR + NHZNHZ 2 RCH=NNHQ 

Ortho esters react like acetals with ammonia150, amino com- 
pounds 151, and sulphonamides ls2, and imidoates are formed. An 
excess of the amino component causes the substitution of the OR 
group, and amidines are formed 151 : 

PhNH 
PhNH, + CH(OEt)3 ---+ PhN=CHOEt A PhN=CHNHPh 

Urea and N-alkylureas react with ortho formates153: 

2 RNHCONHZ + HC(OEt)3 + RNHCON=CHNHCONHR 

I n  the presence of acetic anhydride, only imidoates of the type 
RNHCON=CHOEt are formed.154. 

Ethyl orthocarbonate reacts similarly with sulphonamides 155 : 
dist. of 

T s N H ~  + C(OEt), EtOH TsN=C(OEt)z 

2. Enols, enol ethers and phenols 
Enolic forms of aldehydes or ketones (e.g. a,P-diketones) react with 

amino compounds like normal carbonyls 156. Enol ethers (vinyl 
ethers) require acid catalysts 157, probably to hydrolyse the ether 
prior to condensation : 

BF,-Et?O 
RCH=CHOCHs + NHZOH-HCI > RCH,CH=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 15*, e.g. 

moH+ PhNHNH, - 
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3. gem-Dihalides 

Azomethines are formed from gcm-dichloro or dibromo compounds 
and amino compounds, usually in an excess of thc amine. The re- 
action has found special uses in cases when the reaction with the parent 
carbonyl compound is sluggish, e.g. with diary1  ketone^'^^^^^^. Ketones 
give usually only the anti isomei , whereas from gem-dihalides, both syn 
and anti isomers may be obtained l4*I6O. 

Isocyanide dichlorides (iminophosgencs) behavc like other di- 
chlorides towards amines, and give carbodiimides by thcir reaction 
under nitrogen 161 : 

I800 

N a  
RNH2*HCI + ArN=CCI, -- > RN=C=NAr 

N-Arylideiiesulphonamides are obtained from benzal chloride162, 
benzotrichloride 163 or Senzophenone d i c t h  ide x 4  and aryl sulphon- 
amides. 

Diiodomethane rcacts with secondary amines to give methylene- 
immonium iodides : 

G. The Interchunge of Existing C=N Bonds 

1. With amino compounds 

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

RZCkNR' + R"NH2 & R,C=NR" + R " H 2  (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, 14-1 5 ; 
m-nitroaniline, 1 - 15 ; sulphanilamide, 1 -0 ; p-nitroaniline, 0.36. The 
equilibrium was found to be governed by the empirical equation 

alogK,, + blogw + c = 0 

where ul is the displacement ability of the amine and KOH its ionization 
constant. 

Thus hydroxylamine, hydrazines or semicarbazide give good yields 
of oximes, hydrazones or semicarbazones, respectively, by reacting 
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with anils96~165. Hydrazones are similarly formed from oximes 
and liydrazines166. Removal of one of the components of the equi- 
librium will shift the reaction into complction in favour of one 
product. Hence, most C=N compounds can be easily obtained from 
ketimines by their reaction with amino compounds, when NH, is 
eliminated by heating 137J67*168. The last method is especially useful 
for the preparation of azomethines of sterically hindered ketones which 
cannot be prepared directly from the parent ketone58. 

The conversion of hydrazones to azines by the effect of acid cata- 
lysts can be regarded as a displacement reaction which follows the 
mechanism 79 

H +  + RaC=NNHa 
RZC=NNHz +. RZC-NHNHZ. RZC-NHNHZ & 

I 
+ NHzN=CRZ 

+ -NHaNHa -H + 

RZC-NHZNHZ RzC+ e. RZC=NN=CRz 
I 

NHN=CRZ 
I 
NHN=CRZ 

The reverse path describes the also-known conversion of an azir.e to 
a hydrazone by an excess of l ~ y d r a z i n e ~ ~ * ~ ~ .  

Nitrones also yield azomethines with a variety of amino com- 
pounds 169. On the other hand, nitrones are formed by the interchange 
of an imine with N-substituted hydroxylamine 70b. 

Phenylhydrazones with difluoramine yield N-fluoroimines through 
a mechanism which involves a cyclic intermediate 170 : 

- (CH3),C=NF + [Ph&H=N - PhH + Npl 

2. With carbonyl compounds 
The formation of a new C-N bond by this interchange reaction is 

reported with acetone or 2-butanone imines 171, hydrazones 172 and 
selenocarbazones 17,, which react with aldehydes or ketones : 

(CH3)2C=NR + RiCO (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 51 33J74. The initially 
formed methylenehydroxylamine is unstable and is immediately de- 
composed to ammonia and formic acid. 

RzC=NOH + H C H O  - z RpC=O + [CHp=NOH H.O_b H C O O H  + N H J  

H. Azornethines 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 175~170 : 

RCH=CXp + R " H p  __j RCH=NR' + CHnXp 

An intermediate addition product of the type RCH(NHR') CHXz 

Secondary amines might also displace the active methylenc com- 
was isolated in the reaction of benzalacetylacetone with aailine. 

ponent to form an immonium salt 41 : 

Styrene derivativcs undergo hydrazinolysis with hydrazine in the 
presence of sodium hydrazide, and hydrazones are formed 

Under similar experimental conditions, hydrazones are formed from 
p-halo-a-phenylalkanes, probably by elimination to yield an alkene 
with subsequent hydrazinolysis of the latter 1 7 8 .  

: 
N J N H N H ~  

P h C H S C H R  f NHpNHp f PhCH? + RCH=NNHp 

l!l. NSTROSO-METHYLENE CONDENSATIONS 

Aromatic nitroso compounds react with active methylcne groups to 
form anils. The condensation, known as thc ' Ehrlich-Sachs re- 
action' 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 lea. 

ArN=CXY 
ArNO + CH,XY - ArN(0H)CHXY c p  

LO1 ArN=CXY 

4fC.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 1 8 1 .  

0 0 
1. 

ArN(0H)CHXY + 2 A r N O  + Ar&=CXY + ArN=NAr 

Examples of methylene compounds whicli condense with aromatic 
nitroso compounds to give anil or nitrone or a mixture of both are 
benzyl cyanidesla2, malonic esters 183, a-methylene ketones lE4, fluo- 
renes 185 and cyclopentadienes IE6. Bis-methylene compounds such as 
tetralones may form dianils 187 : 

0 

Compounds possessing reactive methyl groups, such as 2,S-dinirro- 
toluene and 9-methylacridine (tlie latter also under acid catalysis’88), 
may react similarly with aromatic nitroso compounds, yiclding anils 
and/or nitroncs. The  aldonitrones formed in such cases may be trans- 
formed to the isomeric anilides 189,190. 

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 ofj+dimethylaminonitrosobenzene with 
aryl acctonitriles, weak bases such as piperidine and low reaction 
temperatures favoured nitrone formation 12, whereas sodium hydroxide 
or anhydrous potassium carbonate and high temperatures yielded 
mainly an ani1191.192. 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 nitronc. In  
some condensations, the absence of water was found to increase anil 
formation up to 99% Ig2. Prolonged reaction time was shown to in- 
crease nitrone-anil ratio in the reaction of 2,4-dinitrotoluene and 
p-dimethylaminonitrosobenzene. With 9-mctIiylacridiney tlie anil- 
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nitrone product ratio varied with the nature of the substitucnts on the 
aromatic nitroso compound193. Using an  excess of the nitroso com- 
pound increases nitrone formation 180*191. Air oxidation is probably 
also a contributing factor in the formation of nitrone. It has been 
suggested194 (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 nitroncs. The  
pyridinium group is expelled in the process. The reaction, known as 
the Krohnke reaction, was reviewed by Krohnke k. 1953 and 19631g5. 
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 : 

Pyridine can also be displaced from the intermediate hydroxylamine 
derivative by nucleophiles. Thus the treatment of benzylpyridinium 
halide with p-nitrosodimethylaniline Ig6 or with nitrosophenolates lg7 
followed by a.qlieous potassium cyanide gives high yields of a- 
cyanoanils. 

A r C ( C N ) = = N a N ( C H , ) 2  -t N D  - + KBr  

However, these u-cyanoanils are prepared more simply and con- 
veniently from the appropriate aryl acetonitriles 108J99. 

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 
jsornerization to oximes : 

RCH2R' --+ RCH(N0)R' d 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 corn- 
pound, e.g. 

RR'C=NOH + EtONO -> RR'C=O + NaO + EtOH 

C-Nitrosation has been reviewed, covering the literature until 
1953 

A. Nitranation of Primary and Secondary Carbons 

The ketonic carbonyl strongly activrtes an adjacent carbon for 
nitrosation. In methyl alkyl kctones the methylene group is nitrosated 
in preferencc to the methyl group201: 

RCH,COCH3 + MeONO -%- RCCOCHJ 
I1 
NOH 

With identical methylcne groups on both sides of the ketone, such as in 
symmetrical alicyclic kctones, a,a'-dioximino compounds may be 
formed 2@2.203. Chloio ketones such as chloroacetonc 204 and phenacyl 
chloride 208 are readily nitrosated to the corresponding hydroxamic 
acid chlorides, whereas oximation of a-bromo ketoncs is reported to 
occur prcferentially at mcthylene groups not containing Br 206. 

CHJCOCHICl d CH,COCCI=NOH 
PhCH,COCH2Br d PhCCOCH,Br 

II 
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 thht attributed to decarboxylation of 
p,y-unsaturated carboxylic acids, has been postulated for the nitro- 
sative decarboxylation 207. 
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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, /I-keto esters, malonic esters and cyano- 
acetic esters, oximation occurs readily 2oo. Oximation of aliphatic 
mononitriles has not been reported, but glutamic and adipic nitriles, 
in which a methylene is situated in a-position to a single cyano 
group: have been oximated in quantitative yields 208. 

Primary nitroalkanes are nitrosated to nitrolic acids. The  reaction is 
usually carried out by treating the nitronate salt with acidified alkali 
nitrite209 or with N,0,210. 

RCHN02Na + NaNO, - t RC(NO,)=N@H 

Hydrocarbons possessing a methylene group of pronounced re- 
activity such as cyclopentadiene x1 and fluorene 212 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 catalyst213. 
Under such conditions various alkyl heteroaromatics, e.g. methyl 
pyrimidine 214 and pyridazine-N-oxides 215, have been oximated. 

5. Nitrosation at Tertiary Carbons 

While compounds containing a nitroso group on a tertiary c . rbon 
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 a-substituted p-keto esters results in the 
formation of a-oximino esters200. 

RCOCH(R')COOR" + R'CCOOR" 
I1 
NOH 

u-Substituted 8-keto lactones behave similarly216. The cleavage is 
catalysed by bases or by acids. 

Et@ NCO OEt N-0' 
I II 

II I 
OEt- R-C 'r' C-COOK' - RC + C-COOR" 

'0- A, O R '  N=O 
I 

I I  I N- r+ OH OH N-OH O R '  I no I II 
R - C - C - C O O R " A  RC + C-COOR" 

I 
R' 

II 
0 

II I 
0 R' 
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a-Substituted /3-keto acids, like unsubstitutcd ones, undergo 
decarboxylation rather than deacylation. Decarboxylation also takes 
place upon nitrosation of alkylmalonic and cyanoacetic esters a- 
Substituted p-diketones are converted to a-oximino ketones 217. 

Nitrosations of aliphatic carbons carrying diazo groups are ac- 
companied by the 10,~s of nitrogen. Thus diazo ketones react with 
nitrous acid or with nitrosyl chloride to give the corresponding 
hydroxamic acid or its chloride, respectivcly 21n : 

NOH 

RCOC-OH 

RCOCHN, 

C. Nitrosation at Aliphatic Unsaturated Carbon 

Few c s e s  have been recorded in which compounds were nitrosated 
a t  unsaturated carbons to give oximes. These include nitrosation of 
hydrazones to give azo oximes (nitrosazones) 219 and the nitrosation of 
an enzmine to an a-imim oximeZ2!’: 

R O N 0  
A r N H N S H R  -> ArN=NCR=NOH 

D. The Mechanism of the C-Nitrosation 

Nitrosation agents may be represented as X-NO (X=OH, OR, 
NO,, halogen, etc.) where X functions as a carrier of a potential 
nitrosonium ion, NO + 207*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: 
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The acid-catalysed nitrosation has bccn envisioned 222 as an 
electrophilic attack of a nitrosonium ion or of its carrier on the enolic 
form of the active methylene compound : 

0 OH 0 
1 1  NO+ I -H+ II 

RCHZ-CR' &. RCH-CR' M RCH-CR' 
I 

NO 
I +  
NO 

This mechanism would require the rate of the nitrosation and the 
rate of the cnolization undcr 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 : 

0-NO 0 NO 
far t It I 

NO+ + RCOCH2R' > R- c -CH,R' --+- R-C-CHR' A etc. 

E. Free-Radical Nitrosations 

Non-activated aliphatic saturated hydrocarbons undergo photo- 
chemical nitrosation to give oximes in high yields224. The reaction is 
carried out by the irradiation (at 325-600 mp) of the hydrocarbon in 
the presence of nitrosyl chloride and HC1 or of nitrogen monoxide, 
chlorine and HCl. NOCl or C1, 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 : 

hu 

hv 
NOCl - NO + CI' 

CI' + RH d R' + HCI 
CI, _9 2 CI- 

R ' +  NO + R-NO 

The HC1 formed catalyses the isornerization of the nitrosoalkanc 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 6225. 

Nitrosation of hydrocarbons in the presence of nitrogen monoxide, 
using high energy y-rays, has also been achieved226. In this case the 
hydrocarbon free radical is formed directly by the irradiation. 
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F. Transnitrosations 

by aromatic N-nitrosamines : 

\ \ 
/ / 
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Active methylene compounds have been oxiniated without catalysis 

CH2 + Ph2NNO -> C=NOH + PhZNH 

The effect of various p-substituents in the phcnyl rings of Ph,NNO 
on the yield of the reaction227 support the assumption that the N-N 
bond cleavase depends on the electron attraction of the phenyl 
groups. Aliphatic N-nitrosamines, in which the N--N bond is 
strengthened by clcctron donation from the alkyi groups, require acid 
catalysis for the transnitrosation reaction le6. 

Undcr the simultaneous influcnce of light and an acid, N-nitro- 
samines may undergo intramolecular transnitrosation to yield 
a m i d o x i m e ~ ~ ~ ~ * ~ ~ ~ :  

> RCNHR' 
hv 

RCHZN(N0)R' H+ 
ll 
NOH 

For example, N,N-dibenzylnitrosamine photo-isomerizes to the 
corresponding amidoxinie in 90% yield. A suggested mechanism in- 
volves photo-elimination of the species R-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 2 2 8 :  

hu 
RR'CH N( NO) R" H+C R R ' b  N R" 

I n  the presence of an olefin, photo-addition of the AT-nitrosamine to 
thc carbon-carbon double bond takes place in high yield, the dialkyl- 
amino group being attached to the less substituted carbon atom230: 

RCHz=CH2 + R'RNNO & > RCCHNR'R 

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

I I  
NOH 
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I n  unsymmetrically substituted olefins, in which the intermediary 
tertiary nitroso compound cannot tautomcrize to an oxime, thc 
reaction results in  a carbon-carbon bond fission 231 : 

V. DIAZO RI! U M SALT-P? E T H Y L E N  E CON DENSATIONS 

Aliphatic compounds containing an activated methylene group 
couple with diazonium salts to form aryl hydrazones 232*233. The  
reaction is regarded as an clcctrophilic attack of the diazonium ion on 
the carbanion derived from the methylcne compound, forming a n  
unstable azo compound which spontaneously tautomerizes to a 
hydrazone : 

X X 
/ [ <] __f Ar-NH-N=C Ar -NrN+  + CH __f Ar-N=N-CH 

/ 

‘u ‘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 mechylene compounds. The  activating effect of the 
substituents (X and Y )  for the coupling can be arranged according to 
Hiinig and Boes 234 in the decreasing order: 

-NO, > -CHO > -COCH:, > -CN > -CO,Et 
>-CONH, > -COOH > -S02CH, > -SOCH, > --CGH, 

Thus, for example, the reactivity of various p-dicarbonyl compounds 
towards ferrocenyl diazonium salts was found to be 235 : 

CH,COCH,COCH, > CH,COCH,CO,Et 
z CH,COCH,CONHPh > CH,(C0,Et)2 

Other activating groups are the tertiary sulphonium and quaternary 
pyridinium ions, and heterocyclic residues such as 2-pyridyl and 
2-quinol yl. 
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When one of the activating groups is a carboxyl, coupling is ac- 
companied by decarboxylation, resembling thc ' nitrosative decar- 
boxylation' : 

CH,COCH=NNHAr + CO, 

Active methyl groups situated a t  the 2 or 4 position to the ring 
nitrogen of heterocyclic conipounds such as u-picoline 236 and 9- 
methyl acrid in^^^^ 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 o:iium salt. 

A methinyl carbon carrying a t  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 X 
I 

t [ R- -N=N-Ar ] H20t R-C=N-NHAr+ YOH RCH + ArN,+ - / 

'u 

T h e  reaction is known as the Japp-Klingeniann reaction, and has 
been reviewed 233*238. 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 + COz 
I 
R' 

I 
R' 

RCOCHCOzEt + ArN,+ - ArNHN=CCO,Et + RCOOH 
I 

R' 
I 

R' 

EtOCOCHCOOEt .+ ArN, + - f ArNHN=CCOOEt 
I I 
R R 
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In diacylacetic esters, the acyl group corresponding to the weaker 
acid is more readily cleaved. For example 239 : 

I I 
CH,COCHCOOEt + ArN2+ ___f ArNHN=CCOOEt + CH,COOH 

tOPh COPh 

EtCOCHCOOEt + ArN2+ - > ArNHN=CCOOEt + EtCOOH 

COCH, I COCH, 

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 238,240. 

&OGH - AIN,+ &NHAr + c02 

NNHAr 
I I  COOEt - EtOCOCCH,CH,CH,CH,COOH 

ArN2* 

NNHAr 
ArN,* I1 - CH,COCCH,CH,CH2CH,COOH 

The reaction of benzenediazonium ions with tribenzoylmethane 
was formerly thought to proceed via an 0-azo derivative of the 'enolic 
form (3)241: 

heat 
(PhC0)SCH + PhNz+ (PhCO),C=C(Ph)ON=NPh + 

(P h CO) zC( P h) N= N Ph 
( 3) 

(4) 
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This suggested a general alternative route to diazo coupling of 
8-diketo esters and trike tone^^^^*^^^. Rencwcd structural assignments 
of the reaction products have, however, shown242 that the C-azo 
compound 4 is formed directly as the primary coupling product. I t  
can subsequently undcrgo competing rearrangements to thc enol- 
benzoate 5 and the triketone 6. 

OCOPh 
PhCO-:;C- I Ph 

I 
N=NPh 

4 

L> PhCO-C-COPh 
!I ,COPh 
N-N, 

Ph 
(6) 

The C-azo intermediates of the normal Japp-Klingemann reaction 
have also been isolated in several cases 234-246, by performing the 
reaction a t  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-nitro, =O esters. 

HO N ~ N A ~  OH NNHAr 
I I I  - RC + C-COOEt 
!I I 
0 R' 

r+ OH NNHAr 
I II 

I1 I 
O R '  

RClCCOOEt - RC + C-COOEt 

N=NAr 
I 

I I  I 
O R '  

RC-C-COOEt 

I I  I 
O R '  

Other nucleophilic reagents (like ethanol, phenol and aniline) also 

P r imxy  nitroalkanes couple in their aci-nitro form with diazonium 
catalyse the cleavage 244. 

salts to give aryl hydrazones of a-nitro aldehydes 232 : 

RCH2N02 + ArN,+ - > R-C-NO2 

NNHAr 
II 
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The reaction is usually carried out by adding the nitronate salt to 
the weakly acid diazonium solution. With nitromethane the riiaiii 
product is a nitro f o r m a ~ a n e ~ ~ ~ .  

CHJN02 + 2 ArN2+ __f ArNHN=C-N02 

N=NAr 
I 

Secondary nitroalkanes yield stable azo compounds. In the reaction 
of aryl dinitromethanes and diary1 nitromethanes with benzene- 
diazonium ion, migration of a nitro group occurs to give a p-nitro- 
phenylhydrazonc 235 : 

PhCH(NO9)a + 

Diazoalkanes couple with diazoniurn salts to form an unstable 
azo diazonium ion khich 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 derivative2** : 

ArN,+ + CHINz [Ar-N=N-CH2-&rN + -Na 
CI - 

Ar-N=N-?H2] -> ArN=NCH2CI + ArNH-N=CHCI 

Methanol can also act as a nucleophile to give the mcthoxy 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. 

+ + + 
Ar-N=I\I-CH2 Ar-NH-N=CH --+D Ar-NH-N - 

'& 
Ar-NH-CH=k] =% Ar-NH-CEN '%%p A r - N A s N  

LH3 

[ 

Aryl hydrazones may also be formed by diazonium coupling with 
unsaturated carbon atoms in tertiary enamines and various vinyl 
compounds, These reactions were reviewed 232*233. 

VI. ADDITIONS TO CARBON-CARBON DOUBLE 
O R  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.a49 

CHrCH + EtNHz [CHz=CHNHEt] d CHaCH-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 249. 

In  the presence of mercuric chloride, an aldol-type product can be 
isolated 250 : 

HgCl 
CH=CH + ArNH, --% ArNHCHCH2CH=NAr 

I 
CH 3 

Acetylenes activated with strong electronegative groups add amines 
much more readily251, and the enamine might undergo a prototropic 
shift to give a C=N bond, e.g.60 

Ph-CCOPh + CHaONH, + PhC=CHCOPh PhCCH2COPh 
l l  
NOCH:, 

i 
NHOCH3 

8-Chloroacetylenes add alkali arnides with eliminations of an alkali 
chloride, and unsaturated imines are formed 252. 

(CH&CCIC_CH + (CH3)3CNHLi + (CH3),C=CHCH=NC(CH3)3 

Activated ethylenes add aniines in a reaction accompanied by 
dehydrogenation 253 : 

E t 1 0  
(CF~),C=CHBU + EtNHz > (CF,),CHCBu=NEt 

In  the presence of sodium hydroxide, hydrazine adds similarly to 
conjugated dienes, and the hydrazo compound formed undergoes 
dehydrogenation to an azine 254 : 

2 CHa=C(CHs)C(CH,)=CH, + NHZNHZ > NaNHNHl 

(CH3),C=C(CH,)CH=NN=CHC(CH3)d(CH& 

The reaction of aryl ethylenes with nitroso compounds leads to the 
cleavage of the double bond and to the formation of n i t r ~ n e s ~ ~ ~ , ~ ~ ~ .  
The proposed mechanism involves an addition to the double bond, 
followed by cleavage 256 : 

2 PhCHzCH2 + 2 PhNO __j Ph-CH-CH2 + Ph-CH 
II 

Ph-N (0) 
I 
N-Ph 

I 
Ph-N 

0 
J \*/ 

+ [""' 
N(0)Ph + PhNHCHO 

Acetylenes add two molecules of nitroso compounds to form 
dinitrones 257 : 

PhC=CPh + 2 PhNO ---+ PhN(O)=C(Ph)C(Ph)=N(O)Ph 
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komatic  nitro compounds undergo a photochemical reaction with 
acetylenes to form anils, which then might react further268. 

PhN02 + PhC=CPh -% [PhNO + Ph2C&O] - 
PhiC<=O 

Ph,C=NPh + C02 - t Ph2C-N-Ph 

Ph2C!d=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 259,2G0. At higher temperatures, 
osidation and chlorination may take place. 

Azides add to double bonds activated by aromatic systems261, by 
ether groups (vinyl ethers) or by amino groups (enamines) 263, 

forming a triazole ring, which loses nitrogen spontaneously or by 
heating to form an azomethine: 

Ar 

+ PhS02N3 - 0 NS0,Ph 

I I 
N=N 

a-Azidocthylenes undergo on heating or by irradiation an internal 
cycloaddition with elimination of nitrogen, and azirenes are formed, 
sometimes together with ketenimines, their rearrangement products, 
e.5 

PhC=CH2 P h w H ,  
N I 

N3 

(ref. 264) 

F 
CF,CF=CF2 CF,CF=CFN, A F3C--t/T-F (ref. 265) 

N 
R 

CH,C=CRCOOEt & H,C+CO,Et f CH,N=C=CRCOOEt (ref. 266) 
I N 
N5 
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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: 

RCH=CH3 NaF, ' RLH-cHNFa or pyridine .- RC-CN (ref. 267) 

(ref. 268) 

N Fa NF 
NaF I1 

Et,N 
PhCH=CHPh % PhCH-CHPh PhC-CPh 

II II 
NF N F  

I 1  

VII. FORMATION OF C=N BONDS THROUGH YLIDS 

NFa N F a  

A. With Curbonyl Compounds 
Aldehydes and ketones react with iminophosphoranes to give Schiff 
bases and iminesl'0~2eo-271. 

PhjP=NR + R'R"C0 __+ R'R'C=NR + PhjPO 
PhjP=NH + RR'CO __+ RR'C=NH + PhjPO 

Analogously, ketenes give ketenimines 289*271. 

formation of a betaine intermediate 372 : 

R~P=NR' + R:CO - R$-N-R' 

The mechanism of the reaction is of the Wittig type, involving the 

R ~ P O  + R;C=NR' 

-O--CR; 

Instead of iminophosphoranes, phosphoraniide anions may be 
¶ e.g. used 271.273 

NaH R'CHO 
(EtO)aP(O)NHR (EtO)aP(O)fiR RN=CHR' 4- (EtO),PO,- 

Phosphazines similarlv form azincs 2 7 4 1 2 7 5  ; the method is especially 

Sulphur ylids, such as thionylaniline 1 4 7 1 2 7 6 * 2 7 7  or sulphur diimidcs 278 

valuable for the formation of unsymmetrical azines. 

also react with aldehydes to form azomethines : 
- +  

RN-S=O + R'CHO - RN-LO - RN=CHR' + so2 
kdH-0 -  

PhCHO 
RN--2=NR + PhCHO PhCH=NR + RNSO - ZPhCH=NR + SO2 

B. With biuzo Compounds und Azides 

Phosphoranes give azines with diazo compounds 270*280 : 

PhCOCHN, + Ph,;-iHR - 
RCH=NN=CHCOPh f PhjP 
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Azides give Schiff bases with phosphonium ylids28’ ; the triphenyl- 
phosphine which is formed in the reaction might give an imino- 
phosphorane with an excess of the azide. 

Ph$-EHPh + PhN3 PhaF-CHPh ---+ PhaP + PhCH=NPh 
I - NPh 

(Ph3P + PhNa PhaP=NPh) 

C. Wfth lsocyanates 

Isocyanates in the presence of catalytic amounts of rriphenyi- 
phosphine, -arsine or -stibine oxides react with elimination of COz, 
and yield carbodiiinides 271*282~283. The reaction proceeds via the 
formation of an iminophosphorane : 

PhNCO + PhaPO __j [ ph,i=O] --+ PhN=PPh3 + COP 
PhaP- 

Ph P-N-P h 
PhaPO + PhN=C=NPh “I -O-C=NPh I PhjP=NPh + PhNCO 

The relative reactivity of these oxides as catalysts was found to 
be Ph3As > Ph3P > Ph3Sb283. Other oxides that catalyse the reac- 
tion are l-ethyl-3-methyl-3-phospholine- 1-oxide 202*284, I-ethoxy-2- 
phospholine ‘ oxide 2*6, l-ethyl- or 1-phenyl-3-phospholine oxide, 
tricthylphosphine oxide, and even pyridine oxide and dimethylsul- 
phoxide 283. No carbodiimidts were obtained with catalytic amounts 
of diphenylsulphone, diphenylsulphoxide, trimethylamine oxide or 
4-nitropyridine oxide 203. 

According to the proposed mechanism, iminophosphoranes also 
give carbodiimides with isocyanatcs 26g.271. The reaction was used to 
prove the presence of an unstable iminophosphorane by the .car- 
bodiimide it forms with an isocyanate 288 : 

CH3N=C=NCH3 

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 260*287. 

Phosphoramide anions can also be used with isocyanates to give 
asymmetrical carbodiimides 271 373 : 

I .  NaH 
(EtO),P(O)NHR 2. R”CO> RN=C=NK 
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The formation of carbodiimides by these reactions is discussed in a 

Isocyanates react similarly with phosphoranes to form keteni- 
recent review 288. 

mines 269, e.g. 

However, when using phosphonium rnonoaryl me thylide, a proto- 
tropic shift causes the formation of an arnide2Og: 

Ph$-ePhz + PhNCO + Ph&=C==NPh + Ph3PO 

P h P*-CAr 

' I- + 
HO-C=N P h 

Ph36-cHAr + PhNCO [ p ? ~ ~ ~ ~ p h  I 
Ph,;-cArCONHPh 

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 290-292 : 

Similar results are cbtained with p l io spha~ ines~~~ .  On the other hand, 
sulphoranes 291 and arsonanes 293 both give nitrones with nitro- 
sobenzene : 

RR'C=PPh:, + PhNO RFI'C=NPh + Ph3PO 

0 
?. 

0 
t 

RR'C-5Me2 + PhNO -> RR'C=NPh + S(CH3)Z 

RR"?-&Ph3 + PhNO __r RR'C=NPh + Ph3As 

Both types of products are obtained through the same class of 
betaine intermediate; the anil is formed by a Wittig-type oxygen 
transfer: 

+ -/ -+ 2-6 +)=N-Ph 
Z-G, 

0- 
I 

/- - z +k+" O=N-Ph 

A mechanistic possibility in the formation of the d r o n e  is an 
intermediate containing an oxazirane ring272.291 : 

0 
f + PhZC=NPh 
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The rearrangcmcnt of the oxazirane ring to give a nitrone is well 
known 193*291 ; however, no oxaziranc derivative has yet been isolated 
from reactions of this type. 

a-Sulphonyl carbanions behave in a very similar manner towards 
nitrosobenzene, giving a nitrone 294 : 

S02Ph SOzPh 

Diazo compounds also behave like ylids towards nitroso compounds, 
giving a : 

- +  
PhzC-N=N + P h N O  __f 

PhzC 

Ph-N->O 

The reaction of pyridinium salts with nitroso compounds in the 
presence of a base, the Krohnke reaction195 (see Section 111) , can be 
regarded as proceeding through the intermediate formation of a 
pyridinium ylid : 

R'-N=CHR + + 
0- I 

In some cases, a pyridinium ylid could be isolated, e.g. 9-fluorenyl- 
pyridinium z95 : 
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E. Other Reactions of Ylids 

dicarboxylate 2ee*297 : 
Iminophosphoranes add to the triple bond of dimethyl acetylene 

The reaction proceeds readily when Ar is phenyl or p-bromophenyl; 
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 2a7. 

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 bcnzonitrile oxide 298. 

[ Phf-CHa-CH S(CH3)2 + 

'-11 
0 

0- PhCCH=CH, (30%) 

HON 

Nitrile oxides react with phosphoranes and iminophosphoranes 299 to 
give the 1,3-~ycloaddition products, which undergo elimination or 
rearrangement on heating to give ketenimines or carbodiimides, 
respectively. 
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-> CH2=C=NAr + Ph,PO 
+ - A - +  

ArC=N-0 f CH2-PPh3 __I+ Ar-C=N-0 
CH,-PPh, I 

+ - + -  
ArC=N-0 + PhN-PPh, - Ar-C=N-0 - A ArN=C=NPh + Ph3P0 

I I 
PhN- PPh3 

VIII. TAUTOMERIZATION OF AMIDES AND 
THIOAMIDES AND RELATED REACTIONS 

The formation of amidates and thioamidates from amides and 
thioamides was reviewed 300. 

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, 0-methyl derivatives may be obtained 
from arnides3O1, anilidzs 302, ureas 303 or lactams 304 : 

RCONHR’ + (CH&SOI __f RC(OCH3)=NR’*HSOICH:, 

N,N-Dialkylamides are similarly alkylated to immonium salts 305 

with dimethyl sulphate or with trimethyloxonium fluoroborate. 
Alkyl halides, however, may 0-alkylate hydroxamic esters 306*307. 

h i d e s  react with ethyl chloroformate to form, after decarboxylation, 
ar, 0-alkylation product 308 : 

NH * HCI 
I I  

RCONHZ + ClCOOEt M 

N-Substituted amides of 7-halo acids undergo intramolecular 
alkylation~3~~. In  acidic, neutral or mildly basic media (pH 2-10), 
0-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 one3lo: 

Ph NPh 
I 

OY”] BrCH,CH,CONHPh 
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Kinetic data for the above reaction310 in water suggest an S,i 
mechanism : 

NHPh -NPh 

The observed rate constant for rhe disappearance of the amide, k,, was 
found to obey the following relationship : 

k,  = kl + [(k2 + k 3 ) ~ 1 / ~ w l [ O W - J  

where K ,  was the ion product of water, taken as lo1*. 

(bromoethyl)amides, catalysed by inethoxide ions 311 : 
A related reaction is the intramolecular 0-alkylation of N- 

Electron-withdrawing groups on the aryl group facilitate the reaction. 
Again an SNi mechanism was proposed: 

0 
6CH 11 

(1) ArCONHCH,CH2Br -a ArC-tkH,CH,Br - Ar 

Phosphonate groups may also serve as leaving groups in the reaction, 
e.g. in the cyclization of ArCONHCH,CH,OPO(OR) 2312. N-@- 
hydroxyethy1)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 samc conditions six-membered heterocyclic compounds313 : 

RCONHCH,CH,CH,OH +j$? 

Thioainides are much more susceptible to S-alkylations than amides 
to 0-alkylations. Alkyl chlorides and bromides give S-alkyl products 
with thioamides 314.315, N-alkyl, N-aryl and N,N-dialkylthioam- 
ides 315*31G, thioureas 317, tliiohydroxamates 318, and thiourethanes 319, 

without a catalyst. Thioureas with ethyl chloroformate, in the presence 
of triethylamine, yield S-carbethoxyisothi~ureas~~~, which are less 
susceptible towards decarboxylation than their 0-analogues. 

S-Arylation of thioureas takes place through their reaction with 
diazonium salts in mildly basic solution321. 

NaOAc 
PhNHCSNHPh + ArNZ+ - PhN=C(SAr)NHPh 

Acylation of amides with acyl chlorides in the presence of a strong 
base gives both N- and 0-acyl derivatives322. 

Another method of 0-alkylation of amides is the reaction of their 
silver salts with alkyl halides. Amides and anilides give imidoates by 
0-alkylation, whereas N-methylamides show N-alkylation 323. y- 
Halopropionamides give a n  internal 0-alkylation with silver fluoro- 
borate324. 0-Acylation might also bc carried out by the silver salt 
method325. 

Diazomethane gives 0-methylation with certain amido groups, e.g. 
with hydroxamic acids 326 or other a m i d e ~ ~ ~ ~  : 

RCONHOH CH2N2 > RC(OCH3)=NOCH3 

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) 328: 

RCH-COOH 
I A 

NHCOR' 

d, 
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Oxazcle derivatives are formed also from kcto amides when the pro- 
duct is stabilized by aromatization 329. 

+ Me,SO, -* CHaOSOa- a:Hcoph N 

Monoamides of those dicarboxylic acids which are capable of forming 
a cyclic anhydride give with carbodiimides isoimidcs of the corre- 
sponding anliydride330*331 : 

0 

N- (Hydroxymethyl) amides add to ethylenes to form an oxazine 
derivative 332 : 

RCONHCHZOH + R'R"C=CH1 - R' 

R" 

N-(p-Arylethyl) amides, under the influence of acidic catalysts (Pz05, 
POCI,, PCI,: ZnCl,, AlCl,, SOCl,), undergo cyclization to form a 
dihydroisoquinoline (Bischler-Napieralsky reaction) 333 : 

R 

Oximes which are capable of forming by Beckmann rearrangement, 
a suitable amide, also undergo a Bischler-Napieralsky cyclization (ix. 
PhCH2CH,CR=NOH. N-arylsulplionyloximes of the same type (e.g. 
PhCH2CH2CR=NOS02Ph) 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 complcxes with the enolic forms of thio- 
amides 33p or hydroxamic acids 335. The clielating complexation 
stabilizes the enolic form : 

CSNHR + Cu" 
+2H+ 

Oxidation of thioamides which affect the sulphur atom may give 
either a d i ~ u l p h i d e ~ ~ ~  : 

N R  N R  

Ph !-S-S-! Ph PhCSNHR K&(CN)O,OH- 
or t2 ,  H + ' 

or a hydroperoxide of the enolic 
SOH 

ArNHCSOAr' a ArN= c: OAr' 

D. Substitution of the Enolic Hydroxyl Group 

is the first step in the Sonn and Muller aldehyde ~ y n t h e s i s ~ ~ * * ~ ~ ~ .  
Anilides react with PCI, to form imidoyl chlorides in a reaction that 

PCI. 
RCONHPh - RCCI=N P h 

When R is aliphatic, the chloride is unstable, and decomposes spon- 
taneo~sly3~~.  Benzohydr~xamates~~l and hydrazides 342give analogously 
irrino chlorides : 

> PhCCkNOEt 
PCIS 

PClG 
PhCONHOEt 

PhCCkNNHPh PhCONHNHPh __f 

N,N-Disubstituted amides give with P0C13302*343 or with phosgene 344 

an immonium salt in the first step of the Vilsmeyer-Haack reaction: 
+ 

CICH=N(CH3)aCI - HCON(CHS2 A 
POClJ 

N+=CCIEt CI- C 
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Grignard reagents react with anilides to give a n i l ~ ~ ~ 5 .  . 
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RMgBr + R'CONHPh ___j RR'C=NPh 

IX. ADDITION REACTIONS TO NITRILES, ISONITRILES, 
NITRILE OXIDES AND RELATED COMPOUNDS 

A. Addition to Nitriles 

1. Reduction 

Controlled catalytic hydrogenation of nitriles to imines is usually very 
difficult; only low yields of imines arc obtained when it is attempted to 
stop the reaction at the imine stage, due to secondary reactions346. 
Formamidines are obtained by the catalytic or electrolytic reaction of 
cyanamides 347. 

Reduction by lithium aluminium hydride is much more controllable, 
and in some cases, imines can be obtained in fair yields348, although 
usually a misture of a primary amine and an azomethine is obtained349. 

LAH 
PhCN PhCHZNHZ + PhCH=NCHzPh + NHj 

59% 

Nitriles are reduced by SnCl, and HCI (the first step of the Stephen 
aldehyde synthesis) to give the tin chloride complex of the imine 339*350. 

The reaction probably proceeds through addition of HC1 to the 
carbon-nitrogen triple bond, followed by reduction of the iminoyl 
chloride : 

HCI S K I ,  + 
RCGN - z RCCI=NH > (RCH=NH,) SnCls2- 

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 351. 

Hydrogenation of nitrilcs with Raney nickel in hydrazine gives the 
azine of the corresponding aldehyde 352. The reaction probably pro- 
ceeds through an addition of the hydrazinc to the nitrile to give an 
imino hydrazide, which is then reduced to the hydrazone from which 
the azine is formed: 

NH 

RCH=NNH, - RCH=NN=CHR 

Similarly, nitriles are reduced in the presence of semicarbazide to the 
semicarbazones of the corresponding aldehydes 16'. 

I I  
RCN + NHzNHz w RCNHNHZ 
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2. Addition of alcohols and thiols 
The preparation of imidoates from alcohols or phenols and nitriles 

(Pinner reaction) was reviewed 300. The reaction is usually carried out 
in dry ether or dioxan in the presence of dry HCI, and the imine 
hydrochloride is ~ e p a r a t e d ~ ~ ~ ~ ~ ~ ~ .  Instead of HCl as a catalyst for the 
addition, an oxonium salt may be used354. 

RCN RjO+BF.-  + R'OH c"' 
> RCENR' BF,- +- R =NHR'BF,- 

Vicinal diols add to cyanclgen chloride to form cyclic iminocar- 
b ~ n a t e s ~ ~ ~  : 

Phenols give iminocarbonates (ArO) ,C=NH.HCl with BrCN or 

y-Hydrosy nitriles undergo under the influence of HC1 an internal 
~ 1 ~ ~ 3 5 6 .  

addition to form iminolactones 357 : 

Nitriles react with enolizable ketones to give the addition product of 
the aldol 358 - 

The ac lition o alcohols to nitriles can also take place under basic 
(ethoxide) catalysis35e. Imidoate formation is promoted by the in- 
fluence of electron-attracting groups on the nitrile. Cyanogen, can add 
either one or two molecules of a n  alcohol in basic media3s0*361: 

ROH 
ROH + (CN), 4 NCC(OR)=NH __+ HN=C(OR)C(OR)=NH 
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Thiols also add to nitrilcs or to cyanogen, under acidic or basic 
conditions 360*362*363, forming thioimidoatcs. 

3. Addition of amino compounds 

conditions, e.g. AlC13364. With cyanogen, diamidincs are formed 365, 

The addition of amincs to nitriles to give amidincs requires acidic 

NH 
II 

RR'NH + (CN), __t RK'NC-CNRR' 
I I  
NH 

whereas with cyanamides, guanidines are formed 368. Dicyanamides 
give biguanides with nitriles 367 : 

HCI 
ArNH2 + NaN(CN), _3 ArNHCNHCNHAr 

II II 
NH NH 

The addition of a-amino acids368 or of o-aminobenzoic acids 369 to 
BrCN is accompanied by HBr elimination, and oxazoles or oxazines 
respcctively are formed. The reaction with a-amino acids was used in 
peptide synthesis368: 

RCH(NHz)COOH + BrCN - 
NHaCONHCHRCONHCHR'COOH R'CH(NH2)COOH 

RCH-CO 
I I 

HNKo NH 

The amino groups of t h i o a r n i d e ~ ~ ~ ~  or ~ulphonamides~~l  also add to 
cyano groups under strongly acidic conditions : 

PhCSNH, + CH&N a CH&(NHz)=NCSPh.HCI 

HCI 
NHlSOaNHp + CHaCN NH2SOSNHC(CH+NH.HCI 

The reaction of o-dicyanobenzene with alcoholic HC1 to give a cyclic 
derivative 372 proceeds probably through hydrolysis of one cyano 
group to an amido group which then in turn adds to the other cyano 
group : 

NH 
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H y d r a ~ i n e s ’ ~ ~ . ~ ’ ~  and hydroxylamine1eQ~3~8~~*2~37~~~~~ add to nitriles 
to give irninohydrazides and iminohydroxamic acids, respectively : 

RNHNHa + R’CN w RNHNHCR’=NH or RNHN=CR’NH2 

NHzOH + RCN __+ HN=CRNHOH or RC(NH+NOH 

Excess hydrazine may displace the imino group 378. Hydrazides of 
cyanoacetic acid undergo an internal addition 377, e.g. 

NaaCO, 
PhN-NHPh t PhN-NPh 

I 
COC H aC N ‘0 

The same product may be obtained by heating the hydrazide of 
chloroacetic acid with KCN. 

&DiakylZmino cyanides undergo an internal addition reaction on 
heating wit11 HCI, with the subsequent elimination of an alkyl 
chloride 378 : 

4. Aldol-type additions of aliphatic nitriles 

forms an aldol-type dimer379*380 
Under the influence of strong bases (e.g. sodamide), acetonitrile 

NH 
I I  C H ~ C N  cHJCNt CHjCCHaCN NaNH, 

CHDCN 

Suitable dinitriles undergo a similzr internal condcnsation with 
ethoxides 3*0 or sodamide derivatives 381 as catalysts : 
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Certain trinitriles form analogously bicyclic compounds 382 : 
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5. Addition of Grignard reagents 

One of the best methods to prepare imines is by the addition of a 
Grignard reagent to a nitrile5*383. 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 HCI or with anhydrous 

or preferably with absolute methanol 385. Sterically 
hindered ketimines such as phenyl 2,2,6-trimethylcyclohexyl keti- 
mine386, phenyl t-butyl ketimine 387 or dimesityl ketimine 136 are 
more stable to hydrolysis, so they may be obtained in aqueous media. 

The kinetics of the addition reaction were studied388 and a 
mechanism was proposed in which diarylmagnesium is the reactive 
species : 

Since the rate is strongly dependent on the MgBr,/Ar,Mg ratio, a 
transient complex was proposed, i s .  

Ar,Mg-MgBr, + PhCN - 

A p value of -2.85 for the a p  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 
reviewed3". When phenols are used, imino ethers are formed as by- 
products as a result of a Pinner type reaction. +Unsaturated nitriles 
add the aromatic compounds at  their carbon-carbon double bond 
rather than at the nitrile group. 

Certain heterocyclic conipounds, c.g. pyrroles, can also be condensed 
with and aromatic391 nitrilcs. Usually, the imines are 
not isolated but are hydrolysed directly to givc the corresponding 
ketones, 

The Gattermann aldehyde synthesis392 also involvcs an addition to 
a nitrile; however, the unstable aldimine thus formed is not isolated. 

6. Addition to Isonitriles 

Due to their divalent character, isonitriles undergo insertion re- 
actions rather than addition, Isonitriles inscrt into the 0-H bond 
of unsaturated alcohols under the catalytic influence of cuprous 
chloride393 or of saturated alcohols with copper(1 or 11) to 
give an imino ether in almost quantitative yiclds: 

CUO 
RNC + R'OH ---+ RN4HOR'  

Analogously, isonitriles give amidines with amines 395 : 

RNC + R'RNH '"'' 1 RN=CHNR'R" 

Other reported insertions of isonitriles are the following: with hydroxyl- 
amine to give amidoximes 396 ; with halogens to give iminopho~genes~~~ ; 
with dry hydrohalogenic acid or acyl halides to givc imidoyl chloride 
derivatives;:"* and with sulphenyl chlorides to give imidoyl chloride 
thio ethers 399 : 

PhNC + NHZOH - > [PhN=CHNHOH] PhNHCH=NOH 

RNC + Br, + RN=CCr, 

RNC + HX __+ RN==CHX 

PhNC + CH,COCI _~f  PhN=CCICOCH3 

RNC f R'SCI RN=C(CI)SR' 

The reaction of isonitriles with Grignard reagents constitutes a 
special case of the insertion reaction 400. Cyciohexyl 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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[ CMgX bh JgBr 

Ph MgBr Ph 

RNC + PhMgBr _j R N S  - R L C N R  ] - z 

P h k N R  PhCHNHR PhCHNHR PhCHa 
Ph&=NR + PhC=NR + PhC!HNHR + PhLH2 

Isocyanides also insert into immonium salts 401 : 

+ 
RSN=CR;Y- + R"NC - RZNCR;C(Y)=NR" 

Some nitroso compounds yield with isonitriles a cyclic, 1,2-oxazeti- 
dine derivative, which on heating in vacm decomposes into a iso- 
cyanate and a carbodiimide 402, 

CFaNL-NCHg 4000 CFaN=C=NCF, - 
+ CHONCO vacuum CF3NO + 2CH3NC + I 

O-L=NCH3 

C. Additions to. Nitrile Oxldes, Fulminates, Isocymates 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 sin 
oxazole derivative takes place *03 : 

'A- wi$ R 

With HCI, a chloro oxime is formed 404 ; with amines, a m i d o x i m e ~ ~ ~ ~  
and with a Grignard reagent a ketoxime 406. 

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 ketenimine407: 

CH, 
PhNCO + (CH,),C=PPh, --+ P h - d C H 3  

N 

CH3 
EtOCONCO + CHaC(COOEt)=PPh3 EtOCO +COOEt 

N 

PhNCO + CH,C(COOEt)= PPh3 - 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 compounds408: 

AlClj 
ArH + Hg(ONC)2 __f ArCH=NOH 

Fulminic acid itself trimerizes to the so-called ' metafulminic acid ' 
which is a dioxime of isoxazolinedione409. 

NOH 

3 HCNO - 
0-N 

The free acid also adds chlorine410 and HC1411 to give dichloro- 
formaldoxime and formohydroxamoyl chloride, respectively : 

HCNO + CIZ CI,C=NOH 

HCNO + HCI - > CICH=NOH 

Nitrile ylids also undergo 1,3-~ycloadditions~~~ : 

+ RCH=CH* I_* 

PhCE-N-NPh + PhCHO __+ 

N 

Ph-N-Ph 

Ph-N, J-Ph + PhCH=NPh - + -  1 N 

or non-cyclic additions to amines, alcohols, thiols, phenols or car- 
boxylic acids412: 

+ -  
PhCkN-NPh + XH PhC(X)=NNHPh 

w!icn X is ROY RS, RNH, or RCOO. 
Isocyanates react with carbonyl compounds 413, including amidic 

carbonyl groups 41*, with elimination of COz and the formation of 
azomethines and amidines respectively. The reaction probably 
5+ C.C.N.D.U. 
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proceeds through a 1,2-cycloaddition to form a four-membered ring as 
an intermediate : 

P h N - C= 0 
PhNCO + ArCHO - [ArLH-& ] - PhN-CHAr + CO, 

Alkyl chlorides with a carbonyl or an aryl group in the a- or j3- 
position undergo cycloaddition with thiocyanates; the reaction 
proceeds through a nitrile salt intermediate 415. 

PhCH,CH,CI + RSCN am5-cQ 
I SR 
SR 

Ph-C*,2 C-SR PhCHClCOPh + RSCN 
0 0 

(CH3),CC I CH,COCH3 d *  SnC' CLSR 
Organic cyanates add in basic media various compounds having a 

labile hydrogen, such as alcohols, phenols, thiols, amines, active 
metliylene compounds, etc., e.g.356.416 

ROCN + R'OH + ROCOR' 
II 
NH 

ROCN + R'SH - ROCSK 
I I  
NH 

R' 
ROCN I 

ROCN + R"H2 ROC-NHK' + ROC-NCOR 
It I I  
NH NH 

l l  

ROCN + CHiXY d ROC-CHXY & ROC=CXY 
II 

NH 

I 
NHz 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 furthcr oxidation is avoided, the imines formed 
are usually hydrolysed to carbonyl compounds or converted into 
secondary reaction products. 

Primary amines of the t j j e  RCH2NH2 undergo dehydrogenations 
on a copper chromite-nickel catalyst in the presence of K3POg, 
and a mixture of products is formed, among them a z ~ r n c t h i n e s ~ ~ ~ .  

‘The: following reaction scheme accounts for some of the products 
formed : 

RCHzCHO --H1\ RCHzCHpOH 

RCH2CH2NHCH2CH2R -=% RCH2CH2NH, 2 P,CH,CH=NH - N H a  ). 
R C H I C H ~ N H ~  

RCH.CH=NH H RCH2CH=NCHzCHzR RCCH=NCH2CH2R II 

li 
CHCH2R 

RCHCH=NCH,CH,R. etc. 
I 
CH 2CH zR 

Catalytic dehydrogenation of secondary amines containing an a- 
hydrogen with Ni, Pt or Cr catalysts yields a z o m e t h i n e ~ ~ ~ ~ :  

RzCHNHR’ RzC=NR’ 

The dehydrogenation can also be carried out by ~ u l p h u r ~ ~ ~ ~  by amyl 
disulphide 420, by selenium- 421 or by sodamide in liquid ammonia”2”. 

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 a r n i r ~ e ~ ~ ~ :  

(ArCH&NH + C8H12NI __t ArCH=NCH,Ar 

Among the compounds which may be used as hydrogen abstractors are 
formamide, formanilide, N,N’-diphenylformaniide, formic acid and 
derivatives of d i a m i n ~ m e t h a n e ~ ~ ~ .  One of the steps in the Sommelet 
reaction is also rcgarded as a dehydrogenation through a hydride 
transfer mechanism 425 : 

ArCH,NH, + [CHz=NH] ___f ArCH=NH + CH3NH, 
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An interesting case of a dehydrogenation is the rcaction of a lithium 
derivative of a secondary amine with o-bromoanisole 426 : 

Aliphatic amines are oxidized hy permangaiiatc, usually in ace- 
tone solution. Primary carbinylamines as a rule give aldehydes, and 
the imines are not isolated 427. Secondary carbinylamines R,CHNH, 
give an imine R,C=1\H428, while in neutral aqueous acetone or t- 
butanol either a Schiff base or an azine is obtained, depending on the 
amount of the oxidant 429. Cyclohcxylamine is oxidized by potassium 
permanganate in the prcsence of an excess of formaldehyde430 or 
acetaldehyde 431 to nitrosocyclohexane or to cyclohexanone oxime. 
Substituted benzyl amines ArCH,NH2 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, ArCH=NM432. 

Secondary amines containing a-hydrogens (R,CHNR') give by 
oxidation with permanganate 433.434 or with MnO, 435 stable azo- 
methines. 

Oxidation of amines with hydrogen peroxide436 in the presence of 
sodium t u n g ~ t a t e ~ ~ ~ ,  or with p e r s ~ l p h a t e ~ ~ ~ ,  does not stop at the imine 
stage, but proceeds further to give an oxime (from primary 
amines) 437*438 or a nitrone (from secondary amines) 436. 

I-Butyl peroxide oxidizes primary amines to give, via an imine, the 
corresponding ketones 439. &Bury1 hydroperoxide oxidizes primary or 
secondary amines to axomethines : 

t-BuOOti 

1-BuOOH 

RR'CHNH2 - RR'C=NCHRR' (ref. 440) 

(R2CH)ZNH RzC=NCHR, (refs. 440, 441) 

and e . ~ . r . ~ ~ l  data suggest a free-radical mechanism441 : 

(1) (RCIi&NH + t-BuOOH (RCH,),NH - - - HOOBu-: 

(2) (RCHZ)&H- - - HOOBu-t - (RCH2)&OH + t-BuOH 

(3) (RCH&S-OH + t-BuOOH (RCH,),i-O' + t-BuO' + H20  

(4) 

(5) 

(RCH&N-O' + (RCH,),NH + (RCH&N-OH + RCH,NH-tHR 

RCHzNkHR + t-BuO' - RCH,N=CHR + :-BuOH 
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Hypochlorites oxidize both primary442 and scco i~da ry*~~  amines to 
imines or azomethines; the reaction proceeds via the formation of an 
N-chloramine, which then loses HCI to form the imine, e.g.442 

a-Amino acids undergo a similar oxidation with hypohalites, ac- 
companied by decarboxylatiorr 444  : 

r-BUOCI - HCI 
RZCHNH, ___F RZCHNHCI R,CH=NH 

NaClO 
RR'CCOOH d RR'CCOONa -> RR'C=NR" + C02 + NaCl 

1 
NCIR" 

I 
NHR" 

Mercuric acetate in dilute acetic acid oxidizes cyclic or 
amines to imines or to immoniurn salt respectively. The 

mcchanisrn is a concerted fLelimination by thc attack of an acetate 
ion on the mercury-amine complex : 

r - OAc 

+ Hg(OAc), + AcC- -> &-a :> 
+ HgOAc 

a3 
Other oxidants reported to convert amines to imines are chromic 

acid434, ferric chloride434, silver S 2 8  0 2-/Ag+449 and lead 
tctracetate 450. Oxygen difluoride oxidizes primary amines to oximes *51. 
The cxidation of tertiary amines with chlorine dioxide gives an 
aldehyde through the formation of intermediary immonium salts 452 : 

ArCH=6(CH3), => ArCHO i- (CH3)2&H2 ArCH,N(CH,), ---+ ClOl 

Oxidalion by electropiiilic agents. Tertiary amines or amine oxides con- 
taining at least one a-hydrogen are attacked by eiectrophilic reagents 
to form ammonium salts, which in turn yield immonium salts by 
eliminatim. The following scheme 453 illustrates some of the reactions 

(d) (RCHJaNOH (e)(RCH,),hOSO,- 

1 H '  so2 (RCH,), N+O T 
(a) ref. 454; (bj ref. 453; (c) ref. 455; (d) ref. 456; (e) ref. 457. 
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To the samc class of eliminations bclongs tlic reaction of substituted 
diaminomethanes with chlorine or with acyl halides 460 : 

CI 
I 

(R~N)~CH, + CI, - R~NCH~NR, CI - + R&=CH~ CI - + R,NCI + 

(RZN)2CH2 + R'COCI + Rzh-CH2NRZ CI - + R&=CH, CI - + R2NCOR' 
1 

COR' 

6. Oxidation of Hydroxylamine Derivatives and Other Compounds 

Some monosubstituted hydroxylamines may be oxidized to oximes 
or to C-nitroso compounds (or their dimers 462) by ben~oquinone"~~,  
by nitrates460 or by oxygen catalysed by copper(I1) salts4s1. 

N,N-Disubstituted hydroxylamines are oxidized by miscellanous 
oxidants, including atmospheric oxygen, to nitrones : 

RCH,N(R')OH ro), RCH=N(O)R' 

More information on the choice of conditions and on the products of 
the oxidations can be found in a recent reviewlg3. In the oxidation of 
N-acylhydroxylamines, the acyl group is easily eliminated during the 
reaction, and an oxime if In the case of N-aroyl- 
hydroxylamines, the oxidation may be accompanied by a rearrange- 
ment of the produced N-acyloxime (nitrone) to an 0-acyloxime 148: 

PhCONCHPhz a Ph,C=NOCOPh 

AH 

Careful oxidation of substituted hydrzizincs with FeCI, or HgG may 
give hydrazones or a ~ i n e s " ~ ~ .  Bromine can also be and the 
mechanism of the oxidation is probably similar to that proposed for 
tertiary amines 454 : 

(CH&NNHCH3 w [(CH3),fi=NCH3]Br- P [(CH&~;HN=CHZ]B~- 

The oxidation of N-benzyl-N-phenylhydrazine is accompanied by 
a rearrangement to a hydrazone 466 : 

PhCH,N(Ph)NHZ 5 [PhCHzAPh=k] + [PhCH=&(Ph)iH] ___+ 

PhCH=NNHPh 

A m  compounds containing a-hydrogens are oxidized to azines by 
free radicals 467 : 

RS' 
RR'CHN=NCHRR' orC,,C.. RR'C=NN=CRR' 
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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 468. 

The very stable perfluoroazalkanes undergo a reductive defluorina- 
tion with ferrocene 469 : 

- 2  F 
CF3CF2CFzCFZNFz ___f CFsCFnCF&F=NF 

-2F 
(C2FS)PNF + C2F6N=CFCFa 

The mechanism proposed for the reaction involves as first step a one- 
electron reduction of the N-F bond, followed by elimination of an 
a-fluorine as an anion: 

R' 
- /  e- 

R2C=NR' c- R,C-N, R2C-N. __+ R,C-Y-W 
R' 

- /  

I G I 
F 

I 
F F  

Manganese pentacarbonyl hydride can also be used for the de- 
fluorination 470. 

D. Elimination from Substituted Arnines 

Amines substituted on the nitrogen by anionic leaving groups X 
eliminate HX easily, and a C-N bond is formed. N-halo- 
amines 267 *268m442-444*471 are converted to azomethines by alkalis or 
just by heating; N,N-dihaloamines give nitriles, e.g.267 

NF2 NF2 NF 
I I N a F  11 

RCH=CH2 + N2F4 w RCH-CH2 __j RC-CN 

N-nitroso 472 or nitroamines 473 give azomethines by losing nitroxyl or 
nitrous acid, respectively. 

N-Aryl sulphonamides, especially N-tosyl derivatives, undergo 
elimination under the influence of a strong base474. 

base 
RCH,N(R')SO,Ar - RCH=NR' 
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This reaction rcquires an casily rcmovablc a-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 (RCH2NHTs) do not undergo this 
elimination, since the N-hydrogen is abstractcd by the base more 
easily than the C-hydrogen 478. Tosylhydrazines undergo a similar 
elimination476. In some cases, the AT-tosyl compound need not be 
isolated prior to the elimination, and a hydrazone is formed directly 
from a substituted hydrazine by tlic rcaction with tosyl c h l ~ r i d e ~ " - ~ ~ ~  : 

TsCl 
(CH 3) 2 N N H C H 3 -> (C H 3)2 N N =CH 2 

I n  the reaction of 0-acctyl arcnc sulphohydroxamic acids with a 
base, both the areiie sulphonyl and the acetyl groups are eliminated, 
and an oxime is obtained460: 

0 - 
OH - I 

ArCH2N(OAc)S0,Ar' - ArC!-i2NS02Ar' - 
ArCHnNO __+ ArCH=NOH 

The elimination of the benzene sulphonyl group from N',N'-diethyl- 
benzene sulphonhydrazidc by a strong basc is accompanied by a 
rearrangement to a hydrazone478: 

PhSOZNHNEt2 M CHsCHxNNHEt 

Eliminations of HX from substitutcd amines in which the X group 
is on the a-carbon are also well known. The elimination of water or an 
alcohol from cr-hydroxy or alkoxyamincs is the final step in the con- 
densation of amines with carbonyl compounds or their acctals, 
respectively. Acid-catalysed elimination of an alcohol from a-alkoxy 
tertiary amir,es gives an immonium salt 15*479. 

;Immonium salts are also reported to be formed by elimination of 
cyanide ions from a-cyano tertiary amines"O: 

H +  + 
RZC(0R')NR; u R,C=NR; + R'OH 

An amine having two strong electron-attracting groups in the p -  
position will lose an active methylene compound to give an azo- 
methine 177 : 

PhCHCH(C0CHj)z + PhCH=NPh + CHz(COCH& 
I 
NHPh 
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Very few eliminations froni a-halo amines are reported ; among 
them is the elimination of HF from hcxafluoromethyl amine401 in the 
gaseous phase : 

Tlie reduction of gem-chloronitroso compounds to oximes may proceed 
through an elimination of HC1 from an intermediate a-chlorohydro- 
xylamine 4E2 : 

KF 
(CF3)2NH 14o-1500 > CFaN=CFZ 

- HCI 
[RZCCINHOH] __f RzC=NOH Ha R,CCINO - 

An interesting elimination reaction leading to the formation of 
hydrazones is that of hydrazo derivatives of the onium salts of certain 
hetcrocyclics 483 : 

G C - Y  NH,NHR' C-NHNHK (;C=NNHK 
X- -=!% N N+ X--N+ 

I 
R 

I I 
R R 

X = Hal, EtSO;, BFT; R' = H, COPh, COOCH3, S02Ph, CHO 

When R' is hydrcgen, azines are formed. In pyridiniun;! systems, 
attack may take place either in the a or in the y position, e.3. 

Y = Hal, OR, SR; 

C , G - C H 3  f PhCONHNHl PhCONHNH<k-CH. - KOH 
- 

P h C O N H N c N - C H ,  - 

Azomethines are formcd by elimination of amines from derivatives 
of diaminomethane 15s404. Tlie mechanism of the acid-catalysed re- 
action is describedI5 as 

ArNHCHzNHAr __ ArNHzCH2NHAr ArNH, 
H+ 4. 

-H+ + ?H2NHAr CH,=NAt 

Phenyl isocyanate may be used as an aminc acceptor485: 
(RNH),CHPh + PhNCO RN-CHPh + RNHCONHPh 

N-alkylamides are dehydrated to ketenimines 486 : 

R,CHCONHR' py?z?'e > R,C=C=NR' 

and thiosemicarbazones are catalytically desulphurizcd to formami- 
drazones 407 : 

H2/Ni 
PhCH=NNHCSNH2 - > PhCH=NN=CHNH2 
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Reactions of urcas, thioureas, isothiourcas and related compounds to 
give carbodiimides wcrc rcvicived in dctail recently280, and thercfore 
will not be included in the present treatment. 

XI. REDUCTION O F  NITRO COMPOUNDS 

The reduction of an aliphatic nitro compound containing an a- 
hydrogen may be stopped at  the oxime stagc. 

RR'CHNOp -%- RR'C=NOH 

Direct reduction with Zn and acetic acid gives only poor yields duc to 
complete reduction to amines 488, while stannous chloride gives 
better results489. Nitrous acid also transforms ccrtaiii nitro compounds 
into o ~ i m e s ~ ~ O  by displacement of the nitro group by the nitroso 
group : 
CH&H(NO,)COOEt + HN02 [CH,CH(NO)COOEt] CH&COOEt 

I I  
NOH 

Catalytic hydrogenation of a-chloro nitro compounds gives good 
yields of oximes 491 : 

Nitro compounds are reduced to oximes by their reaction with sub- 
stituted benzyl halides, and the aldehyde corresponding to thc benzyl 
halidc is obtained4". The reaction is thus related to the Sommelet 
reaction. 

NaOEt 
ArCHzX + RR'CHN02 - [RR'C=N(O)OBz] __j RR'C=NOH + ArCHO 

The reduction of nitro compounds with trialkyloxonium salts 492, 

gives a mixture of thc oxime and the 0-alkyl oxime: 
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Sodium salts of aci-nitro compounds react with diethyl ether in the 
presence of HCI, and a chloro oxime is formed493. The nature of the 
reducing agent was not reported, but it is probably again an oxonium 
salt formed from the ether with HCI. 

Et,O.HCI 
PhCH=NOz- > PhCCI=NOH 

Nitro olefins yield different products, depending on the choice of the 
reducing agent. With Zn-acetic acid 494 or on catalytic reduction 495 

(especially in acidic media)496, a saturated oxime is formed. The 
catalytic hydrogcnation of nitrostyrene with Pd in ethanolic HC1 gives 
a mixture of phenylacetaldehyde osime and phenylnitrosoethane 
dimer; the relative amount of the oxime increases with the concentra- 
tion of the HC1497. Reduction of nitro olefins with SnC1, in HCI gives 
an oxamoyl chloride 498 : 

SnC12/HCI 
RZC=CRNOz > R,CCICR=NOH 

whereas with lithium aluminium hydridc in the cold, an imine is 
formed 499 : 

LAH 
PhCH=CHNOZ PhCHzCH=NH 

While the reaction of benzene with &y-unsaturated nitro compounds 
in the presence of AICI, gives the normal addition product 
R,CHCRPhCR2N02, a$-unsaturated nitro compounds give oxamoyl 
chlorides under similar conditions 500*501. The proposed mechanism 
iwolves intramolecular oxidation-reduction : 

PhH AlCl 
RzC=CHNOz AICIJ- [R2CPhCH=NO2H] + R2CPhC(OH)=NOH 2 > 

R,CPhCCI=NOH 

I n  favour of the mechanism is the isolation of a hydroxy oxime 
derivative in the reaction of aci-nitro compounds with benzoyl 

CHBCH=NOZ- + PhCOCl + CH,C(OH)=NOCOPh 

Reduction of y-nitro ketones with Zn in aq. NH4Cl causes cycliza- 
ion to cyclic nitrones, A ‘-pyrroline- I-oxide derivatives 445a.502. 

0 
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XII. FORMATION O F  AZOMETHINES BY 
REARRAN GEM E N T S  AND PHOTOC H EM ICAL REACT1 0 N S  

A. Prototropic Shifts 

The simplest type of rearrangement leading to a C=N bond is the 
prototropic shift, which is spontancous in  many cases. Among the 
important classes of this typc of shifts are: (a) The azo-hydrazo shift, 
CH-N=N + C=NNH503 (see Section 111) ; (b) The cnamine- 
imine or immonium salt transformation C=CNH + CHC=N or 

C=CN= + CHC=N=504 ; (c) . The C-nitroso-oxime shift (see-Section 
IV) ; (d) . The transformation bctwecn two isomeric azomethinrs, 
CHN=C + C=NCH, whcre the cquilibrium is in favour of the more 
conjugated imitieSo4. The  base-catalysed shift of the last type is 
believed to proceed through an azaallylic anion as one intermediate505 : 

PhCH(CH3)N=CAr, PhC(CH3)lr;;NxCAr, & PhC(CH3)=NCHAr2 

+ 

- tl + OH - 

B. Rearrangements through Nitrene Intermediates 

Compounds containing C=N bonds may be obtained also b y  the 
Beckmann, Hoffmann, Lossen, Curtius and Stieglitz rearrange- 
ments. Since these wcre reviewed recently 46Gb, the main types leadins 
to C=N bonds will be outlined only: 

I. Azide decomposition, thermal or photolytic 

(a) RCHzN3 A> [RCH,i:] d RCH=NH (ref. 506) 

(b) RCOCP'R"N3 [RCOCR'R"I;):] -> RCOCR'=NR (ref. 507) 

(c) R3CN3 - N2+ [R3Cs:] + R,C=NR (ref. 508) 
- 

The photochcrnical reaction is catalysed by triplet sensitizers and is 
believed to involve an azide triplet 509 ; 

(d) RCH=CR'N3 d[ RCH=CR'N:] 
- N * .  

RC-CHR' + RCH=C=NR' 
XN / 

(See Section VI; refs. 264-6) 
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2. Decomposition of tetrazoles208 

ArN-CR ArN=?R] { H R 
N3 N- 

ArN=C=N R 

3. Rearrangement of triaryl methylamine derivatives (Stieglitz 
rearrangement)70a.* l 9*S1  l 

Ph,CNHOH 

Ph,CNHCI - OH- 1- [ Ph,CN:]-> Ph,C-NPh 

Ph,CNCI, ' 
4. Beckmann-type rearrangements 

(aj ArC(CN)=NOTs - [ArCjCN)(OEt)fi:] - NaOEt 

OEt - EtOC(CN)=NAr --+ (EtO),C=NAr (ref. 512)' 

(b) CH3 P CH(CH3)2 - PClS CH,CCI=NCH(CHa)Z (ref. 5 13) 

HON 

5. Rearrangements to hydrazones via diazenes 

\N-N: <+ \M+=N- 
/ / 

(a) RCH,NR'NH, % [RCH,NR'N:] j 

(b) RCH,NR'NHTs - [RCH,NR'$Ts 5 RCHzNR'I;]:] -> 

RCHzN=NR' M RCH=NNHR' (ref. 466a) 

RCHzN=NR' RCH=NNHR' (refs. 478,514) 

OH - 

(C) DH + Na,ONNO, - [EN-.:] - Qk (ref. 515) 

(Angeli's Salt) 

6. Reactions of diazo compounds 

e. g.5 
In some of thcir reactions, diazo compounds behave as nitrenes, 

hu 
RCCNZ __t RZC: + N z  

- 
R2C: + RZC=N-N: + RzGNN=CRz 

* Recently a mechanism involving a nucleophilic attack by an cthoxide ion was pro- 
posed for this reaction 267b. 
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7. Rearrangements via imidonium ion (R2N ;) intermediates: acid- 
catzlysed decompositions of azides6" 

+ 

(a) BN~ [D-RH-N~ 3 p] - 
eh + [1)=NH (ref. 51&) 

794% 2.2% 

(while irradiation of cyclopentyl azide gives 55y0 imine506b). 

(b) Ar2CHN3 % [Ar2CilhH] ArCH=NAr (ref. 519) 

(c) (rek. 300, 520j R2CO + HN3 + EtOH + HCI d RC(OEt)=NR*HCI 

(ref. 521) 

(e) CH3(CH2)3N3 + (CH3),0+ BF,- --+ [CH@%&N(CH~)NZ+ - 
CH3(CH2)&CH3] -t CH3CH2Ci-i2CH=NCH3 + CH3(CH2),N=CH2 

+ CH3CH2CH&(CH3)=CH2 BFI- (ref. 522) 
80% 10% 

C. Rearrangements through Other Free Rudicals 

Tertiary N-nitroso amines containing a-hydrogens are decomposed 
with rearrangement by irradiation, and azomethines are 
formed 228,229,533- 

hu 
(RCH2)ZNNO __f NO + (RCH2)2N' (RCH2)zNH + RCHZNzCHR 

The photoiysis in acidic media gives amidoximes, which are obtained 
as foliows 524 : 

RN-CH2R' - > RN=CHR' + [HNO] + RNHCHR' ---+ RNHCR' 
II 
NOH 

I 
+ N-OH 

I 
N=O. * * H +  

N-Nitrosamides behave similarly 525. 

Irradiation of nitrites causes migration of a nitroso group to a y- 
methyl or a-methylene group : an oxime is formed by tautornerization 
(Barton reaction) 357-526. 

> O H  CHRNO-OH CR=NOH ON0 CH2R - hv 

U 1-1 U 
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The reaction proceeds throtlgh the initial formation of an alkoxy 
radical, followed by stereo$Jec@c 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 a-cyano groups are decomposed to 

ketenimines by refluxing in an inert solvent 527: 

RR'C(CN)N=NC(CN)RR' % [2 RR'CCN] + RR'C=C=NC(CN)RR' 

+ RR'C(CN)C(CN)RR' 

D. Other Rearrungernents 

N-alkyl or acyl oximes (nitrones) isomerize to their corresponding 
0-alkyl or acyl oxirnes, in some cases spontaneously, or under the in- 
fluence of heat or acid catalysts: 

PhCONHOH*HCI + PhCH(0Et)Z + [PhCON(O)=CHPli] + 
PhCOON=CHPh (ref. 148) 

(ref. 148) 

(refs. 70b, 528) 

l~-Benzoylaziridines undergo a benzoyl group migration 529 to form 

PhaCHN(0H)COPh -!%- [Ph,C=N(O)COPh] + Ph&==NOCOPh 

2000 
Ph,kN(O)CHPhZ PhZC=NOCHPhz 

hydrazones : 

NCOPh ''X I - RR'C-NN (COPh), 

R NCOPh 

8-Nitroso nitro compounds rearrange to oximes in basic mediaS3O: 

R 
OH- 

RaC(N0)CHR"Oa - RzC(NO)CR'=NO,- - R 
OH- 

RaC(N0)CHR"Oa - RzC(NO)CR'=NO,- - 
RZC-CR' _I_+ RaC(NOZ)CR=NOH 

I I1 
NO, NO- 

Nitroso dimers containing a-hydrogens are transformed to N-acyl- 
hydrazones with acid catalysts531. 

HCI 
RCH,N(O)=N(O)CH,R ----+ [RCH=N(O)N(OH)CH,R] -+ RCONHN=CHR 
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1. 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, 
S c h z ~ b a s e ,  mil, imine and kefimincs. 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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measurable azomethine. I n  addition, there arc 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 
prcsentation, 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 1 and 4. 

II. QUALITATIVE CHEMICAL METHODS 

There has been very little done on qualitative chemical methods 
designed specifically for azomethine compounds. I n  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 Liebergott3 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*. 

111. 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 2re 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 encouragc work in its measurement. Also, thcre were the 
problems of (a) the weakly basic nature of the group which made 
accurate analysis difficult; (b) differentiating thz azomethine from its 
original amine; and (c) the ease of hydrolysis of the azomethine back 
to its original amine. These problems were difficuIt 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. 

0 5N HCC in isopropyl alcohol (mll 

FIGURE 1 .  Titration of a mixture of secondary and tertiary butyl amines with 
the azomethine of n-butylamine (with salicylaldehyde). The brcak at 250 mv 
indicates the end-point of the azomethine titration. Reprinted with pcrmission, 

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 
purpcses. 

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 
additioii 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 reveaied the lability of the 220- 

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. 

Freeman8 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. 

1. 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. I n  acetic acid both types 
of compounds have the same order of basicity. Figure 2 shows the 
titration of such a mixture. 

METHOD : Dissolve a sample containing the order of 3 mequiv. of azonzethine 
in 50 ml of glacial acetic acid. Titrate with 0 . 1 ~  perchloric acid in acetic asid. 
The endpoint can be determinedpotentiometn'cally or visually, using methyl violet 
indicator to a blue-green endpoint. For the potentiometric titration an ordina y 
PH meter can be used except that millivolts are read. Glass versus calomel electrodes 
have been wed, though Fritz recommends glass versus a silver wire with a thin 
coating of silver chlorideg. 
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600 - 
500 - 9 

zi 
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Millilitres HCLO, in acetic acid (0.1 N )  

FIGURE 2. Titration of 1 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 c'irve with 
definite differentiation between azomethine and parent amine. 

vvv 

700 - 
600 - 

500 - 
600 1 I 
500 

8 16 i4 $2 40 48 56 6; i 

Millilitres HClO, in p-dioxan (0.1N) 

FIGURE 3. Titration of N-benzylidene-n-hexylamine containing 10% n-hexyl- 
amine in chloroform. 

METHOD : Dissolve a sample containing about 0.3 mequiv. of total base in 25 
ml of chlorofom and titrate potentiometrically (as in procedure A )  with 0 . 0 1 ~  
perchloric acid in dioxan. The titrant is standardized against purijied diphenyl 
guanidine in chlorofom via potentiornetric titration. 
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3. Procedure C 
Involves potentionietric titration of the sample in acctonitrile as 

solvent with percliioric acid (in dioxan solution). Figure 4 shows an 
example of such a titration. 

David J. Curran and Sidncy Siggia 

7 900 
800 
700 1 I 

+log: -'O0O 8 16 24 32 40 48 f 

Millilitres HC LO, in p-dioxon (0 - 1  N) 

FIGURE 4. Titration of N-benzylidcneaniline containing 10% anilinc in aceto- 
nitrile. Reprinted with permission, Ref. 8. 

METHOD * : Pissolve the sample containing about 3 mequiv. of total Schi$base and 
amine in 50 ml of acetonitrile and titrate potentiometrically with 0-IN perchloric 
acid in dioxan. Run a 50 rnl Blank on each batch of acetonitrile. 

With the exception of N4-p-methoxybenzylidinesulphathiazole, the 
potential change a t  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 C 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 aminc portion of the 
azomethine is aromatic. These azomethines are very weak bases. Note 
that Figure 3, which illustrates procedure By 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. 

TABLE 1. Comparison of volumetric and gtavimetric results.* 

2,4-Dinitro- 
phenyl- 

Procedure A Nitrogen hydrazone 
Schiff Base ( Y O )  (70) (%I 

N-n-Butylidene-n-bu tylamine 99.6 99-6 - 
N-Benzylidene-n-butylamine 99.5 99.6 100.0 
AT-Benz ylidene-n-hex ylamine 99.4 99.4 100.2 
N-p-Chloro benzyiidene-n- 

hexvlamine 100.0 99.9 100.9 
N-p-Methox ybenz ylidene- 

N-p-Methoxychlorobenzyl- 
benzylamine 98.9 98.9 

idenebenzylamine 99.4 99.5 

N-n-Butylideneaniline 99.0 99- i 
N-Benzylideneaniline 99.7 99.8 

99-8 

00.1 
00.2 
- 

1,2-Bis(benzylideneamino)- 

N4-p-Methoxy benzylidene- 
ethane 99.7 99.8 100-1 

sulphathiazole 97.8 97-6 98-3 

* Reprinted in part with permission, reference 8. 

Pichard and Iddings lo* 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, ~~-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.lob used non-aqueous titrations to determine 
halogenated and non-halogenated azomethines. Thiocyanate-sub- 
stituted Schiff bases did not titrslte and were determined gravi- 
metrically with 2,4-dinitrophenylhydrazine. 
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Hara and WestlOC tried titrating azomethine compounds via high 
frequency non-aqueous titrations using pyridirie as a solvent. The end- 
points were poor, however. 

B. Hydrolytic Methods 

back to the original amine and carbonyl compound : 
Azomethines easily hydrolyse, especially under acidic conditions, 

R R 

C--0 + R"NI-12 
H3a+ \ C-NR" 

\ 

/ / 
R' R' 

where R' and/or R" can be hydrogen. 
The analytical approaches involving hydrolysis of the azomcthine 

proceed through determination of the resultant carbonyl compound. 
Freeman8 utilized the 2,4-dinitroplienylhydrazine precipitation, the 
reagent being dissolved in 2~ hydrochloric acid, creating the acidity 
needed for hydrolysis. Hillenbrand and Pentz l1 used a bisulphite 
addition analysis system and a hydroxylamine system. 

1. 2,4Dinitraphenylhydrazine method * 
To about I mequiv. of azomethine in 50 ml of  ethyl alcohol is added a 50% 

excess o f  a 1% solution of 2,4-dinitrophenylhydruzine in ZN hydrochloric acid. 
A precipitate generally f o r m  immediately and is allowed to stand overnight at 
room temperature to agglomerate. I t  is then filtered, washed with 2N hydro- 
chloric acid and dried to constant weight. Dy ing  above 1 0 0 " ~  is not recom- 
mended due to possible decomposition o f  hydrazone. Vacuum drying at 50-70"c 
is preferred. Table I shows results obtained with this method. 

2. Bisulphite method l1 

Twentyjive ml of distilled water are added to each of four 500 ml glass- 
stoppered ErlenmeyerJlasks. Two flasks serve for blank determination. Into each 
ofthe otherflasks are introduced weighed samples, each containing I-2 mequiv. of 
azomethine. TheJash are placed in an ice bath at 0-5"c for 10 minutes. Two 
drops ofmethyl red indicator (0-6y0 aqueous solution) are added to alljasks and 
the contents are neutralized with 0.6~ sulphuric acid from a burette. On 
addition of the acid theflasks should be swirled to assure complete neutralization 
of the azomethine without an escess of acid. Theflasks are returned to the ice 
bath and allowed to stand for 10 minutes. Twenty-jive ml of 0 . 2 ~  sodium 
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Bisulpltite is added into each flask, keeping the tip of the p+e!te just below the 
surjke of the solution. The addition of the reagent should be spaced to allow 
equal reaction times f o r  blanks and sample. TheJIasks are then removed from 
the ice bath and allowed to stand at room temfierature for  exactly 30 minutes, 
swirling the contents_from time to time. Thejasks are then returned to the ice 
bath for  5 minutes. Then they are again removed and to each is added approxim- 
ately 25grams of crushed ice. To each is added 2 ml of starch indicator (1.0% 
aqueous solution) and the contents are titrated immediately with 0 . 1 ~  iodine to 
thejrst blue colour. 

Compounds run successfully by this method were cthylimine 
polymer, butylimine, N-butylidenebutylamine, N-decylidenedecyl- 
amine, amylimine, N-amylideneamylamine, N-(2-butylactylidene)- 
3-butylactylamine, N-ethylideneaniline, N-butylidencaniline. 

I n  cases where solubility difficulties occur, a 3:2 mixture of iso- 
propanol and water can be used. 

3. Hydroxylamine method l1 

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 isopropanol and I0 ml of water. One ml of 
bromophenol blue indicator (0*0470 in methanol) is added to each sample and 
blank, and the sample is nearly neutralized with 6~ hydrochloric acid. The 

jna l  neutralization is completed with 0 . 5 ~  hydrochloric acid. To both blank 
and sample is,added 35 ml of 0 .5~ hydro.uy1amir.e hydrochloride which has been 
neutralized with 0 . 5 ~  sodium hydroxide to the bromophenol blue indicator 
endpoint. Exactly 3 ml of standard 0 . 5 ~  hydrochloric acid is added to each 
blank and sample and they are allowed to stand at room temperature f o r  I 
hour. The'solutions are then titrated witk standard 0 . 5 ~  sodium hydroxide to 
a blue-green endpoint. 

This method has been successfully applied to ethylimine, N- 
isopropylideneisopropylamine, butylimine, N-butylidenebutylamine, 
2-ethylbutylimineY 2-ethylhexylimine, N-(Z-ethylbutylidene)-2-ethyl- 
butylamine ilnd a-methylbenzylimine. ' 

IV. POLAROGRAPHY 

Studies of the polarographic reduction of the azomethine group, first 
reported by Z ~ r n a n l ~ . ~ ~  in 1950, are cQmplicated by hydrolysis when 

, 
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the polarogram is obtained in an aqueous or mixed aqueous alcohol 
solvent. Von Kastcning, Holleck arid Melkonian l4 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 
Dursunl5 who used the Schiff bases of aniline and toluidine with 
pyrrole-2-aldehyde and their hydrochlorides. In each case an inter- 
mediate p H  region was found where the reaction proceeded un- 
catalysed. I n  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 dcrived. 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 a t  20"c and pH 9-06 of 6-26 x min-'. Bezuglyi et a1.16 
havc reported a polaiography study of the reaction of aniline with 
benzaldehyde and some of its derivatives. Rate constants, equilibrium 
constants and activation energies are given. 

Zuman 12*13~17.18 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,, HOCH2CH2NH,, NH2CHzCOzH and 
MeCH(NH,)COOH ; and others. 

Holleck and von Kastening l9 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 Lund 2o 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: Ei = - 0-350-0-075 pH. The process was described as 
a one-electron reversible reduction involving the transfer of one 
proton. Thc second wave was irreversible and independent of pH. 
The overall reduction process was described as follows: 
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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, Zuman12 points out a half-wave dependence on p H  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 

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 21*22 in EtOH-H20 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 15-20Oj, 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. I t  would appear that further 
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studies are necessary before any general staterncnts can be made 
concerning the polarographic reduction of the azomethinc 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 l2 stated that polarographic determinations of acetone, 
cyclohexanonc, and the oxidat ion product of ascorbic acid were 
possible utilizing the reaction of these compounds with ammonia in an 
ammonium sulpliate electrolyte. Cofiditions 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 aminc l7 and finally, methylamine 18. Van Atra 
and Jamieson 23 investigated n-butylamine as the reagent for determina- 
tion of acetone. A well defined wave at Et = - 1.58 v versus s.c.e. 
was found in a solution 1 . 7 ~  in n-butylaminc and IM 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 was 
cstimated for the imine formation reaction. The limiting current was 
determined as the difference in current between that measured a t  
- 1-75 v and that measured a t  - 1-45 v. Plots of limiting current 
versus concentration of acetone were linear. The minimum con- 
centration measurable was 0-05 volume yo and pure acetone was 
analysed by appropriate dilution. The average accuracy of the method 
was f 1% relative. 

Hall2* described a general method for aliphatic aldehydes and 
ketones using hexamethylenediamine (HMD) as the reagent. For 
aldehydes a 2y0 solution of the amine was used as the reagent and also 
as the supporting electrolyte. For ketones, optimum conditions were 
found using a 20y0 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 20y0 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 25. 
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There have been several polarographic studies of substituent effects 
in aromatic azomethines. Dmitrieva and coworkers 26 obtained 
differential osciliopolarograms of 19 compounds in dimethylformamide 
using 0 . 0 5 ~  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 I-naphthyl and 2-hydroxy- 
1-naplithyl and a series of bisazomethines with substitutions and ring 
rcplacernents similar to those of the monoazomethines. The peak 
potential for a-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 compoufids 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 27 used classical 
polarography in DMF for a study of 30 Schiff bases of the type 
RCH=NR' where R was phenyl, 2-hydroxyphcnyl and 2-hydroxy-I- 
naphthyl and R' was c&5, P-CsHsC&, P - C ~ H I ~ C ~ H ~ C ~ H ~ ,  
~-CGH~CH=CHCGH~, ~ - C G H ~ C H ~ C H ~ C ~ H ~ ,  P-C6H,CH2CGH4, p -  
C6H50C&*, p-C,H,SC,H4, $ - C ~ H S N H C ~ H ~  and p-C6H5COC&. 
The half-wave potential for benzylideneaniline was reported as 
- 1 -38 v versus the mercury pool reference electrode, which Wi.iS 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 0-hy- 
droxybenzalaniline. 

Two studies of substitution effects in anils in aqueous EtOH solvent 
are available. Both UeharaZ8 and Dmitrieva, Kononenko and 
Bezuglyi 29 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 phenyl 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 Et versus u’p-x of slope 0-23 and 
0.13 at pH 10.5 and 6.8, respectively. Uchara claimed that any sub- 
stitution of the phenyl ring in the aniline moiety procluced no appreci- 
able shift in E+, but Dmitrieva showed data for large negative shifts in 
Et for para substitution by methyl, methoxy and hydroxy groups. 
Slight positive shifts were observed for para substitution by the ac- 
ceptor groups C1, Br and S0,NH2. 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 2 may be hydrogen, 

I 
Y 

alkyl or aryl occur in the region 1680-1603 cm-l. Factors affecting the 
position of the C=N stretching absorption within this band include 
the physical state of the ccmpound, 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 
C-N group3’. An extensive review which covers the literature on 
the i.r. and Kaman spectroscopy of thc carbon-nitrogen double bond 
through early 1956 was prescnted by Fabian, Lcgrand and Poirer31. 
Their findings on azomethines are included here along with work 
published since the time of their review. 

A. Aidimines 
Fabian et al.31 concluded that azomethines of the saturated aliphatic 

aldimine type absorb in the region 1674-1665 cm-l, although most of 
the evidence was based on Raman studies. This was confirmed by 
S ~ y d a m ~ ~  who examined the (i.r.) of twenty-five compounds 
and reported a range of 1672-1664 cm-l and by Steele33 who found a 
range of 1680-1666 cm-l 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 chloroforrr, 
solutions. Fabian and Legrand 34 found that N-(n-propy1idene)-n- 
propylamine absorbed at 1673 cm-l in CC14 and 1671 cm’l in CHCI3. 
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 
fiequencies. The absorption band for this compound is at 1653 cm-l. 
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 

Ifthe 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-l is found and 
branching in the remaining aliphatic chain produces a slight frequency 
increase 32. 

When the aliphatic chain contains a single ethylenic double bond in 
conjugation with the azomethine linkage, a small reduction in the 
frequemy range to 1664-1658 cm-l occurs. If further conjugation of 
the C=C group is achieved with a phenyl ring, a substantial shift in 
frequency to 1639-1637 cm-l is observed32. 

For compounds of the type Ar-CH=N-R, Fabian et aL3I found a 
frequency range of 1650-1638 cm- when Ar is an unsubstituted 
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phenyl group, but S ~ y d a m ~ ~  reported a smaller range of 1650-1645 
cm-l. Stcelc33 states that the frequency is lowered to 1650 cm-l when 
the phenyl group is on either thc nitrogen or the carbon atom. Nitro or 
halogen substitution in the phenyl ring widens the range somewhat to 
1656-163 131 cm ' l. 

Compounds of the type Ar-CH-N-Ar have been the object of 
considerable recent interest. I n  a review article 31, the frequency 
region assigned to these compounds was 1637-1626 cm-l. Clougherty, 
Sousa and W ~ r n a n ~ ~  examined seventeen anils and found a.frequency 
range of 1631-1613 cm-l as shown in Table 2. Chemical evidence was 
obtained for the band assignment, since thc 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. 

TABLE 2. C-N Stretching frequencies in aromatic Schiff base.* 
(Measurements made on Beckman IR-3 spectrophotometer, NaCl 

opiics.) 

Compound 

N-ben~ylideneaniline~ 
N- (2-hydroxy) benz ylideneaniline 
N-(4-hydroxy) benzylidcneaniline 
N-(4-methosy) benzylideneaniline 
N-(2-nitro) benzylideneanilinc 
N-(4-acetylamino) benzylideneanilinc 
N-(4-dimcthylarnino) benzylideneaniline 
N- bcnzylidene-2-aminophenol 
N-benzylidene-2-anisidine 
N-(4-me thoxy) bcnzylidene-2-anisidine 
N-benzylidene-4-anisidine 
N- (4-methoxy) benzylidene-4-hidine 
N-benzylidene-4-toluidinc 
N-benzylidene-N'-dimethyl-4-phcnylenediamine 
N-(2-hydroxy) benzylidenc-2-aminophenol 
N-(4-dimethylamino) benzylidene-2-aminophenol 
N, N'-di benzylidene-4-phenylcnediarninc 

Frequency a 

(cm-I) 

1631 
1622 
162gC 
1630 
162Ic 
162gC 
1626 
1629 
1631 
1627d 
1629 
1626c 
1628d 
1627 
1624c 
1613 
1628 

a In CCl, solution. 
b Compounds reduced using NaBH;. 
C In CHCla solution. 
d KBr pellcts. 

* Reprinted with permission, reference 35. 
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TABLE 3. Reproducibility of the absorption frequency 
for C-N stretching. 

165 

Frequency 
(cm-I) Solvent Reference 

N-benzylidcneaniline 
1631 CCl, 27 
1630 CCl, 26 
1630 CHC13 28 
1628 CHC13 26 

N-(2-hydroxy) benzylideiicaniline 
I622 CHC13 28 
1672 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. seems to be the first tc 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 

TABLE 4. C=N Stretching frequencies."* 

.R' R* 
v C = N b  

System (cm- 1 )  A" 

H H 
fi-OH H 
0-OH H 
H p-OH 
H o-OH 
0-OH 0-OH 

1630(s) 
- 1  
- 8  

1630(s) 0 
R' fV 1626(s) - 4  

162ijsj -9 

CH=NCH2Ra 1657(~)  + 27 
1634(s) -4 
1646(s) + 16 @ 1634(s) + 4  

H o - H O C ~ H ~  
0-OH o-HOCpH4 
H --CH2N=CHCpHs 
+OH - CHZN=CHCaH4- R' 0-OH 

a Dilute solutions in chloroform measured in 1.0 mm cell. 
b s  = strong, VIV = 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-l 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) benzylideneaiiiline could exist in either the benzenoicl 
or quinoid form: 

(--&o,H = Q=o. ;H .. 

CH=N” CH-N 

0 
Minkin and coworkers argue strongly for the benzenoid structure on 
the basis of the U.V. 2nd i.r. behaviorrr 37 and the dipole moments 38 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- l- 
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 0H-e-N group. The phenolimine structure is also 
clzimed by Shigorin and coworkers39 for the o-hydroxy anils of the 
naphthyl and benzyl series. 

Heinert and Martellgo 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-l. The spectra of the o-hydroxy 
Schiff bases were noteworthy in that the band at 1650-1625 cm-l was 
unusually intense, and a new band at 1510 cm-l appeared. On the 
strength of these observations and the observation by Freedman 36 
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that the bathochroinic 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-l band to a vinylogue C=C stretching 
vibration. Thus it is proposed that these Schiff bases exist in the 
enamine structure: 

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 Miller41, and rests on the inter- 
pretation of the reduced intensity of the long wavelength T ->T* 
transition in the ultraviolet. These workers prepared a series of a- 
cyano-N-benzylidene anils and examined the effect of the cyano group 
on the vsc-.v 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-l. This shift, together with their U.V. 

data, led these workers to conclude that steric hindrance to coplanarity 
in the a-cyano compounds is at  best intermediate and that an extra- 
polation to N-bcnzylideneaniline suggests that steric hindrance there 
must be less than intermediate. Feytmans-de Medicis 42  has examined 
the syn-anti isomerism of a-cyano-N-(3-metliyl-4-dimethylamino)- 
benzylideneaniline. I n  absolute alcohol, isomerization is complete and 
both forms yield identical ultraviolet spectra with an absorption 
maximum at 459 m p  (molar absorptivity = 17,100). As expected, the 
isomers are resolved in the ix . ;  the vCN for the ~ y n  form was assigned 
at 2210 cm-l while that for the anti form was 2250 cm-l using Nujol 
mulls. 

B .  Ketimines 

In contrast to thc 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 PoirePl. 
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TAULE 5. I.R. C=N stretching frequencies of kctimines. 

*SC=N 

Azomethinc type or compound (cm-l) 

R 

C=N-H (dialkyl) 1646- 1640 
\ 

/ 
R 
R 

C=N-H (alkylaryl) 
\ 
/ 

\ 

/ 

\ 

/ 

A r  
Ph 

C=N-H (diary]) 

Ph 
R 

C-N-R (trialkyl) 

R" 
R 

1633-1620 

I603 

1622-1649 

C=N-R (phenyldialkyl) 1650-1 640 
\ 
/ 

CH, 
Ph 

C=N-Ph (dialkylphenyl) 1658 
\ 

/ 
i-CIHB 

Ph 

C=N-Ph (phenylalkylphenyl) 1628 (solid) 
\ 
/ 1640 (CCI,, CHC13, 

shoulder at 1628) CH, 

Ph 
\ 

C=N-CH&HZOH 1616 
/ 

Ph 
Ph 

C-N-Ph (triphenyl) 1614 
\ 
/ 

Ph 
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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 V ~ e g t l e * ~  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. 

V¶C=X 
Compound Group (R, R') (cm-l) 

1 C= 
\ 

1630 
/ 

Ph 

1635 
n 

r i  
ILL 

2 (CH& C= 
U 

1630 3 (CH) C= 

Ph-CHZ 

C= 1640 
\ 

/ 
4 

Ph-CHp 

Ph 

C= 
\ 

5 1610 
/ 

Ph 
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available for the mono compounds. For example, compounds of the 
tYPe 

R H H  R 

C=N-C- ' C  -N=C ' \ 

'R' 
I I  

R' ' Ph Ph 

had an absorption band at 1660 cm-l in most cases when R and R' 
were aliphatic groups. This is in accord with the frcquency region for 
trialkyl type monolcetimines (Table 5). Frequencies for other groups on 
the double compound are shown in Table 6. The frequency for com- 
poucd 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 44 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 jars 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 mare easily accomplished at the ring-nitrogen bond rather than 
at the ring-carbon bond. The spectral data are shown in Tab!e 7. 

0rlh0 substituted compounds gave rise to spectra decidedly different 
from the neta 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 az~meth ines~~ .  Included are many of the compounds 
derived from methylamine, ethylamine, and n-butylamine with 
butanal, pentanal, heptanal, 4-heptanoneY 5-nonanoneY cyclopenta- 
none and cyclohexanone, plus some deutero substituiioils in some of thc 
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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TAULE 7. Principal peaks for mass spectra of Schiff bases.” 

Compound R R’ mle with percentage in parentheses 

7 

8 

9 

10 

11 

12 

13 
14 

15 

16 

17 

18 

19 

20 

21 

H 

/>-CH3 

m-CH3 

o-CH, 

H 

,6-OCH3 

H 
p-NOz 

H 

0-OH 

H 

+OH 

H 

0-OH 

0-OCH3 

H 

H 

H 

H 

m-CI& 

H 

,6-OCH3 
H 

P-NO2 

H 

0-OH 

0-OH 

0-OCH3 

0-OCH, 

0-OCH, 

181(100), 180(98), 104(4), 90(5), 

195(100), 194(78), 193(6), I18(1  l),  

195( loo), 194(81), 193(8), 118( 11) 

195( loo), 194(80), 193(7), 180(6), 
119(9), 118(92), 117(16) 

195(100), 194(98), 193(6), 178(6), 
136(6), 104(10), 91(19), 77(45) 

21 1 ( IOO) ,  210( 14), 197(14), 
196(95), 167(13), 77(9) 

211(100),210(92), 167(8), 77(34) 
226(100), 225(35), 196(14), 

180( 1 l),  179(20), 153(9), 
152(12), 151 (5), 149(5), 138(38) 
108( lo), 106(46), 105(45), 
103(5), 77(53) 

226(100), 225(10), 180(8), 179(40), 
178(5), 152(8), 104(19), 77(45) 

121(8), 120(100), 104(14) 

120( 12), 104(6) 

184(7), 121(8), 120(84). 

94(7), 93( IOO), 91 (35) 

21 1 (14), 196(7), 183(7), 120(32), 
119(6), 110(7), 109( loo), 108(6) 

183(10), 154(7), 134(5), 132(5), 
124(8), 123( loo), 121 (9), 
120(19), 119(43), 118(5), 113(7), 
109(5), 108(51), 104(5) 

77(57) 

107(5), 105(7), 91(34), 77(7) 

91(43), 77(7) 

197(88): i96(74), i95(14), i67(6), 

197( loo), 196(77), 168(7), 167(5), 

213(100), 212(82), 211(10), 196(9), 

21 1 (1 I) ,  180(5), 119(38), 104(5), 

227(63), 226( 14), 225(5), 212(7), 

241(38), 240(8), 211(17), 196(5), 

~~ 

* Reprinted with permission, reference 44. 
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In the compounds derived from aliphatic aldchydcs and ketones, 
a-cleavage was domiiiant and produced directly the base peaks in 

nnd 
CH3CH=NCH2CH2CH2CH3 

CH 3CH2CHaCH=NCH2CH2CHaCHa 

TABLE 8. Adass spectra of some Schiff bascs of pyridine-2-aldehyde. * 

(Source: 2.2 x torr) 

CHa CPH, n-C3H7 i-C3H7 n-C4H9 K: H 

m/e 
Mol. W t . :  106 120 134 148 148 162 

28 
29 
39 
41 
42 
51 
52 
65 
78 
79 
92 
105 
106 
107 
118 
119 
120 
121 
133 
134 
135 
148 
149 
162 
163 

82.3 44.1 
33.1 13-0 
15.1 47.4 

1-6 81-0 
55-3 48.2 
100.0 78.5 
7.7 46-6 
36.8 41.5 
91.0 36.4 
7.1 49.3 
8.0 25.5 
16-9 a 11.6 
!9*€ib 

19.2 
100.0 
43.1 " 
22.7 

74.1 
53.6 
40.0 

22.7 
55.2 
79.8 
61.1 
52 .O 
45.5 
69.0 
33.5 
31.6 

27.2 
100.0 
41.5 

19.0 
14.6" 
30.1 

47.8 
34.0 
27-4 

18.7 
22.3 
43.0 
41.4 
23.5 
27.0 
63.0 
13-2 
12-0 

7.3 
100.0 
9.5 

6.6 

2.3 
9.7b 

26.7 
46.4 
24.0 
54.3 
42.1 
44-7 
85.9 
43.9 
52-1 
55.4 
71.8 
18.3 
12.0 

6.3 
18.1 
3.5 

100.0 
12.1 

2.7" 
0-7 

29-7 
33-6 
19-7 

6-3 
14-6 
30-0 
22.0 
22.0 
24-5 
59-3 
15.2 
23.1 

7.7 
! 00.0 
14.8 

16-5 

5-6 " 
26-5 

Molecular ion. 
b 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 /3 and y cleavage, with the latter the more 
illtense of the two. A four-membered ring was proposed to account for 
this as illustrated below : 

Route (b) represents ally1 cleavage of a tautomeric enamine molecular 
ion. Another important peak was ascribed to a 'McLafferty rearrange- 
ment as follows : 

H,C H 
\ *a /  

N 

H 
I 

H.C=N-CH=CH2 c 

mle 57 

Confirmation was obtained from the metastable peak at m/e 55.1. 
Similar arguments were made for peaks arising from Q cleavage, y 
cleavage and McLafferty rearrangements for the azomethines of the 
a5phatic ketones studied. 

Schumacher and T a u b e n e ~ t ~ ~  reported the mass spectrometry of a 
series of Schiff bases of pyridine-2-aldehyde (C5H4NCH=NR) where 
R was H, CH3, C2H,, n-C2H7, i-C3H,, n-C4H9, cyclohexyl and 
phenyl. The base peak at m/e = 119 for R = CH,, C2H5,. n-C3H7 
and n-C4H9 was explained as /3 cleavage of the aliphatic chain on the 
nitrogen atom. An intense peak at m/e 92 was assigned to the nitrogen 
analogue of the t r o p h m  ion, C,H6N+. 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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mle 92 

TABLE 9. Mass spectra of some Schiff bases of pyridine-2- 
aldehyde (see Table 8) with R = cyclohexyi and R = phenyl. 

R :  Cyclohexyl Phenyl 

4 2  nile 
Mo!. Wt.: 188 182 

28  
29 

41 
55 
56 
65 
66 
67 
78 
79 
80 
83 
92 
93 

105 
106 
107 
118 
119 
131 
132 
145 
159 
187 
188 
189 

61.7 
52.1 

98.3 
71.4 
59.5 
34.2 
19.5 
34-1 
36-3 
60.9 
39.1 
32-7 
49.6 
41.2 
43.7 
36.8 
64.0 
43-3 
47.2 
61.4 
64.0 

100*0 
30.8 
19.2 
57.5" 
26.5 

27 
28 
29 
39 
51 
52 
53 
63 
64 
76 
77 
78 
79 

104 
105 
154 
155 
180 
181 
182 
183 

39.5 
38-4 
2.6 

35.9 
96.3 
77-0 
33.0 
26.6 
23.3 
23.0 

100*0 
56-13 
73.9 

32.4 
36.2 
32.0 
43.6 
9.8 

80.5 
83.5 a 
38.8 

Omb See Table 8. 
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series of double Schiff bases of trans-1 ,Z-diamino- 
been obtained by Staab and W U n ~ c h e ~ ~ .  Com- 
were of the type 

Mass spectra of a 
cyclopropane have 
pounds investigated 

R CHN=CHAr 

CHN=CHAr 
/ \  

R' 

and are shown in Table 10. 

TABLE 10. Table of double Schiff bases investigatcd by 
mass spectrometry. 
R CHN=CHP.r 

\c' I 
/ \ ,  

R' CHN=CHAr 

Compound R R' 

Molecular ion peaks were obtained for all of the compounds and the 
relative intensities varied from 6-3y0 for 25 to 9 1 ~ 3 7 ~  for 26. The low 
intensity of the peak in 25 was explained as being due to ring formation 
involving the ortha hydroxy group. Base peaks arose from the parent 
ion according to: 

R CH-N=CHAr 

\c' j __f [ArCzNH]'+ [ArC,RR'NH,J+ 
/,' \ I +. 

R' CH-N=CHAr 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 on a phenyl 
ring is especially noteworthy and could be recognized almost by in- 
spection of the mass spectrogram. 
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Vll. NUCLEAR MAGNETIC RESONANCE 

N.m.r. has been applied to the analysis of azomethines prcdomin- 
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 48 studied thc n.m.r. (proton) of acetylace- 
tone and 14 other /3-diketone diimine Schiff bases. Chemical shifts and 
coupling constants are given. 

Slomp and Lindberg49 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 \C=N- grouping. 

McDonagh and Smith50 obtained n.m.r. spectra to study the 
reaction products of several substituted benzaldehydes with 0- 

hydroxybenzylamine. The purpose of the study was to elucidate the 
tautomerism of these compounds. Nelson and Worman 51 also studied 
tautomerism of azomethines via n.m.r. 

Rieker and Kessler 52 studied steric hindrance and isomerization of 

the \C=hT- 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 ~ i I . 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.54 used proton n.rn.r. to elucidate the syn- and anti- 
isomerism of Schiff bases. 

Binsch et al.55 used 15N n.m.r. to determine coupling constants in 
nitrogen compounds among which the azomethine group is included. 
The coupling of I5N to directly bonded protons, to 13C, to I5N, and to 
protons separated by two and three bonds is discussed. 

Dudeck et a1.56-59 studied the keto-enol equilibria in a variety of 
Schiff bases derived from p-diketoiies, o-hydroxyacetophenones, and 
o-hydroxy acetonaph thones. 

Shapiro et al.oo obtained the coupling constants of the geminal 
protons on CH2=N- azomethines. These are listed for eight com- 
pounds. 

/ 

/ 
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Vlll. FLUORESCENCE AND O T H E R  P H O T O C H E M I C A L  
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 amines61Jj2. I t  must be kept in 
mind, however, that the fluorescence process is a delicate one and is 
readily influenced by impurities and conditions. Quenching or eg- 
hancernent of fluorescence is very common and must be watched for 
when this analytical approach is used. 

Nurmukhametov et al.63 studied the luminescence spectra of 19 
azomethines in powder form and in hexane solution. The azomethines 
were of the general formula RC6H4CH=NC6H4R'. The results were 
correlated with molecular structure. 

A comprehensive study of azomethines of aromatic aldehydes was 
made 64*65, relating the pliotoluminescent process to concentration, 
temperature and structure. Thermochromic effects were also noted. 
Quenching effects and bathochromic shifts of spectra were also 
reported. 

Terent'ev et a1.66 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 

OH 
\ 

R 
\ 

is so strong that they are proposed as fluorescent dyes6'. 
In addition to fluorescence, sGme azomethines undergo 'isorrkriza- 

tion or other photolytic reactions which either produce colour, or 
produce a change in colour. 'l'hese reactions aiso have utility as 
analytical approaches. 

Salicylideneaniline shows a phototropy 68, 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 W ~ t t e r m a r k ~ ~  studied the same 
phenomenon with N-(o-hydroxybenzy1idene)aniline ; N-(o-hydroxy- 
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benzylidene) -jl-naphthylamine ; N- (p-hydroxybenzylidene) aniline ; N- 
benzylideneaniline and N-benzohydrylidcneaniline. The dependence 
of the process on solvent and p H  was also studied. The kinetics of 
the photo-induced isomerizations were also followed. 

Becker and Richey 70 studied the photochromic properties of the 
nitrosalicylidene anils and a few substituted salicylidene-o-toluidines. 
The relationship of structural transformation to colour formation is 
described. In some instances, fluorescencc was also observed. 
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1. ULTRAVIOLET ABSORPTION O F  AZOMETHINES 

A. Unconjugated Aromethines 
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-1-pyrrolines at - 230 mp, showed that 
N-neopentylidenealkylamines had a weak absorption band in a 
similar position1l2. 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 Balog3 had reported the spect,mm 
of N-butylidenebutylamine (I), and spectra had also been presented 
for compounds z4,  35 and 46. 

n-PrCH=NBu-n 

(3) 
Amu in isooctane (245 mp). c 180; 

(values read from published curve*) 

300 mp, =60 

(2) 
.Amsx 229 m p ,  el95 

Me,CHCH=N <> 
(4) 

A,,, in cyclohexane 245 mp, e74 

However, all these exzmples have hydrogen atoms on the carbon atom 
CL to the carbon of the azomethine group: consequently the observed 
absorption might well have been ascribable to (a) products (such as 5)? 

Et 
150’ I 

n-PrCH=NBu-n p n-PrCH=CCH=NBu-n 

(1 )  ( 5 )  65% 

which are known to absorb strongly in the 22C mp region (see Section 
1.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 mp region 

n-PrCH=NBu-n EtCH=CH-NHBu-n 
-> 

( 1 )  (6) 

*The 300 mp band may be clue to carbonyl contamination (e.g. from 
hydrolysis). 
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by virtue of its analogy with the tertiary enamine system (e.g.8 

Me,C=CH-N 
A 
W0 

Amax:! 17 mp, ~6600 in 0.00 1~ 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 mp 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 
azomethkes of this general type are summarized. 

I n  those systems where formation of an enamine is possible the 
240 mp band is still seen, but under certain conditions an inflection 
(at - 220 mp) can be detected, and this has been ascribed by Nelson 
and Worman10 to the enamcne chromophore. Indeed this provides a 
spectroscopic method for estimating the tafitomeric 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 5y0 ; 
N-cyclohexylidenecyclohexylamine < 1 yo) but in more polar solvents 

TABLE 1. Electronic spectra of some unconjugated aliphatic azornethines. 

L a x  
Solvent (mp) E,,, Reference 

(7) Me3CCH=NBu-n EtOH 235 107 1 

(8) Me,CCH=NBu-s MeOH 233 100 1 

Hexane 244 87 1 

EtOH 236 93 1 
t-BuOH 239 83 1 
Hexane 243 85 1 

Hexane 250 80 1 
(9) Me,CCfl=NBu-t EtOH 242 83 1 

Me 
(10) Me@ 

Me 

EtOH 226 83 2 

.~ ~ 

(11) CH,=NBu-ta Hexane 272 - 9 
~ ~ ~~ 

a In equilibrium with the cyclic trimer (1,3,5-tri-l-butylhexahydro-s-triazine). 
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(ethallol) the enamine tautomer is often not detected. Nevertheless the 
possibility of a contribution fiom the enamine tautomer must be borne 
in mind whenever the electronic spectra (Table 2)-and the optical 
&symmetry effects-of azomethines which can form enamines are be- 
ing considered. 

TABLE 2. Electronic spectra of some enaminizable azomcthines. 
~ ~~ 

&nox 

179 8900 1 1  

Compound Solvcnt (mp) emox Reference 

(12) Mc,C=NBu-n 

NBu-n 

Me 

Heptanc 
Cyclohexanc 
Tri me t h y 1 

phosphate 

CH3CN 
EtOH 

Cyclohexane 

Hexane 
EtOH 

246 140 1 1  

183 -0 11 
236 -a 1 1  
235 192 12 
232 200 1 1  

253 197 14 

230 195 2 
22 1 210 2 

Hexane 248 175 15 
EtOH 238 220 15 

Cyclohexane 229 112 16 

EtOH 243 630 89 

* Value not quoted in the preliminary communication. 
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Since the azometliine 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 1I.C) the band is partially sub- 
merged in end-absorption and appears merely as an inflection. In  
N-neopentylidene-a-amino acid esters l7 (see Section 1I.B) the band is 
not clearly distinguished from absorption due to the ester chromo- 
phore. 

The absorption band at  24G mp has been attributed’s6 to an 
n + rrt transition involving promotion of a non-bonded electron 
associated with nitrogen. Such electrons are formally sp2 hybridized, 

200 250 
X (mp)  

FIGURE 1. Electronic spectra of 2,4,4-trimethyl-l-pyrrolinc (14) (-) and thc 
corresponding pyrrolidine ( -  - - .) in ethanol. 

although Lipscomb and his colleagues18 have pointed out that the 
nitrogen lone pair has less 2s character than would be predicted on this 
basis. That the double bond is invoived is evident from the observation 
that the 240 mp 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 

t The analogous quaternary imminium ion appears to absorb with A,,, - 
220 mP (e*S.” Et,CHCH=N+ CI- A,,, 222 mp, ~2250 in CH,CN) although 

this location has been questionedzs and somewhat lower values have been re- 
3 



186 R. Bonnett 

such as 1-pyrroline, it may be shown (Figure 2) that protonation is a 
readily reversible process, i.e. 

Me Me 

(14) (144  

AmsX 221 rnp in EtOH A,,, <220 mp in EtOH 

(n  -b n*) (n --i n*) 

200 2 50 
x (mp) 

FIGURE 2. Electronic spectrum of 2,4,4-trimethyl-l-pyrroline (14) in cthanol 
(-); on treating with a trace of 6~ HCl (- - - -); on further treating the 

acidified solution with a tracc of aqucous ammonia ( -  - -). 

n 
corded (e.g.8 Me,C=CH-N 0 A,,,,, 196 ml*, 42650 in 0 . 0 1 ~  HC1). 

An additional complication arises because the chemical stability of this system, 
at Ieast under certain circumstances, appears to be open to doubtz0. O n  the 

basis of the analogy of the spectra of polyalkylethylenes21 the R2C=NHR ion 
would be expected to show a m + W* transition at somewhat higher energy than 
that of the ternary immoniuni ion. I t  may be noted that nuclcophilic attack 
of solvent alcohol on the ternary immonium ion would also remove the double- 
bond chromophore. However, the amino ketal SO formcd would be unlikely to 
regenerate the azomethine group instantaneously under basic conditions (cf. 
14a + 14). 

W 

4 
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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 + n* transitions, and the effect of substitution generally parallels 
that of the n + X* band of the carbonyl chromophorel*z. It is inter- 
resting, however, that the transition is of considerably higher energy 
than has been predictedz2. The low intensity of the band is possibly 
to be accounted for in terms similar to those applied to the pyridine 
n --f X* transitionz3. 

The strong band in the spectra of azomethines at - 180 mp shows 
a small bathochromic shift with increasing solvent polarity (12, Table 
2) and is attributed to a x 3 n* transition”. 

8. Conjugated Azomethines 
The conjugation of the azomethine chromophore with olefinic or 

aryl groups changes the spectrum considerably, since rather weak 
bands due to n + n* transitions are now submerged by strong absorp- 
tion associated with 77 4 n* transitions. Often bands still appear in the 
230 my region, but their intensities (e - 10,000) leave little room for 
confusion. Further bands or inflections, generally weakcr, may be 
observed a t  longer wavelengths, and occasionally these have been 
identified as n -+ n* componcnts, including the special case 23 where 
the conjugated azomethine is part of an aromatic ring. Thus6.23 
pyridine in cyclohexane shows a n 3 T* band at 251 mp (~2000) with 
an inflection (270 mp) on the short-wavelength side attributed to a 
n -> X* transition. Similarly pyrimidine has A,,, 243 mp (€2030) and 
298 mp (€326) in cyclohexane. The long-wavelength absorption of 
N-benzylidenealkylamines is the subject of conflicting reports. In some 
cases3s8 (e.g. 24, Table 3) inflections in the 280 mp region have been 
observed ; in others 30, including N-benzylidenemethylamine z4, 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 my (€125) in absolute alcohol, although the curve presented47 
resembles that of the parent ketone rather closely. Several factors (weak 
or unrecognized inflections, stereochemical considel-ations, 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 
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stilbene2*, the N-phenyl group is twisted out of the plane of the rest of 
the c h r ~ m o p h o r e ~ * * ~ ~ .  That the N-substituent is twisted our of plane 
more readily than the C-substituent may be explained in terms of (a) 
the non-bonded distances32 involved, thus : 

and (b) the dcvelopment 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-t 25-t 26 (Table 3). 

In  dramatic contrast to the behaviour of unconjugatcd 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  colleague^^^ have compared the spectra of con- 
jugated azomethines with those of the corresponding polyenes and 
have examined the effect of other conjugating groups such 2 s  C=N 
itself. Conjugation can formally occur here in three ways, of vihic!~ 
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 mp range, although a weak absorption at 
higher wavelength has been reported for* a tetrasubstituted azine 
[ (CH,) 5C=N-N=C(CH2) 5 ,  A,,, in cyclohexane 308 mp, €891. 

.Typical aryl derivatives on the other hand show maxima-often 
multiple maxima-in the 300 mp region, e.g.13 in ethanol : 

n-BuN=CMeCMe=NBu-n A206 m p  ~17,000 
209 18,500 

n-PrCH=N-N=CHPr-n 205 13,000 
208 1 1,500 

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 vision100. The pigments (‘visual 
purple’) of the rod and cone structures of the retina me 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 cis-configurations). It has Amax - 500 mp. There is 
suggestive evidence (but see below) that rhodopsin contains an azo- 
methine linkage. On  exposure to light rhodopsin is ‘bleached’, giving 
metarhodopsin I1 (Amax 380 mp) via various intermediates which can 
be detected at low temperatures. O n  hydrolysis metarhodopsin I1 
gives opsin and all-tram-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 : 

- 
all-truns-Retinal 

Opsin 

Metarhodopsin II 

(Ambx 380 mp) u 

I I-&Retinal 

Oprin 1 
Rhodopsi n 

Ahbx 498 rnp 

Prelumirhodopsin 

(8L.x 543 mp) 

Lumirhodopsin 
(A,., 497 mp) 

I 
Metarhodopsin I 

(Am- 478 mp) 

1 
nerve impulse 
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The intermediates in square brackets have been detected spectro- 
scopically at lcw 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 belicved that they are 
dcrivatives 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-&retinal and its derivatives (e.g. isorho- 
dopsin) and (ii) the occurrence of pigments derived from another 
aldehyde (vitamin A, aldehyde) and from othcr opsins. 

The evidence for the azomethinc linkage is as follows. When 
rhodopsin is denatured with acid, another pigment, indicator yellow, 
is formed (indicator yellow appears to differ from metarhodopsin I1 
in the secondary structure of the protein)lo2. Morton and his col- 
leagues lol 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 Amax 365 mp in alkaline solution and Amax 440 mp in the 
protonated form : N-retinylidenemethylaniine (Amnx 355 mp, ~57,400 
in petrol) had A,,, 439 mp in acid and A,,, 362 mp in alkali. This pro- 
vides good evidence that indicator yellow is N-retinylidcneopsin, and 
is supported by the observed reduction of this (and model) compounds 
by sodium b o r ~ h y d r i d e ~ ~ ~ J ~ ~ .  Rhodopsin cannot be directly reduced 
by sodium borohydride, but such reduction does proceed or, irradia- 
tion. It appears that metarhodopsin I1 is much more rapidly reduced 
than metarhodopsin I, and the product is regarded as dihydro- 
metarhodospsin I1 (A,,, 333 mp); hydrolysis of this gives N-retinyl 
lysine, and the AT-retinyl group is thought to be linked to the eramino 
group of the lysyl residueloo. 

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 A,,, no 
higher than -440 mp. 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 proteinlo7. Charge transfer 
has also been suggested lo3, 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 derivativeslo6 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 (30, Table 3) ; the spectra are solvent sensitive arid 
the bmd at - 400 mp, while pronounced in ethanol solution, is almost 
entirely absent in hexane (Figure 3). Hires and Hack1 suggested that 
this band is due to a solvated complex of the phenolic azomethine3*, 
and somc other workers 92 have supported this interpretation. 

Y 

il00 300 400 500 
A (mp)  

FIGURE 3. Electronic spectrum of (S)-( + )-N-salicylidene-a-phenyl ethylamine 
(32) in various solvents. (Reproduced from Smith, Cook 8; Warren, J. Org. 

Chem., 29, 2265 (1964) by permission of the authors and the editor.) 

Earlier w0rke r s9~-~~  had noticed that compounds in which intra- 
molecular hydrogen bonding was possible showed the band at 
-400 mp, while if such bonding was prevented (e.g. n-hydroxy- 
benzylideneaniline, o-methoxybenzylideneaniline, cf. 30 3 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 Auerg4 had considered an 
alternative explanation : a tautomeric equilibrium involving enol- 
imine and keto-amine forms, which may be represented as: 

- 
'R 

Enol-imine cis- Keto-ami ne 

Other workers have favoured this interpretati~n~~-~~*~~.~~ and bands 
have been assigned to individual t a u t ~ m e r s ~ ~ . ~ ~  (e.g. for 33 -250 
and -320 m p  belong to enol-imine form and -270 and -420 mp 
belong to keto-amine; note that in this case both species are present in 
the solid). Although there is some disagreernentlo5, on balance the 
phenol-o-quinonoid tautomerism is strongly supported by the available 
evidence, which may be summarized as follows : 

(a) rn-Hydroxybenzylideneaniline, does not show the 400 m p  band 
in ethanol, whereas the o-and #-derivatives do so (at 435 mp and 
427 mp respectively) 94. rn- and p-  derivatives can hydrogen bond 
intermolecularly, but neither can do so intramolecularly. The #-isomer 
can give a quinonoid tautomer, the rn-isomer cannot. Hence it ap- 
pears that hydrogen bonding per se is not responsible for the - 400 mp 
band, but that the capacity for quinonoid tautomerization may be 

(b) Hydrogen bonding generally results in a rather small red shift 
for a T +- mTT* band3Ipg6; the - 400 my band is considerably displaced, 
however, and attribution to hydrogen bonding is therefore is not 
favoured. 

so. 



4. Optical Rotatory Dispersion and Circular Dichroism 197 

(c) Increasing the polarity of the solvent increases the emSX of the 
-400 mp band in a uniform fashion, although the wavelength of the 
absorption maximum does not change very much, e.g.97 

OH NPh 
Solvent Cyclohexane CCI, CHCI, CH&N MeOH 

Cmnr 1400 2000 5400 4600 7000 
Me b~ax(mP) 425 425 428 421 425 

(d) Systems which may more readily assume quinonoid forms 
show a more prominent -400 mp band. Thus in general naphthol 
derivatives show such a band (sometimes a doublet, and at longer 
wavelengths)97 even in hydrocarbon solvents, as the example in (c) 
above shows. 

( e )  Data from n.m.r. studies on 15N-salicylideneanilines and related 
compounds provide independent evidence for an equilibrium between 
enol-imine and keto-amine tautomers9'. 0.r.d. studies support these 
results l l O .  

An analogous tautomerization is thought to be implicated in the 
thermochromic and photochromic transformations of certain N- 
salicylideneanilines 99. A recent study Io4 of the absorption, excitation 
and fluorescence spectra of these compounds has led to the conclusion 
that the photo-reaction produces the tram-keto-amine from the enol- 
imine. The trans-keto-amine, which has Amax at longer wavelength 
than the cis-keto-amine, isomerizes thermally to the cis-keto-amine- 
enol-imine system ; thus for N-salicylidene-o-toluidine : 

Enol-imine cis-Keto-amine 

A,., -425 m p  Am.= -340 rnp 

NH 
\ 

C,H6Me 
trans-Keto-amine 

,Im.= -465 mp 
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C. Other Substituted Azornethines 

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 35 phcnylhydrazones at  spectro- 
scopic concentrations are readily autoxidized, thus : 

hexane 

NNHPh c 

Amor in hexane c 

268 mp 10,400 
413 mp 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. 

!I. OPT!CAL DlSSYMMETRY EFFECTS OF: 
U N C O N J U G A T E D  A Z O M E T H I N E S  

The band in the 240 mp 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 
substitttents (generally those bearing asymmetric carbcn atoms). Such 
azomethines generally have rather low rotational strengths (Q < 20). 
I n  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 (0.r.d.) curves 
represent a plot of molecular rotation [a] in degrees against wave- 
length (& mp). Circular dichroism (c.d.) spectra are plots of the 
difference LIE between the molecular extinction coefficients for left- 
and right-handed circularly polarized light (i.e. da = €= - E ~ )  

against wavelength. Another mode of presentation (e.g. Figure 11) 
keeps to the degree unit by plotting molecular ellipticity [el 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 ( d a  and [el arc linearly related by 
the equation [ O ]  = 3300de 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 da.  

An 0.r.d. curve may beplain (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 Amsx 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 0.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 CJeect. The circular dichroism in such a case also 
shows a positive Cotton effect, L I E  being positive as shown, the largest 
value, called a positive maximum, being reached at  approximately the 
Amax value of the convexiiional light absorption curve. The enantiomer 
of this hypothetical species will show the same light absorption, but 
the 0.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 d e  in the second c.d. 
spectrum is termed a negative c.d. maximum. In  real systems several 
chromophores will be present, and this complicates the situation 
especially with respect to 0.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 
mp) is superimposed on a strong negative plain curve due to a chromo- 
phore (an ‘invisible giant’) in the far ultraviolet. 

I n  the tables the molecular rotations at the extrema are reported in 
the form = + 7000, while the c.d. maxima are reported as 

= -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 0.r.d. and c.d. effects are concerned, both 
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depend on 8 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  0.r.d. work the rotational 
strength may bc regarded as being roughly measured by the vertical 
distance between extrema, and is reported as the molecidar amplitude 
n which may be represented as 

[@31st extremum - [@12nd 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. CrabbC (Holden-Day, San Francisco, 1965) and to 
Optical Rotato y 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) J give valuable theoretical 
introdilctions 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 Vane1* examined 
the circular dichroism of ( +)-3-methylcyclopentanone (37, X = 0) 
and various analogues including the N-butylamine derivative (37, 
X=N-Bu-n). Although both the olefin (37, X=CMez A,,, - 220 
mp) and the biphenyl phosphorane (37, X =  PPh,, A,,, 416.5 mp in 

M e q  

x= NBu-n: AczSs = + 0 4 9  (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-m* transitions which are analogous to that of the 
carbonyl group. The azomethine maxima are at lower wavelength 
than those for the carbony1 chromophore, but although the molecular 
extinction of the azomethine is higher than that of the ketone, 
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x (i) 
2200 2600 3000 3400 

+2 

+1 I 

0 

\ w 

ru- - 
45,000 40,000 35,000 30,000 

v(cm-'I 

FIGURE 4. The circular dichroism (lower curves) and absorption spectra (upper 
curves) of the olefin (37, X = CH3) (-), the imine (37, X = NBu-n) 
(. - - .) and the ketone (37, X = 0) (- - - -). (Reproduced from Mason 
and Vane, 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 + v *  transition of the carbonyl 
chromophore has a value of 1 Bolx 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 ketones15, 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 (37-39) the possibility of a contribution from the 

X 
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Optical rotatory dispersion of some steroidal ketones and related 
azomethines lS, 

TABLE 5. 

1st Extremum 2nd Extrcmum Amplitude 
Compound Solvent Am* [@la A n y  [@,]a a 

(38) x=o Hexane 320 +5910 275 -6250 + 122 
(androsterone) McOH 313 +7350 276 -7080 + 144 

(38) X=NBu-n Hexaneb 262 1-3100 228 -2090 + 52 
McOH 246 +4880 220 -1420 + 63 

(39) X = O  (3@ydrosy- Hexane 323 -8550 266 +9400 - 180 
SCC-androstan- 16- MeOH 3 16 - 1 1,900 282 + 1 1,400 - 233 

(39) X=NBu-n Hexane 269 -5200 230 +3630 - 88 
MeOHC 254 -6570 219 +5200 -118 

onc) 

a A positive sign refers to a peak and a negative onc to a trough. 
Amax 218 mu, Cl75. 

C A,,,* 235 my ~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 exampIe lo. However, the proportion of 
enamine in alcoholic solution is thought to be low10 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 15, which is dominated, 
for the systems considered, by the stereochemistry of the C-substituent, 
i.e. the cyclopentane ring. Diffcrences have been noted with geomctric- 
ally isomeric oximes, however (see Section 1II.B). 

B. Dissymmetric Substituent at Nitrogen 

I .  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 49 for 
azomethine from ( + )-s-butylamine shown). Extrema appear at about 
263 mp and 227 m p  with an  amplitude of IV !7 in hexas: 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 spazomethine (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 



FIGURE 5. Optical rotatory dispersion of (S)-( +)- and (R) - (  -)-N-neo- 
pentylidene-s-butylamine in hexane. 

17j?-aminosteroid derivative (41), which shows a positive Cotton effect 
with an  amplitude of 18 in dioxan + 970 pk., - 800 
tr.; A,,, 247 mv, €140). I n  both cases the (3)-configuration at C, of 
the aliphatic amine leads to a positive Cotton effect in the Schiff base; 
many more examples arc needed before a correlation can be estab- 
lished here, however. 

N=CMe, 

2. a-Amino acid derivatives 

During the course of a study on the interaction of carbonyl groups 
with biologically important substituents (e.g. NH, SH) Bergel and 
his collaborators 51*52 observed that a-amino acid esters suffered 
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mutarotation (at the sodium D line) when dissolved in ketonic 
solvents: L-a-amino acid esters underwent a Zaeuu mutarotation, while 
D-a-amino acid esters mutarotated in the opposite sense. With L- 

tyrosine ethyl ester in cyclopentanone the corresponding azomethine 
was isolated. More recently Bonnett, Klyne and their  colleague^^^*^^ 
have isolated a series of N-neope~~tylidene derivatives of the type 42. 
These compounds show strong Cotton effects with the first extremum 

/-fooEr 
"Y"" CHRIRz 

1 
Me,CCH= NCHCOOEt Bu-t 

(42) (a) 
in the 250 mp region (Figure 6 ) :  the compounds of L-configuration 
show a negative Cotton effect and those of D-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 a t  lower wavelengths (- 220 mp). 
Generally when R1 and R2 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-ncopentylidene derivative and the configuration of the 
a-amino acid ester. Certain predictable exceptions have been observed, 
however. For example, wh.en R1 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 mp 
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 p-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, R1 = OH, R2 = H) present in 
equilibrium with the oxazolidine. It is notekorthy that in' ketonic 
solvents, leucinol : and similar 2-amino alcohols mutarotate in the op- 
posite direction to that observed for the corresponding a-amino acid 
esters (e.g. L-( +')-leucinol [a],, + 6.9" in EtOH; max[a], + 49.5" in 
Me2CO) : presumably oxazolidine-hydroxyazomethine equilibria 
are again involved54, and these cases, and the related behaviour5* of 
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L-alanine methylamide (+ imidazoiidone 3) 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 solution53. When 
the a-amino acid in anhydrous methanol containing two equivalents of 
base (Et,N, NaOEt) is treated with an excess (-20 equivalents) of 
carbonyl component (t-BuCHO, i-PrCHO, cyclohexanone) , a con- 
siderable and rapid mutarotation occurs with the development of a 
Cotton effect having its first extremum in the 250 mp 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- 
a-amino acid anion has beei1 formed, thus: 

i R 

RCHO + NH2&HCOO- RCH=N HCOO- + HzO 

Figure 8 illustrates the application of this test to a variety of a-amino 
acids. The curves for D-valine show that either sodium alkoxide or 
tertiapi amine can be used to generate the salt. D-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 (c.g. serine + oxazolidine ; 
cysteine-t t h i a~o l id ine~~) ,  L-a-amino acids of type 44 give a negative 
Cotton effect under these conditions, while D-a-amino acids give a 
positive one. 

R'R2CH -CHCOOH 
I 
NH2 

(44) 

Thus configurations could be assigned to the following a-amino acids 
under the test conditions 53 : 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 or-amino acids themselves in that the first extremum is at a 
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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FIGURE 8. Configuration of a-amino acids using N-isobutylidene-a-amino acid 
anions. Test conditions: 5 x lo-" hl in anhydrous methanol + 2  equivalents 
of NaOR or Et3N + 20 equivalents of isobutyraldehyde. The curves for D-valine 
using NaOH (- - - -) and Et3N (-) are shown. Both enantiomem of 

leucine (. - - .) are included. 

electronic absorption spectra do not show separate bands for azo- 
methine ( - 240 mp) and ester carbonyl (- 2 10 mp) absorption : thus 
N-neopentylidene-L-alanine ethyl ester (42, R1 = R2 = H) has Amax 
217 mp, €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 mp. 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 45c, which is thc twisted 
forin of the fly-unsaturated carbonyl chromophore associated with a 
negative Cotton effect 83. 

Et 
E t  ' s- 

C' 4.$* O\6; 0 o\ ,oi- 

>-\k;* E.0 Bu-t R y L N  *Fr8u-t 
8. 

H quasi H H H 
equatorial 

(45N ( 4 W  (454 

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 effcct of substituents 
upon Cotton effect. For carbonyl compounds the effect of substitution 
in rear octants has been thoroughly i n ~ e s t i g a t e d ~ ~ ,  but the difficulty 
of introducing substituents into front octants has resulted in few 
examples, so that the complete rule has not been effective!y tested. 
Indeed it is possible that a quadrant rule may be operative58. 

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 --f n* transition and these 
can be regarded essentially as orthogonal planes. For the azomethine 
L 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 59. Snatzke and his colleagues59 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: 

/.. * f f **.. 
...''... *,.'... 

e C -  T N W  G C = N &  

negative Cotton effect 

.'a. ...* ..-' ... ..a* .. ..a. ...- .. 
positive Cotton effect 
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FIGURE 9. Schematic representation of the nodal surfaces of the orbitals involved 
in the n-m* transition of the azomethine group. (a) wantibonding 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 sufficientIy 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 reForted63 that the 
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FIGURE 10. Optical rotatory dispersion in methanol of 4-azacholest-4-ene (51) 
and 6-azacholestcrol (50). 

azomethine (51) shows only end-absorption in the ultraviolet; Dr. 
Wood9 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 A,,, 256 mp, €133 in hexane. I t  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 o b ~ e r v a t i o n ~ ~  that 4-methyl-4-azaandrost-5- 
en-17-/3-01 acetate (52) has (a) electronic absorption which is at lower 
wavelengths and which is much less solvent sensitive (A,,, 219 mp, 
€8700 in ethanol; Amax 221 mp, €8500 in cyclohexane) and (b) a 
Cotton effect of opposite sign to that shown by 51. The azomethines 
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(55,56) derivede1*62 from atisine (53) and veatchine (54) cannot form 
enamines for structural reasons, but the curves show 0.r.d. Cotton 
effects in the 250 mp region which disappear as expected in acid media 
or when the corresponding piperideine (e.g. from 56) is examined65. 
However, preliminary circular dichroism results indicate that the 
situation here may bc more complex than thc 0.r.d. curves suggest: 
thus 'doublc-humped ' curves, possibly associated with the solvation of 
the azomethine system, have been observed in methanol. 

QAc 

(55) 

T 
Me 

T 

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 re- 
quired. Table 8 summarizes various results that have been obtained. 
The azirine (57) is known to hydrolyse readilys7 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 
m p  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. 



TABLE 8. Optical dissymmetry effccts of somc cyclic azornethincs (azirine and 
pyrroline rings). 

Optical dissymmetry 

Compound Solvent erects Reference 

Azirine from pregnenolone 

(57.l 

"O+ 

I-Pyrroline from kryptogenin 

(58) 

HPN 
Concurchine 

MeOH - 1700 tr 66, 69, 70 
[@I243 - 1080 Pk 

76, 109 MeOH At258 - 0.26 
L1~229  + 0.72 

Dioxan A ~ 2 3 0  - 2.08 59,71,109 

3B-Hyd roxy-N-d e m  e t  h yl 
cona-S,29(N)-dienine 

(60) 
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111. OPTICAL DISSYMMETRY EFFECTS OF C O N J U G A T E D  
A N D  O T H E R  S U B S T I T U T E D  A Z O M E T H I N E S  

A. Aryl Azomethines 

The high extinction coeficicnts 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 
authors30.72*74 have recorded 0.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-a-phenyl- 
ethylamine (61 a) and (S)- ( + ) -N-benzylidene-a-benzylethylamine 
(61b) are plain positive with rotations rapidly increasing down to 
about 290 mp( !). The rotatory dispersion of scveral Schiff bases 
obtained from (S)- ( - )-a-phenylethylamine and aromatic aldehydes 
(e.g. substituted benzaldehydes, pyridine aldehydes, furfural, 2- 
formylthiophen) have been measured in the range 486-656 mp72. 
Potapov, Terentev and their coworkers, who made earlier studies73 of 
such systems at  the wavelength of the sodium D line, have advocated 

R 

PhCH=N-<-H 

C H ,  

(613) R=Ph 

(61b) R = P h C H z  

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 74. The (S)-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 [@],, 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 : thusso N-benzylidene-20- 
a-(S)-amino-3/3-hydroxy-5a-pregnane (ix. the N-benzylidene deriva- 
tive of the amine corresponding to 62a, Table 9) has A6270 + 1-97 
and dezss + 1-9 in dioxan. 

Much more attention has been paid to substituted benzylidene 
derivatives. The Russian authors74 havc shown, for example, that 
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p-dimethylaminobenzylidcne derivativcs give plain curves (down to 
about 300 mp) 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 b r ~ m o - ~ ~ )  which, as might be 
expected from the solvent dependence of their electronic spectra (see 
SectionI.B),giverather interestingresu1ts.Bertin and Legr~ind~~studied 
the circular dichroism of some azomethines derived from 20-amino- 
steroids (e.g. 62); the 2001 derivative in dioxan showed a positive 
maximum at 315 mp, and the 20p derivative a negative one at this 
wavelength. 3- and 17-Amino steroidal compounds (e.g. 63, 64) have 
also been e ~ a m i n e d ~ ~ . ~ ~ .  In thc 3-amino system, for example, the 
N-salicylidenc derivative of a 3a-amine shows a negative c.d. 
maximum in the 315 mp region: in the examples studied (derivatives 
of Solaiturn steroidal alkaloids 7 5 )  although the magnitude of the 
dissymmetry effect at - 3 15 mp is sensitive to a change of configuration 
at position 5, its sign does not change (e.g. 63a, 63b). 

The 400 mp band has aroused a certain amount of discussion78 
since it was originally reported to be inactive77. It appears to be active, 
however, although this activity is often difficult to detect. S n a t ~ k e ' ~  has 
reported cases (e.g. 63a) where the effect was not dctected in circular 
dichroism spectra, but ernergcd in rotatory dispersion (both in dioxan). 
I n  the salicylidene derivatives of a- and 8-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-butylamiiie (65a) shows a weak extremum [ + 
370 in ethanol, but in hexane displays a plain positive curve down to 
375 mp  (!). 

Thus although the 400 mp band is not generally useful, the Cotton 
effect at  315 mp eppears to be a valuable means of assigning con- 

figuration to amines of the type R,R,CHNH,, since N-salicylidene 
derivatives of ($)-configuration show a positive Cotton effect, those of 
(X)-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 sequenceg8 will not always 
be the order of decreasing steric requirement. Thus it has been sug- 
gested that N-salicylidene-D-phenylalanine methyl ester (65d, 
D-(R) configuration, yet de,20 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 D-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 u- and /?-arylalkylamines. Further penetration into the 
ultraviolet is possible with these compounds and large rotational 
strengths have been observed. It has been suggestede1 that the aryl 
group of the amine moiety interacts with the hydrogen-bonded 
salicylidcnimine 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 a-arylalkylamines having the (5’) configuration (66), three 
positive circular dichroism maxima have been observed in ethanol at 
about 255, 315 and 405 mp: these are assigned to transitions in the 
salicylidenimine system (tautomers, see Section 1.B). In  addition, 
a negative Cotton effect at N 280 mp (not shown by B-arylalkylamino 
derivatives) is assigned to the n+n* transition in the aryl group 
of the amine moiety (Figure 11). 

b H 
(Ar) Ph N=CH 

CH3 (R) 
(66) 

In dioxan solution, 66 shows a shoulder near 410 my (see Section 1.B) 
but this is not demonstrably optically active: only one Cotton effect 
( + ve, - 3 15 mp) is observed down to 275 mp ( !). In  isooctane the 400 
my band is no longer discernible even as an inflection, and the 
circular dichroism spectrum shows only the three Cotton effects at 
.lower wavelength (Table lo). In general, compounds having the 
configuration 66* again show positive Cotton effects at 255 mp and 
315 mp: this correlation applies even when R is a very bulky alkyl 
group (t-Bu, 69) and has been used to assign  configuration^'^ 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 salicylidcnimino fragment and the hydrogen 
atom is the same in each case. 
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FIGURE 11. Electronic absorption (EA), rotatory dispersion (ORD) (both in 
957" ethanol) and circular dichroisrn (CD) (in absolute ethanol) of (S)-( +)- 
N-salicyliciene-a-phenylcthylamine. (Reproduced from Smith and Records, 
Tefrahedron, 22, 813 (1964) by permission of the authors and editor.) 

( - ) -a-phenyl-n-propylamine and ( - ) -a-phenylneopentylamine (both 
(S), the configuration of the latter being confirmed by chemical 
methods82). Table 10 summarizes some of the results obtained in this 
series, and gives examples of related 8-aryl (e.g. 70, 71) and a,P- 
diary1 (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 mp in ethanol, and the circular 
dichroism has a negative maximum a t  262 mp. I n  dioxan, however, 
an additional weak positive maximum is found at  319 mp. These results 
have been interpreted 79*82 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 mp. appears: this presumably reflects a change in the conform- 
ational equilibrium of the ~ y s t e r n ~ ~ . ~ ~ . ~ ~ .  It is interesting to note that 
both (S) -N-salicylidene-a-phenylethylamine (68) and (S) -N-salicyli- 
dene-a-phenylneopentylamine (69) show increased rotational strengths 
at - 192", an ob~erva t ion~~  which illustrates the difficulty oi'interpret- 
ation of the Cotton effects of' open-chain compounds in simple con- 
formational terms. 
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The reaction of /3-diketones with amines leads to 1 :I condensation 
products which may be regarded as internally H-bonded tautomeric 
systems, e.g. 73. Bergel and Butler8* have examined the rotatory 

My ,Me 

NHCHR COOEt Q- R ~ R  

O...H/N-R' 

0 
(73)' (74) 

dispersion of the acetylacetone derivative of L-tyrosine ethyl ester down 
to 300 m p  (!): it showed a plain negative curve with = 

- 12,000 (N-cyclopentyiidene-L-tyrcjsine ethyl ester has [@I = 1000 
at  this wavelength). The analogous derivatives from dimedone 85 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 mp region. 

8. Other Substituted Azornethines 

1. Oximes 

Lyle and Barrera86 have observed plain curves for various oximes 
down to about 250 mp. Plain negative curves are found for the two 
geometrically isomeric oximes derived fiom ( + ) -3-methylcyclo- 
liexanone : 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 CrabbC and Pinelo8' have reached much shorter wavelengths 
using circular dichroism and have detected Cotton effects in the 200 
mp region (Table 11). 

In certain cases the Cotton effect curve is solvent dependent. I t  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 

OH 
/ 

I 
OH 

8-isomer a-isomer 

(754 (7-1 
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A (mp) 
FIGURE 12. Rotatory dispersion in ethanol. A, 3-methylcyclohcxanone oxime 
(a-form 75b) ; By the corresponding benzoate; C, 3-methylcyclohexanone oxime 
(&form 758) ; D, the corresponding benzoate. (Reproduced from Lyle and 
Barrera, J .  Org. Chern., 29, 33 1 1 (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 58- 
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 & o*c& 
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TABLE 11. 
ethanol ST. 

Circular dichroism of some oximcs and related compounds in 

Compound c.d.AmmX A€ 

(76) (+)-Camphor oxime 

(77) ( - )-Menthone oximc 

(78) 5a-Pregnan-3-one oxime 
(79) 5P-Pregnan-3-one oxime 

(80) 1 7/3-Hydroxy-5a-androstan-3-one a-oxime 
(81) 1 7P-Hydroxy-5a-androstan-3-one 8-oxime 

(82) (-)-Methone oxime acetate 

(83) (+ )-Camphor oxime benzoate 

(85) Testosterone oxime 

(86) 3~,17/3-Diacetoxyandrost-5-en-7-one oxime 

215 
195" 
197 

210 
195" 

210 
210 

217 
194" 
273 
230 
210 

246 
209 
235 

+ 0.58 
- 9.2 
- 4.3 

+ 2.2 
- 0.82 

+ 2.3 
+ 3.2 

+ 1-45 
- 8.5 
+ 0.05 
- 0.47 
- 0.48 

+ 14.7 
-4.1 

-21.5 
-~~ ~ ~ ~ ~ ~ ~~ ~ ~ 

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 systemsa7. 

2. N,N-Dimethylhydrazones 
The N,N-dimethylhydrazone of ( + ) -3-methylcyclohexanone has 

an absorption band in the 280 mp 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. 

TABLE 12. Optical rotatory dispersion of the N, N-dimethylhydrazone of 
( + )-3-methylcyclohexanonee. 

Solvcnt Rotatory dispersion a 

Hexane [@I208 + 800 pk; [@]245 - 2650 tr; +34.5 

MeOH [ @ ] z e z  + 375 pk; [ @ ] z 6 0  - 1650 tr; +20 

Parent ketone in MeOH88 [@I309 + 1090 pk; - 151G tr +26 

[@I227 - 2500! 

[@I213 - 2380 ! 
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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 &which has been barely touched-make this appear 
a promising area for further investigation. 
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I. 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-Brransted 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 C=N 
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. 

I I .  BASIC STRENGTHS 

The strength of a base is normally expressed in terms of the pKa value, 
where pKa = -log,, K,, Ka being the acid dissociation constant of 
the conjugate acid l. The stronger the base the higher is the pKa value, 
which for amines ranges from about 10-1 1 for primary and secondary 
alkyl amines to about 4-5 for aryl amines. Ammonia has a pKa 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 fcw 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-1) . The pKa values for the 
conjugate acids of these bases and of some related compounds are 
shown in Table 1. 

I t  is very difficult to draw any inferences regarding the effects of 
substituents on the pK, 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 
ZY4,6-trihydroxydiphenylketimine suggest that the presence of a 2- 
hydroxy group produces a large decrease in base strength. O n  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. 

I n  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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pK, Values of thc conjugate acids of compounds containing the TABLE 1 .  
azomcthinc group. 

Compound 

Diphenylketimine 
2-Mcthyldiphenylketimine 
2-Chlorodiphenylketimine 
3-Chlorodiphenylketimine 
2-Hydroxydiphenylketimine 
3-Hydrosydiphcnylketimine 
4-Hydroxydiphcnylkctimine 
2-M ethoxydiphenylketimine 
3 - A l  cthoxydiphenylketimine 
2,4-Dimethyldiphenylkctirnine 
2,5-Dimethyldiphenylkctiminc 
3,5-Dimethyldiphenylkctimine 
2,6-Dimethyldiphcnylketimine 
2,4-Dihydroxydiphenylkeliminc 
2-Met hoxy-4-hydroxydiphenyl kcti m inc 
2,4Dimethoxydiphenylketiminc 
2,4,6-Tri hydrosydiphenylketimine 
2,4-Dihydroxy-6-methyldiphenylketimine 
Iminorncthoxylmcthylbenzene 
Acetoxime 
Benzylidene-t-bu tylamine 
P-Nitrobenzylidene-t-butylaminc 
rn-Bromobenzylidene-t-butylaminc 
p-Chlorobenzylidene-f-buty!aminc 
/+Methyl benzylidene-t-butylamine 
/I-Methoxybenzylidene-t-butylami ne 
P-Chlorobenzylideneaniline 

P K  Reference 

7.18 
6.79 
5-59 
5-69 
5-00 
7-08 
6.45 
7-29 
6.59 
6.79 
6.79 
7.18 
6-29 
5.00 
5-99 
8-30 
5.20 
6.75 
5.8 
0.99 
6.7 
5.4 
6.1 
6.5 
7.4 
7.7 
2-80 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
4 
5 
5 
5 
5 
5 
5 
6 

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 
aniline7. Strong electron withdrawal also accounts for the very low 
basic strength of p-chlorobenzylideneaniline. 
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5. Basic and Complex-Forming Properties 

111. H Y  DROGEN-PI0 N D!NG PROPERTIES 

2 39 

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. 

(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 system8. 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 a 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 AS" 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 AH" 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 iind 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 molecuIe a functional group with a rcplaceable hydrogen atom, 
preferably a hydroxyl group, near enough to the C-N group to 
permit the formation ofa 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 (3), and by far the most intensive studies have been made on 
the metal complexes of the former and its derivatives. 

H 
I 

H 
I 

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 ChakravorthylO, whilst 
some of the salicylaldimine complexes have formed the subject of 
reviews by Sacconill, 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. 

6. 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 Schiffl”, who prepared a number of these 
compounds and proved their compositions. 

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 tlic nature of the divalent 
metal involved, but also on thz nature of the substituent on thc nitrogen 
atom and the substituents, if any, on the aromatic ring of the salicyl- 
aldimine molecule. 

An important method of studying the structures of these compounds 
is magnetic susceptibility measurement. The Ni2+, Pd2+ and Pt2+ 
ions all have eight d electrons in their ultimate electronic shells. Hence 
in forming the Ni(Ir), Pd(II) and Pt(Ir) 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 dsp2 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 sp3 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 dsp2 Co(11) complexes there is one unpaired electron 
whereas in the tetrahedral sp3 complexes there are three. In the octa- 
hedral d2sp3 complexes of CO(III), 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 CLI(II) there is one unpaired elcctron. 

The Zn2+ ion has a complete group of 10 d electrons in‘its ultimate 
shell, so the tendency is for it to use sp3 hybrid orbitals and form 
tetrahedral diamagnetic complexes. 

The complexes of salicylaldimine itself (R = H) with Ni(Ir), 
CU(II) and Pd(11) are all planar and crystallize in isomorphous 
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forms*. They are diamagnetic and have the tram configuration 13-16. 
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 evidence17 suggests that this is the casc, the 
difference between the values of the molar polarizations and molar 
refractions being attributablc to atom polarization, which may in 
certain cases be fairly high. 

At the other end of the scale the complexes of Zn(rI), which uses 
sP3 hybrid orbitals, are all tetrahedral and have closed shell con- 
figurations. Their dipole moments range from 4.97 to 5-13 D, and 
these values have been used as standards for tetrahedral complexes in 
comparing the moments of other complexes of unknown stereo- 
chemistry 17. 

In the Ni(rr), CU(II) and Pd(1r) 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 henzepe rings 
in the solid statcl*Jg. These displacements seein to arise fi-om 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, 

I n  pyridine solution a number of the Ni(1r) complexcs of the N-n- 
alkylsalicylaldimines are paramagnetic, with magnetic moments (p) 
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 20-z1. 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 
paramagneticz2, 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(xx) has been isolated in the solid state23. 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 suggcst that it has an octalicdral poly- 
meric structure. Further, Ferguson 24 has shown cryoscopically that 
this compound is partially associatcd in benzene solution. 

These complexes also develop paramagnetism when fused 25, but 
this phenomenon cannot be ascribed solely to polymerization. I t  has 
been shown that at 180" the Ni(1x) complcx of N-mcthylsalicylaldimine 
is transformed into a tctrahedral form which is paramagnetic with a 
magnetic moment of 3.4 B.M. Evcn a t  room temperature there 
seems to be quite a close balance between the stabilities of the two 
forms, since in the prcsence of the corresponding complex of Z ~ ( I I ) ,  
which is tetrahedral, the Ni(r1) complcx also crystallizes from chloro- 
Corm solution in the tctrahedral form with magnctic moment 3.1 
B.kLZ6. In the absence of foreign ions this Ni(rr) complex even de- 
velops paramagnetism whcn 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(1r) and 8-24 C.C. for the N-ethyl-, N-n- 
propyl, AT-n-butyl- and fi-n-amylsdicylaldimine complexes of 
Pd(11) 47. Although much greater than the difrerenccs commonly 
encountered for simple molecules, these figures are explainable in 
terms of high atom polarizations arising from vibrational motions of 
the rings. Theorctically the I'd-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 forcc constants dei-ivcd from. these values of the atom polarization 
are 2-6 x erglradian' for the Pd(r1) complexes as compared 
with 0-9-2.1 x 

The results of dielectric polarization measurements on these com- 
plexes contrast with those on the corresponding complexes of CU(II), 
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 influcnccs upon the structure become much 
more pronounced, with the result that thc Ni(n) complexes tend to 
acquire tetrahedral configurations. The rcsult 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 derivativesz9. 

erg/radian2 for the Ni(1r) complexes. 

9$- C.C.N.D.D. 
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Cryoscopic measurements on benzene solutions show that they are 
associated, but not to such an cxtcnt 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, \vhich is much better dcveloped 
than for the N-n-alkyl derivatives, has bcen confirmed by spectro- 
scopic evidence, and it has been shown that it, too, tends to be shifted 
towards the tetrahedral form with risc of t e m p e r a t ~ r e ~ ~ * ~ ~ .  The dipole 
moments of these compounds in diosan solution also differ apprcciably 
from zero, the values ranging from 2.34 D for the A’-s-butyl- to 4.74 for 
the N-t-butylsalicylaldimine complcx of Ni(Ix), the latter ha\;ing almost 
the same moment as the corresponding complexes of Co(11) and Zn(rr), 
which are known to be tetrahedral These observations wcre of 
considerable interest as they provided thc first unambiguous evidence 
for the existence of tetrahedral chelate complexcs of Ni(r1). 

This dcpendence of the structure upon the precise nature of thc 
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 j u t  under 3 kcal/mole for the N-n-propylsalicylaldimine complex 
and its 5-substituted d e r i ~ a t i v e s ~ ~ .  As a result the tetrahedral form is 
a t  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 31*32, 

and similar values are observed in thc presence of otlicr secondary 
alkyl groups. Hence in solution in bibcnzyl or in chloroform the two 
f o r m  coexist at  ordinary temperature, whilst at highcr tempcratures 
the tetrahedral form predominates. 

The structures adopted in the solid state also depciid on thc 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 molcculc. Thus the Ni(rr) 
complexes of N-isopropylsalicylaldimine and of its 5-ethyl derivative 
are tetrahedral and paramagnetic, whereas the complexes of 5-methyl-, 
5-n-propyl-, 5-chloro- and 5-nitro-N-isopropylsalicylaldimines arc all 
;:!war and diamagnetic31 -32. Further, 3-mcthyl-, 3-chloro-, and 3- 
Lromo-N-isopropylsalicylaldimine all form planar ccmplcxes with 
Ni(II), but the corresponding 3-ethyl-, 3-isopropyl and 3-t-butyl 
derivatives are all tetrahedral and paramagnetic30. 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. Anothcr entropy 
term arises, however, from the greater solvation of the planar forms33. 
Ring substitution in the 5,6-position of N-isopropylsalicylaldimine 
favours the planar form, whercas 3,4-substitution favours the tetra- 
hedral structure. For the N-t-butyl-substitutcd 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 34-36. In  
the solid state the Ni(r1) complexes of N-aryl salicylaldimines are all 
either diamagnetic or wholly paramagnetic, the N-phenyl-, N-o- 
tolyl-, A'-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 a t  temperatures 
above about 70" that the spectra indicate the presence of tetrahedral 
forms. The  Ni(11) complexes of N-nz-tolyl- and hT-tn-cllorophenyl- 
salicylaldimine, however, are more paramagnetic and more exten- 
sively associated in solution. The compleses of o-substituted N- 
phenylsalicylaldiminc, on the contrary, are all either diamagnetic 
or only weakly paramaanetic in solution. I t  appears, therefore, that 
the presence of an  ortho suhstituent 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(II) 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(r1) 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(II), CU(II) or Pd(11) complexes. Thus whilst the com- 
plexes of Co(11) with salicylaldimine and salicylaldoxime both have 
ultraviolet absorption spectra which suggest that they have planar 
structures in the N-alkyl derivativcs have tetrahedral 
~ t r u c t u r e s ~ ~ - ~ ~ .  In  benzene solution these complexes of N-alkyl 
salicylaldiniines all have relati\*ely large dipole moments, ranging 
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from 4.62 D for the N-n-butyl-compound to 5-05 D for the N-t-butyl 
derivative 17. Although slightly lower than those of the corresponding 
zinc complexes, these values are compatible only with tetrahedral 
structures. The reflectance spcctra of tllc solids show that this structure 
persists in thc solid statel', and the N-n-butyl derivative is isomorphous 
\yitI~ the corresponding complcx of ZXI(XI), which has been definitely 
shown to be t ~ t r a h e d r a l ~ ~ .  It is less surprising that the CO(II) complex 
of N-isopropylsalicylaldimiile is isomorphous with the corresponding 
comples of Ni(xr), Cryoscopic measLirements in benzcne solution have 
shown that both tlic N-alkyl and N-aryl complexes are monomeric in 
that solvcnt *l. 

Radio-tracer investigations have shown that in its complcxes with 
N-phenyl-, N-nt-tolyl- and N-o-anisylsalicylaldimine, CO(II) exchanges 
rapidly with Co2+ ions in pyridinc 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 
indicatc that the compounds are relatively labile, as would be ex- 
pected from their high-spin tetrahedral structures 42. Such an arrange- 
ment of the ligands also accounts for the fact that when the aryl ring 
possesses an ortho substitucnt other than the methoxyl group the 
complexes are very difficult to isolate, presumably through steric 
hindrance to their formation. 

The N-aryl salicylaldimine complcxes of CO(II) 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 complcxes of Co(x1) in solution 
and in the presence of an excess of the imine leads to the formation of 
the tris complexes of Co(rxr), 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(IX) complexes on heating in 
solution 43. 

As one salicylaldimine molecule is unable to span opposite corners of 
the octahedron, only two geometric isomers of these tris Co(11r) 
complcxes 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 44 and nuclear magnetic 
evidence indicates that this is the tram form, as would be predicted 
from steric considerations. 

Their crystal structures indicate that the CU(II) 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 (11) and Pd (11) complexes 40. 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(x1) complexes, which arc 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  specie^^^-^^. Their origin is as yet by 
no means clear. They may arise from a relatively slight departure from 
planarity in solution, not necessarily of thc pseudo-tetrahedral type*. 
This would accord with the absence of the charactcristic 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 50 to account for the 
large difference between the molar polarization and molar refraction 
of the CU(II) complex of N-phenylsalicylaldimine. 

The CU(II) complexes of N-isopropyl- and AT-s-butylsalicylaldimine, 
on the other hand, are isomorphous with the corresponding complexes 
of Ni(11), Zn(I1) and CO(II), all of which are known to be tetra- 
hedra139i40. Their magnetic moments, and that of the N-t-5utylsalicyl- 
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 substitucnts, 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 altcrnatcly 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) 

complex51. 
Spectroscopic evidence indicates that these complcrcs with branched 

chain alkyl substitucnts also have thc same structures in solution as 
in the solid state, but their apparcnt dipole momcnts (2.72, 2.70 and 
3-38 D for the AT-isopropyl-, N-s-butyl- 2nd N-t-butyl-derivatives, 
respectively) arc still appreciably lower than the values for the COT- 

responding CO(II) and Zn(I1) complexes 'Iu. 

C. 2-Hydroxyacetophenonimine Complexes 

Some studies have also been made of these 7-methyl derivatives of 
the salicylaldiminc complexes. When the grecnish-yellow complex of 
Ni(I1) with 2-hydroxyacetophenone is heated in concentrated aqueous 
ammonia, it is converted into the dcep red bis(2-Iiydroxyacetophenon- 
imino)nickel (6). This complex and its N-hydroxy and N-methyl 
derivatives as initially formed are diamagnetic, but in refluxing in 

(6) 

biphenyl at 254" they pass into paramagnetic isomers s3. 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 8 0 " ~  to 2.5-3-0 B.M. at 3 5 0 " ~  
and approximate to the behaviour expected for tetrahedral Ni(u). 
They differ, therefore, appreciably from the corresponding saIicy1- 
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 

A few complexes have been prepared from the Schiff bases of 
2-aminobenzaldehyde. The Ni(I1) and CU(II) derivatives have been 
reported to be slightly soluble and intensely coloured solids of the 
structure 7, the Ni(rr) compound being diamagnetic 64. 
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Compounds of an analogous type are formed by the self-condensa- 
tion of 2-aminohenzaldehyde in absolute alcohol and in the presence 
of Ni2+ or Cu2+ ions. Thc products so obtained have been shown55 
to be mixtures from which complexes of the type 8 could be isolated as 

salts. Although attacked by bases, these complexes are unaffected by 
boiling mineral acids, even concentrated nitric acid, and the nickel is 
riot precipitated by dimethylglyoxime. The perchlorate, tetra- 
fluoroborate and tetraphenylborate of the nickel complex are all 
diamagnetic, whereas thc iodide, nitrate and thiocyaiiate 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 thcir 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 
respe~t ively~~.  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 tlie azometliiiie group are the metal glyosimates, including thc 
deep red bis(dimethylg1yosimato)nickel which has ncjw been used for 
many years for detecting and determining nickel. After being first 
formulatcd with a very improbable seven-membered ring structure, 
later reviscd to a more reasonable six-mcmbcred ring, it is now known 
to have the fivc-menibcred ring structure 9 with hydrogen bonds 
linking the osygcn atoms of the two rings. 

H 

Me 0 '0 Me 
/ ..*. 

\ I  I /  

/ 2  

.... / 
'H 

C=N 

Ni 

N=C 

0 

C=N 

M,/ A Me 
I \  

(9 )  

The five-membered ring structure was first suggested by PfeifferS7, 
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(I1) 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". This low solubility is undoubtedly a factor in causing 
these glyoxime complexcs 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 0-0 
distance in the Ni(r1) complex with dimethylglyoximc is very short 
(2~44.A)~ an observation which led Godycki and R ~ n d I e ~ ~  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 
Parzso160 found that this contained a weak band at 1775 cm-l which 
disappeared on deuteration, and which they therefore attributed to the 
0-H stretching mode. As tlie frequency attributable to this mode in 
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the free glyosime occurred at  about 3100 cm-’, they regarded this 
very large frequency shift as cvidence for very strong intramolecular 
hydrogcn bonding 

This infcrence has been questioned, however, by Blinc and Hadzi6’, 
who have found anothcr band at 2350 cm” in the iiifrarcd spectrum 
of the nickel dimcthylglyoximc complcx, and consider this to be 
attributable to the 0-H strctching frcquency, whilst the othcr band 
at 1780 cm-’ arises from the 0-H bcnding mode. In the dcuterated 
complex the corrcspondins bands wcre found at  1810 and 191G cm-l  
and at 1265 cm-l rcspcctively. Similarly the absorptions at 2340 and 
1710 cm-l for thc dimethylglyoxime complex of Pd(11) were assigncd 
to the 0-H stretching and bending frequencies rcspectivcly. In  
sodium dimetliylglyosimate, on the othcr hand, thcse bands occurred 
at 3020 and 1650 cm-’, respcctivcly, and were shifted to 2340 and 
1237 cm-l  on deuteration. O n  this evidence Blinc and Hadzi sug- 
gested that the 0-H- - -0 bond may be bent, and that it is probably 
not symmetrical. 

In  contrast, the 0-0 distance in Pt(11) dimethylglyoximate has 
been found to bc 3-03 A and an infrared absorption at 3450 cm-l is 
attributable to the 0-H stretching frequency, so it appears that 
there is no hydrogen bonding in its molecule. 

The tris(dimethylg1yoximino) complex of CO(III) has an octahedral 
structure. Hcnce, as would be expected, its infrared spectrum does not 
include thc band around 1780 cm-l  such as is observed with the 
Ni(1x) and Pd(Ir) complexes, since it cannot form intramolecular 
Iiydrogcn bonds 62. On the othcr hand, the ions of the type Co(dimethy1- 
glyoxime),XY-, where X and Y are C1, Er or NO,, all show absorp- 
tions in the region 1680-1770 cm-l  and so presumably contain such 
bonds63. Thc groups X and Y must therefore occupy tram positions 
in all tliesc compounds. 

Similar compounds are also formed by Rh(r~r) and Ir(m) and these 
have been wry extensively investigatcd 64. 
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1. INTRODUCTION 

Azomethines, which include aldimines, RCH=NR’, and ketimines, 
RRC=NR”, are considered to he analogues of carbonyl compounds. 
Many of the chemical properties of azomethincs are indeed similar to 
those of carbonyl compounds. The addition reactions of azomethincs 
are mainly composed of reactions in which a variety of reagents add to 

\ d +  6 -  

thc polarized ‘C=N- double bond ( C-N-). Therefore, 
/ / -  

nucleophilic reagents attack the carbon atom of thc azomethine 
linkage. I n  the reaction of alkyl halidcs 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 azomcthines so that the alkyl or aryl group of the 
Grignard reagent attaches to the carbon atom of the azometlline 
linkage. Hydrogenation of the azomethines to thc corresponding 
secondary amines may easily be carried out in several ways which are 
usually difficdt 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=k’ are also described. Cycle- 
/ \ 

addition reactions of the azomethines,’ such as the reactions with 
diazomethane, isocyanate, isothiocyanate, ketene, peroxy acid, etc., 
will be described in Chapter 7. 

II. ADDITION REACTIONS 

A. Addition Reactions Involving Organic and Inorganic Reagents 

1. 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 l. 

Hydrogen cyanide reacts with the trimer of methyleneaminoaceto- 
nitrile, (CH,=NCH,CN)3, in the presence of hydrochloric acid to 
form iminodiacetonitrile (equation (1) ,. The imine reacts with 

(CH,=NCHZCN)j + 3 HCN 3 NH(CH2CN)Z (1 )  
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hydrogen cyanide to form an a-amino &rile3+. Through the addition 
of hydrogen cyanide, bcnzophenoneimine gives a-aminodiphenyl- 
acetonitrile (equation 2) 3.5, and fluorenoneimine yields the 
corresponding amino nitrile (equation 3) 6. Ethylcnebis(o-hydroxy- 
pheny1)azomethine is converted to N,N'-alkylencdiaminephenyl- 

(2) 
HCN 

(C,H5)2C=NH (C,Hs),yHCN 

OH OH 

AH2 

(3) 

?H 

a 
YH CN NC 

acetonitrile" by addition of hydrogen cyanide (equation 4). These 
reactions are usually carried out in ethere or in benzenes under 
anhydrous conditions. However, an aqueous hydrogen cyanide- 
pyridine system has also been used successfully (equation 5) *. 

NHOH 
/ HCN.H,O 

(CH3)zC=NOH pyridine + (CH,),C 

'CN 

( 5 )  

Yields resulting from the hydrogen cyanide addition reactions to the 
azomethine compounds are improved by the use of a sodium cyanide- 
phosphate buffer systcm instead of liquid hydrogen cyanide Q*lo. One 
other advantage of this method is that of the lessened danger. Acetone 
oxime is convertcd to the corresponding a-hydroxylamino nitrile by 
the use of this system (equation 6) ll. dG(lO)Dehydroquinoliidinium 
salts (1) and d4~9~hexahydropyrrocolinium salts (2) react with 

(CH~PCCN (6)  
phosphate buffer 

(CH3),C=NOH + NaCN 
I 
NHOH 

potassium cyanide to yield 1 0-cyanoquinolizidine (3), (equation 7) 
and 9-cyanooctahydropyrrocoline (4), (equation 8) 12. 
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CN 

m-cb X- 

2. Sodium hydrogen sulphite 
Sodium bisulphite reacts with azomcthine compounds to yield the 

addition product 5, a sodium a-aminosulphonate (equation 9) 13J4. 
The adduct salt 5 is stable in aqueous solution, but it decomposes in 

(9) 
NaHSO 

C,H&H=NR' C6H5CHNHR' 
1 

( 5 )  

S03Na 

boiling water, and is unstable in alkali solutions. By treatment with 
hydrochloric acid, salt 5 can be convertcd to the corresponding free 
a-aminosulphonic acid, which is stable undcr acidic conditions. The 
free aminosulphonic acid has an internal salt structure and is repre- 
sented in equation (10) : 

I 
ArCHNHR ArCHiH,R (10) 

I 
so3 - SOoH 

Several a-aminosulphonic acids have thus been prepared (equations 

( 1  1) 

11, 12) 13-16. 
N a H S 0 3  

n-C3H,CH=NC6HS - 3 n-C3H,CHS03Na 
I 
NHCoHs 

(12) 

I t  seems worthwhile to describe hcre the chemical properties of the 
a-aminosulphonic acid as a reactive intermediate 15. The sodium 
aminosulphonate (5) reacts with aniline to form the aryl amide of an 
a-arylaminoaIkanesulphonic acid in good yield (equation 13) 

CeH,CH=NC6H5 - N a H S 0 3  C,HSCHS03Na 

I 
NHCGHs 



6. Additions to the Azomethine Group 259 

Potassium cyanide reacts with the resulting sulphonamide to form 
a-arylamino nitrile (cquation 14) 15.16. Diethyl malonate reacts with 

ArNH, 
RCHS0,Na t RCHSOzNHAr 

I I 

(14) 

5 to form +wyl-p-arylaminomethyl malonic esters (6), (equation 15) 15. 
Similarly, 5 reacts with cthyl acetoacetate and acetylacetone to form 
~-aryl-/3-arylaminometl~yl acetoacetic ester (7), (equation 16), and 
/3-aryl-/?-arylaniinomcthyl acetylacetone (8), (equation 17) 15. 

KCN 
RCHS0,NHAr - RCHCN 

NHP.r 
I I 

NHAr 

C H CHCH(COOC,H,), 
HK(COOCXHB). , 

(15) 
5~ 

NHAr 

(6) 

COOC,H, 
/ 

C.H,CHCH 
CH,COCH.COOCdis 

NHAr I ‘CGCH, 

(7) 

C6H,CHNHAr 
I 
SG,Na 

(5)  

COCH, 
CHaCOCHzCaCH, / 

C,H,CHCH. 
I ‘COCH, NHAr 

(8) 

3. Alkyl halide 

The alkylation of Schiff bases with alkyl halides results in a quater- 
nary immonium salt (9), which is convcrted to a secondary aminc upon 
hydrolysis (equation 18)17. 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 

CgHsCH=NR d C,H,CH=NR X- => RNHR’ + CGH5CH0 (18) 
R’X 

[ ;.I 
(9) 

amines without isolation. Benzylidene derivatives are often uscd as 
the Schiff bases. Yields are satisfactory when R’ is a methyl group. 
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However, whcn larger alkyl groups are introduced, results are less 
satisfactory 18. Intermediate immonium salts (9), which are reactive 
to various reagents, can also bc prepared by various ways19.20. 

Allylamine is methylated by this method 21. N-Benzylideneallyl- 
amine is heated with methyl iodine in a scaled tube. The resulting 
solid adduct is hydrolysed with water. Allylmethylamine is obtained 
in 7 1 yo yield (equation 19). N-Renzylidene-~-methyl-~-cyclohexyl- 

CH2=CHCkIpN=CHC6HS I - 
CH3 ; 1 "  

CHZ=CHCHzNHCHS (19) 
CH3't [ CHz=CHCHzN=CHCeHs 

cthylamine and methyl iodide yield N-/3-dimethyl-/3-cyclohexyl-ethyl- 
amine 22. /3-Phenylpropyialkylamines arc prepared in the same way la. 

4, Thiol, hydrogen sulphide 
A SchiK base reacts with thioglycolic acid under refluxing with 

Imizene to yield a 5-membered cyclized product, 4-thiazolidone 
(equation 20) 23-25. An intermediate addition product, aminothio- 
ether, may be isolated. Benzophenone anil or benzaldehyde anil are 

reduced by p-thiocresol upon heating (equations 21, 22) 26. Under 
suitable conditions benzaldehyde anil has been found to form addition 

C6H6 
\ 

/ 

CSHS 

CH-NHCGHS + (p-CH3CsH45-)2 (21) 2 D-CH&H~SH 
C-NC6HS 

\ 

/ 
C6H5 C6H5 

> C6HsCH-NHCGHe + ( P - C H ~ C ~ H ~ S - ) ~  (22) 
2 P-CHJC~HISH 

CeHSCH=NC6HS 

products with thiol (equation 23) 27. The addition products decompose 
easily by addition of dilute sodium hydroxide solution to form the 
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original tliiol and the Schiff base. The reduction of the addition 
product occurs as readily as does the direct reduction of aiiil with 
p-toluenethiol. 

Various addition reactions of thiols with N-benzylideneanthraniiic 
acid have been studiedz8. h4ost of the thiols have given excellent yields 
of the corresponding addition products (Table 1). 

(24) P -!% C,H,CHNH P COOH COOH 

I 
SR 

C,,HSCH=N 

Carbon-nitrogen double bonds wliich are parts of aromatic systems 
such as pyridine, quinolinc, isoquinoline and benzothiazole do not 
react with p-thiocresol 29. Aryl thiols reduce the carbon-carbon double 
bond of benzalquinolidine to 2- (B-phenylethy1)quinoline (equation 25). 

TABLE 1. The addition of thiols to N-benzylidene- 
anthranilic acid28. 

R 
Yield of addition product 

(%I 
CHzCOOH 
CHzCH2COOH 
C6H5 

p-MeC6H, 
C,H,CH, 
i-Pr 
i-Bu 
n-Bu 
I-Bu 

92 
99 
91 
86 
70 
57 
62 
49 
88 
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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) 30. It 
could be assumed that an intermediate addition product might be 

formed during the reaction. The reaction is analogous to that of anil 
and thiol to form aniline and gem-dithioether (cquation 27) 27. d5(10)De- 
hydroquinolizidinium salt reacts with thiolates to yield thioethers 
fequation 28) 31. 

C.HSCH=N 2 pCH,C.H,SH C,H,CH(SC.H,CI-i,-pj, + QNH2 (27) 

COOH COOH 

5. Acetophenone 

N-Benzylidenemeyh ylamine reacts with nitroacetophenone in ether 
in the presence of acetic anhydride to form a nitro compound (10) in 
48% yield (equation 29) 32. Schiff bases condense with acetophenone 
or its derivatives to yield amino kctoncs (11) with an amine hydro- 

A c ~ O  
CGH~CH=NCH, + CsHSCOCHzNOz erher' CGH,COC=CHCGHs (29) 

I 
NO* 
(10) 

chloride as a catalyst (equation 30) 33-36. The reaction may proceed in 
three ways depending on the chemical nature of the reactants (equa- 
tion 31) 35. 

EtOH 
P-C6HScBH4N=CHCGH5 + CH3COCEH5 g ~ o ~ 6 ~ o ~ I ~ = ~ ~ ~ o ~ 6 .  HCI 

P - C ~ H ~ C E H ~ N H C H C H ~ C O C ~ H ~  (30) 
I 

CeH5 
(11) 

When the aryl group contains a nitro group in the 772- orp-position, 
the reaction results in an amino ketone (11) (equation 31a). When the 
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Ar'CH==CHCOAr" + ArNH, 
(31b) I- (10) 

ArK=CHAr'+ MeCOAr' 

i+ Schiff base unchanged (314 

Ar' contains a nitro group in thc 712- or p-pcsiiion, the product is an 
a,&unsaturated ketone (10) by elimination of aniline (equation 3 1 b). 
hVlien the Schiff base is benzal-fi-anisidinc or benzal-@-phenetidinc, it 
i s  rccovered unchanged (equation 31c). A reccnt study3' of this type 
of reaction has shown that the uncatalyscd addition of ketones to 
Schiff bases rcported in the l i t e r a t ~ r e ~ * * ~ ~  could not be repeated. The 
addition reaction can be brought about by addition of a sinall amount 
of hydrochloric acid (equation 32). Adduct 11 decomposes to 

H*  AcOH 
CBP-r,CH=NC6Hs + CHaCOCGH5 - CeH5CHCHG%iHs & 

I 
NHC~HS 

(11) 

(10) 

C,H,CH=CHCOC,H, + C,H,NH, (32) 

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-j?-aryl-fi- 
anilinopropionic acid (equation 33) 40. Several similar studies of this 

C6H5CHzCOOEt + C,HSCH=NCeHS -> C6HsNHCHCHCOOEt (33) 
I \  

C6H5 CBH5 

type of reaction have been made 41-44. The method has possible applica- 
tion as a general way to synthesize aY~-diaryl-,8-aminopropionic acid. 

RNHCH-CHCOOEt (rcfs. 2 5 )  (34) 
AlClj 

CsHjCHaCOOEt + CsHSCH=N--R 
I \  
CeHs CsH4X 

X =  p-CH, or p-NOp 

Without the use of phenylacetic acid ester, the Schiff base reacts 
with sodium lithium phenylacetate under similar conditions to form 
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p-arylaminopropionic acids in 7407, yield 45. The Schiff base reacts 
with fiee phenylacetic acid without any catalyst by heating at 100"c 
to yield a,fl-diaryl-/3-aminopropionic acid in 75Oj, yield 46. In a similar 
way a-lithiotoluenesulphonic acid reacts with a Schiff base to form 
1,2-diphenyl-2-anilinoethanesulphonic acid (equation 35) 47. 

CaH,CH=NCoH6 CsHsNHCH-CHS03Na (35) 
C8HsCH1SO3Na + Li, PhBr ether 

I \  
CCH:, CGH:, 

7. Benzoyl cyanide 
Benzoplienoneimine reacts with henzoyl cyanide to form the ad- 

dition product a-benzoylaminodiphenylacetonitrile (equation 36) 48. 

CeHs 

C=NH 
\ 

CoHS CN 

The reaction is analogous to that of hydrogen cyanide with a Schiff 
base. The SchifF base also forms the addition product with benzoyl 
cyanide 48. 

8. Trihaloacetic acid 

Trihaloacetic acids react with Schiff bases deri\*ed from ethylenedi- 
amine, aniline and cyclohexylamine in benzene or in toluene to yield 
trihaloaminoethaiies by elimination of carbon d i ~ x i d e ~ ~ * ~ O .  A mecll- 
anism for this reaction has been proposed which consists of an inter- 
mediate formation and subsequent decarboxylatbn of the esters of 
a-amino alcohols (equation 37) 50. 

I 

0 cx3 + co, 
(37) 

XjCCOOH 
--C-NH - -CNH- -CHNH- 

! I I 
I cx,-c=o 

(38) 
CllCCOOH 

CsHSCH=NCBH, N C13CCHNHCeHS (687,) 
I .  

CeH5 

(39) 
CI,CCOOH 

(CBHsCH=NCHZ-), N (CI ,CCI-I N HCH *-)2 (60y0) 
I 

CCH, 

9. Aromatic aldehyde 
When a Schiff base is mixed with an aromatic aldehyde in absoiute 

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 51 

o-HOC~HSCHO > p-HOCBHICHO > CGHSCHO 

'When 2-methylpropanal is used, benzylidcncaniline reacts with the 
aldehyde to yield the addition product 3-phenyl-3-anilino-2,2- 
dimethplpropylideneaniline (eqaation 40) 52. 

CH.1 

'CHCHO CH3 
I 

I \  

I 
CGH, 

/ 
CeHsCHCCH=NCBHS CH3 

alcohol 
C 8 H ,CH=N IZ 0 H 5 - 

NH CH3 

10. Carboxylic acid chloride 
Phthaloylglycyl chloride reacts easily with benzylideneaniline in 

benzene in the prcsence of triethylamine to form the /3-lactam (cqua- 
tion 41) 53. Formation of an intermediate acylamino aldoketcne which 

adds to benzylideneaniline to yield the /3-lactam is assumed to occur 
during the reaction. N-Benzylidcnemethylamine, on the other hand, 
reacts with carboxylic acid chloridc in ether to form the addition 
product N-a-haloalkyl carboxylic acid amide (12), (equation 42) 54. 

Ncoholysis of 12 yields N-a-alkoxyalkylcarboxylic acid amide (13). 

CcHsC-NCH3 RCOCl 
CGHSCH=NCH, - CsHsCHNCH3 

i I 
OCH3 COR 

I I  
C1 COR 

N(COH& ( I3 )  (42) 

T IC'- T CH30H 
(I4) + 11 

CeHSCHNCH3 ~ - - - f  C,HsCH=NCHs [ &OR COR 

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 /?-lactam 
(equation 43) 55 .  

NCCHaCOCl EtlN 
-> CoHs-CH-N-CH3 - HCI 

NC- H- 0 
(43) 

11. Maleic anhydride 
Anils react with maleic anhydride in thc preseiicc of water to form 

maleanilic acid (15) and aldehyde"*57. When an anil is heated with 

c c  
CoHGCH=NCH3 f CoHGCH-NCHj 

!I LOCH2CN 

(14) 

1- RCHNC6H, 

HO COCH=CHCOOH 
= [ , I  

RCH=NC,HG + CH-CO 

C6HBNHCOCH=CHCOOH + RCHO (44) 

I/ > 
CH-CO 

(15) 

maleic anhydride in toluene, maleaiiilic acid is also obtained 58*59, 

whereas the formation of a condensation product has been reported 
when the misture is heated without using the solvent5*. Croton- 
aldcliyde anil and cinnamic aldchyde anil rcact with maleic anhydridc 
in sylcne to form an addition product60. 

12. Grignard reagent 
Grignard reagents react with azomethine compounds to form 

addition products (16) which on hydrolysis result in secondary amines 
(17), (equation 45)61. The reaction is usually applied to the Schiff 

(45) 
R'MgX H a 0  

CaHjCH=NR ___f CGHsCHNR -+ CeHjCHNI-IR 
I A* A g x  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 BuschG1, Moffctt 62 and Campbell63, 
various secondary amines are prepared by use of the Grignard re- 
agents. A solution of the Schiff basc is addcd to an escess of Grignard 
reagent and thc addition complex is decomposed with ice and hydro- 
chloric acid. In  these reactions, intermediate addition products have 
not been identified. 
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CoHGCHIMeX 
CGHSCH=NCGHII _____f CGHBCHNHCGH,, (40%) (ref. 62) (47) 

CHDCOHG 

Attempts have been made to isolate the addition compounds 
resulting from the action of ethylmagnesium bromide and phenyl- 
magnesium bromide on quinoline in (quinoline could be 
regarded as a cyclic azornethine compound). I t  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-azomethinc addition products have been 
isolated and analysed 65. The analytical data show that equimolar 
quantities of the azomethine and Grignard rcagent had reacted 
to form the addition compound. Alkenylmagnesium halides 
(RCH=CMMgX) also react normally with the azomethine linkage of 
Schiff bases 66. Several unsaturated secondary amines 

C=CCH N H R 
\ 

have been prepared by this method. 

CH3 

‘C4HMgBr CH3 

t (49) 
/ \ 

C=CHCHNHBu (5070) CHa CeHsCH=NBU 
I 
CGHB 

/ 
CH3 

The effect of manganous salt on the reaction of a Schiff base (N- 
benzylidene-n-butylamine) with a Grignard reagent (i-PrMgI) has 
been ~tudicd6~*68. 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 cc,a‘-diphenyl- 
ethylenediamine) and yielded a mixture of diastereoisomers of meso 
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C,H,CH,NHBu 

(19) 

f 1% and 19 

+ 

C.H,CHNHBu 

(20) 

and racemic isomers. The yield of 20 was stroiigly dependent on the 
type of halogen in the Grignard rcagent, and increased according to 
the sequence of I, Br, C1 when 2-5 mole yo of MnX, was used. 
The ratio of racemic to me50 form increased in the same sequencc 
from 1.1 to 1.4 to 8.3. Thc formation of a ‘dimeric’ product of Schiff 
base (C6H,CH=NR) is also dependent on the size of R and also R’ of 
the Grignard rcagent (R’MgX) GD. N-Benzylidenethylamine and 
t-butylmagnesium chloridc result in N-N’-diethyl-or,a’-diphenyl- 
ethylamine instead of the expected addition product (equation 5 1) ‘O. 

Sterically hindered reactions of Grignard reagents with Schiff bases 
have been studied 71. AT-Benzylidene-t-butylamine reacts with allyl- 
magnesium bromide ; howcver, methylmagnesium iodide does not 
react even under forced conditions (equation 52). N-Benzylidene- 
methylamine, however, reacts with t-butylmagnesium chloride 

+ C,H,CHNH-t-BU 
CH,=CH-CH,Mg#r 

C,HSCH=N-t-Bu 
I (52) 

CH,--CH=CH, 

C H CHNHCH, 
1-BuMgCI 

’ 5~ 

C,HSCH=NCH, 

t-Bu 
(53) 

normally to give N-methyl a-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 thc azometliine linkage and the adjacent carbon-carbon 
linkage of the phcnyl group7*. In thc same way, benzophenone 
p-naphthylimine undergoes a 1,4 addition with phenylmagnesium 
bromide undcr forced conditions, yielding o-phenylbenzohydryl-S- 
naphthylamine (equation 54) 73. 

According to the literature 74 the yields of secondary amine obtained 
in the reaction of azomethines and the Grignard reagents are always 
less than 5070 when a 1 :I ratio of Schiff base/RMgX is employed, 
although qiuantitativc yields may be obtained when a 1 :2 ratio is 
employed. ’This suggests that the Grignard reagent could have a 
structure R,MgMgX2 rather than RMgX. The addition reaction of 
the Grignard reagent to an azomethine linkage could be described as 
follows (equation 55) : 

R Mg-R”SMgX2 

(55) 

When the rate is expressed i is  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 5 .  

/ 
RCH=NR‘ + RGMgMgX2 __f \CH--N 

R” / \R’ 

C-N- 

R-Mg 

\ \ 

- / I  I -/ 
C-N- 

(56) 
C=N- ,. 
R-Mg R....Mg- 

\ 

/ 
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Various imines derived from aliphatic primary arnines 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 76. The 
azomethine compound 21 reacts with ethylmagncsium bromide to 

/MgX CcH5CH,CI 
CH3 

‘C=CHN 
CaHGMgBr 

CH3 CH=N-t-Bu THF > 

t-BU 
/ \ 

‘ 3 4 3  

i”” I 
H 

(21) (2%) 

CH:, 

I 
CH aGH s 
(43) 

3 CH,bCHO (57) CH3 iH3 CH=N-t-Bu 
1 
CHZCBHB 

form the magnesium coinplex 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 cyclohexanonc is alkylated (equation 58) and 3-methyl- 
cyclohexanone is converted to a mixture of DL-menthone and DL- 

isomenthone (equation 59) 76. 

dl(lO)-Dehydroqui.nolizidine salt reacts with methylmagnesium 
iodide to form 10-methylquinolizidine 12. However, phenyl- and iso- 
propylmagnesium iodide do not react with the dehydroquinolizidine 
salt because of steric hindrance (equation 60). Similarly, d4@’ 
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hexahydropyrrocolinium salt reacts with methylmagnesium iodide to 
yield 9-methyloctahyciropyrrocoline (equation 6 1). 

13. Alkyllithium 
N-Benzylidene-t-butylamine reacts with methyllithium to yield 

N-a-methylbenzyl-t-butylamine (equation 62) 77. Phcnyllithium adds 
to benzophenone anil at the azomethine linkage only, resulting in 

(62) 
MeLi 

CGHICH=N-t-BU __f CGH~CH-NH-~-BU 
I 

CH3 

triphenylmethylaniline 78 (equation 63), whereas the Grignard reagent 
results in a 1,4 addition product. Similarly acetophenone anil 

reacts with phenyllithium to yield a phenylated compound (equation 
64) 79. LI'"~) Dehydroquinolizidinium salt reacts with a-picolyl- 

CsHs 

(64) 
/ 

I \  

CoH.5 

CH3 CH3CeH5 

> o - C H ~ C ~ H ~ N H C  
/ CeH6Li 

O-CH,C,H,N=C 
\ 

lithium to form 1 O(a-picoly1)quinolizidine (equation 65) 12. Py~olyl- 
lithium reacts with Schiff bases to form N, 1 -disubstituted 
2-(2-pyridyl)ethylamine with a few exceptions (equation 66) 'O. 

Schiff bases derived from N-methylpyrrole-2-aldehyde and aniline 
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X- 

or 4chloroaniline undergo addition with 2-picolyllithium followed by 
spontaneous deamination producing 2-(2'-[2"-( 1 "-methylpyrryl)] 
vinyl} pyridinc (equation 67). 

14. Metallic lithium, sodium 
Anils react with metallic sodium or lithium in dry ether to form 

disodium or dilithium derivatives (equation 68) It is assumed that 
one metal atom is in the ionized state and the other atom is covalently 

bonded to the anil. These alkali metal derivatives of benzophenone 
m i l  react with methyl halides to give a mixture of di- and mono- 
methylated compounds (equation 69) 82. In addition, 

o-CH&H,NH,. (CeH&C=CH,, (C,H&=C(CH& 
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and several small hydrocarbons have lieen identified from the reaction 
mixture. 

,G H s  

o-MeCaH,N- C 
Li Li\c H 

e s  

0-CH, C, H, N HC; 

H,J 

15. Magnesium-magnesium iodide 
Ethylenediamine derivativcs are prepared from benzylidenealkyl- 

amines or benzylidenearylamines with a rr.agiiesium-magnesium 
iodide mixture in ether or benzene solution (equations 70, 71) 83. 

f C H CHNHCH, (70) 
Mg-Me:2 

ti 7 2 CoHoCH=NCH, 

CGHSCHNHCH, 

(71) 
Mg-MgI= 

2 CeHSCH=NC6H6 > CeHSCHNHCsHS 
I 

C,H,CHNHC,Hs 

16. Nitroalkane 
Nitroalkanes condense with anils under refluxing with a l ~ o h o l ~ ~ . ~ ~ .  

Reaction of benzylideneaniline and nitromethane results in K ( 2 -  
nitro- 1 -phenylethyl) aniline 24. Similarly, N-benzylideneaniline and 
nitroethane give N-(2-nitro-1-phcnylprcpyl) aniline 35. However, under 
similar conditions, benzalazine, C,H,CH=N--N=CHC,H,, and 
nitromethane do not form any addition product. In ligroin or pctrol- 
eum ether, ethyl a-nitroacetate reacts with various Schiff bascs in the 

C,H,CH=NC,H, -I N H  
I 

CGH, 
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presence of diethylamine to yield' unstable addition products 
[R"MCH-CH-COOC2H,]NH(C2H5)2 (26), in which R and R' 

I I  
R NO, 

are usually aryl groups86. The procedure to precipitate the addition 
product 26 in chloroform with petroleum ether results in the de- 

O,NCH,COOC,H, 4 (99%) (73) 

NHEt, 

(97%) 

composition of 26 and its conversion to the corresponding ethylamine 
salt of R-CH[CH(IVO,)COOC,H,], (27) in good yield. 

17. Phosphorane 

Thc reaction of ethylenetriphenylpliosphorane (28) with a Schiff 
base (29) results in phenylallene in 62y0 yield (equation 74)87. The 
mechanism of the reaction is explained as follows (equation 75) 

CH3CH=P(C,Hs), + CtjH6CH=NCGHtj __t 

(29) 
CHZ=C=CHCGHs + P(C,Hs), + COHSNHZ (74) 

( 2 8 )  

H H  
C6H5C-N-C6H, - RCH,CHf'(CeH5), + CeH5CH=NCeHs - I 

+,C\H 
(CeH5)J' CHsR 

H H  

Alkylenephosphoranes with no methylene group in tlie /3-position to 
the phosphorus atom react with Schiff base to give olefins and phenyl- 
iminotriphenylphosphorane 87. The mechanism of the reaction is 
explained below (equation 76) 88. The addition product 30 cyclizes 
to form cyclic structure 31 which decomposes to olefin 32 and 
triphenylphosphinarylimine (33). 
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H H  H H  

(CeH&P+ 1 NAr I1 (C,H.),J+ h--Ar 

R-A- + J-R' f50-200" R-C!---C!-R' __t 

(28) (29) (30) 
H H  H 
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R-C!LC!-R' - > fd=CR + (CGH5),P=NAr (76) 

H 
I I I  

(31) (32) (33) 
(C6H&P-N-Ar 

Alkali metal pliosphides, MPR,, react with Schiff bases in dioxan 
or bcnzene to yield addition products of the general formula 
(C~H,-N-CH-CGH,) Lithium or potassium phosphides are 

M PR2 
1 1  

used in this reaction. SchifT bases also react with diethylphosphite to 
form addition products (34), (equation 77) 

0 
!I 

CSHSCH=NCCHB - C H CHP(0Et)Z 

H-P-OEt 0 
II 

NHCGHS 

(77) 
d E t  

(34) 
' 5 t  

18. Carbon monoxide 
Carbon monoxide rcacts with Schiff bases or ketoximes to form 

addition products. Thesc addition products arc often cyclic compounds 
(see cycloaddition), although a few non-cyclic compounds are rcportcd. 

Carbon monoxide and hydrogen react with niethylphenylkctoxime 
to give probably 3,4-dimethyl-3,4-diphenyl-2-azctidinonc (37), 
(equation 78) 91. 

CH3 
I co 

2CGH5C=NOH 
I 0 

ii 
CHs C CH3 

\ / \ /  
CoH5-C C-CGH, 

I 
N 

I 
N 

H \ / \OH 
OH H 

-t 

(35) 
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Chemical analyses of the reaction products indicate that two moles 
of methylplienylketoxime condense with one mole each of carbon 
monoxide and hydrogen to yield 35, which is then cyclizec! to com- 
pound 36 which rearranges to 3,4-dimethyl, 3,4-diphenyl2-azetidinone 

When xomatic or aralkyl ketone oximes are treated with carbon 
monoxide and hydrogen using dicobalt octacarbonyl as a catalyst, 
they yield formamidcs and secondary amines (equation 79)92. A 

(37). 

proposed mechanism of the reaction is shown below (equation 80). 

(C61-15CH2)2CHNHCH0 

(40) 

B. Hydrogenation Reactions 

1. 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 93. I n  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. I n  some 
cases, intermediate aldimines and ketimines are isolated and then 
hydrogenated ; however, in several cases these azomethine compounds 
cannot be isolated. 

(ref. 94) (81) 
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NH, i- CH,(CH2)2CH0 +> C,H,,NH(CH,),CH, 91’7, (ref. 95) (82) 

H 
CH3NH2 + CH3COCH2CH3 +> CH3CH2CHNHCH, 68% 

1 
CH3 

(ref. 96) (83) 
CHjCHCH2NHa + CH3 0;. --+ H 

I 
OH 

CH3 93% jreC 97); (84) 0 CH3CHCH2NH 
I 
OH 

H 
a-C,oH7NH= + CH3CHO u-C&,NHCH~CH~ 88y0 

(ref. 98) (85) 
H 

CH&HZN=CHCH2CHa CH&H,NH(CH&CHJ 4.57” 
(ref. 99) (86) 

CH3N=CHC6H5 7 HZ CH3NHCH2C6H5 100% 
(ref. 100) (87) 

H 
CSHs(CH2)2N=C,HC6H5 -& CcH,(CH2),NHCH&H, 96y0 

(ref. 101) (88) 

Catalytic reductive amination of carbonyl compounds with am- 
monia could be cIassified in the category of catalytic hydrogenation of 
azomethine compounds. The reaction is used for preparation of 
primary aminesg3. 

RCOR’ Ni:i RCHR’ (89) 
I 

NH2 

Reductive amination of aliphatic and aromatic aldehydes with 
ammonia yields the corresponding primary amine. The reaction 

CBH,CH,CHO C6H5CH2CH,NH2 64% (rcf. 102) (90) 

(ref. 103) (91) 

NH 

C6H5CH0 -9 C,H,CHzNH2 89% 

C & C H O  - !,0!h2NH2 797, 
1 

(ref. 102) (92) 
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C6H6COCH3 + C~HSCHCHJ 4452y0 (ref. 105) (94) 
I 
NHZ 

I 
NH2 

C6HSCH2COCH3 __+ CGH&HzCHCH3 quantitative (ref. 106) (95) 

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. O n  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 Io7. 

(96) 

The reductive amination of carbonyl compounds has been applied 
to the syntheses of a-amino acids. a-Keto acids are converted easily to 
the corresponding a-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- 
di t ions. 

H 
2 CGHSCHO + NH3 (CGHSCHZ)~NH 81 

12-17yo primary amine 

(rcf. 108) (97) 

C2H,COCOOH ___ > a-amino-n-butyric acid (ref. 108) (98) 

NHa.Hz 
CH3COCOOii - alanine 

NHJ.H. 

CH3 

(ref. 109) (99) NHJ H a  CHCH2COCOOH A leucine 
\ 

/ 
CH 3 

HOOCCH2CH&OCOOH ___ NHJ.Hz > glutainic acid (refs. 108, 11 1) (101) 

iref. 108) (1 02) 

When (a) benzylamine, (b) a-phenylgycinate, (c) a-alkylbenzylaminc 
and (d) a(1-naphthy1)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 whicli is 
formed by hydrogenation is hydrogenolysed by the use of specific 
catalysts. These hydrogcnolysis reactions can be applied to the 
preparation of primary amines. When optically active amines (by c 
and d) are used as constituents of the Schiff base, catalytic reduction 

NH3,Hz 
HOOCCH,COCOOH - aspartic acid 
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may introduce a new asymmetric carbon and subsequent hydro- 
genolysis could producc an optically active amine. The application of 
thcsc reactions for the asymmctric synthesis of optically active amines 
will be described in Section II.B.8. 

\ 
(a) N-CH,C,H, 

H” 

2. Reduction using metals 

Azomethine compounds have been reduced to secondary amines by 
the use of various-types of metal rcduction systems, such as (Na, 
EtOH), (Na-Hg, EtOH), (Zn, alkali), (Zn, acid), (Al, NaOH), (4, 
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-Benzylideneethylaminell and N-m-hydro~ybenzylideneanilinel’~ 

are reduced to the corresponding amines in good yield by sodium 
amalgam and ethyl alcohol (equations 104, 105). A mixture of 

> CH3CHzNHCHzCGH5 ( 7 0 ~ o )  (ref. 112) (104) 
Na-Hg,EtOH 

Na-Hp.EtOH 

CH~CHZN=CHC~HS 

rn-HOCGH4CH=NC6Hs > rn-HOCGH4CHzNHCGH5 ( 10070) 

methylamine and cyclohexanone gives methylcyclohexylamine 114 by 
reduction with sodium and ethyl alcohol (cquation 106). Similarly, 
N-benzylidenephenylethylamine gives the corresponding secondary 
amine by the reduction of the sodiuni-alcohol system (equation 107). 

CH,NH, + 0 =c) CH,NH 0 (ref. 114) (106) 

CgH5(CHz)SN=CHCeHS > C,H5(CH&NHCH2CoHS (ref. 1 15) (107) 

(ref. 113) (105) 

Na.ErOH 



280 Kaoru Harada 

A mixture of 2,4,6-trimethylaniline aid isobutyraldehyde gives 
2,4,6-trimethylphenylisobutylamine '16 by reduction with zinc and 
hydrochloric acid (equation 108). Similarly, methyl j9-aminobenzoatc 
and butyraldehyde yiclcl a secondary amine (equation 109) ll'. A 
mixtiire of methylamine and m-methoxybenzylmethyl ketone yields 

CH, &NH2+ (CH3jaCHCH0 Zn,HCI r 

CH, 

CH, 61 'CH, 
CH3 0 NHCH2C/H 9i%(i-ef.116) (108) 

kH, 
- 

CH,(CH&CHO 

CH300C (o> NH(CH&CH, Zn, HCOOH 

47y0 (ref. 117) (109) 

the corresponding N-methylamine by reduction with aluminium and 
water (equation 110) lI8.  The Schiff base obtained by condensation of 

(ref. 118) (1  10) 

furfural with aniline is reduced by magnesium and methanol to a 
secondary amine (equation 1 1 1) 119J20. When benzylidenealkyl- 
amines (41) and ethanol are treated with activated aluminium, a 

mixture of benzylalkylamines (42) and NN'-dialkyl-a-a'-diphe11yl- 
ethylenediamines (43) is obtained (equation 112) 121. The rztio of 42 

(1  12) 
AI.EtOH 

CsHSCH=NR - Z CsHSCHzNHR + CeHSCHNHR 

(41) (42) CBHBCHNHR 
I 

(43) 
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and 43 does not depend on the concentration of 41 in inert solvents 
(tohienc 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 122-124. N-Phenyl-9-xanthy- 
drylidenimine is not reduced by lithium aluminium hydride in ether. 
However, by using tetrahydrofuran as solvent and increasing the 

CH3 

(ref. 122) (1 13) 
/ 

/ \ 

CH3 CH3 CH3 

CHCH=NCH 2 CHCH,NHCH 
/ LiAlH '\ 

CH, CH3 

'\ 

/ \ 
CH3 CH3 

(ref. 123) (114) 
LiAlH. 

CeH,CH=NCBHS __* C ~ H G C H ~ N H C ~ H J  

C6H5 

C=NC6H5 - > CHNHCeH5 (ref. 124) ( I l 5 j  
\ 

/ 

C6H8 
LiAlH, \ 

/ 
C6HS C6H5 

reaction temperature, the Schiff base is reduced to the corresponding 
secondary amine (equation 1 17) lZ4. 

7 THF , 
LiAIH. 

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 1 18, 119). Several 

C,HJCH=NCH, MeOH f CBHSCHzNHCHs (ref. 125) (1 18) 

o-HOCBH,CH=N-2-C,,H, L i  O-HOC~H,CH~NH-~-C,~H~ (ref. 125) ( 1  19) 

NaUH, 

N a 0 H  

N-benzilidenaniline type compounds have been. reduced by sodium 
borohydride to the corresponding secondary amines in 9 1-99% yield 
(equation 120) lz6. In  this reduction, a redkcible 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 aIninc under the conditions employed, probably due to 
a tautomerization involving a quinoid type structure 126. Schiff bases 
prepared from aminopyridines are reduced to the corresponding N- 
alkyl aminopyridines (equation 12 1) 12'. 

Sodium borohydride reduces Schiff bases derived from cystearnine 
and heteroaromatic aldehydes to yield N-substituted 2-aminoethane- 
thiols (equation 122) 128. N-Benzylidene-or-amino acid sodium salts 

> 2 ArCH,NHCHzCH2SH (re[: 128) (122) 
NaBH. 

(ArCH=NCH,CH,S-), 

A r = j O  3 0 r I - g  

can be reduced easily by sodium borohydride to N-benzyl-a-amino 
acids in aqueous solution. This is a very convenient method for ob- 
taining N-benzylamino acid (equation 123) and therefore this coni- 
pound is an intermediate in the synthesis of N-methyl-or-amino acid 12', 
which is usually troublesome to prepare. 

CSHSCHO + RCHCOOH HaO> CGHSCH=NCHCOONa N a O H  NaBH, 

I I 

AH, R 
C,H,CHZNHCHCOOH (123) 

I 
R 
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+,CH3 
Quaternary Scliiff bases containing a structure -C=N, are 

reduced by sodium borohydridc to N-mcthyldihydro derivatives 
(equation 124) 130. 

\ 

HpC 

Peganine methiodide N-methyldi hydropeganine 

5. Dimethylamine-borane 
Schiff bases which have various functional groups are rcduced to the 

respective secondary amines by using dimethylamine-borane in 
glacial acetic acid131. The method gives good yields (80-9770) and 
none of the functional groups of the Schiff base (-Cl, -NOz, -OH, 
-OCH,, -COOCzK5, -S02NH2, -COOH) are affected under 
the reaction conditions (equations 125-1 28). 

CGH sCH=NC6H 5 BHaNH(CH3’a> C~JHGCH~NHC~HS (125) 

Z p-CICSH4CHZNHC~H4CI-P (126) 
BHaNH(CH& 

B H J N H K H ~ z  

BH3NH(CHda 

~J-CIC~HICH=NC~H~CI-P 

C6HsCH=NCcHaOH-p 

C,H,CH=NC,H4SOzNHz-p 

Z C6HGCH=NHCoHaOH-P (127) 

However, prolonged refluxing with an exccss of the amine-borane in 
glacial acetic acid results in the acetyl derivative of the secondary 
a . m i n ~ ~ ~ 2 .  When propionic acid and benzoic acid are used, propion- 
amide and benzamide derivatives are obtained (equation 129). 

Z C,HSCHzNHCtJH4SOSNH2-P (128) 

COHSCHZNCGH, 
I 
COMe 

C,HsCH,NC,H, (129) 
propionic actd I 

CeHsCH-=NCeH5 

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 reaction133 and the Eschweiler 
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reaction 134. 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) 135. 

R K 
\ 
/ 

RCOR' + HCONHz - \CHNHCHO---+ CHNHz 

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 13 1). 
RCHZNHZ + 2 HCHO + 2 HCOOH - > RCH,N(CH,)z + 2 COZ + 2 HZO (131) 

Eschweiler reaction 

N-Benzylideneaniline is reduced to N-benzylaniline quantitatively 
by heating with triethylammonium formate at 140-160" (equation 
132) 136. Schiff bases which are composed of ethylenediamine and 

aromatic aldehydes are rcdaced by heating with formic acid (equation 
133) 13'. Several Schiff bases are converted to the corresponding 

secondary amines by reduction with formic acid 130. Hydrazones 139 
and e n a ~ n i n e s ' ~ ~  are also reduced by the use of formic acid. The 
formic acid reduction mechanism including the Leuckart reaction has 
been discussed14'. Quinoline 142, which could be regardcd as a Schiff 
base analogue, is also reduced to N-formyltetrahydroquinoline by 
formic acid (equation 134.). 

I 
CHO 

7. Electrolytic reduction 
Several a i l s  have been reduced to secondary amines by electrolytic 

reduction in sulphuric acid solution with lead or copper as cathode 
(equations 135,136) 143. Similarly, oxiines and phenylhydrazones were 

C~HGCHZNHCOH~ (1  35) 

(136) 

H a  

ti 

COHSCH=NCGHS 

P-CH&H~CH=NC~HS p-CH3C,H,CHaNHCeHS 
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convertcd to the corresponding amines by electrolytic reduction 
(equations 1 3 7- 1 39) 44 J * ~ .  

(CHS)&hNHz ( 1  37) 
H2 (CH,j,C=NOH 7 

( 138) 
C H NH, (43%) C,H,CH=NNHC,H, -!& {C6H5 

6 SCHZNHCBHS (I2%> 
Me Me 

C=NOH 
I 
CH-NH 

I 

( 1  39) ' I  --% CH2 
/' 

\ 
CH-NH 
\ 

I 

CHZ PS 

C=NOH 

Me Me 
I 

Glyoxylic oxime was reduced to glycine in yields higher than 70oJ, 
(equation 14-0) 

HOOCCH=NOH --% HOOCCHzNHz ( 140) 

8. Stereochemistry of hydregenation of azomethine compounds 
Bend  monooxime was hydrogenated by the use of palladium 

catalyst to form erythro-diphenylethanolamine (high m.p. isomer) 14' 
(equation 141). When the conformation oftlic 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- 

NOH 

erythro isomer (racemic) 

H 
O H  co>f-(a (142) 

H NH, 
threo isomer (racemic) 
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ethanolamine was found to be predominantly an ergthro form. The  
catalytic reduction of benzoin oxime 14* also resulted in the erythro 
isomer. I t  has been considered that the catalytic hydrogenation 
pioceeds as a cis addition to thc 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 threoniiic (cquations 143, 
144) 149-152 and plienylserine (equation 145) 153. 

(143) CH,COCCOOEt Pt::,N, > A CH,CH-CHCOOH erythro 
1 1  
OH NH2 NOH 

NHAc I AH AH2 

II 

( 144) 
n 

CH,COCHCOOEt -$+ CH,CH-CHCOOH erythro 

Chang and H a r t u n ~ ' ~ ~  proposed a mechanism for the hydro- 
genation of a-oximino ketoncs which explains the stereospecificity of 

R 

H 

R 

Ar 
'O= c 

\ 
P. r 

LI ,2 addiciori 

Ar 

R 

HfNHs D-erythro 
6 OH 

Ar 
\ 

o=c 
Ar 

NH2 D-erythro 

Ar 

R 

HO+H 
At- 

H z N L H  L-eryrhro 
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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, Thc mechanism proposed by these authors is shown in 
equation ( 146). 

The intermediate cyclic metal chelate compound could be showii 
in structure 45. This intermediate thus formed is then absorbed on 
the catalyst surface and the cis addition of hydrogen results in pre- 
dominantly erythro isomer. 

C.H, COOEt 
\ /  c-c 
// \\ 

0. ._ .N-OH 

(6, 
(45) 

Overberger et al.lS5 syrithesized a,&-dimethyldibenzylamine by 
catalytic hydrogenation of the Schiff base prepared from acetophenone 
and (8)-( - )-a-methylbenzylamine. The product is composed mainly of 
(S,S) amine (887,) with tneso aminc (S,R) as a minor component 
(12%)" (equation 147). 

(SS) amine 887" 

(R,S) amine 12'7, 
(147) 

Hiskcy and Northrop successfully applied the sterically controlled 
reaction to the syntheses of a-amino acids (equation 148)lS6. They 
demonstrated the synthesis of 12-80oj, optically active amino acids 
by catalytic hydrogenation and subsequent hydrogenolysis of the 

* The authors of the literature155 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 (+( - ) amine was used, ($)-a-amino acid 
resulted. Kanai and h ' l i t s ~ i ' ~ ~  reported the phcnylglycine synthesis by 
the Hiskey reaction and proposed a steric course for the asymmetric 

RCOCOOH 
+ 

RCCOOH 
It 

* 
ir 

RCCOOH 
H, RCHCOOH 

I 
I 

SHCHS 
(BNH 1 Pd(W, lc '  NH, 

synthesis as illustrated in equation (149). 

Ph, ,COO- Ph COO- 
'C' 

II 
C 
II - 
N ,H H3C.. N 

Ph Ph 

-. 
.C' ,I (9 

\=*- 

(474 

Ph, ,.COO- COOH 
,c< .H - H,N-t-H 

H " N H - C-CH, \ Ph (9 
(48) Ph 

Harada and Mats~moto '~* studied the steric course by using 
several a-keto acids and (S)- and (R)-a-methylhenzylamine and (S)- 
and (R)-a-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 fivc- 
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 thc formation of (5')-amino acid. 
The reduction of the Schiff bases (48) by the use of sodium borohydride 
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results in amino acids which have the same coiifiSuration as in catalytic 
hydrogenation ; however, optical purities are much lower (10-2073 ls9. 

(P4n 

(49) 

Harada reported thc synthesis of optically active a-amino acids by 
hydrogenolytic asymmetric transamination 160. Schiff bases of a-keto 
acids with (5') - and (R)-a-phenylglycine in aqueous alkaline so ldon  
were hydrogenatcd and hydrogenolysed to form optically active a- 
amino acids. When (R)-phenylglycirie was employed, (R)-amino acids 
were obtained. Optical purity of the product is in the range of 40-60Oj, 
(equation 151). These reactions are interesting because they are 

RCCOONa RCOCOONa 

R ~ H C O O N ~  RFHCOOH 
I I 

essentially a kind of asymmetric transamination reaction performed by 
catalytic hydrogenation and hydrogenolysis. These results throw light 
on the synthesis of isooctopine 161J62, (S)-arginine-(8)-alanine, from thc 
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 
menthyl esters of pyruvic acid, a-ketobutyric acid, and phenylglyoxylic 
acid were studied 163. Optically active (R)-alanine (optical purity 
16-25%), (R)-a-aminobutyric acid (8-2 1 %), and (R)-phenylglycine 
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R coo R coo - R coo - 
I I I I 

----+ H-C-NH-C-H H-&-NH2 + o=i --+ H-c--N=C 
0) I I 0) Y o 0  - 200- i l i a  COO- CH3 

R = --(CH&NHCNHZ 
II 
NH 

isooctopine ( 152) 

(44497,) were obtained. The steric coursc of the reaction could be 
shown in equation (153). The most stable conformation might be 
structure 50, sincc the C=O and C=N groups repel each other 
because of their electric dipoles. The menthyl residue is considered to 

(50) 

COOH 

H+NH, 
R R' = OH, PhCH, 

(R) configuration 

R = Me, Et, Ph 

take a conformation as proposed by Prelog16*. 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 a-amino acids, after hydrogenation 
and hydrolysis, have an (X)-configuration. I t  seems likely that 
the substrate docs 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 studied15*. Observed results are shown in Table 2. These results 

TABLE 2. Asymmetric syntheses of a-amino acids from menthyl pyruvate by 
using optically active a-alkylbenzyl amines lo*. 

Configuration Yield of Optical purity 
Alkyl of alanine Configuration of alanine 
group a-alkylbtnzyl aminc (%I of alanine (%) 

suggest that the most preferred conformation cf 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 
R 3 

COOH C 

H' 'N -+ - H+NH, ( 154) I I  
c o  CH, (R) 
/ \ / '.' 

II 

(51) 
R 

Ph-Yc 
/ \  COOH 

H3c P 
&p 

H N  ij - --H,N+H (155) ACP< CH, (S) 

H3C 

(52) 

Hiskey and Northrop 165 reported alanylalanine formation from the 
Schiff base of benzylamine and pyruvyl-(S)-alanine by catalytic 
hydrogenation. They obtained (R)-alanyl-(5')-alanine and (S)-alanyl- 
(S)-alanine in the ratio of 2 : 1 , which differed from the results expected 
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by the application of the Prclog ru1c164. Kanai and Mitsuls7 suggested 
that the two carbonyl ,proups of the substrate rnolecuIe might be in 
the cisoidal conformation. Harada and Matsumoto 158 studied tlic 
catalytic hydrogenation of oximes of N-(S)-(-) and (R)-( +)-a- 
methylbenzylbenzoylformamide (53) and N-(8)-(  -) and (R)-( +)-a- 
ethylbenzylbcnzoylformamidc (54). In these studies, (R)-( -)- 
phenylglycine was obtained when (S)-( - )-a-methylbenzylamine was 
used. However, when (S)-( - )-a-cthylbenzylaminc was used, (S)-( + )- 
phenylglycine was synthesized. 

The steric course of this asyinmctric syiithesis could bc explained as 
shown in equations (156) and (157) ls8. 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 166. Therefore the carbonyl group and hydroxyimino 

H 
N Ph COOH 

CH, R (R) 

*/’ \ I ‘  

7 ‘.>H -’ H+NH, 

(t‘d)“ 

(53) 

COOH H 
‘c-c’ ‘C*&iPh 

R N C,H5 (i-Pr) 
(COOBu-i) - - I H2N+H 

R 6) \ 
ti I/ \\ 

HO-N.. .D 

(64). 
(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 tlic paper and the cix ad- 
dition of hydrogen would result in (R)-amino acid. However, in 
structure 54, when (S)-( - )-a-ethylbenzylamine was used, the ethyl 
group could not occupy the same limited space between the substrate 
andcatalyst as the menthylgroup of (S)-( - )-a-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 

(54) 



6. Additions to the Azomethine Group 293 

the use of a-methyl- and a-ethylbenzylaminc might be due to the 
strong interaction and steric hindrance between the molecule and the 
catalyst. Assumed conformations of structures 53 and 54 in the form 
of the molecular model seem to be reasonable to explain the con- 
figuration ofthe reaction products. Further studies ofthis type ofreaction 
also support the assumed steric course of the asymmetric reaction. 
N-Pyruvyl-(S)-( -t )-alanine isobutyl ester and benzylamine resulted in 
(R)-alanyl-(S)-alanine. However, the benzylamine Schiff base of 
N-pyruvyl-(S)-( + )-valine isohutyl ester resulted in (3)-alanyl-(S)- 
valine 15'3. 
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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 3, has opened new avenues 
for investigations. The dimerization of olefins4, as well as the addition 
of carbencs and aitrenes to unsaturated centres has extended the series 
to include three-, four-, five- and six-membered rin- s stems. Huisgen, 
Grashey and Sauer2 in a previous volume in this series have reviewed 
cycloaddition reactions of alkencs, and the present chapter will deal 

.y 

with the various cycloadditions of the \C==N- bond. Mechanistic 
/ 
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aspects will be discussed only when solid evidence warrants such dis- 
cussions, since even some extensive investigations in this ficld have 
yielded cordlicting 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 cyclohexene. Huisgen, Grashey and Sauer2 
have discussed the concept of cycloaddition in great detail, although 
the definition of a cycloaddition reaction remains the subject of wide 
discussion5. 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 iiiviolable mechanism 
should account for all the reactions, even those of the same type6. The 
extent to which one bond is formed with respect to the second bond 
will probably remain a moot pcjint 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. 

I n  contrast with the tremendous number ofinvestigations which have 
characterized cycloadditions to olefins 2, 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/or 
N-alkyl substituted imines creates additional difficulties8. 

II. THREE-MEMBERED R I N G S  

Although potentially a very useful method for the preparation of 
aziridines (1) and diaziridines (2), the cycloaddition of carbenes and 
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.. 
CzN-  + -N __f -N - N- 

\ 
.. 

*< ‘C/ 
/ \  

(2) 
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(2) 

nitrelies to imincs has not been investigated very extensively. Further- 
more, despite its explosivc 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 
Sandrig (3, Ar = Ph) who showed that dichlorocarbene added to 

(3) Ph-CH=N-Ar -!- :CCI, __+ Ph-CH-N-Ar 

‘c’ 
c;’ \Cl 

(3) 

benzalaniline to give the corresponding dichloroaziridine. Although 
Cook and Fieldslo had applied the reaction to other a d s  (Ar = 
fl-CIC,H,, P-C2H,OC6H,), the reaction has not been investigated to 
any large estcnt. Deyrup and Grunewaldll have shown that the 
reaction of diphenylmethylene aniline (4) with chloroform 
potassium t-butoxide gave -3,3-dichloro- 1,2,2-triphenyIaziridinc 

Ph Ph 

(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,C=N-Ph + CCJ, __+ ‘C-s-Ph - Ph,C-N + CI- (5) 

Ph 
/ Ph 

/ \ T  \ /  
Ph &I, CCI, 

experimental evidence. The reaction of 2,2-diphenyl-2-anilino- 1 , 1 , 1- 
trichloroethane (reaction 6) with potassium t-butoxide gave 4 and 5 in 

Ph2 C-NH-Ph + t-BuO - + 4 and 5 
I 
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a ratio of 75:25. Furthermore, it was shown that less than 50/, of the 
aziridine was gencrated if the reaction was carried out in thc prcsence 
of tetramethylethylcne. This indicated that at least 80y0 (and prob- 
ably more) of the aziridine arose via the direct addition of the 
dichlorocarbene to the imine. 

Ph,C-NHPh % Ph,C6$--Ph - Ph,C-N-Ph +- CCI,- (7)  
PI - 

CCI, Lccl, 

-ct- Ph C-NPh CCI,- - :cc1, - 5 

Further evidence was forthcoming whcii the same authors extended 
the reaction to prepare the monochloroaziricline ; the reaction of 
benzalaniline with lithium dichloromethane gave the cis-aziridine (6). 

(8) 

CI Ph 
< 7 0  \ / 

PhCH-N--Ph + LiCHCI2 -> C-C 
H / \J \H 

I 

(6) 

Ph 

A mechanism involving addition of dichloromethide anion could not 
account for the observed stereoselectivity of the addition. Klaman. 
Wache, Ulm and Nerdel12 also reported the reaction of anils with 
dichlorocarbene generated from chloroform by means of the ethylene 
oxide and bromide ion13. The ethylene oxide present in thc reaction 
opened the aziridine ring to give the N-substituted oxindoles 7. 

+ -  
R a N = C P h ,  + \I+ HCCI, + Et,NBr - R 

CCI, 
0 

R = H, CH, 

C H,CH,C I 

(7) 

This is somewhat related to the ring-opening reaction observed by 
Cook and Fields1". When the pyrrolidine immonium salt of cyclo- 
hexanone (8) was treated with trichloroacetate anion, the intcrrnediate 
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aziridinium salt underwent ring opening with the anion to give the 
observed product 9. 

CCI co - a 

0 
I I  

U 

Leonard and his group1* first made estcnsive 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 tiwe cycloaddition proccss. The 
same would also be true for the reaction of dichlorocarbene with 
immonium saltslo (reaction 9). 

briefly mention the copper-catalysed de- 
composition of ethyl di:izos.cetate in the presence of benzalaniline. 
The product isolated, ethyl 3-anilinocinnamate, probably arose via 

Speziale and coworkers 

- . tautomerization of the aziridine 10. 

cu 500 PhCH=NPh + N,CHC02R a PhCH-CHC0,Et - Ph$=CHCO,Et 

(11) 
\ /  N NHPh 

I 
Ph 

(10) 

The reaction of dicarbene 11 with imines has been reported to give 
the corresponding allenes l6 12. 

P.I 
I 

,N-R 

'C-R' 
I 
R2 

c=c=c I (12) / 
R-N 
"i. R' 

\ 
2 C=N-R -I- :&CeC: __+ 

R2' 
(11) 

(12) 
R =;: i-Pr, R' = Ph, R2 = H 
R = i-Pr. R' = R2 = 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 S ~ l i m i t z ' ~ . ~ ~ ,  
the main contributor to this field. Rather, a nucleophilic addition to 
the imine followed by displacement is indicated by the results 
obtained by Schmitz 19. 

,N-R' 

N-CI ' <I N-RZ 

R,C=N-R' + R*$CI - R,C-LRI -+ R,C, 1 (13) 

RZ' 

Perhaps the only true cases involving nitrene insertions into imines 
are those reported by Graham. His initial communication 2o describing 
preparation of diaziridine 14 was later amplified by a more detailed 
report 21. 

The formation of oxaziranes by the reaction of imines with peroxy 
acids22 is not to be classificd as a cycloaddition, even though formally 
it may be regarded as a transfer of an oxygen atom to the imine. 
Recent mechanistic discussions 23 have suggested that the epoxidation 
of olefins may occur via a cyclic process. 

0 0 
\ /  I I  \ /  \ /  I t  
/ \  "\ /' 

'H ....O 

C=C + HOOC- - <C-cq. - C-C +-C-OH (15) 
0. .... .... $- 0 

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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0 H 
I I  *\. I '. I 

/' '.I : 
'?-:N- + HOOC- ---+ .C-?--H - C-N- 

0 

I 

111. FOUR-MEMBERED RINGS 

The formation of /3-lactams from N-substituted imines and ketenes is 
the most widely known and studied cxample of the cycloaddition 
reactions of imines. In 1907, Staudinger reported the formation of 
3,3,4,4-tetraphenyl-2-azetidirione from the reaction of diphenyl- 
ketene with benza1anilinez4. Thc p-lactam was formed in better than 
70% yield and later reports by Staudinger and his group gave flirther 

examples of the cycloaddition of ketoketenes and of ketene itself to a 
number of imines 25. Diphenylketene and biplienyleneketene 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 26. 

It is apparent that the scope of the reaction as reported by Staudinger 
would be severely 1imitt.d 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 aldoketcnes to polymerize. For example, in 1956 
Kirmse and H ~ r n e r ~ ~  prepared a number of 3-monosubstituted p- 
lactams by the photolytic decomposition of diazoketones in the 
presence of excess imine. Thus, monoaryl ketencs generated by the 
light-induced Wolff rearrangement of w-diazoacetophenones gave 
good yields of the corresponding p-lactams. When the reaction was con- 
ducted in this fashion, the formation of piperidinediones was suppressed. 
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H0 
\ ArHC-C 
,C=N- I I  (18) ArCOCHN, 7% ArCH=C=O - 

>-N, 

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 a t  all with benzalaniline. 

A year later, Pfleger and Jager28 investigated thc rcaction of 
diphenylketene, phenylketene (generatcd by the silver oxide-catalysed 
decomposition of w-diazoacctophenonc) and ketene with a number of 
imines. Despite the fact that sometimes conflicting results are reported 
by different groups of investigators, the following conclusicns appear 
to be upheld by the results of Staudinger, of Kirmse and Horner and 
of Pfleger and Jiiger: 

(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 ICnunyai i t~~~,  who 
recently reported that the reaction of ketene with N-tosyl hcxa- 
fluoroacetone imine gave the adduct in 87% yield! 

It would be dangerous to go beyond these veiy gencral conclusions 
in the absence of any systcmatic and careful investigation of this 
rcaction. Kinetic and stercochcmical 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 Arens30. In, the presence 
of imines such as benzalaniline and benzophenone anil, the corrc 
sponding p-lactams could be obtained. 

do R--C=C RHC-C 

I I  7 - 1  7' 'L-N- 

CH,-H,C / 

RCEC-OEt __.t A H- $0 - RCH=C=O ' 
'c-NH 

(19) 

As a result of the research on penicillin, the addition of diphenyl- 
ketene to 2-thiazoline was shown to give the corresponding azctidirione 
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containing the penicillin skeleton 31. Holley and Hollcy 32 reported the 
addition of dimethylketene to a-mcthylmercap tobenzalaniline. 

The reaction of diphenylketene with p-benzoquinone monoanil 33 
gave an adduct as an oil having absorptions at 1670 cm" (a,/3 
unsaturated carbonyl) and 1760 cm-l (p-lactam carbonyl). The oil, 
upon standing, rearranged to 15. 

Ph 

Ph' 
\ c=c=o + 0 O N - P h  - 

The reaction of mesoionic oxazolones with imines gave the corre- 
sponding 8-Iactams and this has been taken as evidence for the 
intermediate formation of ketenes 34. 

c\HJ Ph 0 I 
PhCON-C-C// 

I I (23) 
Ph\ :C=N- c=c=o - 

I 
PhCON 

Ph I 

The penicilIin project spurred the developmcnt of a specific method 
to prepare aininoazetidinones. Sheehan and Ryan 35 generated 
N, N-diacylaminoketenes from the corresponding acyl halides in the 
presence of imines. 

11 +c.c.N.D.B. 
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(ACY 1)s N-HC-C //O 

/ >-N, I I  (24) 
\ (AC~I),NCH,COCI -i- C-N-  

With 2-thiazolines, the penicillin system was obtained. Difficulties 
were encountered when arylsulphonyl and carbobenzoxy groups were 
used as the N-acyl groups36. 

With 2-pheny1-5,6-dihydro-l ,3-thiazineY this reaction gave the ex- 
pected ad duct^^^. 

R = succinoyl, maleyl, phthaloyl 

Bose and Kugajew~ky~~"  have applied this method to generate 
diphenylketene in the presence of a number of amidines and were able 
to obtain the corresponding adducts. 

Ph,C-C No 

Ph,CHCOCI + R-C=N-Ar - I I  (26) 
I R-C-NAr 

NR, I 
N Rl 

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 38b. 

H3cHph 
CHa-N, ,O + PhN=C=S -+ 

C 
II 
N-CH, 

(17) 

H3C Ph 

Ho +CH,N=C=S 

CH'NK N 

I 
Ph 
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The reaction of isocyanates with imines has been reported to give 
uretidinones 30. However, the structural assignments are not certain. 
The product isolated from the reaction of 17 with phenylisothiocyanaie 
has been rationalized as the result of the fragmentation of the initial 
ure tidine thione 40. 

The first examples of azetines (174 h a w  been recently reported by 
Effenberger and Maierg3. The addition of ketene diaminals (17b) to 
N-arenesulphonyl benzaldimine gave the corresponding azetines in 
35-707, yields. 

+ R; + NH 
/ 

Ka 

(W (17a) 
Similarly Viehe and his group94-95 have found the products re- 

sulting from the addition of ynamines (17~)  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. 

+ 

W H J ,  

Finally, the head-to-head dimerization of some a d s  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". 

Ph 

2 RCH=NR' - h" z [ R-7H-y-w] d RCH=CHR + R'N=NR (30) 
R-CH-N-R' 
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EV. FlVE-MEMBERED RINGS 

Although Smith3 as early as 1937 had recognized the concept of 
I ,3-dipolar cycloadditions, this type of reaction awaited the truly 
extradrdinary contribution of H u i ~ g e n ~ . ~ ~  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 aimost equal to that of the Diels-Alder reaction. 

A. Diazoofkanes 

Unfortunately, as was pointed out in the introduction, 1 ,Scyclo- 
additions to imines have had to defer to those invoIving olefins, 
alkynes, nitrlles, etc. One of the most significant contributions to this 
topic is that of Kadaba and Edwards43 and of Kadaba and his 

Although M e e s - ~ e i n ~ ~  had earlier attempted to add diazomethane 
to Schiff bases, the credit for the first successfuI 1,3-~ycloaddition to 
imines goes to Mustafa48. The reaction of nitro-substituted anils with 
diazomethane gave cyclic adducts to which structures such as 19 were 
assigned 48. 

group 44-46. 

ArHC- YAr’ Ar-HC-N-Ar’ 
(31) ArCH=NAr’ + CH,N, - [ dbNiY]- HN, t \  QCH 

N 

(18) (191 

Mustafa postulated the initial formation of IY2,4-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 Iikeb~ p d i s  fix the decoiiiposiiion of 1 -pyrazolines 
and 1 -triazolines, examples of reverse 1 ,%dipolar addition have bcen 
reported 49. Buckiey 50 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 l-phenyl-5-p-chIorophenyl-da-l,!2,3- 
triazolines. The cycloadducts are not obtained in the absence of 
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methanol. In view of Ruckley's findings, it is probable that the adduct 
of diphenyldiazomethane with 21) has the 1,2,3- rather than the 
1,2,4-structure. 

Kadaba and Edwards 43 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 meanin$ul 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 Kadaba44. 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. An 
electron-withdrawing group on the amine ring is apparently more 

TABLE 1.  Reaction of diazomethane with anils*'. 

Substituent Yield Time 
C-Phcn yl N-Phenyl (%I (h) 

&-NO, H 45-0 96 
H P-NO2 75.0 42 

p-Cl H 41-0 168 
H p-c1 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 takcn 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 b = N -  bond much in the same fashion as acids catalyse the 
/ 

'\A+ A -  \Ad+ A - /  

/ / ..* 
C=N-+HH--OR----t G N  

.. A - 
H-0-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, Hoberg5' reported the addition of diazomethane to 
benzalaniline to give the same triazoline as that previously obtained by 
Buckley and Kadaba. The reaction was performed a t  -78" with an 
equivalent of diethylaluminium chloride and an excess of benzal- 
aniline. With diethylaluminium iodide, under essentially the same 
conditions (except that the and was not in excess), excellent yields of' 
the aziridine were obtained. 

Ph-HC-N-Ph 

' PhCH-NPh (33) 
Et.AII I'hCH=NPh i \  Et.AICI 

H,C, N 4N + \ /  
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 mechanism4* has been sug- 
gested and seems consistent with the avaiIable data. The lack of solvent 
effect can be understood on the basis of this psebdo-concerted 
mechanism, Kadaba and Hannin 45.46 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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a- 
Ar-HC= N-Ar' A r-H C -N-A r' 

I \  (34) 

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. 

. .  ArCH-N-Ar' 
- +  - - H,C, ,,N a+ H2C, 4N 

H,C, & N N 
N H  

Knunyants and ZeXrnans2 have reported the formation of 4,4bis- 
(trifluoromethyl)-l,2,3-triazoline (22) in 92yo yield from the reaction 
of hexafluoroacetone iinine with diazomethane. 

(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 ~ycloaddition5~. 

CI CI CF:, 
+ CHzNz + SFSN-C / CHINa ). SF,N--&-CH2CI 

/ 

\ 
S F S N d  

\ /  
CHa 

\ / \  

(23) (361, 
With 3-(2,4-dinitrophenyl)-Z-rnethyIazirine, diazomethane gave 1-(2, 
4-dinitrophenyl)-2-methyl-3-azido- 1 -propene possibly via the following 
path 53. 

CF3 CHI CF3 

ArCH-N-l\I CH3 

ArCH-N + CH,N, - [ x:c$] - ArCH=C-CH,N, I (37) 
\@ 

I 
CH3 

Ar = 2,4-(NO2),C8Ha- 

Backer and Bos5* 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 
cycloacidition of diazomethane. 
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(CH3S02),C=N-OH + CHaNa - (CH3SOJ,C~N-OCH, - 

(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. 

B 
CH3SOzC-NOCH3 (CH3S02),C-NOCH, - (CH3SO.J,C--FJOCH, 

-1 \ \ /  
N I N 

(25) 
-I- N, 

Q HZC, I,N CHZ 
I !  \ 

HC, //N 

(27j 
(26) (39) H + 

CH,SO,H 

B. Mitrilimines 

The reaction of nitrilimines (28) with a number of aldimines has 
recently been reported by Huisgen and his g r ~ u p ~ ~ . ~ ~ .  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. 

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 50y0 yield. 
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The addition of nitrilimines to other compounds containing the 
iminc linkage has also been reported by Huisgen and his colleaguess6. 
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. 

It is interesting that, with N-phenylformaldoxime, C-carbethoxy-N- 
phenylnitrilimine (30) gave the 1,2,4-triazole-4oxide (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 
~ ~ o ~ , - $ ~ ' N ' ~ ~ p h  PhNHC=NOH, I 

EtO,CC=NNHPh 
i 
CI (42)  

N 
(30) EtO,CCH\-Ph - EtO,CC/ 'N-Ph 

\ I  \ I  
N-C\H 

;N=CH 
HO' NHPh -0 

(31) 

aromatization having occ:.irrcd by less of ethanol. 

N, N 
Ph6' NPh + HN=CCH3 - P h C r  'PPh 

I '  
OC,H, (43) 

\ 
N=C 

+ 

CHS 
(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 MusanteS7. They found that 1,3,5-triphenyl-l,2,4- 
triazole (33) was the product of the reaction of N-phenylbenzhydrazidic 
chloride with benzamidine. The benzamidine in this case also func- 
tioned as the dehydrohalogenating agent. 
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NH N NH N 
Ph-C4 ‘NHPh + Ph-Cc - Ph-f ‘M-Ph + PhC: *HCI 

I N&? NH, 

(44) 
CI 

N r Ph-yfl ‘r]-Ph s P h - C ’  \ I  ‘N-Ph 
H-N-C-Ph N=C 

H, ‘Ph 
(33) 

Bacchetti 58 reported a similar reaction of N-capbethoxybenzhydra- 
zidic chloride (34) with benzamidine. Apparently, hydrolysis and 
decarboxylation took place in the last step. 

Ph-C’/ ‘NHC0,Et + PhC: - Ph--$p‘N-CO,Et + PhCc .HCI 
N NH NH 

NH, 
P H  

NH, 
I 

CI 
Ph-C‘ 

(45) 
(34) I “H, 

Ph-C’/N‘NH - P h-CeN ‘N-CO,Et 
\ i  \ I  
N=C HN-C-Ph 

I 
‘Ph N H, 

C. Azomethine lmines and Ylids 
Azomethine i m i n e ~ ~ ~  (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 60. 

q N \ p - A r  (46) 

+ R’CH=NR L_* 03, + N  ,Ar 

R/N--C\H 
(35) R‘ 

Eicher, Hunig and Nikolaus 61 have interpreted the addition of 
0-alkyl nitrosimmonium salts (36) 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. 

R R 
I 
N -  

I 

(47) 
R~CH,”’&--oR~ - WCH’ ~j-oR# 

(37) R’ 
BF,- 

(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 62. 

(33) R' 

D. Nitrile Oxides 

Nitrile oxides undergo 1,3-~ycloadditions with imines. The early 
observation by Wieland63 of the formation of 39 by the addition of 
hydrogen chloride to benzonitrile oxide can be rationalized as ac 
addition to the a-chloro oxime. 

I 

CI 

(39) 

In situ gencration of nitrile oxides can also explain the formation of 
1,2,4-oxadiazoles from the reaction of a-chloro oximes with imidates 64. 

Mukayama and Hoshino 65 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 18y0 yields of adducts with 
acetonitrile oxide and propionitrile oxide. 
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Aromatic nitrile oxides have been reported to give good to excellent 
yields with a variety of a l d i m i n e ~ ~ ~ * ~ ' .  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 66. 

Phenanthraquinone imine (40) and chrysenequinone imine have 
been found to give high conversions of cycloadducts with benzonitrile 
oxide e8. 

0 NH 

Although the ozonolysis OF imines could be considered as 1,3- 
cycloaddition 69-71, the reputed instability of primary ozonides would 
make the formation of the trioxazolidines quite unlikely. The reaction 
probably proceeds via the following path : 

V. SIX-MEMBERED RINGS 

Diels-Alder reactions involving imines are not well known. The early 
examples include, the mention by Alder7a 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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CH30,CCH,,c,C0,CH, 

L 
7 

CH,O,C-CH 
II 

CH30,C-C-N HC,H, 
II 
N 
I 

A. Dienes 

When imino chlorides are generated in the presence of dienes 73-'7, 
products formally derived from the adducts are obtained. 

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 77. Similarly, the use of sul- 
phuric acid instead of hydrochloric acid gave the imino sulphonates 
which also 7g underwent cycloadditions with dienes 78. 
In the last few years, more conclusive examples of the Diels-Alder 

reaction of imines have been repcrted. Kresze and A l b r e ~ h t ~ ~ . ~ ~  
found that N-tosyl chloralimine underwent addition with 2,3- 
dimethyl-l,3-butadiene and cyclopentadiene but not with 1,3-cyclo- 
hexadiene. However, the more reactive N-tosyl fluoralimine did 

A CH A A  - - XCI, - ,. -. 
cc 1, < 

react with 1,3-~yclohexadiene. N-tosyl butyl glyoxylaldimine behaved 
in a similar fashion with a number of dienes. HexaAuoroacetone irnine 
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reacted easily with 2,3-dimethyl-lY3-butadiene to give the corre- 
sponding adductcl. 

One example where the imine was not 'activated' was the reaction 
of 3,4-dihydroisoquinoline with ethyl ZY4-pentadienoate 82. The final 
adducts in all cases possessed the double bond in conjugation with the 
carboxylate group. When R was methyl, the enamine tautomer 

R C0,Et 

reacted to give two adducts 41 and 42 in a 4:l ratio. 

(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-l- 
piperideine was the dienophile, only enamine addition occurred to 
give 44. 
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Bohme, Hartkc and Millera3 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. 

+ 
R,N-CH,-X R,N=CH, 

X- \ 
X- 

Furan did not give an adduct. The reaction of carbalkoxy aminals 
with dienes constitutes another example of a Diels-Alder reaction of 
immonium salts8*. The yields in this reaction are quite good. 

+ 
RCH(NHCO,R'), -I- BF, - RCH=NHCO,R' 

[NHC0,FVBF3']- 

0. Heterodienes 

Conjugated dienes having one or more elements other than carbon 
in the diene portion are classified as heterodienes. In 1955, Lora- 
T a ~ n a y o ~ ~ . ~ ~  and his students reinterpreted the formation of J- 

tiazines 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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2 R-CEN + HCI - R-C // 
NH C1 R 

'C' f-- R-C=N + HCI 
+ II 

N 
I 

I 

NY--cI I H 

R 
(45) (46) 

I 

An analogous interpretation can be applied to the results of Weidinger 
and Kranze5. 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 

I R R 

(47) 

Imino ethers, amides, ureas and thiourea react to give the 
same type of products. 

I t  is not unlikely that the reaction of amidines and guanidines86 with 
the diethyl acetal of dimethyl formamide takes place via a similar path. 

R = alkyl, aryl, dialkylarnino 

Goerdeler, Schenk and their  colleague^^^-^^ 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#-anisyl, 87y0 and 90% 
yields of compound 48 were obtained8'. 

Excellent conversions were obtained when R was aryl- and alkyl- 
mercapto 08, alkyl- and arylamino 89, or alkoxy- and a r y l ~ x y ~ ~ .  

as the imine component 
J Yie!ds were scmew!:at more vzriab!c whzn composmd 48 was ust;u 

8 0  0 
II 

Ph 
Fh I 

R1 
I 
R1 

(49) (50) 
R = Et,N, Ph,N, PhO, Ph, cyclohexyl-0; R' =.cyclohexyl. Ph. 

Thiobenzoylisocyanate gave practically quantitative yields of the 
adduct with a number of N- and C-alkyl and aryl i m i n e ~ ~ ' . ~ ~ .  How- 
ever, no cycloadducts were obtained with imidoyl chlorides, imidates, 

0 

R,R' = alkyl, aryl 
R* = H, alkyl, aryl 

amidines, oxime ethers, hydrazones and N-phenyliminophosgene 91. 
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I .  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. 

II. SUBSTITUTIONS AT THE CARBON ATOM 

A. Displacements of a Chloro Substituent 

1. lmidyl chlorides, HN=C(R)CI and RN=C(R1)CI 
The imidyl chlorides (also called imino chlorides) (1) can be con- 

sidered to be derivatives of the hypothetical imidic acid (Z), in which 
R k N H  RC=NH 

I 
OH 

I 

(1) (2) 

the hydroxyl group has been replaced by a chlorine. No claims have 
been made for the isolation of the free imidic acid14. The imidyl 
chlorides can be prepared from the reaction of an amidc with phos- 
phorus pentachloride. 

CI 

RC=NR' f HCI + POCI:, 
PCI. RCONHR' j RC=NR' - 

I 
A H  CI 

Disubstituted amides on treatment with phosphorus pentachloride 
yield amido chlorides (3), from which the imidyl chlorides can be 
obtained on pyrolysis. 

RCONRpl d RC=NRZ1 + CI- + R G N R *  + R'O PCI. 

[!I 3 &I 
(3) 

Although Walther and Grossmar, prepared N-phenyl-a-(p-chloro- 
phenyl) acetamidine (4) from fi-chlorophenylacetamide by the reaction 

Z +CIC6H,CHzkNPh 
P t l  PhNHa P-CICsHICH&ONH, 2-+ p-CIC6H,CH&=NH 

I 
N H2- HCI 

(4) 

shown, the extension of this method for the preparation of unsub- 
stituted amidines is unsatisfactory. Kirsanov has shown that neither 

CI 
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phosphorus oxychloride nor imidyl chlorides are formed from the 
reactions of unsubstituted amides with phosphorus pentachloride, but 
rather ArCON=PC13. 

Janz and Danyluk* have shown that addition products from the 
reactions of acetonitrile and anhydrous hydrogen halides have the 
composition CH3CN 2HX. From infrzred studies, they conclude 
that CH3CN*2HX exists as the nitrilium salt 5 with X = C1 and as 
the iminohydrohalides 6 with X = Br, I. 

329 

[CH3CNH]+HC12- CH3C=NH.HX (X = Br, I )  
I 

X 

The kinetics of hydrolysis of RN=C(R‘) C1 in aqueous acetone leading 
to amides has been studied”. 

The chloi-o substituent in imidyl chlorides Is readily displaced by 
nucleophilic reagents. N-Methylbutyramide reacts with phosphorus 
pentachloride to givc N-methyl-a-chloroisobutyrimidyl chloride (7), 
from which the imidyl chlorine can be replaced by ethoxide in 84y0 
yield to form ethyl N-methyl-a-chlorobutyrimidate (8) lo. 

(5) (6) 

PClS NaOEt 
Me2CHCONHMe _3 MeZC--C=NMe ___+ Me2C-C=NMe 

CI A E t  

(8 )  

b tl 
(7) 

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) ll. 

t P h k N P h  
PClS RONa. ROH 

PhCONHPh ___+ PhC=NPh 
I I 
ti O R  

(9) (10) 

R = Me, Et, PhCH2, i-Bu, i-Pr, i-Am 

Imidyl chlorides will react with alkoxides and phenoxides to form 
imidates (sometimes called imino esters) 12-22. The product is isolated 
either directly, by removal of the solvent in UQCUO and trituration of the 

PhC=NPh + PhONa __j PhC=NPh + NaCl 
I CI OPh 

residue with water, or as the hydrochloride by addition of hydrogen 
chloride in an anhydrous solvent. The 0-methyl imidates are free 
from the N-substituted amides. 
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Another displacing agent is the thiophenoxide which in this 
specific case gives phenyl N-phenylthiobenzimidate. Imidyl halides 

PhC=NPh + PhSNa PhC=NPh + NaCl 

!i!?h 
(11) 

CI 

will also react with phenol in pyridine23, as illustrated by C-hydroxy- 
quinoline displacing the chlorine in N-phenylbenzimidyl chlcride to 
form lz2*. 

P hC- N P h 
I 

HO 0 

PhC=NPh+& I - & + HCI 

CI 
(12) 

Busch25.26 prepared Schiff bases from the reactions of imidyl 
chlorides with Grignard reagents. 

PhC=NAr + RMgX PhC=NAr + MgXCl 

CI k 
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 27. The Stephen reaction28 for the conversion of a 

ArCOCl + PhNHz - ArCONHPh d ArC=NPh - PCIS S K I , .  HCI 

t ArCHO + PhNHz 

nitrile into an aldehyde may also proceed through an imidyl chloride. 

RCN + 2HCI 

hydrolysis 
&I 

ArCH=NPli 

S K I ,  

hydrolysis 
RCH=NHp+ Ci- - RCHO + NHdCI 

1- ’ [RTNHa+ 
dry Et,O 

N-(p-Tolyl) diphenylacetamide (13) on treatment with phosphorus 
pentachloride yields N-(p-toly1)diphenylacetimidyl chloride (14), 
which, although not isolated, forms methyl N-(p-toly1)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-p-tolylimine (16) 2g. 

[Ph,CH~;NC,,H,CH,-p I Ph,CHCONHC,H,CH,-p 

(14) 

Ph,C=C=NC,H,CH,-p - MeOH Ph,CHC=NC,H,CH,-p 

The chlorine atom in imidyl chlorides can also be displziced by am- 
monia or by amines. Lossen 30 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-phenylbenzimidyl chloride 

PhC=NPh PhCONHPh _j PhC=NPh __t 
PClS NH, 

I I 
CI NH2 

(17) 

PhC=NPh + PhNH, + PhkNPhaHCI 
I 
NHPh 

I 
CI 

(18) 

with aniline3].. Extension of this reaction provides a general method 
for symmetrically disubstituted amidines 32-34. The usual method 

R'NHa 
% RC=NR'-HCI P a s  

RCONHR' - RC=N R' 
I 

CI NHR2 

for carrying out this reaction is first to form the imidyl chloride, 
to remove the excess reagent, and then to add the amine33-36. 
I t  is interesting to note that two different isomeric formulas for SF- 
metrically disubstituted amidines can be written. von P ~ c h r n a n n ~ ~ * ~ ~ * ~ '  
and later workers38 demonstrated that attempts to prepare the two 

RC=NR' and RC=NRa 
I 
NHR' 

I 
NHR2 
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forms resulted in the formation of only one compound. Although von 
Pechmann 39 reported the preparation of two isomeric N-(p-tolyl)-N’- 

PhC-NPh 
PCI, 

PhCONHPh + CH3NY2 + 
1 
N H C H j  

11 
PIiCONHCH3 + PhNHa 3 PhC=NCH3 

I 
NHPh 

phenylbenzamidines, it was later shown that a tautomeric equilibrium 
e ~ i s t e d ~ ~ * ~ O .  Cohen and Marshall41 tried to prepare the two tautomers 

PhNHC=NCeHaCH3-p + PhN=CNHCaH*CH3+ 
I 
Ph 

I 
Ph 

19 and 20 of a disubstituted zmidine by the introduction of 
optically active bornyl groups into the molecule; however, they were 
unsuccessful. 

PhC-=NCloHjv(I) a P h G N P h  
I I 

An unusual displacement of chlorine by an amide occurs in the 
following reactions 42, leading to the formation of N,N’-(p-toly1)- 
acetamidine (21). 

CH3C=NCsHICHS-p PCI. 
CH3CONHCsHICHs-p 

I 
Cl 

t CHSC==NCaHaCHj-P + CH3COCI CH,CONHCaHdCHa-P 

I 
NHCeHICHS-p 

(31) 

von Braun and Weissbach 43 noted that steric hindrance lowered 
the yields of 22 from 36aJ, with X = H to ca. 10% with X = C1. 

PhC==NPh 
I 

NHCH, NCH, 

P h C = N P h + ’ 6  I - ’6 
(22) 

CI 
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The halogen can be displaced by substituted amines; for example, 
benzamidine (23) will displace the chlorine from N-phenylbenzimidy! 
chloride giving 2444. 

PhC=NPh + P h k N H  - P h G N H  + HCI 
I 
N H G N P h  

I I 
CI NH1 

I 
Ph 

(23) (24) 

The chlorine in imidyl chlorides can be replaced by nucleophilic 
substitation to form Reissert compounds : N-phenylbenzimidyl 
chloride will react with isoquinoline and hydrogen cyanide in ether to 
give 2- (a-phenyliminobenzyl) - 1,2 -dihydroisoquinaldoni trile hydro- 
chloride (25) 45. 

(25) 

2. Hydroximic acid chlorides, HON=C(R)CI and RON=C(R1)CI 
The chlorine in benzohydroxamyl chloride (26) can be replaced by 

ammonia to give benzamidoxime (27) 46. With hydroxylai~ine~~,  
PhC=NOH + 2NH3 P h L N O H  + NH,CI 

I I 

benzohydroxamyl chloride yields benzoxyamidoxime (28) which can 
be reduced with SO2 to prepare benzamidoxime (27). 

PhC=NOH + H2NOH __f P h L N O H  + HCI 
I I 

PhC=NOH PhC=NOH 
I 
NH2 

I 

(28) (27) 

These chloroximes will also undergo nucleophilic substitutions with 
sodium azide4* or with amines to yield N-substituted amidoximes. 

NHOH 

RC=NOH + NaN, RC=NOH + NaCl 
I 

I 

CI N3 

RC=NOH + ZR’NH2 + RC=NOH + R’NI I , +  CI’- 

CI NHRl 
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RC=NOH + RlONa ___+ RC=NOH + NaCl 

&I AR1 

The halide in ethyl benzohydroxamyl chloride (29) can be re- 
placed by hydroxide in hydrolyses to give ethyl benzohydroxamate 
(80) 46*49.61. Qn treatment with alcoholic solutions of ammonia for 

PnC=NOEt + HzO -> P h k N O E t  + HCI 

AH 
(30) 

CI 
(29) 

6-8 h at 160-180", the halo group of the 0-alkyl hydroximic acid 
halides is replaced by ammonia, leading to the formation of 
amidoximes 62. 

RC=NOR + NHj R G N O H  
I 

X 

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 34. 

0. Displacements of Alkoxy Groups 

1. ALkyl imidates, HN=C(R)OR1 and RN=C(R1)OR2 
Pinner 55.56 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 (31). 

CH&N + EtOH + HCI CH,t-NH*HCI 

&t 
(31) 

Normally when dry hydrogen chloride is passed into a mixture of an 
alkyl cyanide and an alcohol dissolved in ether, the hydrochloride of 
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the alkyl imidate precipitates out of solution; presumably the imidyl 
chloride is the intermediate in thc reaction. The hydrochlorides of the: 
imidates are crystalline, water soluble compounds. If sodium carbonate 

RCN + HCI w 

or potassium or sodium hydroxide65 is added in the presencc of ether, 
the free alkyl imidate that is formed passes into the ether layer. The 
imidic ester hydrochlorides, however, do have limited ~tability~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. Sincc 

R L N H - H C t  RCN + ROH + HCI 

&R 
R&NH*HCI + HZO j RCCOR + NH4CI 

I 
OR 

RC=NH*HCI + 2R'OH + RC(OR'):, + NH4CI 
I 

OR1 

the imidic esters are always obtained as hydrochlorides, subsequent 
reactions must be carried out in anhydrous media. An exception to 
this instability is ethyl nicotinimidate58, 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 h y d r o ~ h l o r i d e s ~ ~ - ~ ~ .  The ethoxy group in ethyl ace- 
timidate (32) is displaced by ammonia to give acetamidine hydro- 
chloride (33). The nucleophile can even be an ammonium salt in 
aqueous alcohol58-64-66 as solvent. Substituted acetonitriles also form 

R k N H  + NHaX EtoH R k N H - H X  + ROH 
I 

NH2 
I 

O R  

imidates from which the alkoxy group can be displaced by 
ammonia 67*68 or amines 63.69. 

PhNHCHZCN + PhNHCH,C=NH.HCI + PhNHCHaC=NH.HCI 
I 

NH, 
I 

OEt 

Tafel and Enoch 7 0 a 7 1  treated benzamide (34) with silver nitrate and 
sodium hydroxide in aqueous solution to prepare silver benzamide (35) 
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which was converted into ethyl benzimidatc (36) with ethyl iodide. 
Benzamidine (37) was obtained after displacement of the ethoxy 

PhCONHo + PhC=NH PhC=NH _j PhC=NH 
I 

A E t  NHa 
(34) (35) (36) (37) 

group with ammonia. Ethyl N-phenylacetimidate (38) was also 
prepared in a similar way20.72.73. 

I 
OAg 

CHabbIPh + E t l  CHakNPh 

Addition compounds of nitrile with hydrogen chloride do not 
produce amidines when treated with ammonia, but rather regenerate 
the nitriIe74; 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 Danyluk8 in  Section II.A.l). 

The alkoxy group can be replaced from imidate salts with primary 
amines with the formation of monosubstituted amidinis (39) 55*75. The 

RC=NH*HCI + R2NH2 RC=NH*HCI 4- R'OH 
I I 

base strength of the nucleophile is important and the yields are best 
when R2 is aliphatic55*59*62*76-7g. 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. 

RC=NH-HCI + 2R'NHa __* RC=NR* + NHaCI + EtOH 
I 
NHR' 

I 
OEt 

i40) 

Secondary amines can be used as nucleophilic agents for alkyl 
imidates and lead to unsymmetrical disubstituted amidines 
(41) 55-76s77*a1-a4. Imidates do not react with tertiary amines 55*79. 

RC-NH-HCI + R'R'NH RC-NH*HCI + EtOH 

hEt 

N-Phenyl-N'-(p-toly1)formamidine (44) can be obtained from either 
ethyl N-phenylformimidate (42) and p-toluidine, or from ethyl N- 
(ptoly1)formimidate (48) and aniline, provided there is rigid exclusion 
of all traces of acida5. 
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HC=NPh + p-MeC,H,NH, 1 I 

337 

(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-NC7H.I 
I 
NHCVH, 

I 

(45) (46) 

not be separated by crystallization. An explanation of this has been 
given 'j6. 

The imidate base in a suitable organic solvent, when shaken with an 
aqueous solution of the salt of an or-amino acid ester, yields an .N- 
substituted imidate87-95, but this is not a substitution reaction as we 
have defined. 

NHPh 

RC=NH + HCI *HzNCH(C02Et), RC=NCH(CO2Et)2 

A R 1  
I 

OR1 

The condensation of the free imidate with an a-aminocyanoacetic 
ester itself yields an imidazole 96. However, ethyl phenylacetimidate 
(47) will react with glycine 97. Further ethyl carbobenzoxyamino- 

/!fo2Et RC=NH + C0,Et 
1 

CHCN - 
I ' R N NH, 
NH, H 

I 
OK1 

PhCH,C=NH + HZNCHZCOOH M PhCH26NH + EtOH 
I 

A E t  NHCHZCOOH 

(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 acidg7. With model compounds it has been 
established that only the amino groups of proteins react with alkyl 
imidates in aqueous solutionsg8. 
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PhCH=OCONHCH&=NH*HCl + HsNCHlCOOH ___+ 

AEt  
(48) 

Her, HOAc 
PhCH2OCONHCH&=NH - HBr.H2NCHPC=NH HBr 

1 

(491 

NHCHZCOOH 
I 
NHCHZCOoH 

The N-substituted imidate 50 can have its ethoxy group displaced 
by an amine to yield an intermcdiate which can cyclize to form hy- 
droxyimidazoles (51) 9s. Analogously, aminoacetone displaces the 
ethoxy group and cyclizes to give 2-alkyl-4-methyiimidazole (52) gg. 

N-CH, 
RC=NCH,CO,Et + R'NH, - kOaEt - lloH 

R N  

R1 
R%i I 

I 
OEt I 

R L  

(50) (51) 

k 
(52) 

An interesting set of reactions is described by Roberts and VogtXo0, 
in which any one of three products can be isolated from the reaction of 
ethyl orthoformate (53) and aniline. N,N'-Diphenylformamidine (55) 

PhN=CHOEt f 2EtOH 
H* 

(EtO)&Ii + PhNHi C)400' 
(53) (54) 

54 + PhNH2 4 PhNSHNHPh + EtOH 
(55) 

54 + H2S0, -!% PhNCHO 

i t  

(W 
can be obtained if no acid catalyst is used or in the presence of catalyst 
with two moles of aniIine per mole of ethyl orthoformate (S), 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 suiphuric 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'O'. The group may also be displaced by substituted 

RNH + CH,CONH, - CH,C=NH,+ CH,C=NH 
I 
NHR 

I 
0(CHJ,S03- 

c s o a  

(57) 

hydrazine derivatives (SS), yielding amidrazinoacetic acids (59) lo2. 
57 + H2NN(Ph)CH2COOH CH,C=NH 

I 
NHN(Ph)CH,COOH 

(59) 

N-Acyl derivatives of iniino esters (60) react with hydrazine to yield 
3,5-disubstituted- 1,2,4( 1H)-triazoles (61) Io3. 

(60) (61) 

The displacements of the alkoxy groups from aromatic imidates by 
hydrazine leads to amidrazones (62) 55J04-108. These substitutions can 

ArC=NH + H2N1\IH2 _I* ArC=NH + ROH 
I 

A R  NHNHa 

ArCNH, 
II 
NNH, 

(62) 

take one of three paths'oQJ1O. 

equimolar quantities react to yield amidrazones. 
a. Equirnolar reactants. If the temperature is maintained a t  O", 

RC=NH.HCI + HaNNH2 RC=NNH2 + EtOH 
1 I 

6 E t  
12 + C.C.N.D.6. 

NH2 
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b. Two parts lrydrazine to one part imidate. Again with careful main- 
tenance of temperature at O", two parts of hydrazine react with one 
part imidate. 

RC=NH*HCI + 2H2NNHz A RLNNHZ + EtOH + NHICl 
I 

JEt NHNHi 

t. At a temperature of 10-50". When the temperature is raised to 
40-50°, sunstituted tetrazines (62a) and N-aminotriazoles (62b) are 
formed. 

N-N 

0 0  

Et E t  

RC=NH.HCI + H,NN=CR -* R-( \ t R  - 
I 

OEt I 1  
I 

OEt 

(62a) W b )  

Bernton ll1 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 

PhCH2C=NH.HCI + NaNO, + H 2 0  - PhCHzC02Et + NH4NOz + NaCl 

dEt 
(63) 
PhCHZLNH + NH4N02 - > PhCHzC-NH*HNOz + EtOH 

I 
b E t  NH2 

(64) 

converts ethyl phenylacetimidate (65) into phenylacetamidine nitrate 
(66) ll1. 

PhCH2kNH + NH4N03 u PhCHzCbNH.HNOs 
I I 

OEt NH2 
(65) (66) 

An odd dispiacement was found by Rule112, who noted that ethyl 
mandeloimidate (67) was converted into mandelamidine mandelate 

ZPhCHOHC=NH + 2HzO -> PhCHOHC=NH.PhCHOHCOOH +.ROH 
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(68) by shaking 67 with water at room temperature for five days. 
Although this decomposition is rather ungsual, 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) l13*l14.  The 

CH,C=NR + R'SOzNHp CH,C=NR w CH3CNHR 

A E t  " NHSO2R1 1 JlS02R'  
(69) 

amino element of a sulphonamide group is a better nucleophile than 
that of a simple amine ; thus, p-aminobenzenesulphonamide reacts 
with imidates115J16. These N-sulphonyl derivatives of the imidates 

undergo nucleophilic attack with displacement ofthe alkoxy group with 
dimethylamine 11' and with water 118,119. Barber 120 isolated two forms 

I 
R1C=NSO2R $. Me2NH -> K1C==NS02R + EtOH 

A E t  NMe2 

R'C=NSOZR + Ha0 __t R1C=NS02R A R'CNHSO2R 
I I  

L E t  [ a ,  1 0 

of substituted sulphonamidines 70 and 71; 70 was converted easily into 
the more stable 71. However, Northey and coworkers121 concluded 

RC=NS02Ar + NH3 u RC=NS02Ar + EtOH 
I 

NHZ 
I 

OEt 

RC=NH + ArS02Cl -> RC=NH + HCI 
(70) 

I I 

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. 

H*orOH-  
RC=NS02Ar ____f RCONHz + ArSO2NHZ 

I 
NH1 
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When an alcoholic solution of ethyl p-sulphamidobenzimidate 
hydrochloride (72) is treated with 0-methyIhydroxylamine at 37" in a 
pressure bottle, ammonium chloride separates out and two products 
can be isolated122. The first product is the result of a nucleophilic 
displacement of the ethoxy group and is the 0-methyl derivative of 
sulphamidobenzoxyamidoxime (78) which is soluble in dilutc hydro- 
cuoric 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. 

(72) (73) 

H,NSO~+=N~CH, I 
NHOCH, 

q74) 

Nucleophilic displacements of imidates with monosubstituted 
hydrazines leads to N,-substituted amidrazones 55.123-127, and a 

RC=NH.HCI + HZNNHR' j RC=NNHR' + EtOH 
I I 

OEt NH1 

N,,N,-disubstituted amidrazone (76) can be obtained by the dis- 
placement reaction of ethyl mandeloimidate hydrochloride (75) with 
unsymmetricai diphenylhydrazine 120. 

PhCHOHC=NH.HCI + Ph2NNI-1, PhCHOHC=NNPh, 
I I 

O E t  
(75) 

The imidates also undergo nucleophilic substitution with hydrazcjic 
acid129-131 

N-N 

&A PhC=NH + HN, __+ P h b N H  - 
I I 

OEt N, H 

Ethyl benzimidate (77) undergoes displacement with hydroxylamine 
to form benzamidoxime (78) 132.133. 
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P h k N H  + HzNOH PhC=NH __+ PhCNHi 

A E t  [ AHOH] d O H  

(77) (78) 

Methyl N-phenylbenzimidate (79) reacts with phenyimagnesium 
bromide in toluene at 200" to give N-benzhydrylideneaniline (80) 

P h k N P h  + PhMgBr - Ph2C=NPh - Ph,C=O 

bai3 
(79) (80) 

which, of course, can be hydrolysed to benzophenone. Imidates react 
with Grignard reagents to yield ketimines (81) which are aLso hydro- 

R e N H  + PhMgBr ___+ RC=NH --+ RC=O 

OEt 1 bh bh 

(81) 

lysed to ketones 126. Ethyl N-phenylformimidate (82) reacts with 
phenylmagncsium bromide to form N-benzylideneaniline (83) 134-136. 

HC=NPh + PhMgBr __f PhCH=NPh 

A E t  

(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 13' ; 86 reacts exothermically with amines 
to form amidines (87). 

(MeSO,),CHCN + CH2N2 (MeSO,),bC=NMe 

(84) (85) 

I 
OMe 

(86) 

I 

85 + MeOH - (MeSO,),CHC=NMe 

86 + PhNH3 d (MeS02)2CHC==NMe 

NHPh 

(87) 

The base-catalysed reaction of nitriles 138 with alcohols gives 
imidates which can be converted into amidines. This sequence of 
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reactions sometimes offers advantages over the Pinner reaction with 
hydrogen chloridc and alcohols. 

R$=NH 

RCN + RIO:cy KaCoa(aq) T . NH,(alc) lRC=NH*HCI 1 

RC=NH HCI 

E!H ,Cl(alc) \ NaOY' &, 

NH, 

I 
0 R' 

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 139. Imidates from 
the reactions of N-protected a-amino acid amides and Et,0/BF4 were 
reacted with amines to form amidines and with a-amino acids to form 
iminodipeptides 140. Nucleophilic displacement of the ethoxy group 
also occurred when ethyl benzimidate was treated with p-, y-, 8- or 
a-amino acids to form N-substituted amidines (91) 141. 

PhCHzCHCN PhCHaCH-LNH + PhCHzCH-kNH 
I I  

A~~!IH AR AcNH NHS 
I 

AcNH 

(88) (89) (90) 

PhC=NHz* 
I 

NHCH(R)(CH&COP- 
(91) 

(n = 0-4) 

Perfluoroacyl imidates have also been made from per flu or on it rile^^^^. 
These imidates will then undergo nucleophilic displacement with 
ammonia, hydroxylamine and hydrazine to give perfluoroacyl 
amidines, amidoximes and hydrazidines 143. Methyl perfluom- 
butyrimidate (92) undergoes nucleophilic displacement by ammonia 
yielding 93. 

C3F7C-NH + NH3 C3F,C=NH + MeOH 
I I 

6 M e  

(92) 

An interesting intramolecular displacement of an alkoxy group 
occurs in the cyclic imidate, (3R3R) -N-cyclopropyl-5-brornomethyi- 
3-(~-hyd~0xy~henyl)-3-phenyl-2-tetrahydrofuranoneimine (94), which 
on treatment with sodium methoxide in methanol gives N - c y c b  
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propyl-3- (2’,3’-epoxypropyl) -3-phenyl-2-benzofuranoneimine (95) 14*. 
It is apparent that the phenolate ion is the nucleophilic species 
attacking the carbon atom of the azomethine group with displacement 

(94) 
‘0 

(95) 

of the alkoxy group which simultaneously displaces the bromo group, 
leading to the epoxy compound. Since the bromomethyl group is ‘up’ 
in 94, mcdels 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. Ilnonane (96). Of course, this latter 

reaction is not a substitution reaction involving either carbon or 
nitrogen of the azomethine. However, the diastereoisomer of 94 in 
which the 5-bromomethyl group is in the (S) configuration gives only the 
compound analogous to 95 on treatment with base. I t  cannot give a 
compound like 96 because the bromomethyl group is too far removed 
from the nucleophilic phenolate ion144. 

2. 0-Alkylisoureas, #M=C(NH,)OR 

The hydrazinolysis of 0-alkylisoureas leads to aminoguanidine 
derivatives. 0-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) 146. 
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HaNC=NH + HaNNHa __f HaNC=NH + EtOH 
I I 

3. AIkyl hydroxamic acids, HON=C(R)OR1 
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 146. 

PhC=NOH + NH3 + PhC=NOH + EtOH 
I I 

O E t  

(99) 

Good yields of hydroxamic esters are obtained when hydroxylamine 
in aqueous solution is shaken with ethereal solutions of imidates 14'-149. 

R k N H  + HzNOH RC=NOH 

A E t  A E t  

C. Displacements of Thioalkoxy Groups 

1. talky1 thioimidates, RN=C(R1)SR2 

thiols in the presence of hydrogen chloride 87-r50-153. 
Thioimidates can be prepared from the reactions of nitriles with 

RCN + HCI + R'SH RC=NH*HCI 
1 

SR' 

The thioalkoxy groups can be displaced with arnines and ammonia 
in absolute alcohol leading to amidines 154. 

R k N H * H I  + R'NHZ RC=NH 
I 

NHR1 
I 
SMe 

S-+kyl isothioanilides will react with aromatic amines to produce 
symmetrically disubstituted amidines 155J56. Ethyl N-phenylthioimi- 
date [S-ethyl isothioacetanilide] (101) suffers nucleophilic displace- 
men with aromatic amines to give N-phenyl-N'-arylacetamidine (102). 

CHakNPh + ArNHa CHaC=NPh + EtSH 
I I 

Thioacetamide reacts with propanesultone in benzene to produce 
the thioimidate 103, and these will undergo substitution with amines 
and amino acids leading to amidines 101J02. 
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(-&, + CH&SNH, - CH,C=NHf+ 
I 
S(C~2)3S03-  

(103) 
2. S-Allcylisothioureas, HM=C(N I-12)SR, and derivatives 

of S-alkylisothiosemicarbazide (105) produces aminoguanidine 15'. 

kR NHNH, 

Hydrazinolysis of S-alkylisothiouronium salts (104) or ammonolysis 

HN=CNHz + HZNNHn_ ~_f  HN=CNHZ + RSH 
I 

(104) 

HN=CNHNH, + NH3 H N d N H N H Z  + RSH 
1 I 

Xowever, N-alkylaminoquanidines cannot be obtained from S- 
methylisothiourea and alkyl hydrazines 15*. 1 -Amino- 1 -metliylguan- 
idine (107) is obtained from either the nucleophilic attack of 
methylhydrazine on S-methylisothiourea or from the attack of am- 
monia on S,2-dimethylisothiosemicarbazide (106). 

H N d S M e  + MeNHNH, - HN=CN(CH3)NHz 
I I 

AH, 

HN=CN(CH3)NHz + NH3 107 
I 

(106) 

SMe 

The nitrogen atom adjacent to the alkyl group in the alkyl hydrazine is 
the more nucleophilic. 

The thiomethyl group of S-me :hylisothiosemicarbazide is readily 
displaced with amines in boiling ethanol, yielding N-alkyl-"-amino- 
guanidines (108) which react with aldehydes to farm guanyl hydrazones 
(109). This latter product can also be obtained by the displacement 
from 5'-methylisothiosemicarbazones (110) with amines, but this 

RNH2 R'CHO 
HN=CNHNHz __f H N d N H N H a  - HN=CNHN=CHR' 

I 
NHR 

I 
NHR 

I 
SMe 

(108) (109) 

HN=CNHN=CHR1 + RNH, d 109 
I 

(110) 

SMe 
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reaction proceeds more slowly and is accompanied by the production 
of considerable tar 159. 

2,s-Dimethylisothiosemicarbazide (111) reacts with methyihydra- 
zine to give 1,3-dimcthyl-l,3-dianiinopanidine (112) 160. Again it is 
the more nucleophilic nitrogen that does the attacking. 

kI,NN(CH,)C=NH + MeNHNH, - H,NN(CI-!,)C=NH 
I 
N(CHdNH2 

(111) (112) 

I 
SMe 

The 5'-methyl derivatives of isothiocarbohydrazide (113) behave 
towards amines and hydrazincs as do the S-alkylisothioureas and iso- 
thiosemicarbazides l6I. 114 is a diaminoguanidine derivative and 115 
is a triaminoguanidine. 

HZNNHC=NNHS + RNHZ HZNNHC=NNHz 
1 

NHR 
1 

SMe 

(113) (114) 

113 f HZNNHZ HzNNHC=NNH* 
I 

(115) 

NHNHz 

D. Displacements of Hydrogen 

I. Schiff bases, RCH=N R1 

Hydrogen attached to the carbon of azomethines can be displaced 
with sodium amide in dry tolucne at 120". N-Benzylideneaniline (116) 
yields N-phenylbenzamidine (117) and ammonia 163- 

NaNH, 
PhCH=NPh - > PhC=NPh + NH3 , I 

NH2 
(116) (117) 

N-Alkylidenecyclohexylamine (118) can have its hydrogen re- 
placed with an alkyl group163. 

i-Pr,NLi RLX 
CBHIIN=CHR 5 [CeHiiN=CR-] CBH11NSRR' 

(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) 164. 

r-BuOCI 
R,CCHO + R'NH, __* R,CCH=NR' __+ [R,CC=NR'] 

I 

~ a o ~ + i R ~ R a ~ "  

R&C= N R' R,CC= N R' 
I 

N RZR3 
I 
0 Ra 

(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) 165. 

N a H  
Me2+SCH2CORX- + ArCH=NArl __t ArlN=CAr -t Me2S + H, 

(121) R = OEt, NEt, [ CH2COR] 

Ar'NHCAr 
II 

CHCOR 

(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) 49J66-170. The hydrogen atom is also substituted with nitrosyl 
chloride 170-173. 

RCH=NOH + Clp R G N O H  + HCI 

CI 
E. Displacements of Amino Groups 

The action of nitrous acid on benzamidoxime (123) aided in its 
structural elucidation 174 by indicating the presence of the NOH 
grouping, which like hydroxylamine evolves nitrous oxide on treatment 
with one equivalent of nitrous acid. The 0-alkylated benzamidoxime 
(1%) , when treated with nitrous acid175, evolves nitrogen (proving 
the presence of the NH2 group) , but the intermediate hydroximic zcid 
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H2NOH + HONO 2Hz0 + Nz0 

PhC=NOH + NaN02 -+ PhC-0 + H,O + NzO + NaCl 
I 

NHZ 
I 

(123) 
NHZ*HCI 

(125) is not isolated. Yet with excess hydrochloric acid, the hydroximic 
acid chloride (126) is formed almost quantitatively 48*49*51 J76-182. 

HCI 
PhC=NOR + HONO ___f NZ + [PhC=NOR] PhkNOR 

(126) 

NH2 I AH CI 
(124) (125) 

The 0-alkyl hydroxiniic 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*183. 

RC=NOH + ArNHz d RC=NOH + NH3 
1 

NHAr 
I 

NH2 

N-Phenylbenzamidine (127) can be converted into N,N'-diphenyl- 
benzamidine (128) by heating with excess aniline at 250" lE4. The 

PhC=NPh + PhNHz + PhC=NPh + NHj  
I I 

AH, 

(127) 

amino group in 127 can also be displaced with phenylhydrazine 
hydrochloride giving the tautomeric system 129a-129b 5*33 

PhC=NPh + PhNHNHZ-HCI + NHaCI + PhC=NPh & PhCNHPh 

NNHPh 
II I 

NHNHPh 
I 
NH, 

(129a) (129b) 

Amidines (130) and N-substituted amidines (131), in the presence 
of acids, undergo nucleophilic attack by hydroxylamine to form 
amidoximes 5.55.185-187. 

RC=NH + H2NOH + H+ + RCLNOH + NHI+ 
I I 

NHz NH2 
(130) 

I I 
RC=NR' + HaNOH + H+ w RC-NOH + NH,+ 

NH, 

(131) 

N H R ~  
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Excess ammonia will displace aniline from N,N'-diphcnylbenzami- 
dine (132) with the formation of benzamidine lE8. 

PhC=NPh + 2NH3 PhC=NH + 2PhNH; 
I 

NH2 
I 

(183) 
NHPh 

F. Displacements of Hydroxy Groups 

The preparations of imidyl chlorides (Section 1I.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 lag. 

However, one can consider the reaction of ethyl benzohydroxamate 
(133) with phosphorus pentachloride as the replacement of a hydroxyl 
group by a chlorine lgo. 

P h L N O E t  + PCI, PhC=NOEt + POClj + HCI 

-. CI 
I 
OH 

111. SUBSTITUTIONS A T  T H E  NITROGEN ATOM 

A. Displacements of Hydrogen 

1. 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. 

R2C=NH + R'MgX + R a k N M g X  + R'H 

The reaction of ketimines with hypochlorous acid is reversible; 
hydrolysis of the N-chloroketimine liberates hypochlorous acid and 
not hyc!rogen cldoride lgl. 

R2C==NH + HOCl R,C=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 lg2, and the ensuing series is also 
to the point. 
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NH RCN + R1CH2MgEr -N RC=NMgBr 2 z 

tH2R1 

RCOCHR’ RC=NH - RC=NCI 2. HC, > 
c-BUOCI I .  NaOMc 

I 
LH2R1 [ 1 NH2.HCI 

HOCl 
RCH2CN + MeOH + HCI _L, RCH,C=NH.HCI - 

AMe 

> RCHCOzMe 
[RcH2zeNc1] I .  2. t-BuOK H+ 

I 
NH3+ 

The methyl N-chloroimidate was not isolated but was rearranged 
imxediately by adding it to a slight excess of potassium t-butoxidels2. 

However, benzylphenyl-N-chloroketimine (134) was formed as a 
final product of Ihe following set of reactionslg3; on treatment with 

1-BUOCI 
PhCN + PhCH2MgX + PhCkNMgX __f PhC=NH - PhC=NCI 

CH2Ph C!H2Ph C!l-I,Ph 

(134) 

anhydrous hydrogen chloride in pentane, 134 formed the hydro- 
chloride of benzylphenyl ketimine quantitatively lg3. The N-chloro- 
and N-bromobenzylphenyl ketirnines have also been prepared from 
the ketimine with sodium hypobromite or sodium hypochlorite, 
respectively lg4. 

The hydrogen in aromatic ketimines can be replaced by the action 
of ketene or anhydrideslg5. 

Ar2C=NCOCH, 
00 

Ar,C=NH + CH2=C=0 

Ar2C=NH + (RCO)20 % Ar2C=NCOR 

2. Alkyl imidates, HN==C(R)OR1 

As discussed in Section II.B.l, imidates react with Grignard reagents 
with the formation of ketimines ; however, the Grignard reaction fails 
with mandelamidine (135) and with its hydrochloride lZ8, with N,N’- 
diphenylformamidine (136) 136, and with N,-phenylmandeloamid- 
razone (137) 128. These observations suggest that the imino group in 

PhCHOHC=NH HC=NPh PhCHOHkNNHPh 
I 

NH2 
(W (136) (137) 

I 
NH2 

I 
NH2 
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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 
imidatesI20. Acid chlorides will react with imidates to give N- 

2RC=NH + R'S02CI __j RC=NSOpR' + RC-NH*hCI 

d E t  OEt I dEt 

acylimidates lg6JS7, and these undergo facile displacement of the 
ethoxy group to form the diacyl derivatives of ammonia. 

RC=NCOR1 + H,O RkNCOR'  - RCONHCOR' 

OEt 1 [ A H  I 
The reactions of hypobromous acid and hypochlorous acid on 

imidates give the corresponding N-halo derivatives 198-201. 
RC=NH + HOX - R L N X  

I 
OEt A E t  

X = Br, CI 

3. Amidines, HM=C(R)NH, 
Formamidine (138) reacts with acetic anhydride to yield a diacetyl 

derivative 202, while AT-phenylbenzamidine (139) reacts with acetic 
anhydride to form 14OZo2. 

H k N H  + A c ~ O  HC=NCOCH:, 
I 

NH, 
(138) 

I 
NHCOCH:, 

PhCN(Ph)COCH:, 
A c ~ O  

PhC=NPh + PhCNHPh __f 

NH2 I AH dCOCH3 

(139) (140) 

Both aromatic and aliphatic amidines react with phenyl isocyanate 
to produce phenyl ureides (141) 55J0333. Benzamidine hydrochloride 

R k N H  f PhNCO - RGNCONHPh 
I 

NHCONHPh 
I 

NH* 
(141) 

reacts with IJKI to form an i o d ~ a m i d i n e ~ ~ ~ * ~ ~ ~  presumably with 
structure 142a or 142b, and sodium hypochlorite produces chloro- 
amidines 205. 

PhC=NI PhC=NH 
I 

NHI 
I 

NHa 
(l42o) (142b) 
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Amidines undergo the Hinsberg reaction with sulphonyl 
chlorides 120*121.206-207. These sulphonyl derivatives are quite stable; 

RC=NH.HCI + ArS02CI f 2 NaOH RC==NSOpAr + 2 NaCl 
I 

NH2 
I 

NH2 

the amide group of 143 is hydrolysed prefercntially by alcoholic 
hydrogen chloride at 20" 120*207. 

(143) 
! 

N,N-Dimethylbenzamidine (144) reacts with methyl iodide to give 
N,N,N'-trimethylbenzamidine hydroiodide (145) 208-21 l. Alkylation 

PhC=NH + Met + PhC=NMe.HI 
I 

(144) 

NMe, 
I 

(145) 

NMez 

of a symmetrical disubstituted amidine leads to two products because 
of tautomerism of the system209*212. If R' and R2 are grcatly different 

RC=NR1 a RCNHR' 
I I  
N Rz 

I 
NHRa - 

1 p 1M.l 

Y 
RC=N R' HI RCN(Me)R1 

I I  
NR2-HI 

I 
N( Me) R2 

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" 213, and continuation of the alkylation leads 
to disubstituted products 208314. 

P h L N I i  + Etl __f PhC=NEt 
I 

NHa 
(146) 

I 
NH2 

Unsubstituted amidines react in liquid ammonia with potassium or 
potassium amide with the replacement of only one hydrogen 188*215. 

Copper or silver salts can be prepared from the potassium or sodium 
derivatives 215. 
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f R k N H  

NHK 

liq. NH3 
RC=NH + K 

1 I 
NH1 

RC=NH + KNHZ 
liq. NHJ 

> RC=NH + NH3 
I 
NHK 

I 
NHZ 

355 

4. lmino carbonates, (ArB),C=N H 
Cyanogen halides react with phenols to form imino carbonates, 

which then react with t-butylhypochlorite to yield N-chloro deriva- 
tives 216. 

00 r-BuOCI 
ArOH, ArONa + XCN -> (ArO),C=NH -__jc (ArO)&=NCI 

5. Displacements of Other Groups 

Chloro imines (147) can be prepared by the reaction of aldehydes 
with chloramine317, and the chlorine atom can be replaced by treat- 

RCHO + NHzCl - RCH=NCI + HzO 

(147) 

ment with hydrogen chloride in ether2". These chloro imines will 
react with Grignard reagents to form Schiff bases218. 

> RCH=NH*HCI + CIZ HCI(g). EtZO 
RCH=NCI 

R,C=NCI + RlMgX + R2C=NR1 

Amidoximes are reduced to amidines with PhPCI2, as are oximes 
themselves219. Amidoximes can also be reduced to amidines with 
hydrogen and Raney nickel catalyst at 130 atm and 60-80°220*221. 

PhPCI, 
PhC=NOH > PhC=NH*HCI 

I 
NHPh 

I 
NHPh 

Ph,C=NOH > Ph2kNH.HCI 
PhPCI, 

RC=NOH + HZ w R k N H  -t HpO 
I 

NH2 
I 

NHZ 

Busch and Hobein 222 prepared amidines by the action of a Grignard 
reagent on phenylcyanamide (148). Both aromatic and alkali metal 
amides produce salts of amidines215.223-225. The reaction is best 

PhNHCN + 2PhMgBr d PhN(MgBr)&NMgBr -!%- P h N H k N H  
1 
Ph 

1 
(148) Ph 
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carried out in anhydrous media (benzene, toluene, etc.) 215*223 with 
potassium amide being a particularly good reagent 215. Conversion of 

RCN + KNH, + RC=NK 
I 

NHa  

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 225. 

RC=NK + H z O  __j RC=NH + KOH 
I 

NH, 
I 

NHa  

I 
NHa 

EtOH 
RC=NK + HCI __f RC=NH.HCI + KCI 

I 
NHZ 

The acyl group can be removed from N-acylketimines by treatment 
with gaseous HC1 in benzene; hydrolysis with aqueous hydrochloric 
acid, however, leads to the carbonyl compound lg5. 

HCI (p), PhH Ph,C=NH*HCI Ph2C=NCOCH, 
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1. 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-ad isomerism and the configura- 
tional stability of such isomers under the conditiors of the rearrange- 
ment reaction. For this reason, at least, it seems appropriate to consider 
both geometrical isomerizations and rearrangements a t  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 thc more recent studies in an attempt to provide the 
reader with a feeling of the current views on each subject. 

11. sym-anti I S 0  1'4 E RI ZATl 0 PIS 

A. Al-Aryl and N-Alkyl aldirnines 

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 

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.' 

Mzst 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 
points3. 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 Curtin4, with the illustration that benzophenone 
phenylimine (1) exists in two crystalline forms5 even though no 
stereoisomerism is possible. 

C6H 4COaR-p 
/ \  c6 H/ 6 \C.H, H 

(1) (2)R = CHj 
(3) R = CzH6 

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  14506. 
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 (3) 
which have different melting points and are of different colour'. The 
results have been attributed by Manchot and Furlong6m7 to the 
isolation and interconversion of the q n  and anti isomers of these 
compounds. 

I t  was claimed8 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 Fevres and by Jensen and 
Banglo 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 3 were indeed syn and anti 
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 iminesll 
they could not have ignored this possibility. 

Most dipole moment studies are consistent with a planar tram 
structure for N-benzylideneanilines in solution. De Caouck and Le 
Fevre12 found that the dipole moment of N-benzylideneaniline (4) 
agreed well with that of p-cblorobenzylidene-p-chloroaniline (5). 
Spectral studies, however, have led to some disbelief in the planar 

1.57 D 

(4) 

1.56 D 

(5) 

trans structure. Wiegand and MerkelI3 observed that the ultraviolet 
spectr:: of tram-stilbene (G), 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 mcst likely linear at the nitrogen (9). 

0 

(0 )  

The anomalous absorption spectra of N-benzylideneanilines is, 
nevertheless, still consistent with a trans structure if one comiders a 
deviation from coplanarity. The deviation from coplanarity as 
depicted in structure 10 can be expressed in terms of a dihedral angle, 
8, between the plane of the aniline ring and the plane of the rest of the 
molecule. When 8 = 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 

H' '0 
accurate measurements of both dipole moments and simple MO cal- 
c u l a t i o n ~ ~ ~  determine the angle 8 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 l5 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 studies16J7 have shown that some 
derivatives of N-benzylideneaniline may crystallize in a tram 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 
1955 18. 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 in sifu geiieratioii of the syn isomer as an unstabie or 
transient species. 

Fischer and coworkers found that at low reinpeiatures photo- 
isomerizztions could be carried or?t on systems which at room tem- 
perature would result in unstable, and therefore undetectable, isomers. 
In 1957 they reportedlg 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 Iower 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 16-1 7 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 Frei19, but their 
communication appears to represent the first reported kinetic study of 
actual ~ p - ~ n l i  isomerization at  the azomethine group in N-benzyl- 
ideneanilines (and may be the first kinetic study ofisomerization 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 bc observed at tem- 
peratures closer to room temperature. Wettermark and Dogliotti 2o 

reported the observation of two photo-induced isomerizations in the 
photolysis of solutions of .V-(o-hydroxybenzy1idene)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 mp, 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 thc 
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- 
perature2.21. The spectrum observed for the red form in a rigid glass 
and in the solid22 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 2o to the species, giving rise to 
the short-lived band at 470 mp. 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 tram keto structures in photochromic anils is still the subject 
of active in~es t iga t ion~~.  

(11) (12) 

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 

369 

Schiff base k 3 0 . ~ . ( s - l )  A x 101l(s-l) &(kcal/mole) 

N-(0-hydroxybenzylidene) 
aniline (11) 1.67 0.3 14-2 

N-(o-hydroxybenzylidene) 
-8-naphthylamine 1 -93 3 15.4 

N- (p-hydroxybenzylidene) 
aniline 0-72 2 15.7 

N-benzylidcncanilinc (4) 1 -46 12 16-5 
N-benzhydrylidene- 

aniline (1) No change 

Wettermark and Dogliotti20 upon irradiation of solutions of 11. This 
second change is associated with a decrease in optical density around 
385 mp upon photolysis and a restoration of absorption in the dark at 
a rate many times slower than the Freviously 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 mp than 11 is the cis 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 Wettermark2* are summarizzd in Table 1. The anions 
of the first three anils in Table 1 in strong base also show qn-anti 
isomerization with an energy of activation comparable to that of the 
neutral species. The similarity in E,  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 25*26. Each 
anil bore one substituen: (NO2, Br, C1, CH3, OH, N(CH,),, or 
OCH3) in the 3,3’,4, or 4’ position. All compounds except 4’-N02 
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 

(2) 

positive, in agreement with the observation that electron-withdrawing 
groups facilitate the isomerization (Table 3). 

log k = po + log ko 

TABLE 2. Applicability of the Hammett equation.2B 

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.8 

Substitucnt Position k30.(S-1) 

(CH3)2 4 0.67 
4 2.1 7 

(CH3) 2 4’ 0.094 
Br 4‘ 3.4 1 

- NO2 

C H 3 0  3 1-2 * 0.2 
NO2 3 2.1 _+ 0.1 
N ( CH3) 2 3’ 0-30 0.01 
NO2 3’ 6.6 & 0.5 

O Data are from refcrcnccs 25 and 26 and represent only a portion 
of rhose 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 Wettermark 26 as being con- 
sistent with the non-planar model for N-benzilideneaniline (lo), 
where the .Ir-electron system of the aniline ring interacts more strongly 
with the non-bonding electrons on nitrogen than the rr electrons from 
the rest of the system. 
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Whether the lack of observable isomerization in the 4'-N02 mole- 
cule is due to the process being too rapid to detect is not entirely clear. 
Wettermark 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 outll, this was on a misinterpretation of his 
experimental data. 

Most recently, Wettermark and Wallstroml' 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 methylimiiies 15-18 
were prepared by Curtin and coworkers28. Due to the method of 
synthesis, the lack of evidence for two isomers in the infrared and n.m.r. 
spectra, and the knowii preference for a trans configuration for benzene 
azomethane (C,H,N=NCH,) it was concluded that the t r ~ m  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 workers28, however, to generate 
the syn isomers and to study their reversion to the anti isomers, so no 
kinetic data are available. 

P-RCd-4 
\ 

C=N 

(la) R = H 
(16) R = CI 

(17) R = CHjO 
(18) R = NO2 

13 + C.C.N.D.U. 
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Hine and Yeh 30 havc rcccntly determined the equilibrium con- 
stants for the formation of imines and water from isobutyraldehyde 
and several saturated amines ranging from methyl through t-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 mme stable and was most likely the one being 
observed. More convincing, howcver, is the argument based on the 
constancy of the coupling constant (JAB) between the a-hydrogcn of 
the isopropyl group and the hydrogen attached to the sp2 carbon as the 
group R is varied in 19 from methyi through t-butyl. It would certainly 

HB R 
'r-N / 

be cxpccted that the relativc 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 yn isomers. 
Although this absence could bc 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 isomerizatiori of N-alkyl ketiminesZ8 and the 
chemical shift data for similar systems31. 

N-Alkylmethylene imines (20-22), the simplest of aldimines, have 
been prepared and their n.m.r. spectra examined 32-33. The spectrum 
of N-methylmethylcneimine (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 structure33. An n.m.r. study of the configurational stability of 
these mcthylene imines would be theoretically possible through the 
observation of the temperaturc dcpeiidence of the separation between 
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the A and B signals. Apparcntly this has not been done and pre- 
sumably this is due to the instability of methylene imines and the high 
ternperaturcs that might be necessary to bring about rapid (on the 
n.m.r. time scale) inversion at  nitrogen. 

5. M-AlkyI 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 literature3J8 and several of these have been latcr disputed *. 

For example, the reaction of p,p'-dichlorobenzalacetophenone wirli 
p-toluidine in benzene at room temperature reportedly gave yellow 
needles, m.p. 130°, whcn the reaction was terminated after 40 hours3*. 
However, if thc 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 wcre separable by fiactional crystallization, yielded 
different picrates and hydrochlorides, but had similar molecular 
weights. I t  was concluded that they represent the two geometrical 
isomers of the ketimine. 

Ramart-Lucas and H o ~ h ~ ~  obtained two forms of the anil of 
desoxybenzoin which had diffcrent 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 Fletcher36 felt that they had isolated geometrical isomers 
of imines in the 2-nitrofluorene series. The acid-catalysed condensation 
of 2-nitrofluorenone with p-toluidine resulted in a product, m.p. 193", 
to which they assigned structure 24. The base-catalysed condensation 
of 2-nitrofluorene with p-nitrosotoluene yielded a different isomer, 
m.p. 2 18", which was assigned structure 25. The structural assignments 
were made as a result of several considerations including differences in 
tlic ultraviolet absorption spectra of the two forms in ethmol. The 
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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 Hausser4 to attempt to reproduce this 
work of Taylor and Fletcher. This they could not do in entirety and 
they thus concluded that thc structural assignments, 24 arid 25, 
should be open to question until further work is donc on this system. 

I n  1962, Saucy and S t e r n b a ~ h ~ ~  described the isolation of both forms 
of 2-methylamino-5-trifluoromethylbenzophenone metliylirnine (26, 
27). Tlicy assigned structure 20 to the lower melting isomer, mainly on 
the basis of the widc 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 44-H 
band at  2.8 p. 

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 dcsignated a and ,t? by Bell, 
Conklin and C l i i l d r e ~ s ~ ~ - ~ ~ .  The a-isomer (28) was white and melted at 
140-142", while the /%form (29) was pale yellow and melted in the 
range 112-1 14". The melt of the 8-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 iscmers with those of the corresponding oxime 
isomers (30, 31) of supposedly known configuration 40. The spectra of 
28 and 29 were quite different, but that of 25 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 systernjl as depicted by structures 28-31. The main 
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6 
CIQ-NH, 

/OH 
C=N 

(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 couId also have been used by Saucy and 
Sternbach3' 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 42-44. The spectrum of the 
methylimine of acetone, for example, consists of three resonances of 
equal area at  7 S.20,8.02 and 6.94, indicating that isonierization 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-alkyl ketimines. For unsymmetrical ketimines it was possible through 
a consideration of peak areas to assign syn-anti ratios (32 :33). Some of 
the results are summarized in Table 4. 

R l  

CH3 
/ -\ 

R CH3 
/ \  

R 
(32) (33) 

The first extensive study of the isomerization of ketimines is that of 
Curtin and Hausser4. 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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' I * , ~ L E  4. Isonicr ratios 4 2 - 4 4  of some unsyniinctricaIIy 
C-substitutcd azoincthincs CH3CII-=-NR1. 

R R' 

14 
3 
0 

23 
1 1  
17 
7 
0 

86 
97 

100 
77 
89 
83 
93 

100 

species. Imines are isoelectronic with the corresponding vinyl car- 
banions thought to be intermediates in the k-lranr. isomerization of 
vinyllithium compounds 45, and have the advantage of existing as 

Li R' R 3  

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 p-chlorobenzophenone and p-nitrobenzophenone. 
The crystalline p-chlorobenzophenone methylimine was shown to be 
the pure cis isomer (34) (cis and tram 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 

N' 
I I  

" 
II 
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ultraviolet and infrared spectra, to isomerize in cyclohexane solution 
to an  equilibrium mixture of 587, of the trans and 427, of the czk 
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. Ratcs of uncatalysed cis-frans isomerization 
of niethylimines 34 and 35 in cyclohexan~.~ 

Com- 
pound T("c)  Keq 105 kOb, (s - 1) E, (kcal/molc) AS* (e.u.) 

34 50-2 1.4 4.0-1 25 k 0.3 -3.6 k 1.0 
35 50.2 1.6 4-26 27.1 & 0.5 +3-4 f 1.4 

The p-nitrobenzophenone methylimine was shown to be the trans 
isomer (35). Its conversion in solution to an equilibrium mixture of 
69-5y0 of the trans and 30-5y0 of the cis isomer (looo) was also con- 
veniently followed spectrophotometrically over the range 49-60", and 
the results are tabulated in Table 5. I t  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 4, and also through ultraviolet spectral analogies. Examination 
of infrared spectra of properly constituted olefins and azo compounds of 
known configurations revealed that the position ofthe phmyl 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 structura.1 assignments in olefins, imines and azo 
compounds has been communicated by Luttke46. 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 
i ~ o l a t e d ~ ~ - ~ ~  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 Mannschreck3' 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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ck to the aromatic ring in 36 is the one with the higher field resonance 
as a result of a phcnyl ring-current cffcct. The two methyl signals 
remained separated or uncoalesced cvcn at 170" in quinoline; a fact 
which allows a calculation of a lower limit of 23 kcal/mole for the free 
energy of activation, AG* 41. 

(78.14) HjC CH2C,H, dG* > 23 kcal/mole 
\ /  

C=N 
/ 

(77.98) HjC 
(36) 

Some %-pcrfluoroalkyl ketimincs secm 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 dependcnce of the 1°F n.m.r. spectrum of this per- 
fluoro i m i : ~ e ~ ~ .  It was observed that the two =C-CF, groups are 

(37) 

separated by more than 300 Hz at temperatures .rvell 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 k 3 kcal/mole for the alleged isomerization of 37. 

A temperature-dependent broadening of the AB-type pattern of the 
- -CF, group in pcrfluoro-hr-methyleneisopropylamine (38) has also 

(38) 

been attributed49 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 a m i n e ~ ~ ~ ,  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. 



9. syz-onfi Jsomcrizations and Rcarrangemcnts 3 79 

Curtin and McCarty 20*50  reported several lines of evidence to 
support thc suggestibn that N-aryi imines derived from unsymmetrically 
substituted benzophenones (39-42) are prcsent in solution as a rapidly 
equilibrating mixture of syn and a d  isomers but crystallize in a single 
stereoisomeric form. Each of the compounds 3942 is a crystalline solid 
with a small melting point range ( 5 1 ") . Each of thc first three (39-41) 

P-YCsH, (39) X = CH,, Y = OCH, 
(40) X = N(CH3j2, Y = OCH, 
(41) X = CI, Y = OCH, 
(42) X = O W 3 ,  Y = CI 

\ 
C=N 
/ \  

C8H5 C0HJ-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 ncar 700 cm-l associated with the 
monosubstituted aromatic ring4. Each of the imines as the solid in a 
potassium bromide disk gave a single absorption in the 700 cm-l  
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 show :d the development of a 
new band. Reference to the previously mentioned empirical infrared 
correlation in the 700 cm-l region suggests that each of the imines 
3941 crystallizes largely in the configuration depicted with the 
CH,0C6H,- ring trans to the N-aryl ring. The n.m.r. and infrared 
results are presented in Table 6. Similar rcsults were found for N- 
aryl imines of other p-substituted benzophenones not shown in Table 6. 

TAULE 6. N.m.r and infrared data for imines 3941.28*50 

Solution KBr infrared (cm-1) 
Compound CH30  ( T )  infrared (cm-l) Before heat Aftcr heat 

6.22 700 703 703 
6.28 695 697 
6-24 699 702 702 
6-28 695 696 
6.23 698 70 1 70 1 
6-29 694 695 

(39) 

(40) 

(41) 

The ultraviolet spectrum of 40, freshly dissolved in carbon tetra- 
chloride at O", had a maximum at 275 mp ( E  29,000) but on standing 
there developed a broad shoulder at 255 mp. The approach to equili- 
brium was observed at  various temperatures and the plots of 
In(& - &)/(Ae  - A )  against t were linear, indicating a first-order 
process. The results are presented in Table 7. The unsymmetrical 
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TABJX 7. Ratcs of isomcrization of imine 40 (4 x &I in carbon 
tetrachloride followcd by observation of the absorption at 230 mp).*e 

Temperature 1 0 4  kob, E a  AS* 
("c f 0.2") (5  -I) (kcal/molc) (e.u.) - 
- 7-24 4.08 k 0.05 
+ 2.8 15.0 0.2 19.7 0.4 -2.1 1-5 
+ 12.2 53.7 k 0.5 
+ 62 (1.0 104y 

a Duplicate runs made in each tcmpcraturc rangc; only one  shown. 
Extrapolated value. 

tolyl imine(39), when dissolved in carbon tctrachloride, also undcwent 
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 kobs = 23.3 & 0.2 x 10-4 
s - l .  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 3 9 4 1  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 4346. Each of the imines 4 3 4 5  showed, in 

p-CH ,OH 4Cs C,H,-X-p (43) X = H (76.20, 6.28) 
(44) X = N(CHj)p, (6.25, 6.28) 
(45)  X = CH3 (6.26, 6.31) 

\ /  
C=N 

/ (46) X = C0,C2Hs (6.26, broad) 
p-CH,OH,Cs 

carbon tetrachloride, the pmethoxyl proton absorption as two i)eaks 
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 4 3 4 6  were heated to 
70°, the methoxyl absorptions coalesced but reverted to their original 
position when the samples were cooled. 

I t  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. Isomcrization rates of imincs 4 3 4 3  in 
carbon tetrachloride.** 

p2.2. 
1 Y  

Conlcsccncc AvIn,,, kl, S - 1  

Compound, tcmpcrature, Hz at GO MHz s-1 (extra- 
subs t i  tuen t ('c & 0.5') (k  0.15) ( +  0.3) polatcd) 

(43) H 69.5 3-92 8.7 4.4 
(44) N(CH3)Z , 78.8 2-60 5.8 1-30 
(45) CH:, 62-2 4-90 10.9 1 1  
(46) C02CZH5 29.8 5-99 12-4 180 

a Extrapolated assuming AS* = 0. 

assumed for AS* but a valuc of AS* = 0 seems reasonable, considering 
the results obtaincd with an unsymmetrical analogue (compound 40, 
Table 7). Plots of log k162.2" versus Hammett 0 -  were reasonably 
linear and gave a value of p = + 1.67 k 0.15, in good agreement with 
that estimated from thc limited data on the rate of isomerization of 39 
and 50. 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 .substitucnts back on the benzophenone rings have little 
effect on the rate of is~merization~. 

A very similar study with similar results was carried out by Rieker 
and Kesslers1 on anils of 2,6-di-t-butyI- I ,4-benzoquinone (47). In 
each of the anils prepared by them (different R groups) the t-butyl 
resonance in the n.m.r. spectrum appeared as two singlets at about 

(47) 

78.65 and 8-80. The hydrogens H1 and H2 appeared as an AB- 
system (JAB = 2-6 & 0-2 Hz) in the region of 7 3.0 to 3.4. 

The chemical shift difference between H1 and HZ 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". If so, this wo,~~ld 
/ 
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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.ni.r. measurements of the anisotropy effcct of tlie phenylimino group 
have also been reported by Saito and Nukada 52,  who fouiid two peaks 
due to tlie or-methylene protons adjacent to the plicnylimino group in 
the anils of cyclohexane and cyclopentane (48,49). The latter authors 

(48) (49) 

concluded from ultraviolct and infrared data in addition to the n.m.r. 

data that the \C=N plane is nearly perpendicular to the phenyl 

plane and that hybridization of tlie nitrogen is sp2. 
'The temperature dependence of the A B  pattern in the n.m.r. spectra 

of 12 benzoquinonc anils, differing only in the substituted R, was 
determined by Rieker and Kessler51. Thcse data allowed them to 
calculate the LIG* values for these compounds (some results are 
shown in Table 9). The AG* values varied inversely with tlie Hammett 
up values for the R groups and a plot of AG* versus up was found to be 
quite linear. The mechanistic implications of this are discussed in a 
later section. 

/ 

TABLE 9. Temperature dependence of the f-butyl signal in the n.m.r. spectra 
of benzoquinone 

Subst. R AvTnmx Coalesccnce AC+ 

N(CH3)2 4.7 144 22.80 
OCH3 6.8 152 22-94 
H 9-2 140 22.03 
c1 8.4 128 2 1 -42 
COzCzH5 9-5 96 19.57 

in 47 in Hz ( &  0.4) temperature ("c & 3") kcal/mole ( &  0.14) 

Curtin and coworkers 28 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 
anil51 was prepared. It was assumed to be the isomer with the bulky 
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t-butyl and phenyl groups l7QW 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 plienyl as would be ex- 
pected from the normal ring-current effect. 

(78.31) H3C, C=zN 0 
/ 

(78.81) (CH,),C 

/8 (78.33) H3C, 

(77.96) H,C 
,C-N 

(50) (51) 

Compounds 50 and 51 were later synthesized and studied by Staab 
and coworkers 44, 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 28*s0. 

Finally, it should be noted that s p - d  isomerism is observable in 
some parent ketimines. Lambert, Oliver and Robertss3 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. I t  was concluded that the process being observed 
probably involves a double proton exchange be tween two molecules 
(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. 
I t  has been known for many years that some aldehydes and 
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unsymmetrical ketoiics yield two isomeric products which caii some- 
times be separated by fractional crystallization and are often inter- 
~ o n v e r t i b l e ~ . ~ ~ . ~ ~ .  Although it was assumed by many that these isomers 
were the cis and trans or q n  and onti 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. 

I t  was noted soon after Beckmann’s original work on the rearrange- 
ment of oximes to amides 56 that isomeric oximes give isomeric amides 
(equation 6 ) .  Thus the Beckmann rearrangement became the tool of 

RCOR’ + NHaOH + RCR’ and/or RCR’ -t H20 
I1 

HON 
II 
NOH 

(6) 
ether p“. ether 

RNHCOR’ R’NHCOR 
rIs 

chemists for assigning oxime configurations. It should be pointed out, 
however, that the assignments prior to the elegant work of Meisen- 
heirner5’ 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 tram migration. Meisenheimer showed that 
benzil-/3-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 monoxinie gave phenyl- 
glyoxanilide (56) upon treatment with phosphorus pentach!oride in 
ether which established the trans migration of groups. 

The use of the Beckmaiin 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 bases5*. 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 nicaningful 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 isomer41. 

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. Dipol, - mcment 
measurements have often been used for these purposes 58 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-0 group which gives rise to the isomerism in oximes, and a 
recent crystallographic analysis 59 of the p-bromobenzoate of benzil-a- 
monoxime shows clearly that the structure is 57, with the p-bromo- 

OCOCoH Br-p 
\ 

(57) 

benzoate group trans relative to the carbonyl group. This confirms 
Meisenheimer's original assignments based on his work with the /?- 
monoxime (54). JerslevGo 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 61 and ultraviolet 62 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. -4ttesting 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 Phillips63 in 1958 on aldoximes and that of 
L u ~ t i g - ~ ~  in 1961 on ketoximcs. 

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 

SY* anti 

proximity of oxygen induces a paramagnetic shift on the aldehyde 
proton in the syn form, he assigned the multiplct at lower field to  the 
syn form. Area ratios allowed a determination of the equilibrium con- 
centration of isomers of the aliphatic a1 doximes. 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. 

I n  order to check Phillips’ assignment of the low field -CH=NOE 
multiplet to the syn isomcr, LustigG4 recorded the spectra of the two 
p-chlorohenzaldoximes whose structures were known from x-ray 
studies60. Indeed, it was found that the aldehydic proton in the anti 
oxime lies at higher fie1.d 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 anli-benzaldoxime and the effect of m- and p-substituents on 
the position of absorption has recently been described65. Nine pairs of 
isomeric benzaldoximes were examined and some of the results are 
shown in Table 10. I t  was noted that there is a good correlation be- 
tween the chemical shift of the aldehyde proton and the Hammett 
a-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 qn-anti variety was detected in several aliphatic 
ketoximes and ketoxime ethers by an n.m.r. method for the first time 
in 1961 64. 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 aldoxiine 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. 

/ 

TABLE 10. Chemical shifts of the aldehyde hydrogen in some 
m- and p-substituted benza ldos ime~ .~~  

Substitucnt Chemical shift 
(R) S p  anti 

~ ~~~ ~~ 

P-CH3 2-00 2-82 
P-NO, 1 -78 2.44 
P-OCH:, 1 -94 2-78 
p-Cl 1.97 2.71 
m-N02 1 -74 2-48 
m-C1 1-92 2.57 

~ ~~~~ ~ 

a r values for 6-15Z solutions in tetrahydrofuran. 

Karabatsos and c o w o r k e r ~ ~ ~ J j ~  found that for oximes and oxime 
ethers of the general formula 58, a-methyl hydrogens when cis to the 
-OX group usually Tesonate at higher field than when tram although 

‘R 

CH, 

solvent changcs may reverse this. a-Methylene and or-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 Protons of freely rotating a-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. O n  the other hand, the preferred con- 
formation for an isopropyl group, for example, places the a-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  coworker^^^-^^ feel that 
the main deshielding effect on the a-hydrogens arises from the prox- 
imity of the unshared pair of electrons on nitrogen, while Huitric and 
coworkers 68*72 have presented evidence for the greater effect being due 
to t he  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 7 3  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 anti 
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 

(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, 
LOH-LcH is approximately 3 p.p.m. for many syn aldoximes and 
about 4 p.p.m. for the corresponding anti aldoximes 73. 

In  addition to the aforementioned applications, these various 
empirical n.m.r. correlations, starting with the work of Lustig6* and 
Phillips63 have been used in recent years to assign configurations to 
c+unsaturated oximes (64"*, 6575, 66 7 6 ) ,  to oximes of possible 
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cliemodierapeutic activity (67) i 7 ,  to thc isomers of a-oximinoaryl 
acetonitrile (68) 78, and to the oximc cthers of ben~a ldehyde~~  and 
substituted benzaldeliydes 80. 

?COC,H6 

b N+ I -  
wNoH 

CN 

(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 effects41. 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- 

HO HO 

/ \  

(69) (70) 

(CH,),C’ ‘C6H, (CH3)ZCH CsHs 

ditions 61. Electrostatic effects are important in determining the 
relative stabilitics of some @-substituted benzophenone oxime isomers 
in acidi.c media, and both electrostatic and steric effects must be 
considered when discussing relative stabilities of isomers of o-sub- 
stituted benzophenone oximes 41. 
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It is well known that the favoured form of aromatic aldoxitnes is the 
syn (H and OH &) configuration. These syn isomers, however, are 
readily converted to the anti isomers through the hydrochloride salt3. 
For example, 2,6-dimethyl-4-bromobenzaldehyde yields the syn oxime 
(71) upon reaction with hydroxylamineaO. 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 ~ y n  aldoximes to anti aldoximes can also be 

OH 

(9) 
1. Htl .  ether , B~ 

CH, CH, 
(71) (72) 

H 
Br&oH 2. NapCO, 

effected with protic acids other than hydrochloric and also with Lewis 
acids such as boron trifluoride 82. 

The photochemical isomerization of oximes was first reported by 
Ciamician and SilLera3 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-ismicotinaldehyde oxime (73) to its anti 
analogue (74) I n  addition to leading to isomerization, irradiation 

OH 
I 
N 

A 
H 

\ 
H 

(73) (74! 

may also yield amides; syn-benzaldoxime (75), for example, gives 
benzanilide 85. 

(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. 86, and 
the interconversion oft-benzoquinone monoximes (79, SO), which also 
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can be followed by n.m.r. and which probably involves the p-nitro- 
sophenol (81) as shown 87-89. Thermal isomerization of anti-benzal- 
doximc (82) during 0-alkylation experiments probably explains the 

AN, /-- OH - A:" (12) 

0 '0 
(77) (75) 

mixture of oxime ethers noted by Buehler 79. However, in this last case, 
a complex between silver ion and the oximes could be involved. 

RI 
CoH6CH CBHSCH + C,HSCH 

(14) 
I I  
N 

I I  
N 

II  
N 

'OR 
/ 

RO 
/ 

(8f) 

HO 

One of the first kinetic studies of the thermal qn-anti conversions of 
oxime isomers was carried out by Le Fevre and NorthcottgO on 
piperonaldoxime (83). The isomerization of the labile isomer (m.p. 
144") to the stable isomer (rn.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/moIe in carbon tetrachloride and the 
rate constants could be roughly correlated with the dielectric con- 
stants of the solvents. 

,C- N 
0 

Q ,OH 
(=JN H' 

(831 
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Vassian and Murmanngl 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 methyl or ethyl alcohol, water, chloroform or acetone. In the molten 
state at 175", however, the two .Terms showcd first-order behaviour for 
at least two half-lives and gave a value of 4.22 x s-l for 
hob,. At 144" in cyclohexanol the rate of isomerization of the syn 
isomer (syn-phenyl) was 3.4 x s-' and that for the anti isomer 
was 1.7 x s-l. Deviations from first-order behaviour suggested 
to the authors a complex mechanism possibly involving the solvent or 
impurities ifi the oximes. 

Oxime ethers, like oximes, are susceptible to photochemical iso- 
merization and to isomerization by hydrogen chloride in chloroform 92. 

On the other hand, they have been found to be very resistant to 
thermal isomerization ; the /3 isomer of 0-methyl m-nitrobenzaldoxime 
being stable in the melt and remaining unchanged after 16 years at 
ambient temperatures 92. The 0-methyl ethers of p-chlorobenzo- 
phenone oxime (85,86) were prepared by Curtin, Grubbs and 
McCarty2*. The isomers were obtained in pure form and the structural 
assignments could be made with the infrared correlation mentioned . 
earlier28. 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 
lo-' s-I as a maximum possible value at that temperature. At 

p-CIC&, OCH, p-C[C,Hr 

C=N (13 
\ 

/ \  
d - \ /  

/ 
C=N 

C6H6 OCH 3 C6H.5 

(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 2 s  reagents for characterizing aldehydes and ketones 93 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 numerou~9~-100. 
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 lo1-l06. Once again one must 
be very critical in reading the older reports since polymorphism, 
undoubtedly, has often been the rcasoxi for the isolation of two forms. 
The complexity of the situation can be seen from just reviewing the 
literature on the DNP of acetaldehyde lo3. Various investigators have 
isolated forms mclting at  146" and 16Z0104; 168-5", 156-157" and 
149" lo5; 167-168" and 93-94" lo6. 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 
Kiibyl" 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 a-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 58, were different with 

NHC,H3(NOz)z-2,4 CBH5 
/ 

CsH5 

'C=N L N  
/ 

(87) (88) 

CHSCHOCH 3 
/ \  

CHjCHOCHa NHCtHj(N02)2-2,4 

A,,, for 87 being about 21 mlz 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 Shoolerylo8 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 (tram aryls, 89) 
and a non-coplanar or sterically hindered ~ y n  form (90). 
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(ot yH,CO,Et (=J-yH&Q Et 

N 
/ 

NHC,H3(N0,),-2,4 2,4-(OpN),C,H,HN 
N\ 

(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 66-103~109-111 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 R1=H, in 94) 

R'CHZ RICH1 RICH 

CHN=NX \C-NH NHx 
\ 
/ 

C=NNHX 
\ 

/ 
R= Ra' R Z  

(91) (93) (93) 

RW,) 
\ 
/ 

(94) 

resonates at lower magnetic field by 3040 Hz when cis to -NHX than 
when tram regardlcss of solvent. (c) H,(CH,) generally resonates at  
higher field when cis to -NHX than when tram, although in some 
solvents the difference is small and in a few acetaldehyde derivatives 
this generalization is reverscd. (d) H,(CH,) also generally resonates 
at higher field when cis to -NHX than when tram and the differcnce 
is around 20 Hz. (f) Tne position of H, is very sensitive to both -NHX 
and the solvent and does not allow any generalizations to be madc. 

The differcnces, dv (vcIs - vtrons), for H,(CH) and HI 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 tram 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 

C=N-NHX 

R'-CH,-CH, 
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observed by Karabatsos and coworkerslog for this effect of aromatic 
solvents. 

R; 
,C= N 

\ 
R2 N-X 

I 

(95) 

Arbuzov, Samitov and Kitaev '12 have observed similar differences 
(vci, - vlrcrns) 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 ciS and tram liydrogens. An infrared study by Hadzi and Jan 113 

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 €3 and NHAr cis) is always the lower of the two and usually 
in the range of 3340-3350 cm-' (0.02~ 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-anli 
'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 daylo3. The final qn-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 temperaturelo3. 
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Unlike derivatives where X is NHY in 98, the compounds which 
have X being IS(CH3)2 or N(CH3)CsH, exist only as a single isomer 
(cis H and X) that docs not isomerlze upon heating or adding 
acid 11*J15. Consideration of preferred conformations offers the 

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 ir-dectron system. When X is N(CH3)2 or N(CH3)C,HS this 
is possible only for the syn isomer (101) and thus it is heavily favoured 
even to the essential exclusion of the anti 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, 

C H C-CH, 
‘11 I 

I 
C&&(NO,X-2,4 

C,H,CCH2C0,Et - NXN,C=O 
II 
N 
\ 

NHC,H,(NOJ,-2,4 

(89)’ 

T 
C H CCH2COaEt 71 

/N 
2,4-(O2N),C,H,HN 

(90) 
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Silverstcin and Slioolcry Io8 found that tlic rate of ethoxiclc-catalysed 
cyclization of the syn isomer (90) to givc the pyrazoloiie (103) was 
identical to that for the anti isomcr (89) (9.40 x s- l  at 25"). 
The unstable 5yn isomer must isomerize prior to cyclization. The clean, 
fil-st-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 Scottlls found that when eight alkylidene DNP's 
(104, R = alkyl) were broniinated in 70y0 acetic acid containing 
potassium bromide, t!ie precess was independent of the concentration 
of bromine used. For the compound in which R = CH(CH,),, the 
rate constant for bromination (1-6 x s-l) was the same as for 

R NHCeHs(NOz)2-2,4 
\ /  

& - C=N 

R NHCBHa(NOp)2-2,4 
\ /  

C=N 
/ 
Bt 

(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 
equationll? with 8 = +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. I n  compound 
111 Mannschreck and Koelle118 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 1110. 
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On the other hand, the ring protons of 111 remained an ABCD 
pattern up to 150°, which means that AG* for qn-anti isomerization in 
this system is greater than 22 kcal/mole. 

There are three azine isomers (112-114) theoretically possible from 
the reaction between hydrazinc and an aldehyde or unsymmetrical 
ketone. Fleming and Mason119 were the first to report the isolation 
and characterization of all three isomers of one azine (112-114, 

/ 
N 

(112) (113) (114) 

R1 = o-OzNCsH4, R2 = CH3). 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 thc only form 
observed when R2 = H and R1 = alkyllZ0. 

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 lightllD. Thus far, 
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however, compounds 115 and 116 have not yielded to variable tern- 
perature n.m.r. techniques; the methyl proton resonances remaining 
uncoalesced at 1 70” 44. 

E. M-Halimines 
The N-chlorimines of substituted benzaldchydes (117) have beer1 

prepared and studied by Hauser and coworkers12’. These were un- 
stable compounds which spontaneously decomposed at varying rates 
into hydrogen chloride and a nitrile. Fractional crystallization yidded 
no indication of isomers of these I”-diloiimines. 

U 

(117) (118) 

On the other hand, the N-halimines of ketones (120) are fairly 
stable under ordinary conditions and the stereoisomers, wherc 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) 123. This was later 

R’ 
/ \  

H 
(142) 
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proven not to be the case 123J24, but Beckmann type rearrangements 
of N-halimines can be effected by metal ion catalysts 125-126. 

Peterson 123 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 sorrie 
of the isomers with dry chlorine or heating up to threc hours at 100" 
were without effect on the melting points of the pure forms. 

Curtin, Grubbs and McCartyZ8 prepared and separated the two 
N-chlorimines of p-chlorobenzophenone (123, 124). A configurational 

CGH, CI C,H, 

(22) 
\ 

C=N A 
\ /  

/ 
C=N - 

p-C I CeH ' 4 'Cl p-C ICG H 4 

(123) (124) 

assignment based on infrared and ultraviolet spectral data was the 
opposite of that given in the older 1i teratu1-e~~~.  The thermal, 
uncatalysed equilibration of 123 and 124 was follnwed by an ultra- 
vic!et spectroscopic method. No isomerization of either isomcr was 
detected in runs at 60" in cyclohexane :or 500 h. The assumption of a 
reasonable error in the analytical method gave a value of 3.2 x 
s- l  as the maximum limit on the rate of approach to equilibrium at 
this temperature. Because the N-chlorimines halogenate cyclohexane a t  
temperatures above 60" 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 SO h at 140". I t  seems quite likely, though, that homo- 
lysis of the N-CI bond was occurring at these higher temperatures so 
the values probably do not represent rates of pure, thermal sgn-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 qyn and anti isomers of numerous N-fluorimines. The re- 
action of tribromofluoromethane (125) and tetrafluorohydrazine (126) 

CFRr,  + NzF4 - > Br B r  F 
\ /  \ 

hu 

C=N + C-N 

(128) 
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initiated by ultraviolet irradiation produced the sgn and anti isomers of' 
C-bromodifluoromethyleneimine (127, 128) among other products 129. 
The isomers were readily separated in pure form by gas chrornato- 
graphy. Configurational assignments were made by considering the 
diserences 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 sgn 
isomer (127) gave measurable amounts of the anti (128) along with 
trifluoromethyleneimine, but there was no evidence for generation of 
the st~n from the anti. 

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 evidenc-d by l9F n.m.r. . ~ p e c t r a ' ~ ~ - ~ ~ ~ .  
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 

F N  N F  
I .  N2F, 
2. N a F  > 

NCCR + NC e R 
R = F, CH3, CH,OCOCH, 

NCC-CFCN 
I .  NzF, 

NCC=_CCN 2 . d  > 
I I  I 
N F  NF2 

I. NzF, 
F3CC~CCIF, 2. z F,CC-CFC,F, + F,CCF-CC,F, 

I II (26) 
N F 2  N F  

II I 
N F  NF2 

CH+C=CH, + N2F4 > CH2FCCH2NF2 + CH2FCCH2NF2 
II (27) 

F N  
II 
NF 

(130) (131) 

I500 
130 + NaF A CH2FCCN 

II 
NF 

1000 
131 + NaF - CH2FCCN 

II 
F N  

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 C .  G. McCarty 

Dehydrofluorination of the adduct from N2F4 and trans stilbene 
leads to a mixture of all three of the possible syn and anti isomers (132 
134) 133. Similarly, the adduct from 2-butcne and N2F, yields 135- 
137134. Irradiation of solutions of the pure isomers 135-137 with an 

R R F R F 

C=N C=N F C=N 
\ /  \ /  

/ 

/ \  

\ 
F 

'\ / 
N=C N=C 

\ / \F 
N=C 

\R i R 'R 

132-134, R = CsHS 

135.137, R = CH, 

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 (138) studied by Stieglitz 135 and Hilpert 136. 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 

about ar. 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 (139) has been found to exhibit a doublet in the n.m.r. 
spectrum obtained at room temperat~re'~'. There is no change in the 
spectrum when the sample is heated to 105" in methylcyclohexane or 
170" in diphenyl ether. 

F. Imidates, lminocarbonates and Related Compounds 

The thermal rearrangement ofimidates (140) to disubstituted amides 
(Chapma:n rearrangement) has been reviewed recently 138. There is 
little iriiormation available, however, on the rate c;f syn-anti iso- 
merization at the azomethine linkage of imidates. Marullo and 
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(140) 

coworkers 139 have reasoned that in the pyrolysis of imidates such as 
141 to give amides and olefins the syn-anti isomerization most likely is 

OCH2CH&eHs 0 

+ CH2=CHC,H5 (31) 
A // 

\ 
-- C6Hs-C 

/ 
CoH5-C 

\\ N-CcH5 NHC6Hs 
(141) 

not the rate determining step since the pyrolysis reaction has an energy 
of activation of about 40 kcal/mole and N-aryl imines28 and imino- 
carbonates 137 isomerize with energies of activation closer to 20 kcal/ 
mole. 

The complexity of the room temperature r1.m.r. spectrum of phenyl 
N-methylacetimidate as prepared from phenol and acetoxime benzene 
sulphonate has been explained on the basis of the existence ofsyn (142) 
and anti (143) isomers in the ratio of 2: 1 , favouring the anti form 140. 

(32) 

O C B H ~  OCsH, 

\- CHa-c 
/ - / 

\\ 
CHS-C 

N-CH:, 

At higher temperatures the peaks of the two forms begin to merge and 
have essentialIy coaIcsced by 70". 

Most hydroxamic acids can be isolated in two forms141. For 
example, ethyl benzohydroxamic acid (144) was found to exist in one 
form melting a t  53.5" and another one melting a t  67.5-68°142. 
Werner 143 suggested that thcse 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°144. 

OCZH:, OC2H5 
/ 

B \\ 

(144) (145) 

C6Hs-C 
/ 

CEHs-C 

NOCOCH, 
9 

NOH 

14-I- C.C.N.D.B. 
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A study by Curtin and Miller lQ9 ofthc rcarrangement of benzimidoyl 
henzoates (146) to imides (147) via 1,3 aroyl migrations suggests that 
the imino compounds exist mainly in the trans aryl form as shown. 

0 
ll 
CArl ArlCOO Ar2 

\ /  

/ \ 
C=N 

Ar' C6Hs 

(146) (147) 

That the rate ofsyn-anti isornerization of 146 is not the rate determining 
factor (the rcarrangement probably proceeds through the cis aryl 
isomer) seems reasonable from a comparison of the observed re- 
arrangement rates to s-') with those of isomerization of 
N-aryl ketimines2* and N-aryl a l d i m i n e ~ ~ ~  (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  

CH30 Cti H rl R-P CH3S X 
\ /  

/ 
C=N 

\ /  

/ 

(148) (149) 

room temperature, but cooling resulted in the formation of a distinct 
d0ub1et.l~~. 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, Vogtle, Mannschreck and Staab 44. 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 featurc of the data in Table 11 is the 
low E, or AG* vdues compared with the values for Nary1 and N- 
alkyl ketimines28. Thus, substitution of CH30- or CH3S- 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) apparcntly exist 
only in the form shown 44. The chemical shifts shown by the formulae 

C=--N 

CH3S CH,O 
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TABLE 11. Isomcrization data for compounds 148 and 149. 

Substi- E, AGO+ 
tuent Solvent dv (Hz") T, ( O c b )  (kcal/rnole) (kcal/molcc) 

~~~ 

R in 148:* 
H Acetone 9.13 c +0*8 13.4 k 0.3 
c1 .ice t 0 I1 c 7.14 - 1.6 16.6 k 0.3 
CH3 Acctone 8.03 +2-8 15.5 k 0.3 

C6H.5 Acetonc-d6 2.5 - 22 13.7 f 0.3 
CH, !CeH5)20 6 73 18.6 k 0.3 
CN i\cetonc-d6 13 1 14.0 k 0.3 

a h.laximutn scparation obscrvcd at low tctnpcraturc. 
b 'I'crnpcraturc of coalcsccncc of thc tncthyl pcaks. 
c Frcc cncrgy of activation at T,. 
* Data from rcfercncc 138. 
C Data from rcfcrcticc 44. 

?C in 149:c 

are from the room temperature spectra and cooling to - 40 to - 50" 
failed to broaden the peaks. 

'i 7-70 CH3S T 7.67 CHSS 

C=N 
\ 

' \  
C=N 

\ 

/ \  

(150) (151; 
CH 3 T 6-07 CH30 CGHB ~ 7 . 1 2  CH&' 

G. syn-anti Isomerization Mechanisms 

Sevcral possible mechanisms have been considered for geometrical 
isomerization a t  the C-N bond. When considering isomcrization 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 isoinerization mechanism. Quite possibly, 
as with most considerations of mechanisms, there must be considcred a 
continuum of mechanisms between the extremes to be described. 

First, one can consider a process involving the rupture of the r 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. I t  is generally agreed that many olefins 
isomerize by this kind of process, but these olefin isomerizations 
require high temperatures and have activation energies ranging fi-om 
36 to 60 kcal/mole. The  barrier to the analogous rotation about the 
N=N double bond has been calculated 146.147 to be even higher than 
that for riitation about the C=C double bond, so it seems reasonable 
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(152) (153) (154) 

to assume that isomerizations through 152 would be associated with 
energies of activation of 50 kcal/mole or higher. I t  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 hetcrolytic 
rupture of the C==N bond aiid passage through a transition state 
resembling 153. Oi' course, this structure is the extreme case of the 
nornrr\!!y cocsidered 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 resmance 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 procceding through 153 are also consistent 
with the 'lateral shift' 2o  mechanism, which is presumed to consist of 
the shift of the substituerit 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 7 bond remains intact, and the unshared pair occupies the 
perpendicular p orbital on nitrogen. The motion assumed for this 
mechanism is shown in 155 and can be compared with 156 for the 
rotation mechanisms. 

The results of studies of isomerization rates of N-aryl and N-alkyl 
ketimines and N-aryl aldimiiies are consistent with the lateral shift 
m e c h a n i ~ m ~ ~ .  Curtin, Grubbs and McCarty28 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 26 found the p-value for aniline ring 

\ 
Arl Ar' 

Ar2 / H'C=N Ar2 
\ 

(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 orlho 
positions of the N-aryl ring of N-aryl ketimines 44*148. 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 hindcr the isomcrization. Thus, the 
effect of ortho substituenrs is a steric one and it is felt that tile 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. I t  is impossible at this point, 
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]1owevcr, to rule out thc possibility that this high col1figurational 
stability may arise from unusual instaliility 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-pcrfluorimines in unclear. There may be 
special stabilization of a linear transition state by structures such as 
159 149. The situation is probably more complex with difluoromethylene 

R' CF3 R'd, R3 
\ /  
/ -  

F-  C-N 
\ + /  

/ \ 
C=N=C 

CF3 R 2 0  R2 

(159) (160) 

derivatives and not directly comparable to other imines, since recent 
evidence points to sp3 hybridization at the carbon atom of the gem- 
difluoro group (F2C=)150, and thust he C-N bond in these com- 
pounds would be different from those in other imines. J 

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 lowcring 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 rne~hanism'~~.  

111. REARRANGEMENTS 

A. The Beckmann Rearrangement 

1. 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 1886151 (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 

(33) 
\ catalyst 

C=N--OH - RNHCOR' and/or R'NHCOR 
/ 
R' 
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being governed by the choice of catalyst and solvent among other 
things. 

A very commonly proposcd picture of the rearrangment is the one 
depicted in the following sequcnce (equation 34). The function of the 

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 trans 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 Beckrnann 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 d e ~ a d e ~ * * ~ ~ .  The first, by Donaruma and Heldt5*, 
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 Smiths5. 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 earIy 1960’s usage most of 1967 have been included. 

2. Experimentzil conditions 
Tlie Beckmanri 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 frcquently employed, but 
phosphoric acid, phosphorus pentachloride, aryl sulphonyl chlorides, 
aluminium chloride, hydrogcn bromide and hydrogen fluoride are 
also used as catalysts. Beckmann’s mixture, which consists of a saturated 
solution of hydrogen chloride in a mkturc of glacial acetic acid and 
acetic anhydride, is useful when the oximc reacting is insoluble in 
other media. 

Polyphosphoric acid (PPA) has become a popular medium for 
carrying out Bcckmann rearrangements. Pearson and Stone 152 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 84y0 
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 rearrangement41. 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 involving the rearrangement of the benzene- or 
p-toluenesulphonyl esters of oximes upon passage through a column of 
neutral alumina, has been shown to givc 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 
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obtained through the use of PPA and the Craig and Naik method is 
illustratcd in equation (35) 154. Assuming the oxime configuration to 
be as shown in 161 the results may be explained by a PPA-catalysed 
rearrangement of configuratior- prior to conversion to 162. 

Other studies an the selectivity of various catalysts include the one 
by Wiemann and HamlS5. 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). 

(167) 

There have been a few reports of the use of formic acid as a re- 
arrangement medium for certain o-hydroxy ketoximes 158, but the 
results in a recent paper by Van Es15' 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 acctanilide 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 *58-181. Cyclohexanone oxime-p-toluenesulphonatc, for example, 
rearranges at  21-5" at a rate which is eighty timcs that in methanol, 
480 timcs that in chloroform and 16,000 times that in carbon 
tetrachloride 161. 

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) 162. 

CeHs 

C=N CHaCIa IF' f C,H,NHCOC,H, (37) 
\ 

30 
CsHs ' 'OH 
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An example of a Beckmatin rearrangement accompanying de- 
Iiydration 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 163. 

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 16*. 

Ar 

173 -' + (C,H,),P+O 

(174j 
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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) 165. 

Heterogeneous catalytic techniques for the Beckmann rearrange- 
ment havc rcccived further attention. Metallic copper is effective with 
somc oximes although strciiuous conditions arc required i66. Raney 
iiickel has bcen used to convert acid-sensitive aromatic and aliphatic 
aldoximes to amides 167. Even bctter, 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 16*. Optimum conditions include 
tcmperatures 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 thc 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 1 7a-methyltcstosterone acetate oxime (177) 
with thionyl chloride in dioxan gives only the 3-a~a-d~~-4-ketones 
(178, 179) 7 5 .  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 

dioxan 

I 
OH 

(1%) R = C,H,CO, R' = H (178) 

(177) R = CHaCO, R' = CH, (179) 

for the rearrangement of such cr,j3-unsaturated steroidal ketoximes has 
been more recently reported by Kohen 169. A dimethylformarnide 
solution of 177 plus an equimolar quantity of p-toluenesulphonyl 
chloride gave, at room temperature, a 91 yo yield of the 3-azalactam 
(179) free of contamination by the unreactive anti oxime. 

Through selective oxirnation of 5a-pregnane-3,20-dione and A- 
nor-5a-pregnane-2,20-dioncY Nace and Watterson 170 have been able 
to prepare mimes 180 and 281 without protecting the free 20-carbonyl 
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groups. Oxime 180 was rearranged by the Craig and Naik procedure 153 
to give a 93y0 yield of the previously unknown A-homo-4-aza-5a- 
pregnane-3,20-dione (182). Similarly 181 gave a 1 :I mixture of 183 
and 184 in 937, yield. Thus the Beckmann rearrangement provides an 
excchi t  route to A-azapregnane derivatives. 

A new synthesis of quinazoline-N3-oxides (186) through the 
Beckmann rearrangement of o-acylaminoacetophenone oximes (185) 
has been reported by Kovendi and Kircz 171. The quinazolinedione 
188 is formed by a novel rearrangement of 187 at its melting poifit 172. 
This appears to be a Beckmann rearrangement of 187 followed by an 
0 + N migration of the carbonyl group. 

YH3 ,OH CH, 

a &I-o R' (43) 

C-N 

R @ NHCOR' 
R 

(186) (185) 

0 
HN-& 

CI mc s p+ ci J@&O 
(44) 

C,H, 
0 

(187) (188) 

I 
C,H, 

2-Isoxazo!ines may be regarded as cyclic ethers of oximes. Acetic 
anhydride-boron trifluoride etherate rearranges 3,5-diplicnyl-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 

(189) OAc 

a-Oximinoaryl acetonitriles have becn reported to be unreactive 
towards phosphorus pentachloride in ether 174. Stevens '*, 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-~hlorophenyl)oxamide (191). Similar rearrangements of 

(C;W,N C H CCN + RSH - RSCCN 
ll 

NOTs NCaH, 

R = C,H, or C,H,CH, 

the tosylate esters of these oximino nitriles occur in the presence of 
mercaptans and triethylamine (equation 48) 175- 

The benzenesulphonyl esters of syn- and anti-7-oximino- 1,3,5- 
cyclooctatriene give 192 and 193, rcspectively, when treated with 
60% aqueous acetone at  20" 176. This arrangement probably proceeds 
through the monocyclic azacyclononatrienones which are not isolated. 
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At one time it was belicved that carbonyl derivatives of xanthen-9- 
one could not be prepared 17?. More recently, though, the synthesis of 
xanthen-9-one oximes has been reported 178 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 195 lT9. 

CONH & I "? qO/D (50) 
C,H, C'H, 

(194) (195) 

Oximes have been conveniently prepared from keto derivatives of 
cyclopentadienylmanganese tricarbonyl complexes (196, R = CH3, 
C6H,) 18". In cases where sgn and anti 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 
( C6H5N) ,Mn (CO) &I. 

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)181. Processes of this type have been called 

second-order Beckmann, abnormal Beckmann , Beckmann fission and 
Beckmann fragmentation reactions. Conditions are especially favour- 
able for this type ofreaction when R+ is relatively stable as in admino, 
a-hydroxy, a-alkoxy, a-keto, a-imino, a-diary], a-trialkyl or a-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 tiitrile. 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. 

u. a- Trisubslituted oxiines. The literature on the Bcckmann re- 
arrangement contains several examples of oximes of bicyclic ketones 
undergoing fragmentation along with rearrangement to the expected 
amide when subjected to Beckmann catalysts5*. The reaction of 
fenchone oxime (197) with p-toluenesulphonyl chloride in pyridine, 
with phosphorus pentachloride, or with sulphuric acid leads to the 
formation of a mixture of the lactam 198 arid the unsaturatcd nitrile 
199 or 200 (or perhaps a mixture of thc two) lS2. Conversion of the 
nitrile to the lactam has been effected separately by the Ritter 
reaction with sulphuric acid, but thc yicld was poor so it was assumed 
that ion 201 is not involved in the major reaction path leading to the 
lactam. 

Morc recently Sat0 and O b a ~ e ~ ~ ~  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 r i n g ~ ~ ~ * J ~ ~ .  For example, 207 gives 208 with phosphorus 
pentachloride as catalyst along with a small quantity of 2O9le6. On 
the other hand, 209 is the main product when phosphorus pentoxide 
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(54) 

@ CH,CN 

-4 
. . .  . 

NOH I1 Cl 
0 

(207) (208) (209) 

(210) 

kOH 
(211) (212) 

is used and 210 is the minor product. The spiroketoxime 211 gives 
solely nitrile 212 with phosphorus pentoxide as catalyst. 

Conley and Nowak 18' investigated thc rearrangement of several 
2,2-dimetliylcycloalkanone 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$-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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PPA 

r s 2  C-CH, 

(57) 

oxime with phosphorus pentachloride or thionyl chloride, with PPA 
to give the same a$-unsaturated ketone as obtained directly from the 
reaction of the oxime with PPA. In those cases where the relationship 

between the double bond and the nitrile group is not particularlyfavour- 
able for cyclization then hydration to the open chain amide occurs. 
Somewhat similar results were obtained with the 2,Z-diary1 cycloal- 
kanone oximes188. The products were again dependent on ring size 
and on the catalyst. 

Although 2,2-disubstituted-l-tetralone oximes (213) in PPA afford 
almost quantitative yields of the lactams expected from the normal 
Beckmann rearrangement (equation 59) m9 such is not the case with 
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l,l-disubstituted-2-tctralone oximeslOO. Conley and Langc1O0 found 
that the rearrangement of 1, I-dimethyl-2-tetralone oxime (214) using 
phosphorus pentachloride rcsulted in a 937" yield of the unsaturated 

(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$-unsaturated 

QH-0 / \  +QJp 
CH, 

H,C CH, 

1'216) (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 t.he 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 6 1 ) . 



9. syn-miti Isomcrizations and Rearrangemc:its 42 I 

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 lgl. 
Pinacolone oxime (218) and 2-methyl-2-phenylpropiophenone orime 
(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 t-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 of220 and 221 plus the crossed products 222 and 223. Heating 
220 and 221 together in PPA resulted in their recovery unchanged. 

PPA 
(CH3)3C-C-CH3 8oo > (CHa),CNHCOCH3 + CH3CONH2 

II 
NOH 

(218) (220) 
PPA 

CsHSC(CH3)2CC,H, -=> C6HSC(CH3)2NHCOCoH5 
II 
NOH 

(21% (221) 

PPA 
218 + 219 > 220 + 221 + (CH3)aCNHCOCeHs 

(222) (62) 
+ CeH5C(CH3),NHCOCH3 

(223) 

Kenyon and coworkerslg2 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 t224) lgl. 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 tram amide (226) can be synthesized by the addition 
of acetonitrile to the 9-decalyl carbonium ion generated from /3-decalol 
plus sulphuric acid. It may be that the trans amide is the kinetically 
controlled product in these reactions. 

H,C NOH 
\ h  Cb-rnH3 (224) (225) 

Reagent 

C,H,SO,CI/C,H,N 
PPA, 25' 

H2S04, 8.590% 
PCIS 

NHCOCH:, a (63) 

(226) 

Products 

226, 61 yo 
226. 40Y0 

acetonitrile 

225, 92 yo 

Among other recent examples of fragmentation products from CY- 

trisubstituted oximes is the work reported by Shoppee, Lack and Roy lQ3 
on the rearrangement of the oximes of some aza-steroids. They hund, 
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. 

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 thc amide 
231 lg4. 
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b. as-Disubstitrtted o.uinzw. The possibility of a fragmentation- 
recombination reaction of a-disubstituted acyclic kctoximes has also 
been reported. When phenyl cyclohexyl ketoxime (232) is heated in 
PPA a mixture of amides is formed as shown in equation (66)lg5. 
Evidence in favour of the two-step mechanism comes from the fact 
that heating the expected fragmentation products, cyclohexenr and 
benzonitrile, in PPA leads to N-cyclohexylbenzamide (234) in good 
yield along with some of the hydration product, benzamide. 

- C,H,CONH,+ CONHC,H, 

(56) 

0- PPA 
\ 130" 

C =.N 
OH 

(233) 

-0 + C,H,CONH 
0 

(232) 

(234) 

Organic halides may also be formed as Beckmann cleavage products 
when phosphorus pentachloride is used as a catalyst. Hassner and 
Nasli lg6 found an extrcmely facile cleavage of 1 , 1-diaryl-2-propanone 
oximcs (235) to diarylmethyl chlorides (236) in essentially quantitative 
yields. Little or no amide products were detected. 

CGH5 NOH CGH5 

CHCI + CH&N (67) 
\ 11 PClJethcr \ 

/ / 
CHCCHJ 5 mi", 0" ' 

(235) (236) 

c. a-Oximino ketones. When as-oximino ketones are treated with 
strong acids or acid chlorides, or when they are dissolved in aqueous 
bzse and treated with acylating agents, they are cleaved to nitriles and 
carboxylic acids lg7. 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) ls9. The mechanism in these 
cleavage reactions has as yet not been unequivocally settled. Free- 
man has concluded that, in the presence of a good nucleophile and 
no hindrance to attack at the carbonyl, the concerted mechanism may 

Ar Ar 
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0 N O H  0 

(68) 
II 

R-C--OR"+ R'CN AQO 
R-C!!-$-R' R-ONa ~ R.OH 

0 NOH 0 NO- Na+ o N-GA~ 
11 11 NaOR' 11 11 II /I1 R-C-C-R' R'OH- R-C-C-R' R-C-C-R" 

I 
0 0 

(69) II R'OH II 
H* + R-C-OR" C- R-C+ + R'CN + AcO- 

0 
II 

R-C-OR" 

0 N-OR' 0 
II II II 

'B- 
R-5-C-R" - R-CB + R"CN + -OR' (70) 

be operative and when this path cannot be followed the fragmentation 
process may occur. 

Hassner and coworkers 201 have demonstrated that esters of steroidal 
a-oximino ketones undergo cleavage instead of Beckmann rearrange- 
ment under certain conditions. The corresponding free oximes with 
boiling acetic acid-acetic anhydride give mainly iniides (equation 7 1) 
but it was shown202 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 W ~ n t w o r t h ~ ~ ~  has provided evidence in 
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favour of the concertcd mechanism (equation 70). Treatment of the 
acetate of 237 (237-OAc) with primary amincs at 25" yiclds amido- 
nitriles (240). As the steric requirements of the amine increase the 
cleavage slows and more hydrolysis of the oxime results. When 
237-0Ao is treated with methanol or ethanol, cleavage is complete 
within 24 hours, while with isopropyl or t-butyl alcohol cleavage is 
essentially absent. All of these results, they i'elt, are not compatib!e 
.with a cIeavage mechanism such as equation (69) , and are more easily 
rationalized through equation (70). 

0 
I 

d. a-Amino ketoximes. GroB and coworkers have extensively studied 
the fragmentation reactions of a-amino ketoximes 204-208. In their 
early investigations they found that the sgn znd anti forms of the esters, 
e.g. tosylate, benzoate or #-nitrobenzoate or cthers, e.g. 2,4-dinitro- 
phenyl or picryl of a-aminoacetophenone oximes undergo fragmenta- 
tion to a carbimonium salt (242) and benzonitrile (equation 73)2a4. 
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 1.2 and 13. 

(73) 
80% EtOH + 

R,NCH,C=N-X 
I 

Ar 

> R,N=CH, + X-  + ArCN 

(241) (242) 

Three possible mechanisms may be considered for these reactions. 
First, there could be a synchronous process with simultaneous cleavage 

giving R2N=CH2, X- and the nitrile as shown in 243. Secondly, 

there could be fragmentation to R,N=CH, 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 fi-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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R,N-cH,-ELN-~? -'5. A&NX RaNCHaC=& 
I 

Ar 
I 

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@-nitro or other substituents in the Ar 
group to greatly influence the rate along with the cimultaneous and 
strong dependence of the rate on the nature of the amino group and 
the group X l m  been taken by the authorszo4 as evidence for the 
synchronous mechanism of fragmentation. The process would thus 
amount to a coplanar trans elimination in the anti oxime series and an 
unusual cis elimination in the syn oxime series. The much lower 
reaction rates of the q n  forms (kanLi/ksyq z 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 dcrivatives. 

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 isolatcd 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 

Grob and 

compound 247). 

Cr" -tx- 
N=CH, 
I 
C,H, 

g +x- 

II 
CH, 

(74) 

(75) 
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NX ĉ -?i -ay 
(246) 

ci&JCN + aYN (248) 

The rates of reaction of some a-amino ketoxime acetates and thcir 
homomorphous analogues under comparable conditions differ by as 
much as lo8, favouring in all cases the a-amino ketoxime deriva- 
tives 207.208. Acetates 249 and 251 quantitatively fragment to benzo- 
nitrile and cyclic immonium salts at rates lo7 and lo8, respectively, as 
high as those for the rearrangement of251 and 25Z207. Interestingly, 
even tosylate 253 undergoes fragmentation at a rate 2-4 times as high 
as that for the rearrangement of 254208. 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.c. some contribution from 255b. 

()-t-C.". O C - C o H s  II 
NOTs NOTs + 

(253) (254) (2558) (255b) 
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C. Other examples. Among thc many other cxamplcs of Beckmann 
fragmentation reactions reported during the last few years arc the 
cleavage of a-hydroxy oximcs to nitriles (cquation 78) 209, the frag- 
mentation of a-difluoroamino fluorimines to a-difluoroamino fluorides 
(equation 79) 'lo, and cleavage accompanied by rearragement in 
AT-fluorimines 256 133 and 257 la. 

The fragmentation ofp-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 examplcs illustrating Beckmann cleavage in 
these oximes are shown in equations (82j 211, (83) 212 and (84) 213. 
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- lY3-dioxime (258) 214. Reaction of l-phenyl-1,2,3- 
butanetrione 2-oximc (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 products215. Indolyl-3-pyruvic acid oxime (262) is probably 
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NOH 

Et,NCF.CHCIF 

Me0 MeO' 
HON 

Me0 m H 0  CN (83) 

SOCI, NC(CHz),CHCIOCH3 CH30H> NC(CHJ,CH(OCH& (84) 
CCh 
0' 

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 216. 

' O N e o H  1. EtOH/NaOEt, ,-to,cc(c~~,c~ 
II 
NOH 

2. Ac,O 

0 NOH OH 

(86) 
I I  II KCN I 

s I  
C,H,C-C-CCH, 507. C H C-CONH, 

(262) 
H 
(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 
jn the Beckmann rearrangement comes from the early work by 
Kuhara2I7 and Chapman2'* and the more recent studies by Grob219. 
Kuhara and coworkers2f7 showed that while oximes do not normally 
rearrange without an added catalyst, their benzeiicsulphonyi esters 
rearrange readily at room temperature, in the dark, and without any 
catalyst. Furthermore, they demonstrated that the initial product is an 
imidyl derivative (264) which undergoes flirther rearrangement by an 
0 +- N shift to finally give the amide which is usually isolated (equa- 
tion 88). 

rpontancous 
R f R ' k N - R  R'C-N-R 

'C=N OS02CEHS I d 102C6HD 
(88) 

Evidence for the imidyl intermediate comes also from its observed 
interception by nucleophiles such as alcohols and amines. 

Among othcr things, Kuhara and his group 220 also found the ease of 
rearrangcrnent in a series of oxime esters to be proportional to the 
strength of the esterifjring acid; the order for several acids being 
C6H5S03H > ClCH,CO,H > C6H,C02H > CH3C02H. Although 
acyi oximes derivcd 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 benzenesulphonyl esters. 

Chapman and coworkers 218 established that in the rearrangement 
of the picryl ethers of p-substituted benzophenone oximes (265) 
electron-withdrawing substituents strongly decrease the rate and 

r -N  __f CeH5 N (89) 

(364) 
/ \  

R' OSOZCSHS 

PXCBHI ,cBH2(N02)3 

\ 

/ \  
c6H1x-P 

\ 
OCEH 2( CGH5 

(265) 

electron-donating substitirents strongIy 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 Beckmanil rearrangements must involve partial ionization of 
the N-0 bond with simultaneous migration of the aryl group tram 
to the picryl group. 

The results of the studies by Ihha ra  and Chapman and their co- 
workers do contribute m w h  towards the elucidation of the details of 
the mechanism of the rearrangement at  lcast under the conditions 
they employed. However, the large variety of catalysts commonly 
used in thc Beckmann rearrangement, along with the great variety in 
structures of oximes and oxime derivatives which are known to rc- 
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 219 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 80y0 ethanol (containing a two-molar equivalent of 
triethylaminc 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 kcreases 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 trailsition 
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 l-bicyclo- 
[2.2.2]octyl methyl ketoxime tosylate (266) reacts at  an appreciable 
rate relative to t-butyl methyl ketoxime t o ~ y l a t e ~ ~ ~ ,  in great contrast 
to thc relative rates of solvolyses of the corrcsponding 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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tosylates ( 0 . 0 0 1 ~ )  in 807' ethanol at 23°.219 
TABLL 14. Rearrangement ratcs of some ketoxime 

R 

C=N 
\ 

/ \  
OTs R' 

433 

R 
RCI Solvolysis, 

R' k x lo".%-') X.r-1. k x 109 (250) 

Cyclopentanone oxirne tosylatc 
Cyclohexa~ionc oxime tosylate 
Diethyl ketoxime tosylate 

~~ 

1 
21 
2.8 

due to steric crowding. A morc recent study shows that steric hindrance 
to solvation is an effective factor contributing to rclative rearrangement 
rates only for certain solvents or solvent mixtures 221. 

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 
coworkers219 (Table 14) show that the rate-determining step must not 
be migration to a linear structure as is required by the nitrilium ion 
(267rr, b) but is more likely rearrangement to a structure such as 268 
which is bent at the azomcthixic group. This bent intermediate can 
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then ionize rapidly to the nitrilium ion, which serves as a common 
intermediate for the formation of rearrangement and fragmentation 
products. These ideas are incorporated in equation (90). 

The transition state of the isonierization step is pictured by Grob 
and coworkers219 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. I t  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 intcrmediates first described by 
Theilacker and Moh1222 as resulting from the treatment of the N- 
chlorimine of benzoplienone (270, R = CGHB) with antimony penta- 
chloride have been isolated and characterized by Grob and 
coworkers 21g. The intermediates were isolated in good yield and were 
identified from their decomposition products and by infi-arcd spectral 
comparison with authentic samples. Infrared spectra of the nitrilium 
salts indicated that they are linear as shown. 
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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 
k3 to k4. Obviously, the nucleophilicity of Y- and the nature of R+ 
w e  determininm tactors in estabiishing this ratio. I n  solutions con- 
raining no good nucleophile, such as PPA, fragmentation may be 
favoured (assuming k4/k-* 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 quire convincing for some 
cascs where the substitucnts on the or-carbon have a large electron- 
donating ability; e.g. a-amino ketoximes. It seems now that oximes 
with groups R of lcsser electron-donating ability which still fragment, 
e.g. a-trisubstituted and a-disubstituted oximes, do so through a 
normal rearrangement intermediate. Evidence for this is contained in 
Table 15a19. 

9 

TABLE 15. Amounts of fragmentation and relative rearrangement 
rates of some ketoximc t o ~ y l a t c s ~ ~ ~  

R 

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 formed219*223. Thus, in these cases, it 
has been concluded that fragmentation follows the rate-determining 
step or, in other words, the stcp 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 s2me ratio of amide and nitrile as is obtained under 
comparable conditions from 272219. 

15-C.C.N.D.B. 
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N-Alkyl nitriliuxn 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 oximc 
tosylate (274) in methanol224. The products are the amide with 
retained configuration of the migrating group and 2-phenyl-2- 
methoxybutane (275) with predominant inversion. 

CH3 CH3 
I 

II I II 
CZHS N 

I 
I 

CzH5 

CH3 

COH 5-C-OCH 3 C~HA-C-CGH, CGHS-C-C-CHS 

C2HI N 

OTs 
\ 

OTs 
\ 

(273) (274) (275) 

A ‘univalent’ nitrogen species has been proposed as a reaction 
intermediate for the Beckniann rearrangement but has, until recently, 
received little support since it cannot explain the stereospecificity 
normally observed without drastic modifications 55. Recently, though, 
Lansbury and coworkers 225-227 have reported some examples of non- 
stereospecific rearrangements of 7-alkyl- I-indanone oximes. For 
example, they found that PPA converts 4-bromo-7-t-butyl- l-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. 

CH3 
H,C,!,CQ* 

@ a v+&H+b (92) 

Br Br Br Br 

(276) (277) (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 migradon 228. 

The products in equation (92) are explained as arising from a 
combination of several steric effects 227. 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 t-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 sterec- 
specific migration is then observed. Thus, Lansbury and cowcrkers 
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. 

Br 

(280) (281) (282) 

Locppky and RotmanlZ6 hoped to trap an iminium ion from the 
treatment of N-chloro ketimines of benzophenone with silver tetra- 
fluoroborate, reasoning that this reagent might satisfactdrily 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 lY2-dimethoxyethane to give ethyl N-phenyl- 
benzirnidate (282). 

Pearson and McNulty 229 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 a-constants of alkyl groups 
occupying positions ortho to each other were not additive in piedicting 
rates. The correlation of log rate with the Hammett acidity constant, 
H,, on the other hand, was good. I n  conclusion, structure 283 was 
offered as a picture of a ‘transition complex’ in these systems. 

ti 



438 C.  G. McCarty 

YukaLva and Kawakami 230 reported ;t reverse carbon- 14 isotope 
effect (k14llc12 = 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-0 
bond fission as in structure 283. Glover and R a a ~ n ~ ~ l  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 rcarrangernent mainly throuzh polar or through 
steric effects, Kawakami and Y ~ k a w a ~ ~ ~  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 N“ 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 u* values177. 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 published233. 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 

r\ n +  
u W H  

(CHJ, %NOH -I- H2S04 (CHJ, C=NOH + HSO; 

n+  
286 + HSO; (CH,), C=NOH.HSO,- 

W H  

/ 7 +  
287 (CH,), C=N.HSO,’ + H,O 

W 

(93) 

(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 bcst 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 coworkerszz9, 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 80Oj, ethanol, there have been 
otliers who have studied the effect of solvent variation on rearrange- 
ment rates. Chapman234 suggested that the rate enhancement pro- 
vided by polar solvents could be correlated by the dipole moments of 
the solvents. Heldt235 later asserted that rates could be reasonably 
well correlated by Kosower's 2 values236 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 161. These authors used twelve solvents in their 
study of the rearrangement of cyclohexanone oxime tosylate. The rate 
constants decreased in the arder : liquid sulphur dioxide > methanol > 
acetic acid > nitromethane > ethanol > acetonitrik > pyridine > 
chloroform > acetone > ethylene dichloride > methyl ethyl ketone 
carbon tetrachloride. They could establish no good relationship 
between log k and the dielectric constants, or between log k and the 
dipole moments, or between log k and the log 2 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 

1. Introduction 

The thermal rearrangement of an aryl imidate (289) to an N- 
aroyldiaryl amine (290) was discovered by Mumm, Hesse and Vol- 

quartz237 several years before the mechanism and scope of the 
reaction were studied by G h a ~ r n a n ~ ~ * - ~ * l .  The reaction is now usually 
referred to as the Chapman rearrangement and less frequently as the 
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Chapman-Mumni rcarrangcmcnt. @itc an cxtciisive review of this 
reaction by Schulenberg and Archer 242 has bcen 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 rearrangemcnts brought about with 
the aid of added catalysts. 

2. Mechanism 
That the Chapman rearrangement is an intramolecular reaction 

was first suggested by Chapman himself23e and later confirmed by 
Wiberg and Rowland243. 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 fiom heating the two imidates 
separately and mixing the products. In  other words, no crossover 
product could be detected. 

OCeH6 OC,H,CI-p 
I 

COH,C=NCeH,CI-P 

(292) 

CeHs L -NCGHj 

(391) 

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 240 found that electron- 
withdrawing substituents on the aryloxy ring (Ar2 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 (Ar3) retard the reaction as they do to a lesser 
extent when in the C-aryl ring (Arl). 

From their study of a large number of substituted imidates, Wiberg 
and Rowland 243 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 
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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 rcarrangement of a series of p -  
substituted (Ar2) imidates, a very good correlation is obtained 243. 

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 substitueni in the para position of the aryloxy ring. 
Wiberg and Rowland243 explained this enhanced reactivity of the 
orllro-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 uti l i ty 

Chapman241, 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- 

OAra 0 Arl 
11 / alc. KOH - ArzNHArl (96) 

A 
Arl- -N-Ar3 Arl-C-N 

\ 
L- 

Ar3 

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 tabuiar summary of the reported applications of the Chapman 
rearrangement has been provided by Schulenberg and Archer 242. 

Their literature coverage extends through the middle of 1963. A few 
selected examples will suffice here (equations 97-100). 

Jamison and Turner 246 discovered that the Chapman rearrange- 
ment may be used to synthesize substituted acridones (equation 101). 
The process has been exploited by Singh and in 
their syntheses of 9-amino acridines in search of antimalarial agents. 
In  asimilar fashion, Cymerman-Craigand L ~ d e r ~ ~ l  used the Chapman 
rearrangement to prepare substituted benzacridones (equation 102) 
which can be reduced by sodium amalgam to benzacridines. 
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V 
aq. KOH 

B h  

HN(C,H,Br-o), (97) C M \ \  7 C,H,C-N(C,H,Br-o), 100’ 
II OC,H,Br-o 

/ 265’ 

87% (ref. 244) NC,H,Br-o 86% 

@C6HS (98) 

H N  \ (ref. 245) 
C,H, 

89W 
C H Cl,-2.4,6 

I1 / e a  alc. KOH 
OCGH2C13-2,4,6 

270. 7. C,H,C--N 
/ 

~NC,H,CI,-2,4 ‘CeH,CI,-2,4 
C,H,C 

81% 

C H C13-2,4.6 
(99) / 6  = 

H N  

97% 

aq. KOH (100) 1 (ref. 247) 

85% 

270’ , - 320‘ - 
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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 irnidates and the yields are 
lower (equation 103)252. In contrast to the normal Chapman re- 
arrangement, the rearrangement of alkyl imidates has been shown to 

e ( 103) 

OCHj 
2800 

CeHs N(CH~)CGHS 
/ 

\NCeH5 

C,H& 

35% 

be i n t e r m ~ l e c u l a r ~ ~ ~  and it has been proposed that it is a free-radical 
process254. A couple of recent and novel examples are shown in 
equations (104) 255 and (105) 256. 

0 

92% 
Often, though, with 0-alkyl groups larger than methyl, elimination 

by a unimolecular cis process (equation 106) is the normal result of 
pyrolysis of an alkyl iinidate instead of rearrangement 139. 
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Ally1 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) 257. Roberts 250 and Hussein and coworkers 259.260 have studied 

0 HCH=CHR2 0 

I 

I 

2000 II 
-> CGHbCNCeH:. ( 1  07) 

r 
/ 

\\ 
C&i& 

NCoHB CHCH=CHR' 

Ra 

both the thermal and acid-catalysed rearrangements of allylic N- 
phenylformimidates (293). In  geneleal the acid-catalysed reactions 
proceed a t  much lower temperatures but give poorer yields of for- 
manilides (294) than the thermal rearrangements (equation 108). 

OCHaCH=CHa 0 CHZCH=CHZ 

HPN/ ( 108) 
/ 200' 

Ar  
\ or H ~ S O ,  at I 150 + 

HC 

\NAr 
(293) (294) 

Alkyl halides also catalyse the conversion of alkyl iinidates to amides 
a t  lower temperatures than those required for thermal rearrangement. 
The rearrangement is intermolecular, though, as is shown by equation 
(109) 261. Arbuzov262 and S h i ~ h k i n ~ ~ ~  have carried out the rearrange- 

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 
ofwhich the first involves the addition of the alkyl halide to the imidate 
to form an ionic adduct (296)2G4. This adduct then undergoes 
cleavage to the final products as shown in equation (1 10). 

0 Ra 0 R2 

RIC / + R4X + [R1-C<ycf?;] 0 R4 

\N R3 X -  j R1-t-N' + R2X 
\ 

R3 

(295) (296) ( 1  10) 
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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 237 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. 

CtH6CCk=NC6HS + m-OzNC6H4C01Na 

(297) 

(299) 

More recent attempts to prepare and isolate simple acyl imidates 
have also been unsuccessful 265.266. Curtin and Miller 145, reasoning 
that the rate of rearrangement of acyl imidates should be depressed by 
decreasing the ilucleophilicity 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 

0 0 
I t  

NCsH,(NO&-2,4 
\ 
/ 

P-XCsH4 e p-XCBH4C-0 

\C=NC,H,(NO&-2,4 4 

(1  12) CsHSC 
/ 

CBHS 
It 
0 

(3001 (301) 
X = H, CH30, 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. 

0- 
I 

I I  
CeHJ=N 

O-C-CeH,X-p 

CeH J(NO 2 ) ~ .  2,4 

(802) 

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 impossible145. 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 temperature267. 

+\ 

2 9 4  
__f 

C.H&I 

Hedaya, Hinman and Theodoropulos268, 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 quantitativc 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 migrztion is the mode of rearrangement. One of the reactions they 
observed is given in equation (1 14). 
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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. M e ~ e r s ~ ~ ~  obtained a high yield of ethyl ethyl 
(P-toly1sulphonyl)carbamate (304) by heating diethyl N-(p-tolylsul- 
phony1)imidocarbonate (303) for one hour at 200". Similarly, diethyl 

(1 16) 
/czHs 

OCzH6 

'OC,H,, 

14o-IMo - NCN 
/ 

NCN=C 
\ rc2,. 

(305) (306) 

N-cyanoimidocarbonate (305) rearranges quantitatively to 306 upon 
being heated for a short time at 140-150" 270. Cyclic imidocarbonates 
rearrange to oxazolidones. In  the case of ethylene N-phenylimido- 
carbonate (307), rearrangement to 3-phenyloxazolid-%one (308) has 
been brought about by the action of lithium chloride at 200°271 and 
by aluminium chloride at 100'272: 

0 

c! ' '0 (1 17) 
A 

Licl or A I C I ~ +  CO'G--N 

/ O T a  0-CH, L H 2 2 H a  
\ 

(307) (308) 

C,H,N=C 

C. The Neber Rearrangement 
1. Introduction 

In  1926, Neber and F r i e d ~ l s h e i r n ~ ~ ~  reported that certain oxime 
tosylates (309) when treated with Lase followed by acid hydrolysis 
rearrange: to a-amino ketones (310). Largely through the work of 
Neber and his  associate^^^^-^^^ the versatility of this reaction in the 
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syntliesis of a variety of a-amino ketones has been well demonstrated. 
The tables in a review by O’Brien278 should be consulted for specific 
examples. O’Bricn’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 273 first postulated a mechanism somewhat 
analogous to a Beckmann rearrangement fgr this base-catalysed 
reaction of oxime esters. Later, however, intermediates were isolated 
which Neber and coworkers 275.276 believed to be azirines (311) and 
they therefore modified their view of the mechanism to accommodate 
these cyclic species (equation 119). 

0 2 N q - - & c ~ z c - R  R = CH,. C,H, 

Cram and Hatch27g 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. 

reasoned that the systems containing the 2,4- 
dinitrophenyl group (the oilly 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 thep-toluenesulphonate of desoxybenzoin oxime (312) to the 
rearrangement conditions and succeeded in isolating the unstable 
2,3-diphenyl-2-ethoxyethylenimine (313) which, when treated with 
lithium aluminium hydride, gave cis-diphenylethylenimine (314) and, 
when hydrolysed in aqueous acid, gave desylamine (315). In view of 
the isolation of 313 as an intermediate in this more representative 
Neber rearrangement, the overall reaction was formulated as occur- 

Cram and 
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O E t  

449 

EtOH I 
C6HsCH,CC6H5 C,H,CH-CC8HS 

\ /  
N 

/ H  
II 

TsON 

C H CH-CC,H, 
" I  II 

COHSCH-CHC6HS 
\ /  
N -CIH,N+ 0 H 

ring via a mechanism as shown in equation (121), the unsaturated 
nitrene being included to explain the observed sterically indiscriminate 
character of the reaction. 

I -0Ts- R1--CH-C-R2 -qi+ R'CH=C-R2 - RICH-C-R2 
N .  il :N: I v 

I BH 

/ 
TsO 

-1 

I 
B 

H,O+ R'CH-C-Ra +-- RICH-C-Ra 
I I I  \N' 

I H,N+ 0 
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 (317) which, by 
analogy with the behaviour of carbenes, should show little selectivity 
between insertion at either of two possible benzylic positions 281. 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 283 
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-02NC6H, and R2 = p-CH30C6H4, 
the only Neber rearrangement product isolated was l-amino-3- 
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(4-methoxypheny1)- 1-(4-nitrophenyl)propan-2-one (818). 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. 

C" 
--L 

EtO- + R'CHaCCHZR' - R'CHZ-C-CH2Rz 
I 

-N OTs 
I1 
NOTs 

-0Ts- I (316) 

OEt 
I 
I 

:N: 

(317) 

C-H insertion - R'CHa-C-CH,Ra 

I n  several recent s t ~ d i e s ~ ~ ~ - ~ ~ ~ ,  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 reactions286-a88 
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 Cramza0 and House202 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 shouId 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 282 would not be disturbed 289. 

3. Related reactions 
In a paper on the rearrangement of N,N-dichloro-s-alkyl amines 

(319) to a-amino ketones, Baumgarten and Bower290 visualized a 
.mechanism (equation 123) similar to that proposed for the Neber 
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rearrangement of oxime tosylates280. Positive evidence for the N- 
chlorirnines as intermediates in this rearrangement has been 
submitted by Alt and K n o \ ~ l e s ~ ~ ~ ,  who found that treatment of N- 
chlorocyclohexylimine (323) with sodium methoxide in methanol gave 
an excellent yield of 2-aminocyclohexanone (324). Evidence for the 
azirine (321) or alkoxyaziridine (322) structures comes from the 

R’-CHCH2Ra H ~ O  ‘Ia+ R1CHCH2Ra - R1CCH2RS 
I 
NCla 

(319) (320) 

NaOMe 

II 
NCI 

I 
NHa 

R C-CH 

n 

1 
OMe 

McOH 
CHR’ - R’C-CHP ’C- 

I 

‘N’ XN/ 
I 
H 

\ 

N HZ 
(323) (324) 

observation 2y2 that in rearrangements proceeding through 320 (where 
R1 = R2 5= C,H,) reduction of the reaction intermediate with 
lithium aluminium hydride leads to &-2,3-diphenylethyIenimine, just 
as in the Neber rearrangement of the oxime ester of desoxybenzoin280. 

In  an extension of their work on rearrangements of N-chloro keti- 
mines, Baumgarten and coworkers2g3 studied the behaviour of N- 
chlorimino esters (325) under similar conditions. Again the products, 
a-amino acid esters or a-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 294 and 
sometimes ,the intermediate azirines are isolable 283. A recent attempt 
to extend this reaction to hydrazonium iodide acetals (326) did not, 
however, yield the expected r e s u l t ~ ~ ~ 5 .  Instead of the expected 
2,2-dialkoxyazirines (327) only a-imino ortho esters (328) were 
detected (equatiori 126). 
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P,CH,COMe - C-EUOK 

II 
(335) 

NCI 

OMe 
HCI HCI RCHCOzH < HOH RCHCOoMe < HOH 

I 
NH&I 

I 
NH&l 

(327) 

R'C-C(OR')a 
I1 I - 

HN OCH(CH,), 
(328) 

I t  should be noted that structure 326 contains only an a-methinyl 
hydrogen and it has been suggested260 that an a-rnethylene or a- 
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 rearrangezs2. It seems that the 
subject of structural limitations in Neber and Neber-like rearrange- 
ments needs to be reexamined with care taken to use tlic same sub- 
stituents and reaction conditions for the oxime esters, the 
N-chloro ketimines, and the hydrazonium salts. 

B. Other Rearrangements 

1. 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 coworkers2g6 reported a new thermal 
rearrangement of a-amino ketones. An example of this rearrangement 
is the conversion of 2-ethyl-2-xrethylaminobutyrophenone (329) to 
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3-mcthylamino-3-phenyll~exan-4-one (330) in 35y0 yield a t  240". 
Similarly, a-methylaminocyclopcntyl methyl ketone (331) is converted 
to 2-methyl-2-methylaminocyclohexanone (332) in a rearrangement 
involving ring enlargement. Stevens and coworkers proposed a 
mechanism involving two carbon skeleton migrations for these re- 

0 NHCH, CaH5 0 

(127) 
CoH5&-C-CzH5 I 1  + A C0HS&-)!--C2Hs 

I 
C-H, NHCH, 

(329) (330) 
0 

(311) (332) 

arrangements. a-Hydroxy imines as possible intermediates were con- 
sidered since these compounds had been proposed earlier as 
intermediates in other reactions leading to a-amino ketones 297. The 
a-hydroxy imine 333, for example, when placed under the conditions 
of the rearrangement reaction (equation 127), gave the pmduct 330 in 
comparable yield. The isomeric a-hydroxy imine (334) was eliminated 
as a possible reaction intermediate since it did not give an appreciable 
yield of 330. 

OH NCH, NCH, OH 
II 

C H k---C(-C2H5 cBH 5c-- &-c2H 

d Z H 5  

7 
CPHS 

(333) (334) 

As a result of extensive kinetic studies by Stevens and co- 
workers 298*299, along with stereochemical studies by Morrow 300 and 
Yamada301 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 (1 29) 298. 

6. ...*. *':Q : 
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The acid salts of the a-hydroxy imiiies have been found to give 
better yields of a-amino ketones under iess severe conditions than. the 
or-hydroxy imines themselves302. Both the salts and the free imincs 
have been used in the synthcses of a variety of interesting a-amino 
ketones, including steroidal a-amino ketones 300. 

3. Hydrazones 

Robev303 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 

N A P  

> Arl ! NH2 
NaNH. 

xylene 
ArlCH=NNHAra or CsHBLi, 

(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 304. More recent 
studies, though, show that cleavage to nitriles and amines does not 
occur during the Robev rearrangement 305. The reaction does, how- 
ever, have an intermolecular character as shown by crossover studies 308 

and does possess properties of a radical process since it is inhibited by 
added hydroquinone 305 and requircs the presence of oxygen 307. The 
radical mechanism proposed by Robev308 still stands as being most 
consistent with all data (equation 131). 

Ar1CH=NNHAr2 __+ ArlCH=N. + H k A r l  

ArlCH=N. + Arl&=NH 

N H  

Arle=NH + HhAr2 __+ ArlC!!NHAra 

NH 

Arl c! NHAr' & Arl 

Imidyl azides (3373 frequently cyclize to form tetrazoles (338) 309. 

Both the azides and the tetrazoles have been found to rearrange under 
proper conditions to give c a r b ~ d i i m i d e s ~ ~ ~ * ~ " .  Recently, hydrazidic 
azides (339) have been converted to semicarbazides (Ml), apparently 
via N-aminocarbodiimides (340) 312. 
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R'-kN-Ra R'-C-N-R2 

RC=NNHAr __* [R-N=C=NNHAr] RNHCNHNHAr (133) 

N3 I a 
(339) (340) (341) 

4. Guanidines and amidines 
N-Aminocarbodiimides have also been cited as intermediates in the 

base-catalysed rearrangements of N-haloguanidines (342) 313. When 
no trapping agent is present, the carbodiimide (343) dimerizes to 
guanazine (344). 

N h z  
I 
N 

N-N 

NR 

OH - ' 'CNHR (134) 
II 

RNHC\\ u H,N-C-NHX - RN=C=N-NH, - 
(342) (343) (344) 

A novel synthesis of carbodiimides from N-haloamidines (345) is 
shown in equation (135) 314. Whether this rearrangement proceeds by 
way of migration of R1 to a positively charged nitrogen (path A) or to 
a nitrene (path B) is not known. 

(135) 
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1. lNTRODUCTlON 

Substituted derivatives of the ‘C=N-X structure can undergo 
different kinds of reaction: / 

(a) Addition 

C=N-X -%- ‘CH-NHX 
\ 
, / 

(b) Elimination 

‘C=N--X -C=N 
/ 

(c) Nucieophilic substitution and particularly hydrolysis, this 
reaction being the subject of the present work. 

H O  \ 
L N - X  -> G O  + HaNX 

\ 

/ / 

The nomenclature of the various compounds involved is set out 

The problem of the hydrolysis scission of the ‘C=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 
imin~lactonel-~; the existence of the Schiff base rhodopsine in the 
visual pigment 4-6 the biological importance of Schiff bases in the 
enzymic aldolization ‘-I1, and decarboxylation 12-15 reactions, and in 
pyridoxal phosphate degradation and finally,in the field of colour 
photography 21. 

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 Hammett22, we note Jencks’ remarkable study 
‘ Mechanism and Catalysis of Simple Carbonyl Group Reactions’ 23. 
The following reviews should also be consulted : Layer’s ‘The Chemis- 
try of Imines’24, Roger and Neilson’s ‘The Chemistry of Imidates’25, 
‘ Properties and Reactions of Azlactones ’ Org. Reactions, 3, 2 13 ( 1  946) 
and Organic Reaction Mechanismszs. 

below. 

/ 

The table on the right lists the relevant C-N ncjmenclature. 
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A. DERIVATNES OF THE CARBONYL GROUP. 
C=N-R 

\ 
/ 

1. Isonitriles or carbylamines 
2. Imines 

(a) Acyclic, derived from aliphatic or aromatic amines and 
which are called, depending on the nommclature adopted, 
Schiff bases, azomethines or anils. Amongst these are to be 
found : 

(i) the aldimines R-CH=N--R 
(ii) the ketimines R R ‘ k N - R  

(iii) imines proper, sometimes 
incorrectly called imides RR’C=NH 

liv) the quinonimides (mono- and di-) O G N H  

H N O N H  - 

(b) 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 

‘\ 
C=N-OH 
/ 

(iii) fulminic acid 

4. ff’drazones, derived from hydrazine 

‘C=N--N / 
/ \ 

which include, in particulzr, :he osazones 
CH=N-NH-Ph 

C=N-NH-Ph 
I 

(LHOC). 

CHIOH 

5. Semicarbawnes, derived from seniicarbazide 

\C=N--NHcoNi+, 
/ 

I~-c.c.N.D.B. 
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B. DERIVATIVES OF THE CARBOXYL GROUP. 
I. Amidines and hydrazidines 

N- 
// 

-C 

2. Imino ethers: imidols and imidates 
N- 

P / 
-L 

3. Halimines 
N- 

// -C 

'x 
C. DERIVATIVES OF CARBONIC ACID. 

1.  Guanidine or iminourea 

2. Is ureas 
/ 

rzd isothioureas 
RO RS 

D. STRUCTURES WITH CONJUGATED DOUBLE BONDS. 
Azines 

/ \ 

/ \ 
C=N-N=C 

II. HYDROLYSIS O F  SCHIFF BASES 

The hydrolysis of the imine group takes place in two steps: 

\ 
C=N-X + H 2 0  + 'C-N-X C C=O + X-NH1 (1) 

\ 
/ 'AH /-I / 
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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 semicarbazcnc from 
chloral 27-29, or the oxime and hydrazone from 2-formyl- l-methyl- 
pyridinium iodide 30. The existence of the intermediate product has 
been polarographically demonstrated in the hydrolysis of benzylidene- 
aniline 81, but it has not been spectrophotometrically confirmed, 
neither in the hydrolysis nor in the formation of the Schiff bases32-34. 

I t  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 23. 

Since the earliest work of Lapworth, such curves, characteristic of 

reactions in which \C=N- groups participate, are well known : 

e.g. in the formation of acetoxime 35*36; in the equilibrium, formation 
and hydrolysis of oximes 37-38, in the hydrolysis and polymerization of 
~ y a n i r n i d e ~ ~ - ~ '  and in the formation and hydrolysis of semi- 
carbazones 14*42. 

Reaction schemes which can give rise to such a bell-shaped curve 
have been characterized 43, 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 Froups. 

(b) Action of a base on an acid or of a conjugate base on a conjugate 
acid leading, in one rate-determining step, 10 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 + 6 __t 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 bcll-curve effect stems, in this 
casc, from the change in the rate-determining step. 

The first kinetic interpretation put forward by Hammett22 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 23. 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 r n a ~ i i n u m ~ ~ ~ ~ ~ ,  in the effect of 
changing the ~ u b s t i t u e n t s ~ ~ * ~ ~ ,  and in the fact that, in the region of 
maximum rate, the rate-determining step can be modified by varying 
the concentration of c a t a l y ~ t ~ ~ . ~ ~ .  

The reaction is reversible and gcnerally is in e q u i l i I ~ r i u m ~ ~ - ~ ~ ,  as 
follows : 

(2) 

Examination of the equilibrium constants shows that the formation 
of unsaturated derivztives, such as oximes 37. and s e m i c a r b a z ~ n e s ~ ~ ~ ~ ~ ,  
is always more favoured than the formation of Schiff bases derived from 
ammonia or from primary a r n i r ~ e s ~ l - ~ ~  (Table 1) and from p -  
toluidine 56. 

It is difficult to determine the relative importance of the parts 
played in this phenomenon by the carbon affinity and the resonance 
stabilization 

\ \ 

/ / 
C=O + NH2-X + C=N-X + HzO 

\- + 
C=N-X- C-N=X 

\ 

/ / 
(3) 

Moreover, knowledge of the overall equilibrium constants : 

(4) 

(5) 

(6) 

KI \ 
C=O + RNH,+ C=N+HR + H2O 

\ 

/ / 
K2 

K3 \ 

RNH,+ -2 RNH2 + H +  

6 0  + RNH2 -2 C=N-R + H2O 
\ 

/ / 
permits a satisfactory evaluation of the constant 48:  
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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 

0.01 

1 . 1 . 1 . 1 . 1 . 1 -  

2 4 6 8 10 12 
PH 

FIGURE 1. Logarithm of the rate constants of hydrolysis of substitui:ed benzyl- 
idene-l,l-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 rzte is lowered in this region (see Figwe 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 SchiK 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 ion60. 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 61. 

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 H20 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 nucleoplilic attack 
on the protonated Schiff base to that of decomposition of the carbinol- 
amine intermediate. 

The intermediate possesses the dipolar structure 

H 
i 

1 I '  
-121 H 

-C-N-R 

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 lo), either 
simultaneously or separately, according to conditions, yielding an 
amino alcohol or carbinolamine (SHOH) which finally gives rise to 
products (equation 1 1). 

SHOH 
k i  ~ 

SH+ + OH- - kl 

SHOH --% products ( 1  1) 

For an intermediate at  low and constant ccncentration we have: 

and assuming that for the hydroxyl ion attack on the protonated 
Schiff base under alkaline conditions, 

k - a  + k3 >> k-,[H+] 
we have 

(13) 

The first term in equation (13) describes the kinetic behavious at 
acidic and neutral pH, the second describing it at basic pH. 

Ii: 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 o-, m-, and p-hydroxy- 
benzaldehydes and 2-aminopropaneY 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. 
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TABLE 2. 
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Kinetic data for the hydrolysis of Schiff bases derived from aliphatic amines. 

Experimental h0li- +Sli+)  k W ~ O + B R + )  
Schiff base conditions pKSH + rnole-*min-l rnin-' Reference 

CeH5CH=NC(CH3)3 Water, 3% ethanol, 
25"c, ionic strength 
0.50 6-70 3.0 x lo7 0.4 1 622 

(CBH5)2C=NCH3 Water, 3y0 ethanol, 
25"c, ionic strength 
0.50 7-22 4-3 x 104 0.016 63 

p-CH30CsHa Water, 2y0 methanol, 
CHrNCH(CH3)Z 30°c, ionic ctrength 

0.10 7-1 6.2 x loc 0.2 64 

Under neutral conditions, the 0- and p-hydroxyl 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 : 

Furthermore, the protonated anion is identical to the zwitterionic or 
keto amine tautomer : 

except in the case of the n-hydroxy derivative; it then becomes 
necessary to introduce a constant for the zwitterion formation, as 
follows: 

Assuming a- single mechanism for the whole p H  7-14 range in which 
the hydroxide ion attacks the zwitterion as well as the protonated 
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Schiff base, the authors propose the following reaction scheme (see 
equations 8-1 1) : 

KI 
SH+ -2 S + H+ 

Ka 
5 -2 5 -  + H+ 

X + H+ 
k i  

SH+ + HzO k- lL  

X SH+ + OH- . k-aL 
ka 

X 
k3 

s + OH- . k-3L 

X - L -  products 

The kinetic equation thus constructed perfectly describes the ob- 
served behaviour 64 : 

On the other hand, Reeves65 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 

with respect to the m- and p-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 thcse 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 rn- and 
p- OH isomers, is not a rate decrease with respect to the corresponding 
methoxy derivatives. 
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6. Schiff Bases Derived from Aromatic /\mines 

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. 

I n  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 

This suggests that the imine-carrying carbon atom of the 
neutral Schiff bzse is sufficiently positive to undergo attack by the 
hydroxyl ion, even without being protonated : 

\ d +  d -  
H6- C=N-R 

/- 
Finally, several authors 32*48~65-67 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 : 

hi + 

k i  

S + H +  .A S H +  

SHOH + H +  S H +  -+ H20. k- lL 

Sl-IOH 
ka SH+ + O H -  k-2L 

K E A ~ O H  + 
SHOH 4- H+ SH,OH+ 

SHOH . k3 products 
k-3 

k4 %OH+ . k-4-- products + H+ 

The kinetic equation then becomes: 
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Equation (19) describes the experimental curves for thc hydrolysis 
of benzylideneaniline and its substituted derivatives, and only the 
general parameters A, By.. . 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. I n  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 (H, < 0), the rate decreases linearly 
with the acidity. The cationic intermediate decomposes by general 
base catalysis, as follows: 

H 
I +  

H 

B:--).H~O-C-N-R - BH+ +>c=o + RNH, 

I 

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 in~e rmed ia t e~~ .  Such a 
mechanism is present in the case of 2,3-dimethylanilino-pent-3-en-2- 
one 47 and of the acetylimidazolium ion 69. 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- 
c r e a s e ~ ~ ~ .  A rate decrease is also observed in a deuterated solvent4*. 

At intermediate pH values, in the regon 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 71. 

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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TABLE 3. Thermodynamic parameters for the hydrolysis of Schiff bases. 

Schiff base 
Type of logA Refer- 
reaction E,(kcal/mole) (s-l) cnce 

CgH5CH=NC6H5 SH+ + O H -  13.2 31 
SH+ + H20 7.6 31 

13.2 4.78 67 
14.4 32 

CI- M ~ , ~ ~ C H = N ~ O H  SH+ + OH- 
SH+ + OH- 

+ 
CBH5CH=N-C&H*-N(CH3)1-flCl- SH+ + O H -  16.8 8-2 65 

CH3 
/ 

would be pointless without prior separation of the various steps. 
Moreover, a characteristic of the Petersen figure 65 is the absence of an 
isokinetic temperature. 

A more detailed study of the thermodynamic behaviour of the 
benzylidene-1,l-dimethylethylamines (see Table 4) 7 2  has shown that 
the entropy factor, as also the enthalpy factor, varies with the sub- 
stituent. I t  has also been noted that the electrostatic interactions 
bctween the protonated Schiff base and the hydroxyl ion constitute 
energy factors which promote the reaction. 

TABLE 4. Thermodynamic parameters for the hydrolysis of benzylidene- 1,l 
dimethylethylamine 72. 

Type of reaction AF* (kcal/mole) AH* (kcal/mole) dS*(e.u.) 

SH+ + OH- 10-7 0.4 - 34.5 
SH+ + H2O 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 

'C=N- group are less sensitive to the polar effects of substituents 

than are those of the \C=O 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 

/ 

/ 

'C=N +/ group more electrophilicZ3. 
/ \ 

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) .  

TABLE 5. Relation between structure and reactivity in the equilibrium of 
protonation of Schiff bases, from the Hammett equation. 

Derivatives 

X-CBH,CH=NC(CH3)3 (+2*4) p +  = 1.6" 62 

C=NCH3 + 2.0 63 

X-CeH, 
\ 
/ 

CBHli 
X -CsHICH=NCH (CH3)Z + 2.4 
P-(CH3)3N + C,H4CH=NCeH4--X + 1-5 

X-CBH4CO 

C=NCeH4N(CH3)2 px = 0.288 

p y  = 0.137 

\ 
/ 

Y-CeH4NHCO 

64 
32 

33" 

a Bcttcr correlation is obtained by thc use of the Brown-Okamoto constants for polar efTcctr of 
the mesomcric type (o+). 
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For the overall hydrolysis reaction, the free-energy rate correlations 
can be called upon for use as mechanistic criterias8. 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: 

various possible cases become apparent: if k, >> k-l ,  kLbs = k', and 
kobs = kl/Ks,+,  the intermediate rapidly transforms into prciduct and 
the nucleophilic attack determines the rate. In the reaction S + H,O, 
kLbs 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, pk,obs 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+ + 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 
pkoba which consists of the sum of the values pkl (or pk, = PSH+ + O H -  

in Table 6) and plIKan+. As pkl is probably positive and p l I K s H +  
negative, the overall value pkob,must either be positive, or less negative 
than p l l K s a + .  Observations indicate this to be the case. 

If k-l >> k,; kobs = k, x (l/KsH+) x ( k 1 / k - J ,  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 k,, on 
the one hand, and on l/Ks,+ and kl/k-l  on the other. The only 
experimental value known is positive (pkobnJIOH-] = + 2-1 7) for 
the hydrolysis of benzylidene-t-butylamines at a pH of 1 62a. 
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TABLE 6. Hammett parameters for the hydrolysis of Schiff bases. 

Range of pH-independent rates Mechanism 
SH+ + H20 hlechanism SH+ + OH- 

Pkobs pSH++OH- = p+SH+ +HaO Refcr- 
Derivatives PKsH+ + Pkobr ences 

- - I- 2.0 62b 
\ +  

C=NHaCI- 
/ 

no Linearity 67 
75 

If k-l 21 k,, experimental measurements are not satisfied by 
(k, 21 k,) < f as the intermediate carbinolamine does not continue 
to accumulate in the course of the reaction. If (k, 21 k3) > k2, one 
arrives at the overall equation (20), with the rate being determined by 
the hydroxyl ion attack. ' 

As the terms cannot be factorized, the Hammett diagram is not 
linear. This is the case in the hydrolysis of the ben~ylideneanilines~~ 
and of the (p-N-dimethylaminophenyl) -iminobenzoylacetanilides 33a, 
and in the formation of semicarbazones from substituted benzalde- 
hydes4*. 

I t  must here be added that a non-linear Hammett diagram does not 
necessarily constitute proof of a change in the rate-determining step76, 
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 60, conden- 
sation of semicarbazide with substituted benzaldehydes 6b, formation of 
substituted benzophenoiie oximes 33b. 

On the other hand, the variations of the reaction parameter, p, in 
the two different rangcs of pH situated on either side of the max: 'mum 

?' 
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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 48 and in the hydrolysis of the benzylidene-t- 
butylamines 62a. 

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 Lcffler and Hammond. 

If we have i substrates identified by a,, a n d j  general acid catalysts 
identified by pKa,, the Hammett and Bransted relations for such a 
system are: 

log k,j = log k,, + u,p, 

Combining these, we obtain the constant expression : 

= c, (21) 
PKa, - P K ~ I  - - 0 1  

P2 - Pl a 0  - a1 

Thus, a variation in the substrate reactivity resulting from a change 
in the substituents will result in a linear variation of the Br~nsted 
general acid catalysis parameter (a) as a function of a. 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 (Cl II 10 to 100) in the reaction of the substituted 
benzaldehydes with ~emicarbazide~~.  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 a is practically insensitive to variations 
in a+. 

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 
Brransted parameter represents the sensitivity of the reaction to the 
basicity of the nucleophilic reactants, we obtain: 

The parameter of generalized basic catalysis, /3, varies in linear 
fashion with the polar effect of the substrate substitutents (u) 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 ) .  Cz is large and negative. In  the hydrolysis of the benzylidene-t- 
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butylamines ‘j2, p + (H,O) = 1.7 1 and p + (OH-) = 1-26 (see Table 6). 
pK, (OH-) - pK, (H20) = 14, which leads to C, = -39, together 
with a practically negligible variation of /I as a function of the sub- 
stitution. 

By using the Brmsted relation for j general acids characterized by 
pK,,, and the Swain-Scott relation for n nucleophilic reactants identi- 
fied by their nucleophilic character n,; 

log kjn = log GnA - a,pKal 
lOgkj, = log kj, + SjnK 

which leads to the constant expression: 

If the nature of the nucleophilic agent is modified, the consequent 
variation in a is linearly related to the reactivity of the nucleophilic 
agent ( n K j .  Moreover, if the nature of the acid catalyst is modified, the 
sensitivity of the reaction to nucleophilic attack (S) 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 
incrcase in the reactivity of the nucleophilic agent, and tl decreases 
with increase in the nucleophilic character. C, must, therefore, be 
negative. This is in fact observed in the attack by different nucleo- 
philes (the pK, of which is a measure of nK) on the carbon atom of the 

‘C=O group (see Table 7 reproduced from reference 4.5). The 

catalyst becomes less selective with respect to the nucleophilic agent 
when the reactivity of the latter increases. 

/ 

TABLE 7. Variation of the catalytic parameter as a function of 
acidity of the nucleophilic agent4=. 

Substrate Nucleophilic agent PK. a 
-~ ~ -~ 

Acetaldehyde 
sym-Diehloroacetone 
Benzaldehyde 
p-chlorobcnzaldehyde 
Benzaldehyde 
Aliphatic aldehydes 
Formaldehyde 

Water - 1-74 0-54 
Water - 1-74 0-27 
Semicarbazide 3.65 0-25 
Aniline 4.60 0-25 

Cyanide 9.40 - 0  
Trirnethylamine 9.76 N O  

Hydroxylamine 5-97 N O  
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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 \C=N- 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. 

1. Direct rate-determining attack of the hydroxyl ion on the 

/ 

unprotonated imine group 

&)...Ldi 
I 

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 ben~ilideneanilines~~ *48, in the hydration of 2-hydroxypteridine 77, 
and in the dehydration step during the formation of o x i m e ~ ~ ~ n ~ ~ ,  of 
semicarbazones 46 and of hydrazones 41b. 

It is not known whether these reactions proceed by specific base 
catalysis (a) : 

I 
! 

(a) HO--A)C=N--R ~- - (HO'- ...C='-N-R) 

1 -  I 
I I 

HO-C-NR HO-C-NHR 

or by general base catalysis (b and c): 

'H' 1 
I 

A- + HO-C-NHR 
I 
I 

HO-C-GR +AH 
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2. Rate-determining attack of the hydroxyl ion on the protonated 
imine group, without general basic catalysis 

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 : 

\ fast \ +  
H,O +,C=NR HO---.,C--Y-R 

This example is illustrated, for derivatives of strongly basic amines, 
by the hydrolysis of benzylidene-t-butylamines 62a, by the formation of 
Schiff bases derived from ammonia78 and from n-butylamine'jO, and 
for derivatives of weakly basic amines, by the hydrolysis and the forma- 
tion of benzylideneanilines 31 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 

A- ...H...X. .Lk-R 
' A  

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 32148.62a.63, oximes semicarbazones 42.46-81, 

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 60*82, the formation of phenylhydrazones 38.80a, 
the hydrolysis of the a1koxymethylureas'j0 and in the addition of water 
to 2-hydroxypteridine 77. 

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: 

KSH 

K A R  
Y = k[E.j[AH] = k ' [SH+ J[A-] with k' = k- 

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 62a. 

The nature of the catalysis depends on the timing of the proton 
transfer : 

I 
-C-N-R 

Ha06 + H...A, - 

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 importance3*. 

Several mechanisms are possible : 

I 

I 
AH + HO-C-NHR 

I _  
I 

-C-NHR 
I 

OH 

-C-NR + HA 

+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 ofoximes and n i t r o n e ~ ~ ~ ,  catalysis is as efficient 
with anionic acids (e.g. phosphate or succinate monoanion) as it is 
with cationic acids (e.g. morpholinium or imidazoliniurn 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 ifone 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) *Ob 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 Brsnsted’s catalysis law /3 
would be > 0.50. O n  the other hand, in the case of mechanism (b), 
the transition state would resenible 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 (pKaACoH = 4-7 and, in the 
benzylidene-t-butylamines, p&,+ = 6.7, see Table 2), the proton 
transfer would be less than half completed, and /3 would be ~ 0 . 5 0 .  

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 
/3 would decrease whereas, in the case of mechanism (b), the transition 
state would approach that of the products and /3 would increase. 

In  favour ofmechanism (b), it is in fact observed that in thc hydroly- 
sis of the benzylidenc-i-butylamines, /3 = 0-25. The proponents of 
mechanism (a) 58sT5 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 (C,H,) .&=N( CH3) ,and of 

the nitrone CICGH,CH=N(CE-I,)O- for which /3 values of 0.27 and 
0-23 are respectively obtained. They judge that Swain's reasoning is a 
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. 

+ 

+ 

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 liydroxyl ion implies 
an initial energy consuniption of9.5 kcal/mole, and thesubsequent attack 
by the OH- on the protonated imine gives rise to a transition state 3c 
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. 



10. Cleavage of the Carbon-Nitrogen Docble Bond 49 1 

One might then question the importance of the hydrogen bonds be- 
tween the catalysts and the intermediatcs, T!ic strength of a hydrogen 
bofid is a function of the acidity dtI-1:  acid HA and the basicity of the 
bzse R, the most favowable 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 

FIGURE 2. Energy diagram for the hydrolysis of Schiff bases (taken from 
reference 58). 

and water is in the region of 18 p K  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 zgents in such a manner that the transition state of 
the catalysed reaction @a) 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--0 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. 

I n  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 a t  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 : 

/ 
1 7  
‘ A  

B:-H-TAC-N+-R = L o  + RNH, + BH+ 

I n  the case of the Schiff bases derived from highly basic amines, 
there is no general catalysis : 

H 
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Il l .  HYDROLYSIS OF T H E  IMINOLACTONES 

493 

A recent case of hydrolysis of the imine group has shown that 
iminolactones may yield different products according to the con- 
ditions of P H " * ~ ~ .  

At acid pH, the iminolactone derived from tetrahydrofuran 
hydrolyses to aniline and the a-keto derivative of tetrahydrofuran : 

FIGURE 3. A: pH-rate profile for the hydrolysk of the iminolactone at 30" c; B: 
effect of pH on the nature of the products of iminolactone hydrolysis. 
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Under basic conditions the product or' hydrolysis is y-hydroxybuty- 
ranilide : 

~ o ~ N c e H ' +  H,O - C,H,NHCO(CH,),CH,OH 

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 
pK = 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 C,,,. Thus, following establishment of the protonation pre- 
equilibrium of the imine: 

there would arise a competitive nucleophilic attack on the carbon 
C,,, by a molecule of water, followed by breakdown, under acid 
conditions, of the carbinolamine intermediate in its zwitterionic 
form ; 

I 
OH 

+ Hi 
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R N  w- c z  
I 
OH 

(IHOH) 

RNH, + 0-=C' 
A 
r 

Double Bond 

Pl 

495 

H 

R k - C / 3  

' I  
0- 

(IHOH) (4 (W 
Nucleopliilic attack by the hydroxyl ion to the Cca> carbon, will take 
place under basic conditions : 

RNHC(CH,),CH,OH 
! 

II 
0 

\ 

(b) Tne most reasonable explanation is based on the mechanism 
of the hydrolysis of Schiff bases derived from a n i l i n e ~ ~ ~ .  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 C(z, carbon, to give rise to the carbinolamine inter- 
mediate : 

+ OH- 

OH 
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In this case one must assume the existence of an anionic intermediate : 

R N H C a  === kinon 

I 
OH 0- 

(IHOH) (1 I1 0-) 

which will decompose to different products according to the extent of 
protonation. Under acid conditions : 

(IHOH) 

Under basic conditions: 

RNH-C, RNHC(CH,),CH,O- 
I1 
0 

(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 : 

3 R-NH-{J krnom,+ R-NH-7 

OH 'OH, 
(IHOH) [I H OH,') 
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with decomposition, in acidic conditions : 

0- 

and in basic conditions: 

RNHC(CH,),CH,OH 
A 

k-a  II 

(I H OH) 

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: 

KUI+ 
I + H+ -2. IH+ 

. IHOH + H+ 
A 
T IH+ + H20 

IH+ +OH- . k - 2  IHOH 

Kinoii 
lHOH 2 IHO- + H +  

A + BL lHOH . k-,L 
k3 

H 5A 
k 4  

l H O H  T k-*L 

which, taking into account the following assumptions: 

a t p H  >> 6: K I H +  >> [H+] 

leads to the kinetic equation : 

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 : 

with a point of inflexion situated at pK', for 

K'= K I H O H  k4 

k3 
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These equations enable us to calculate the parameters which lead 
to a point by point establisliment of the rate-pH diagram: 

p2r;,H+ = 5.06 

k ,  = 0.415 mi1i-l 

k3 

k - 1  
- = 2.5 mole 

k ,  = 1-4 x lo6 mole-' min-l 

pK' = 7.07 

These parameters are in agreement with those resulting from the 
hydrolysis of the Schiff bases (see Table 1) and of the A ,  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 : 

k' IHOH + B H +  
k-1 

IH+ + B + H,O ~ 

kh 
IHOH .. ( B )  products 

hi+ 6 + H +  -2 B H +  

The catalyst effect is maximum for: 

I t  will be seen that this catalytic scheme is well applicable to the 
hydrolysis of Schiff bases 6'a. 

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 a t  values of pH > 7. The 
authors 68 have applied an empirical mathematical treatment to this 
astonishing phenomenon. 

171- C.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 buffcr : 

KnDP 
S + buffer (8) -2 complex 

and, defining A A  as the differencc between the aniline yield at a given 
concentration of buffer (AB),  and the aniline yield in the absence of 
buffer (A,)  , I / A A  as a function of I / [ B ]  should be a straight line with a 
slope of Knpp and an intercept of I/dA,,, (AA,,, 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,,, + A ,  = 94 to 98y0, 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 AAmnx/2 for a given value of pH. As A.  varies with the pH, 
AA,, 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 phosphzte buffer, 
pK = 6-77, being 240 times more active than the imidazole, p K  = 
7.02, with respect to aniline yield whereas, for the hydrolysis of A -  
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 nuclcbphilic catalysis 
(the phosphate dianion is lo3 times less active than the imidazole in 
the nucleophilic attack on p-nitrophenylacetate or on acetylphenyl- 
phosphate) 68. 

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 mechar?ism 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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This will permit the formation of the zwitterion required to rupture the 
C-N bond, and yield aniline. 

IV. HYDROLYSIS O F  THE A2 THIAZOLINES 

An examination of the kinctic behaviour of a large number of sub- 
stituted A ,  thiazolines 

has led to an elaboration of the general laws76 which agree with 
eamlier isvestigztions carried out on two alkylthia~olines~~*~~~~~ and 
which are similar to those governing the hydrolysis of Schiff bases. 

The d2 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 : 

SHl 
RCONH- 

(N-SH) 
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The kinetic equation governing the bell-shaped curve is: 
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and the calculated values of KTa+ calculated from kinetics correspond 
to the experimental oncs. 

If we plot the value of log kl against pKl (= pKTR+), WG obtain 
several straight lines for various groups of the A ,  thiazoline families. 
One of these groups is composcd of 2-aryl thiazolines, substituted in 
position 4, and fulfils the equation: 

The substituents in position 4 (para on the aryl group) will influence 
the electron density at thc site of the nucIeophilic attack, this effect 
being quantitatively accounted for by the dissociation constant of the 
thiazolinium ion. 

The hydrolysis of the A ,  thiazolines is an equilibrium reaction, I n  
the case of the 2-methylthiazoline, all equilibria have been experi- 
mentally determined 49 : 
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1. INTRODUCTION 

Thc 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 problcm 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 diffcrence across the electri- 
cal double layer. Thc main part of this potential drop occurs within a 
distance of a few Angstroms froln the electrode surface; the electrical 
gradient near the electrode is thus of the magnitude of 107-108 v/cml. 

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 oxidizcd 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 cmrent. Water 
is a suitable solvent, but the reacting substances often require an 
organic solvent or a mhed solvent as medium. In  some cases the use of 
‘hydrotropic’2 solvents such as a strong aqueous solution of tetra- 
alkylammonium toluenesulphonate may be advantageous. I n  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 The following chapter will treat 
electrolytic reactions which involve azomethinc 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 ~ 3 - l ~  and 
vol tamme tric investigations. 

II. EXPERIMENTAL CONDITIONS 

A. Control of the Electrolytic Reaction 

In  the classical electrolytic reactions the current density, measured 
in A/dm2, was controlled, possibly because it was the easiest factor to 
measure and keep constant. Nevertheless, Haber 14, 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. 
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FIGURE 1. Schematic representation of the connection bctwcen 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 11, after the passage of some current; io is an applied current, E,(I) and 
Eo(I1) the potentials corresponcling to io; id is the limiting current, and E,+ 

ED aiid Ec 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 corn- 
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pounds or one compound with two groups reducible at diffcrent 
potentials. When the potential at  the cathode is between 0 and EA, 
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 EA and EB the current rises in dependence on the potcntial, 
but when the value EB 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 EA 
to E, the current is limited by the transportation of the reducible 
compound to the cathode; this current is called the limiting current, 
id, 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 takcs place. 

If a suitable current i, [i, < &(I)] is sent through the cell, the 
cathode potential assumes the value Eo(I), and when i, < &(I) this 
is well below the potential (E,) 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 11) the limiting current beconies smaller than the applied 
current [i, > id(II)]. Thc cathode potential has then, by necessity, 
reached the value E,(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. ED, the second electrode 
process cannot take place, and the reduction remains selective to the 
end. The current through the ccll 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 $'.the reactioil, as rhe 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 



510 Henning Lund 

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 
adiponitrile15 in the cell shown in Figure 2. 

2 

/* I 

For oddition of acid J 

I 
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 lcvel; 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 in1e.t. 
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V 
I--. 

rid- -1 i 
V 

Am 

I 

- 
FIGURE 3. Circuit for constant poter?tizl reduction. (K cathodc, A ailode, R 
reference electrode, V potentiometer or p H  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 potcntiostat. Such an apparatus is now 

R 
N D I  

A 
I+ 

FIGURE 4. Cell for preparative reduction. (K mercury cathode, A carbon anode, 
R reference electrode, D dropping mercury clectrode, N inlet for nitrogen. 

Frcm refercnce 18.) 



512 Heiiniiig Lund 

commercially' avaikblc, often at a rcasonablc pricc, or can be built 
according to published diagrams 1 6 * 1 7 .  

The design of the electrolytic ccll may vary widely, and every elec- 
trochemist thinks his own design is the most suitable one; the author 
has for many years employed l8 the two simple types of cells shown in 
Figures 4 and 5. The first one (Figure 4) is a divided, slightly modified 

R - 

I 

5 cm 

FIGURE 5. Cell for macro-scale electrolysis at  controlled potential consisting of 
a 2 1 beaker covered with a glass platc G, containing holes for asilver/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 arca of 125 cm2. The diaphragm D corsists 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- 
t inuo~sly '~.  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 ‘IR drop’) 
becomes intolerably great. 

B. factors Influencing the Electrolytic Reuction 

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 molccule influences the reduction potential only 
to a minor degree. Such groups often contain double bonds, e.g. the 
nitro-, nitroso-, carbonyl- and ~~omet l i ine  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 20. 

An elecirolytic 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. 

1. EffectofpH 
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 protoiiated species is more readily reducible than the unprotonated 
one. Sufficient buffcr 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 21 *23, which in aqueous solution would 
react rapidly with protons or water, may he sufficiently lofig-lived to be 
detected or trapped by reaction with a suitable reagent. 

2. Effect of electrolyte 

The accessible potential rcgion 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 23 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. Determinution of Optha1 Conditions for un Electros ynthesis 

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 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 
literaturc, where either a reproduction of the experimental curves (e.g. 
Figure 8, Section IV.C.2), a graphical plot of the half-wave potcntials 
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 

R - c - +  H +  'RH e - + H + >  RH2 

I + 
f 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 ofthe 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 formcd is not stable or stabilized at  the clectrode, it is 
instantly reduced further. The carbanion thus produced m2y either 
react with hydrogen ions or with the reducible, unsaturated material 
according to 

2e- + H+ R R R R - H-R- __f H-R-R- H-R-R-R- + * 

F+ F. I 
Y+ 

RH, 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 polarogranis 
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 fist  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 thc observed waves whereas the more stable tautomeric 
form is rcduced 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 prGduce 
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, 2nd with a little experience :he 
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. 

111. ELECTROCHEMICAL PREPARATION O F  
AZOMETHI N E C O M P O  U N B S  

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 hydroxyl- 
amine may lead to such a compound. 

A. Reduction of Nitro and Nitroso Compounds 

1. Aliphatic nitro compounds 

The electrolytic reduction of al$lzatic 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 nitroalkancs. 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 followirig reduction scheme has been suggested 25,26, in which the 
intermediate nitroso compound tautomerizes to the oxime, and the 
reduction of the oxirne is responsible for the formation of the amine. 

le + 2H+ + [RR'CHNOJH + -> RR'CHNHZOH H +  
RR'CHN02 Ze + 2H *> 

I 

2. a,P-Llnsaturated 

> R R ' C H ~ ~ H ~  
J. 4e -t 4H + [RR'C=NOH]H + 

1 
~ ~ ' r - 0  + H&OH 

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 a$-unsaturated or carries a suitable leaving 
group on the a- or p-carbon, an oxime is a likely product. The reduc- 
tion of 8-nitrostyrene (1) exemplifies this27*28 : 

4e + 5H+ + -H+ 
CsHsCH=CHNOz - C,H,CH=CHNH,OH - CGH,CHZCH=NOH 

(1) 

The unsaturated hydroxylamine rapidly forms the more stable 
tautomer, the oxime. The reduc'tion 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 nitroal kanes 

The reduction of a-halogenated nitroalkanes may also lead to 
oximesZ9. 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, t = loo) of 2-chloro-2-nitropropane yielded 987, acetone, 
formed by acid hydrolysis of the aci-nitro compound, ( CH3) &=N02H. 
A reduction at  a potential corresponding to the second polarographic 
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wave of 2 gave 60% 3 and 30y0 acetaldehyde. The first two reductions 
of 2 can be formulated as 

2c slow 
1 s t  wave CH3CHBrN0, - > CH3CH=N0,- + B r -  CH,CH2N0, 

H + fast 1 (2) 

CHjCH=NOZH 

(4) 
2c -+ 2 H  + 

2ndwave 

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 mi-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) 29. This compound shows two polaro- 
graphic two-electron waves, but the second wavc does not correspond 
to the reduction of I-chloro- I-nitroethane, which is the product from 
a controlled potential reduction at the potential of the first wave 
(E = - 0-2 v, p H  = i).  A reduction at the platcau of the second wave 
( E  = - 1.0 v, pH = 0.2, t = 5") produced chloroacetaldoxime, which 
was further characterized by its transformation into acetonitrilc oxide 
at pH 6. 

The rcduction of trichloronitromcthaie (6) may give methylamine 
or methylhydroxylamine, but by working with a cooled tin cathode 
in 35y0 sulphuric acid at  t < 5" it was possible to obtain dichloro- 
formoxime (7) as a product30; by employing a suitable extraction 
procedure the yield of this compound could be raised 31. Brintzinger 
et aL30 suggest essentially the following reduction path : 

CH3CH=N02H - CH,CH=NOH + H,O 

(4) (3) 

> CH3hH3 z CH3hH20H -HaO 
2e + 2 H  + 2c + 2 H +  2c + H +  

CHCI2NHOH > CHZCINHOH 7 

A polarographic investigation of 629 sho-ifs a stepwise reinoval 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 

(6) (7) 

2e H +  2c+21i+  
CCI3NOz + CI- + CCIz=NOz- __j CCI,=NOaH -- CCI,=NOH 
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The reduction of mono- and dihalogenated nitrosoalkanes 29 goes 
analogously to that of the nitroalkanes ; thus 2-chloro-2-nitrosopropane 
(8) gives acetoxime (9) on reduction (E = -0.50 v, pH 3) in 98y0 
yield : 

2e + t i +  
(CH&CCINO - (CHJ2GNOH + CI- 

(8) (9) 

and 1 1-dichloro-1-nitrosoethane produces chloroacetaldoxime in 
76y0 yield on electrolytic reduction. 

The first step in the polarographic reduction of pseudo-nitroles 29 in 
acid solution is a loss of the nitro group as a nitrite ion with the 
formation of an oxime, c.g. 

2e H +  
(CHJ,C(NO)NO, __* NOS- + (CH&C--NO + (CH&C=NOH 

(9) 

Whereas 2,2-dinitropropane is reduccd in a two-electron reduction to 
the mi-2-nitropropane 32*33y 1 , 1-dinitroethane (10) gives a 5-6 electron 
wave in acid solution. The following explanation has been suggested 29: 

- 2e 2H + 
CHjCH(N02)z d CHjCH=NOz + NO2- ___f 

(10) 
4e f 4H+ 

CHaCH=NOZH + HNO,--+CH,C(NO2)=NOH + H20 - 
(11) 

CH,C(NHOH)=NOH 
(12) 

The ethylnitrolic acid 11 has been shown34 to be electrolytically 
reducible to acethydroxyamidoxime ('12) which can be oxidized 
anodically to ethylnitrosolic acid. 

4. Aromatic nitro compounds 

Aromatic nitro compounds arc rcducible in acid solution to the 
hydroxylamines which at  a more negative potcntial are reduced to the 
amines. However, 0- or p-nitrophenols or -anilines are in acid solution 
reducible in a six-electron reduction to the amine35-37. The reaction 
is believed to follow this path, excmplified by the reduction of p- 
nitrophenol. 
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The loss of water is a slow step which is acid or base catalysed. 
About pH 5 tlic 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-quinonediiminc (12) as an intermediate has 
also becn suggested3* 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-liydroxy-9,lO-diliydrophenazine be- 
sides o-phenylenediamine. The reaction can be formulated as : 

U 

The quinonediimine could either condense with another molecule 
of 12 to form 2,3-diamino-9,10-dihydrophenazine (18) 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. 

0. 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 
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to the desired result; one can choose a very casily 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 medium39 and the other one in the 
reduction of isonicotinic acid40 or other heterocyclic acids 41-'12 into the 
hydrated aldehydes. 

Hydroxamic acid halides43 such as the rather unstable iodide (15) 
in acid solution may be reduced to benzaldoxime (16). 

2e f ZH + 

CsHsC-I - CeHSCH=NOH + HI 
II 
NOH 

(15) 

Benzonitrile oxide43 (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 
o ~ y g e n ~ ~ . ~ ~ .  The same is found for most heteroaromatic N - o ~ i d e s ~ ~ * ~ "  ; 
quinazoline-3-oxide4* is, however, an exception. The reduction of 17 
has been as: 

+ H+ 
C ~ H ~ C ~ N O -  t--.--j C~H&N-O- Z c f  H + >  C,HSCH=NOH 

(17) (16) 

The primary reduction of thioarni~ies~~ 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 thioamideS0 yields on reduction an inter- 
mediate which is quite stable in acid solution. 

RCSNH, 2e y\H. RCH(SH)AH, 
1 

J. f +  
H,S + NH, + RCHO RCH=NH, + H,S 

2e + 2H+ 1 
RCHZNH, 

I 2e + 2H' 

RCH,OH 

Benzaldimine has becn shown to be an intermediate in oscillo- 
polarographic reduction of benzamide5' in acid solution and benzalde- 
hyde hy~ l razone~~  has been detected under similar conditions in the 
reduction of benzhydrazide. 
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Cyanamide (IS) does not give a polarographic wave, but it can be 
reduced in good yield electrolytically to formamidine on an electro- 
lytically formed nickcl-sponge cathode in an  almost neutral phosphate 
buffer53. 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 arc mostly found at  electrodes with low 
hydrogen overvoltage such as platinum and nickel cathodes. 

The reaction is: 

2H+ -t 2e -> 2H(Ni) 

2H(Ni) 
H,NC=N + H,NCH=NH 

(18) (19) 

At a spongy tin cathode IS is reduced similarly in the first step, but 
undcr thcse conditions 19 may be reduced f ~ r t h e r ~ ~ . ~ ~ .  

C. Purtiul 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 reduccd to lY4-dihydro derivatives without a 
carbon-nitrogen double bond are not treated here. Most of the com- 
pounds discussed beIow 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 fcrms. 

I .  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 rn) 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 
cathode39*56-57. The mechanism was in analogy to the reduction of 
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other pyridazines and of benzalazine (Section IV.B.l) suggested to 
be: 

(21) 

21 is a cyclic benzylhydrazone and is as such further reducible in acid 
solution (Section 1V.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 CDCI, of the product extracted from a slightly alkaline 
solution indicates that it is 1 -methyl- lY4-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). 

(22) (24 (23) 

Such a reduction has been used to prove the site of the quaterniza- 
tion of 4-t-b~tyl-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-t-butyl-5,6-diphenyl-pyridazine 58 (26). 

C"3 
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Pyridazincs substituted with halogens, amino-, hydrosyl- or riiethoxy 
groups are reduced in thc ring to the 4,5-diliydro derivatives; excep- 
tions are the 3-iodopyridazines which are first reduced to the pyrida- 
~ines30-5~. 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 
4J-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. 

(27) (28) 

The 4J5-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 
p y r i d a ~ o n e s ~ ~ * 5 ~  (30). 

(80) (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 (31) yield a two-electron polaro- 
graphic waveGO which in acid solution is followed by further waves. 
Such cinnolines have been shown to be reduced to 1,4-dihydrocinno- 
lines60 (32) in acid solution; if the solution is very strongly acid, 
the 1,4-dihydrocinnolines rearrange to N-aminoindoles 61*62. 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 60. 

U 

(31) (32) 

3-Phenylcinnolines give in acid solution a two-electron polarographic 
wave followed by a four-electron wave60. I n  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 a t  pH 0 and pH 9 reduced in a four-electron 
reaction to 1,4-dihydrocinnoline 6o (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 2c+2H* ,  [w 14 -+ m] H 2 e + H * ,  H 

S H SH 
(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 elcctrode in alkaline solution yielded an electroinactive 
species. This compound cannot be 1,2,3,4-tetrahydr0-4-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 pI-1 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 a t  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 secmed 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- 
mcrcaptocinnoline at  pH 9. A small prewave, which was found in the 
non-reduced solution a t  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 E?-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 sulphidc 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-dih);dropyridazines 
cannot be formed. 

In acid solution phthalazine (35) gives a six-electron polarographic 
wave63, 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- 

further to 1,2,3,4-tetrahydrophthalazine (37) 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- 
dride65. 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 1,2-dihydrophthalazine. 

(35) 1 
Dimer (38) 

(36) 

(87) + 2OH- 

If the dimeric compound 38 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 yicld when the solution, but not the eiec- 
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 l-methyl-3,4-dihydro- 
phthalazine 5 7 ,  whereas 1-methyl-4-methoxyphthalazine (39) and 
1 -methyl-4-dimethylaminophthalazine are reduced to 1,e-dihydro- 
1-methyl-4-methoxyphthalazine (40) and 1,e-dihydro- l-methyl-4- 
dimethylaminophthalazine, respectively 39. These dihydrophthalazines, 
even 40, are stable enough to be isolated. 

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 four-electron reduc- 
tion in alkaline solution66. These reactions can be represented in the 
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scheme below; thc structure of the tetrahydropyrimidinc was not 
proved owing to its hydrolysis in tlie alkaline solution. 

\ 
H 2e +2H.O 

-2 OH- I 4 4 
Dimer Tetrahydropyrimidine 

2-Aminopyrimidine is reduced similarly, but the dihydro derivative 
is not further r e d ~ c i b l e ~ ~ * ~ ~ .  The reduction of qu i~ iazol ine~~ (42) and 
purine6* follows tlie same pattern as that of pyrimidine. In  alkaline 
solution the stepwise reduction of the former proceeds as follows : 

2c+ 2H*0 - 20n- I 
Dimer 

On the basis of coulometric data the electrode reactions of adenine 
(43) shown below have been suggested 68,  but it is not known whether 
the elimination of ammonia occurs before or after thc 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. 
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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)- 
dihydroquinoxaline~~~. I n  N HCl 44 is reduced a t  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 4666. 

H 

6. Benzo=1,2,4triazine 

Benzo- 1,2,4-triazine (47) and the dihyciro 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 (4Q)70. 

H 

2e -F 2H++ a,LAc 2e + H* 2H* a y C 8 H 5  N + NH, 

H N C,H, 8 5  

H 

7. Tetrazolium salts 

2,3,5-Triphenyltetrazolium chloride (49) is in alkaline solution 
reduced p ~ l a r o g r a p h i c a l l y ~ ~ - ~ ~  in two steps. The first one is a reduc- 
tion to triphenylformazane (50), the second one probably to diphenyl- 
benzhydrazidine (51). I n  acid solution the isolated products from a 

N-N-CBH, NNHC~HS 

w 
4e + 3H+ / 

CoHsCH I > CsHsC 

N=NCsHs ‘N H N H CsH 
\ 

+ 
(49 )  (51) 

f CeHsNHZ + 3 CeH5C(NH2)=NNHCeHb + + C,H5C(N=NC,H,)=NNHC8Hs 
(53) (52) (50)  
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four-electron reduction are phenylbenzamidrazone (52), 50, and 
aniline (53). It has been suggested18 that 51 is formed initiaIIy and 
then disproportionates into the isolated products 50, 52, and 53. 

8. Oxaziridines 

Oxaziridines (54) show in aqueous solution two waves 75 ; 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 corn- 
pound 56 is seen on the polarographic curve. 

I n  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 perforriled in a non-aqueous solution as acetonitrile, it might be 
possible to obtain the azomethine compound 

RCHNHR‘ --H,O, RCH=N R’ 
2c -k 2H* RCH-NR‘ 

‘0’ 

(544) 

RCHO 

(56) 

D. By Anodic Oxidation 

1. Amines 

An anodic oxidation of an amine to a quinoneimine is found in, for 
example, the oxidation of o-tolidine (57) in acid solution. The quinone- 
diimine 58 is rather stable in acid solution, but loses ammonia at higher 
pH76. A single two-electron oxidation is found at pH c 3, but at  
pH > 3 and in a non-aqueous solution such as acetonitrile two me- 
electron waves are found77. Potentiometric data78 suggest a free- 
radical semiquinone ; an e.s.r. spectrum was obtained in acetonitrile 
by in situ electrolysis in the e.s.r. cavity79, 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 in silu electrolysis. By employing an optical trans- 
parent anode of ‘doped’ tin oxidea0, it was possible to obtain the 
spectrum of the one-eIectron oxidation product 77 from 300-800 mp, 
and combincd with ather 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 bc representcd by: 

NH2 

(57) 

2. Hydrazines 

Anodic oxidations of aliphatic and aromatic N,W-disubstituted 
hydrazines produce in the first step azo compounds; monoacylated 
hydrazines probably also form azo compounds initially, but the 
tau tomeric 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 *l. 

Similarly I-benzylsemicarbazide produces benzaldehyde semi- 
carbazone 82 on anodic oxidation in alkaline aqueous alcoholic 
solution, and 4-methyl-3,4-dihydro- 1 (2H)-phthalazinone gives the 
phthalazinone 81. 

3. Hydroxylamines 

Phenylhydroxylamine produces on anodic oxidation in alkaline 
solution nitrosoberizene, which reacts with phenylhydroxylamine to 
give azoxybenzene. I n  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 83*04. 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: 

CUHoCHINHOH 
> [CsH,CHzNO] 

- 2 ~  - 2H+ 
CGH 6CH z N  HOH 

1 
CsHsCH=NOH 

(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-butylanilinc (62) 
is oxidized anodically at a platinum electrode in acetonitrile containing 
pyridines5. This is a medium which previously has been found useful 
for the anodic oxidation of many types of organic compounds 86.87.  

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 t-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 
tlie acetamidine shown (63) (or the other tautomeric form). 

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 pro tonated 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 he 
differences with respect to, say, protonation and tautomeric forms. 

At a potential where only the protonated compound is reducible, this 
form will be removed Ert the electrode from the equilibrium; protons- 
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' 9.88*89. 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 atom44. Thus, in a compound RRC-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 ** : 
R R ' L N Y R "  [RR'C=NYR"'JH+ - H+ 2e + 2H+ 

Ze -4- 2H+ 
RR'c=~;~H~ + HYR" - R R ~ C ~ N H ~  

I n  Table 1 are compiled the half-wave potentials ofsome azomethine 
derivatives of benzaidehyde 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 . 1 ~  HCl, as the compound is rapidly hydrolysed in this medium, 
but if the reduction route suggested for benzaldehyde thiobenzoyl- 
hydrazone (Section IV.B.6) is correct, the half-wave potential of the 
second wave of this compound [ - 0.72 v (s.c.c.)] 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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TABLE 1. Half-wave potentials (s.c.e.) at p H  1 of benzaldehyde 
and some of its azomethine derivativcs. (Included also are a few 
azomethine derivatives of benzoic acid. T h e  medium contains 40% 

alcohol.) 

Compound - E+ v (s.c.e.) 
~ ~ ~~ -~ 

Benzaldehyde 
Benzaldehyde thiobenzoylhydrazone 1st wave 

Benzaldehydc hydrazone 
Benzalazine 
Benzaldehyde benzylhydrazone 1st wave 

Benzaldehyde phenylhydrazone 
Benzaldehyde N-methylphenylhydrazone 
Benzaldehyde semicarbazone 
Bcnzaldehyde trimethylhydrazonium iodide 
Benzaldehyde benzenesulphonylhydrazone 
Benzaldoxime 
Benzaldoxime acetate 
N-t-Butylaldoxime 1st wave 

N-t-Butylbenzaldirnine 
2-i-Butyl-3-phenyloxaziridine 2nd wave 
Benzimino methyl ether 
Isothiobcnzanilide-S-methyl ether 1st wave 

2nd wave 

2nd wave 

2nd wave 

0.90 
0.6 1 
0-72 
0.72 
0.72 
0.56 
0.73 
0.77 
0-75 
0-76 
0-87O 
0-72 
0-74 
0-70 
0-66 
0-78 
0.76 
0.76 
1-12 
0.69 

@ Measured in water. 

none of the azornethine 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. 

I n  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-electrm 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. 
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A. Derivatives of Ammonia 
In this section the electrochemistry of compounds having the group 

RR'C-NY will be discussed, where the nitrogen is Lofided to a carbon 
or hydrogen atom; R arid R may stand for several types of groups, and 
thus Schiff bases, imino ethers, iminothio ethers, amidines and iso- 
thiocyanates are treated here. 

1. Schiff bases 
Imines of aldehydes and ketones are polarographically reducible in 

a wide pH but as they are usually easily hydrolysed 
both in acid and alkaline solution, they are difficult to investigate. 
Both cia~sica19~*9~ and controlled potential 44 reductions are reported 
to yield the expected secondary amine; inany of the classical reduc- 
tions were performed in !joy0 sulphuric acid at 0"c a t  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- 
pounds44. 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 ar;d tlic 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 44. 

> RR'CHNHCHS 
2e i- 2H+ 

R R ' L O  + CHSNHP R R ' G N C H ,  + HzO 

In  some cases, especially where hydration of the carbonyl group 
competes successfully with the formarion 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 mcdium produced the expected 
2-anilinomethyl thiazole in good yield 96. 

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 phenoiphthalein oximeg7 (64) and 
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similar anilsg8 may exemplify this; here the very stable Schiff base is 
reduced both in acid or alkaline solution to the aminc which condenses 
with the carbonyl group to give the phtlialimidine (65). 

C,H,OH 

a ~ = = & ~ ~ 6 ~ , ~ ~  I 
ZC + 2H*, &::::H 

coo- 
0 

Some Schiff bases of aromatic aldehydes and ketones give two one- 
electron pc!arographic waves in suitable media, mostly in acid 
 solution^^^^^^. The product of the first one-electron reduction is a 
radical which may either be reduced further to the aminc or may 
dimerize. I n  a classical type of reduction benzalaniline (66) was found 
to dimerize to a small degree at a lead cathode in sulplruric acid 95. 

2 C6HSCH=NCoHs 4 C&lsCHNHCGH, (+CeHSCHzNHCGH5) 
I 

CSHSCHNHCGH, 
(661 

I n  lion-aqueous solution a high yield of the dimer can be obtained. 
Many Schi!€ bases give two Folarographic waves in dimethylformamide 
and acetonitrile 99*100 ; the primarily formed species have in some cases 
been shown by e.s.r. spectroscopyQ9 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 lol; the colour faded on interruption of the cur- 
rent, but reappcared 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 lo2 : 

C H CHNHC,H, C,H,CH=NC,H, + CH,=CHCN 2e + 2H> 

(a) CH,CH,CN 
O 6 I  

I 
C H CH-NC,H, 

C e H s O O  * ' ' 1  \ 
H,CCH,-C=NH 
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2. lmidic esters 
These compounds are also apt to be hydrolysed in aqueous solu- 

tion, bur in a cold solution some are stable cnough for a polarographic 
and preparative reduction. Classical reduction at  a lcad cathode in 
cold 2~ sulphuric acid of beiizimidic acid ethyl estcr (68) gave benzyl- 
amine in 76"/, yield103. The reduction can probably be described by 
the following sequence. 

+ H +  -HOR' + 2 e +  2H+ + 
RC(OR')=NH 2c + 2H +t [RCH(OR')NHj] RCH=NH, - RCHZNH, 

(68) 

I n  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. lmidothio esters 
The reduction of such compounds has only recently received atten- 

tion, and only a few have been investigated polarographically lo*. 

S-iktethylisothiobenzanilide (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 C6H5CH 
=NC6H5 or C,H5CH(SCH,)NHC6H5. 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: 

C H CHNHC,H, C H CENC6H5 le lHC, 7 5~ ;;/ scr 

H a 0  

C6H,CH0 + H,NC,H, + HSCH, 
I 2e + 2H' 

CH,SH + C6H,CH=NCGH, 

(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 amine105. 

+ 4e + 5H+ + CoHSC(NHZ)=NHz CGHSCHzNHj + kH4 
(68) 
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2-Phenoxyacetamidines (69) are polarographically reducible lo5, 
but give only a cleavage of the carbon-oxygen bond and no reduction 
of the C=N bond. 

2e 
C6HbOCH2C(NH2)=&H1 d CoHSO- + CHSC(NHZ)=NH 

(as) (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-methylan1ino-5-phenyl-3H- 
1,4-benzodiazepine-4-0xide (70) has been the purpose of many 
investigations lo6-110. This compound can be regarded as a cyclic 
nitrone and a cyclic amidine; and by controlled potential reduction 
the following three steps were proved108-110. 

Y 

ci- C'IN 
I 

C6H.5 

The first two steps are: straightforward, but the reductive ring 
contraction of the 7-chloro-2-methylamino-5-phenyl-3H-4,5-dihydro- 
1,Pbenzodiazepine (71) to 2-methyl-4-phenyl-6-chloro-3,4-dihydro- 
quinazoline (72) is unusual and the following mechanism has bcen 
presented for discussion 110 : 
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Another reaction path would be in analogy to the rcduction of 2- 
phenoxyacetamidine (69) discussed abovc (Section IV.A.4) and with 
the first step in the reduction ll1 of 2-aminoacctophenones. After the 
initial cleavage of the C(3)-Nc4)- bond the primary amino group 
formed would attack the C-N bond of the substituted acetamidine 
(73) with ring closure and loss of methylamine. Future investigations 
may eventually show which reaction route is the more likely. 

NHCH, 
hl, -/ 

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 49. ll2g1l3. Con- 
trolled potential reduction in alkaline solution showed that the reduc- 
tion product was thioformanilide18*49 (75); 75 is in acid solution 
reduced at the potential of the second wave of 74. 

> C,H,NHCH=S + 26H 2e + 2H.O 
CeHeN=C=S 

(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 l14J15. 

RCHzCHZN=NR‘ RCHZCHsNNHR” RCH=CHNHNHR’ 
(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 bcen found. I n  alkaline solution, however, 
studies with tritium 116 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 . 1 ~  ethanolic KOH for the equilibrium o-benzeneazotoluene $ 
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benzaldehyde phenylhydrazone is about 1 08, but for monoalkyl- 
hydrazones of aliphatic carbonyl compounds a highcr proportion of 
the azo form is found. Acetaldehyde propylhydrazone in t-butanol 
containing 0.0'2~ potassium t-butylate at 100" is in equilibrium with 
3 ~ 7 7 ~  of the azo form1I7. 

The different tautomcric forms may be reduced a t  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. 

1. 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 
p o l a r ~ g r a p h e d ~ * * ~ ~ ~ J ~ ~ ,  but only benzalazine has been reduced by 
controlled potential 44. In an aqueous acetate buffer containing 30y0 
alcohol, benzalazine yielded on reduction at  a mercury cathode mainly 
benzylamine ($0) 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 I ) ,  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 44. 

(79) (81) 

+ + le + 3H' C,H,CH=NHN--CHC,H, 2 C,H,CH=NH, 

4e -+ 4H+ I 
2 C,H,CH,&H, 

1, 2e + 2H* 

C,H,CH=NNH,CH,C,H, * .+ '"* 

(82) (80) 

This reduction scheme has been criticized119, 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,p'- 
dimethoxybenzalazine, and it was suggested that the reduction pro- 
duced N,W-dibenzylhydrazine (83). 

The reason for this discrepancy is not clear. A reinvestigation of the 
reduction of 79 in an acetate buffer at 0" confirmeda2 the previously 
published results, i.e. 80 was the main reduction product; no anodic 
waveswere detectable in the reduced 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 thc reduction of 79 a t  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 83 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. I n  acid solution the 
reduction of dihydropyridazines is more complicated ; the scheme 
below may exemplify this 67. 

R 
R 

Ph 

Ph R' Ph 

1 2.2 + W' I 2c + 2H' 

R 
R I R 

R' Ph R' 

1 

R = H or CH,: R' = H or t-butyl 
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When R = CH3 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 t-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 tautomcric dihydropyridazines. 

The lJ4-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 solution44; the main elec- 
trode reaction both at a lead electrode in 50% sulphuric acid120 and 
at  a mercury cathode in dilute hydrochloric acid4* has been found to 
be a four-electron reduction to aniline and another amine. The follow- 
ing path has been suggested44: 

H+ 2e + 3H+ 
RR'GNNHCSHS (RR'C=NNHCeH,)H+ 

2e + 2H+ RR)C=AH~ -+ C ~ H & H ~  - RRTHAH, 
One of the arguments in favour of this reaction sequence is that the 

hydrazine, RFC'CHNHNHCsH5, 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 (1 2%) of benzylaniline lZo. 
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 
phenylhydra~one~~, 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 5 7 ;  this supports the view that 
it is the protonated hydrazone which is normally the reduced species. 

+ 4e + SH + + + 
CeH,CH=NN(CHj)a - CeHSCHzNH3 + HN(CH3)S 

Cinnamaldeliyde phenylhydrazone is also polarographically re- 
ducible in alkaline solution. No preparative reduction has been madc 
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 lZ1 : 

02NC.H4NHN=CR, - HOH2kBH,NHN=CR2 - 4e + 5H+ 2e + 3H+ 
2e + 4H+ 2 e +  2H+ + 

H3dC6H4NHN=CR, - H3&C6H,6JH3 + H,h=CR2 - H3NCHRz 

Cyclic benzylhydrazones, e.g. 3,6-diphenyl-2,3,4,5-tetrahydropyri- 
dazine (21), are reduced analogously to the acyclic phcnylhydra- 
zones 39.57. 

+ 
4c :5L,* C,H,CH(&H,)CH,CH,Ch(NH,)C,H, 

Another type of hydrazone is 1,2-dihydrophthalazine (36) ; in 
strongly acid solution it is reduced like other hydrazones to the amine, 
o-xylene-a-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 3739s56. 

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 reducrble in a two-electron 
reaction, and from reduction of N-benzoyl-N-Senzalhydrazine 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 made44J22-1a9, but relatively few 
controlled potential reductions have been reported 4**127J28. From 
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-H. a 
+U' 

a P- + /  
C=N-N=C-CHa-N- 

(Girard-T hydrazone) ' 

I 
C-N-NH-CO-CHz-N 

(Girard-D hydrazone) 

O' IT 

C- N-NH-CO-CH,-N / \a H \ 

! + /  
CH-NH-N=C-CHa-N- 

\ IZ CH-NH-NH-CO-CH,-N, / 

2C.H. i 0- 
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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 127 
gives a t  pH 0 two waves a t  - 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 44, p-ace tamidobenzaldehyde thiosemi- 
carbazone (86) 127, p-acetamidobenzaldehyde S-methyl thiosemi- 
carbazone (87) 127, and cyclopentanone and benzophenone Girard 
hydrazone12* all yielded the expected amine a t  low pH; at  high pH 

(87) (86) 

values benzophenone Girard-D hydrazone (88) 128 and benzaldehyde 
semicarbazone (89) 82 were reduced in high yield to the hydrazine, and 
at pH 6.6 8812*, 8944 at pH 4, and 86 at pH 8.3 gave mixtures of the 
arnine and the hydrazine. Similarly, a microcoulometric investigation 
of some semicarbazones at pH 6 and 7 gave n z 2125J26. A reduction 
scheme for the Girard hydrazones of benzophenone suggested by 
Masui and Ohmori128 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) 57, aryl pyridazinones (91) 57 and phdiala- 
zinones (92) may illustratc 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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+ 
4e + ,,,.' C,H,CH(NH,)CH,CH,CONHR 

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, respectively8'. 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 E+ 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 s reduction of the un- 
protonated form. Below p H  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 bufYer (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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FIGURE 6. Dependence on pH of the Limiting Current (PA) a) and the half- 
wave potentials (s.c.c.) @, 0 of 4-rnethyl-l(2H)-phthalazinorie (92). (Con- 

centration 2.5 x ~ O - * M .  Prom reference 81.) 

that a reduction to a phthalimidine (94) can only be performed a t  low 

From Figure 7 can be seen that 93 is only reducible at pH c 3 and 
that it can be oxidized anodically at pH > 6 ;  the wave heights show 

PH- 

6 
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1 I , o  I I t 

0 
2 4 6 0 10 12 pH 

FIGURE 7. Dependence on pH of the limiting current (PA) 0 and the half- 
wave potentials (s.c.e.) 0 of 3,4-dihydro-4-mcthyl-1(2H)-phthalazinone (98). 

(Concentration 2.5 x ~ O - * M .  From reference 81.) 
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that both reactions arc two-electron reactions. The half-wave poten- 
tials of 93 are close to thosc of the second wave of 93; 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)-Phtliala~inones~~ are so far the only azomethine compounds 
which have been shown by controlled potential reduction to be reduced 
differently from that predicted by tlic general rule4*. The only other 
compound which could he considered in this connecton is 3-hydroxy- 
ciiiiioline60, wliicli is reduced as shown, but as the ;msition or the 
tautomeric cquilibrium is unccrtain a d  its inclusion as an azorneliiiuc 
compound is dubious it will be disregarded here. 

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. I t  has been pointed out5' that the 
difference in potential between that required for the reduction of the 
azomethine group and for thc hydrogenolysis of the nitrogen-nitrogen 
bond is not great, and an apparently smail 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 6c depends on 
whether the substitueiit 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-l,4.-dihydrocinnoline (95) is in acid solution reduced to 
skatole (96) as follows: 

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 916, which proved that the methylation took 
plzce predominantly at N(,,6O. 

1,4-Dihydro-3-phenyIcinnoline (98) is in acid solution reducible 
in a four-electron reduction to 99 according to 

H 
I * 

CH,fHC6H, 
I 

+NH, 

(98) (99) 

3-Phenylcinnoline (100) yields on quaternization with methyl 
iodide a mixture consisting of approximately 3 parts of one and 1 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. Thiobenzoyl hydrazones 

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 57, and on the basis of controlled poten- 
tial reductions the following steps were suggested : 

H+ I 
1st  wave CeHSCH=NNHCSCeH~ 2c + CeH5CH=I\lH1 i- H,NCSC6Hs 

+ 2e + 2H+ + 
2nd wave C&!sCH=NHZ - CbH5CHzNHS 

H +  
3rd wave C6HsCSNH2 2e + 2H+> C ~ H S C H ( S H ) ~ ~  

followed 49 by hydrolysis and reduction of Iienzaldimine and ben- 
zaldehyde. 

I n  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 C6H5CH="=C(S - ) C6H,. 

7. Diazoal kanes 
Owing to their reactivity only few of these compounds have been 

investigated polarographically; diazoacetophrmne (102) has been 
investigated by polarography and controlled potential reduction 130J31. 
In  neutral medium three waves are found, and the electrode reactions 
have been suggested to be 

6e + ? H +  2e + 3H+ 
CGHSCOCH=N + =N - 

(102) 

> CGHSCOCH2NH2 + NH4+ - 
2e -I- 2H+ 

CeHBCOCH, + NH,+ + C,H,CHOHCHS 

C. Derivatives of Hydroxylarnine 

1. Oximes 

Among the azomethine derivatives of hydroxylamine the oximes 
are the most important and many polarographic and electrolytic 
investigations of oximes have been made 44*132-134. 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  
m.ercury cathodes yield the arnine in a four-electron reduction. Since 
the hydroxylamine corresponding to the oxime is not reducible under 
the conditions employed, it has been suggested 44 that the r.eduction 
proceeds as follows : 

2e + 2H+ 
RR'C=NOH (RR'C=NOH)H+ -- 

+ 
> RR'CH~H, 

2e .t 2H+ 
(RR'C=NH,) + H20  
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As the site of the protonation on the species to which the transfer of 
electroiis occurs is not known, protonation at both N and at 0 may 
be considered, although N is the most likcly basic centre. 

The postulated intermediate, the imine, can in most cases not be 
isolated or detected by classical polarography. The rcduction of 
2,4-dihydroxybenzophenone oxime occurs 135, however, in two stcps, 
and reduction at  the potential of the first wave produced the imine 
which in this case was sufficiently stable to permit its isolation. 

lf  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 solution82 
showed that some benzylhydrcxylamine (103) is formed under these 
conditions. I n  Table 2 the yield of 103 is given as a function of pH and 
temperature. 

The mechanism of the hydroxylaniine formation is not known, but 
protonation of the oxime anion could take place on carbon, nitrogen 
or oxygen forming 

+ 
C6HSCH2N=0, C6HSCH=NHO- or CeHsCH=NOH. 

The reduction of these tautomeric forms may lead to different yrod- 
ucts. Anothcr possibility is that the stcp 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. Yiclci of benzylhydroxylamine, detcrmined by anodic 
polaropaphy, in the reduction of syn-benzaldoxime at 

different pH and temperaturese2. (The yield is corrected 
for a small amount of unrcduccd oxime.) 

~ ~~ ~ 

Buffer-+ Borate Borate Phosphate Phosphate Phosphate 

pH interval 9-2-95 10.1-10-3 12-25-!2*45 12-25-12-45 12-6-12.8 

Temperature 25" 25" 25" 5O 25" 
7' benzyl- 

E(vvs. s.c.e.) - 1.75 - 1.75 - 1.80 - 1.80 - 1.80 

hydroxyl- 
amine 6 8 27 42 28 
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Polarographically there is a difference between the gn- and the 
anti-oxime in unbuffered solutions having tetraalkylammonium ions 
as supporting electrolyte 136-139. Syn-benzaldoxime and other sgn- 
oximes give iwo waves in this medium; the first wave a t  -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. 
I t  has been suggested 137*138 that the two waves of the syn-form reflect 

the tautomeric equilibrium ‘C=NOH + ‘C=NHO-. 

In some cases a stereoselective electrochemical reduction of oximes 
has been found140. Reduction of camphor oxime (104) and nor- 
camphor oxime (105) at a cathode potential of - 2.0 v (AglAgCI) in 
80y0 aqueous methanol containing lithium chloride gave yields of the 
corresponding amines in the range 50-7070, together with small 
amounts of unreacted oxime and ketone. The stereochemistry of these 
reactions is summarized 140 in Table 3 together with the stereochemistry 
of the products obtained by other reagents. 

+ 

/ / 

& 4 e + 4 H ‘ ,  + & 
N H, 

NOH NH, 

R = CH, (104) R = CH, (106) (107) 
R = H (105) R = H  (108) (109) 

a$-Unsaturated oximes are in acid solution reduced preferentially 
to the amines, sometimes in two steps; a reduction at the potential of 
the first step has been shown to yield the a$-unsaturated ketone formed 

TABLE 3. Stereochemistry in reductions of bicyclic oximes. 
(From referencc 140.) 

Relative yo products 
Substrate Reducing agent em-Aminc endo-Amine 

104 Mercury cathode 99 (106) 1 (107) 

104 Na/EtOH 4 (106) 96 (107) 
104 LiA1H4 99 (106) 1 (109) 

105 Mercury cathode 0 100 (109) 
105 LiAlH4 0 100 (109) 
105 Na/EtOH 75 (108) 25 (109) 
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by hydrolysis of the intermediate ketimineq4. I n  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 a,&unsaturated hydroxylamine are reducible under these condi- 
tions, the following reaction has been suggested 44 : 

2e+ HsO 2e + 2H10 
RCH=CHC(CH+NOH RCH=CHC(CH+NH + 2 OH- 

RCHZCHZC(CH+NH + OH- RCH2CH2COCH3 + NH3 

2. Alkylated oximes 

Oximes may be alkylated at  nitrogen or oxygen; both types are 
electrolytically reducible 44*45*141 in their protonated form ; the 
nitrones are generally also reducible in alkaline solution, whereas the 
0-methyl ethers of oximes are not reducible in ordinary media con- 
taining alkali metal ions; in solutions containing quaternary ammonium 
p-toluenesulphonates some 0-alkylated oximes give a polarographic 
wave. 

N-Alkyl substituted oximes of both aliphatic and aromatic aldc- 
hydes are reduced in a single four-electron wave in slightly acid or 
alkaline solution 44.45*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  reaction^'^. 

+ H+ + 2e + 2H+> 
CeHsCH=NCeHb CoHsCH=NCeHc, 

0- I AH 
c + H+ 

CeH6CH=hHCeH5 + H,O d CeHs~H&H2CeH5 __f dimer 

(66) I+.+ 

CeH,CHSNH2CeH5 

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 u* lq2. 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 inductivc effect and that 
the geometry of the transition state of the electrode process is not 
substantially affected. 

The reduction of the 0-methyl o x i m e ~ ~ ~  is probably analogous to 
the reduction of the oximes in that the nitrogen-oxygen bond is 
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1.2 

i 
w? 

FIGWE. 8. pH-dependence of reduction waves of CGH5CH=N(0)C6H5 (110). 
(2 x l O - 4 ~  nitrone 110 Britton-Robinson buffers, pH given on thc polaro- 
gram, 2y0 ethanol, Curvef starting at: 1-3 0.2~; 4-10 0 . 4 ~ ;  1 1 ,  12 0.6~. 
s.c.e., 200mv/absc., h = 80 cm, full scale sensitivity 8 - 8  PA. 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=AH RCH=NR’ RCH=NH 
I 

OH 

The reduction of N-oxides of certain 1,4-benzodiazepine deriva- 

’ 

+ + 

I 
OR’ 

I 
OH 

tives was discussed in Section IV.A.5. 
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U 

F ~ G U R E  9. Substituent effects on half-wave potentials of N-substituted Benzald- 
oximes. (1) Acetate buffer pH 4-7; (2) 0-lhi-NaOH; IT* Taft's polar substituent 
constants; circles 4y0 ethanol, crescents 40y0 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 benzoxa~inonesl~~. 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-l -one (111) 
in 0.5~ HC1 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, 
C,H,OCH, I "  : I "  : ex 2e + H+ 2H' 

2c + 2H*, 

COOH 

0 

(nl) 
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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 143 on rcduction 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 diliydropyrazine (115), and oxidation to 2,5-di- 
methylpyrazine (116) during the isolation of the product. 

* CH,COCH,NH, * 4 t  +- 4H+ CH,COCH=NOH 

Phenylglyoxai 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 146 : 

CH 
CsH5-C’ % 4= + SH+ II I 

+ 
+ C H.C=CHNH, 

OH 
= * I  O...H,O 

C,H,COCH, + AH, Zc + 2H+ 
C,H,COCH,~H, 

(W 

The reduction of 2-aminoacetophenone (118) to acetophenone has 
been investigated previously ll1. 

When glyoxal dioxime (119) is reduced in 60% sulphuric acid at a 
lead cathode a slightly soluble sulphate is obtained120. 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 ofa protonated oxime to a hydroxylamine, and 



558 Henning Lund 

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 145. 

A reaction where the interpretation is more dficult to give is the 
reduction of aceiylacetone dioxime (122) in cold 30”J, sulphuric acid 
at  a lead cathode to 3,5-dimethylpyrazolidine (123) 146. The following 
reaction path in which the loss of water from the liydroxyiamine 
might involve a sulphonation might be considered. 

H+ be + 6H+ 

HNOH H t k N  

CHsCCH2CCH3 x. CH=C=CHCCHa - 
I II I I  

NOH NOH 

CH3CHCH2CHCH3 
H+ 

CHaCHCHzCHCHS + HzO 
I I I I - 1  

HN-NH HNOH NH2 

(123) 

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 en  oxygen and the loss of the 
proton occurs from nitrogen 011 forming the anion 126 147. The follow- 
ing species thus predominate in aqueous solution 

-H+ -H+ RCAHOH g RCNHOH =- R ~ N O H  
I 
0- 

II 
AH 0 

As the protonated hydroxamic acid (124) which is the electrolyti- 
cally reducible species is an azomethine derivativc, its reduction will be 
discussed here. 

Hydroxamic acids 148 are reducible in a convenient potential region 
only whex 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 149-153. 
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The reduction of isonicotinic hydroxamic acid (127) in acid solution 
occurs in two steps, as follows: 

A controlled potential reduction in 0.2~ 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 50. 

Also, in the reduction in acid solution of phenylglyoxal hydroxamic 
acid an  amide, CGH,CHOHCONH2, is formed together with dimeric 
products, but the primary attack seems to occur at the carbonyl 
group l53. 

6. Amide oximes 

Amide oximcs are reduced in acid solution similarly to the other 
reducible derivatives of hydroxylamine 44.154-156 ; the first step is the 
loss of the oxygen. From the reduction of henzamide oxime (119) 
benzamidine (68) was isolated44; the reduction of the latter has been 
discussed in Section IV.A.4. 

+ 
> CeHsC(NHZ)=NHz + HzO 

Hf  2.2 + 2H+ 
C,H,C-NOH C ~ H & I H O H  

I (68) 
NHz 

I 
NHZ 

(119) 
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1. SPECTRAL PROPERTIES 

An isolated azomethine group gives rise to two absorption peaks in the 
ultraviolet region of the spectrum, at about 2400 and 1800 A (see 
P igure 1). The band at 2400 A has been assigned tr\ a n w* transi- 
tion because its molar absorptivity is about 2 x lo2 2s:d it showi a 
bathochromic shift on decreasing the polarity of the solvent'. The 
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band at  1800 A has a higher molar absorptivity of about lo4, and 
shows a hypsochromic shift. I t  is therefore designated as a 7r+ 7r* 

transition 2. Protonation of the non-bonded clectrons on the nitrogen 
atom causes the weak band to be replaced by a strong absorption, 
presumably due to a n -> r* transition '. When the azomethine bond is 
part of a conjugated system of double bonds the spectrum may he- 
come very c o ~ n p l e x ~ - ~  (see Figure 1). Jaffe, Yeh and Gardnet-3 
isolated four bands from the spectrum of N-benzylideneaniline in the 

I I 

2000 2500 3000 3500 
Wavelength ( A )  

FIGURE 1. Absorption spectrum in ethanol solution of an isolated azomcthine 
group and of a Schiff base where the azomethine group is part of a conjugated 

system Is3. 

region 2300-4000 A. Difficulties in assigning bands largcly 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 article6. 

I I. SOL1 D-STATE P HOTOCH ROM ISM 

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 semicarhazones. I n  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 salicylaldehydc, i.e. Schiff bases having 
a hydroxyl group orlito 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'l-lO. The red form has an absorption peak at about 4800 A 
(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. 

The crystals have been investigated by x-ray and infrared methods 
during the course of the reaction, but no systematic changes were 
noted11-13. Some mils give rise to dimorphism but both crystal modi- 
fications are not necessarily photochromic. The anil of salicylaldehyde 
and o-methylzniline exists for instance in two crystal forms, of which 
only one is photochromic 14. Several theork  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 becn confirmed. The enol 
form of the hydroxy anil changes into a quinonoid species. 

@ C H = N a R 2  <s R , Q = C H - N H a  R2 (2) 

0 
R' 

OH 
yellow form red form 

Detailed studies have been undertaken at the Weizmann Institute 
to find the conditions necessary for this r ea~ t ion1~J~-~ ' .  It was con- 
firmed that no correlation exists between photochromic activity and 
the chemical nature of' the substituents R1 and R2. For instance, ex- 
chafiging the bromine atom for chlorine in the compound 4-bromo- 
N-salicylideneaniline changes a highly photochromic compound into a 
substance showing no photochromism at all19. The molecular packing 
arrangement in thc crystalline lattice was shown to be the operative 
factor. The crystals have been divided into two groups, denoted CL and 
p. The a-crystals are pale yellow at all temperatures but change into a 
red state upon exposure to light. The p-type crystals are therrnochromic 
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.. I t  is assumed that a tautomerism of the type 
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shown in equation (2) is responsible for the therrnochrornic behaviour. 
I t  has been stated that photochromism and thermochromism arc 
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 --f quinonoid, 
but the reformation of enol is so rapid that a colour change is not ob- 
servablewith the currently available techniques. The emission spectrum 

1 ,  

Wavelength ( A )  

FIGURE 2. Spectra of anil crystals4.5J3*15*~~. (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 

-.-.-.-.-.-. fluorescence emission from N-(5-chlorosalicylidene)anil~ne 

- - - - - _  

. . . . . .  

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 
rise to a xmre or less pronounced mirror-image relationship between 
absorptior. and fluorescence spectra. I n  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 uncolourcd 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. 

(3) red crystals (Amar - 4800 A) -> ye!low crystals 

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-p-naph- 
thylamine22. Both first and second order kinetics failed to describe the 
fading of 2-chloro-N-salicylideneaniline and 2-bromolN-salicylidene- 
aniline 13. 

k 

TABLE 1. Kinetics of fading of some phatochromic crystals. 
~~ ~~~~~ ~ ~ ~~~~~~ 

Rate constant Activation 
at 30"~" energy Method of 

Compound (s - '1 (kcal/mole) analysis 

N-salicylidene- 
aniline 

4 x 10-4 20.05 Transmission l3 

5 x 10-3b { 4 x 10-4b 
38-0 
22.8 Transmission 

N-salicylidene- 7 x 10-5 25 Reflectancez0 
m-toluidine 9 x 10-5 29.84 Transmission l3 

9 x 10-5 29.5 Transmission 

N-P-cyanopropyl- 3 x 10-4 2 1 -23 Transmission l3 
-salicylideneamine 

~~ ~~ 

Benzaldehyde 1 . 1  x 10-5 15.7 Reflectance 
phenyi hydrazone 

Cinnamaldehyde 7 x 10-6 18.7 Reflectance 
semicarbazone 

a Estimated value from me;lsurcments at other temperatures. 
b Thc 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 othcr 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 lo. 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 refcrs to the 

benzaldehyde phenylhydrazone cinnarnaldehyde semicarbazone 

fading of the photo-coloured red form, A,,, = 4900 A, to the originai 
whitish state. For the semicarbazone the rate of formation of a yellow 
form, C, from a photo-activated state, B, was measured (equation 4) 

> C(Amax = 4300A) (4) 

Reflectance spectrum measurements showed a narrow absorption 
peak at 4000 A for species B and a broad band with a maximum at 
4300 A for species C. Thc data refer to the difference spectrum with 
respect to the colourless substance A. 

hv k 
A + B(AmdX-= 4000A) - 

111. TAUTOMERISM OF H Y  DROXY L-SU BSTITUVED 
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 becn stated that all anils of salicylaldehydes 
undergo photo-induced colour changes in solid solution at low temper- 
ature 23. Also the anils from 1-hydroxy-2-naphthaldehyde and 2- 
hydroxy- 1 -naphthaldehyde are photo-colourable in this environment 24. 

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 eyey25-26. Reaction rates and activation energies for the reverse 
reaction arc shown in Table 2. I t  is assumed that the reaction involves 
an intramolecular hydrogen transfer in a six-membered ring to form 
coloured quincnoid-type compounds. 
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TABLE 2. Kinetic data for the fading of the photo-produced absorption band. near 4800 AZe. 
Thc data refer to acetate-buffered ethanol solutions, [HOAc]/[Ac-] = 1-4. The fading 
was accelerated at  incrcasing buffer strcngth and the kinetics therefore separated into a 
buffer-cataiysed and a non-catalysed portion according to the equation kexDLl = ko + kz 
[HOAc]. koxptl is the experimentally determined rate constant and [HOAc] the molarity of 

acetic acid. 

57 1 

-~ ~ 

Non-catalysed 
portion 

Compound 

Buffer-catalyscd 
portion 

Rate constant Activation Rate constant Activation 
k,, at 30"c energy ka, at 30% energy 

(s-l) (kcal/molc) (mole-' s-l)  (kcal/mole) 

5.0 x 103 6-7 3.7 x 107 3-4 
OH 

N-salicylideneaniline 

QcH='= OH 4.0 x lo3 7-7 4.4 x 107 2 -6 

N-salicylidenenaphthylamine 

Evidence has been brought forward showing that &-trans Go- 
merism in the quinonoid state plays an important role for the photo- 
chemical reactions27. Equation (6) describes the findings at 7 7 " ~  in 
3-methylpentane. The equilibrium 1 + 2 becomes displaced towards 2 
upon addition of acid and in polar solvents, and also when substituents 
on thc 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. 
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(6) 
thermal reaction 

0 
(3) trans-quinonoid 

IV. TRB.NSPOSITION O F  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. I t  
has, for instance, been shown that pyrazoles can be subjected to 
such a reaction in several solvents whereby the photo-product is 
imidazole 28*29. 

CN-?- N f) N 

H H 
pyrazole imidazole 

The substituent dependence was studied in the case of the indazoles 
which are isomerized to benzimidazoles (reaction 8 2g). 

R-i ndazole 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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Indazolcs substituted in the 1-N position undergo instead another 
reaction. For instance, 1-methylindazole forms the isomer 2-cyano-N- 
methylaniline. 

A 

NHCH, I 
CH, 

I-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- 
isomerizcd to benzoxazok and salicylonitrile 30. 

benzisoxazole benzoxazole salicylonitrile 

The mechanism of transposition of ring atoms has been somewhat 
clarified from experiments with a derivative of isoxazole, namely 33-  
diphenylisoxazole 31. 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 thc azirine dramatically dependent on 
the wavelength of the exciting light. The oxazolc is formed with 
2537 A light, but the isoxazolc is reformed with light of longer wave- 
lengths ( > 3000 A). 

C, H,-&O 

3,5-diphenylisoxazole 2-benzoyl-3-phenyl azirine 2,s-diphenyi-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 chi-omophore. 
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V. cis-trans IS0 M E RI  ZATl 0 N 

The research on the C~S-~TQW interconversion about the carbon- 
nitrogen double bond has recently been revicwed6. I t  was pointed 
out that ck-tran~ isomerization has long been known for oximes but 
that recent research has shown that azomethine compounds are more 
generally subject to such isomerism. The reasoii why isomerism 
about the C=N link was largely unknown for a long period of time is 
that compared with the azo or thc ethylenic equivalent, the thermal 
relaxation around the C-N link is, as a rule, considerably faster. 
At room temperature it is often necessary to cmploy 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 Sporadic studies of this reaction have since 
been und~r taken~*-~l .  Its use for the chemical synthesis of the pharma- 
cologically active isomer has even been described for the preparation 
of tram-isonicotinaldchyde oxime 41. 

H 
\ /OH 
C=N 

H 

cis isomer trans isomer 

Some cases have also been described in which the 0-ethers of oximes 
undergo this isomerism 35 *37-39-42. 

R K H  R K H  
I I  

R 2 0 N  
II 
N O R 2  

The all-trans form of cinnamaldehyde azine (cinnamalazine) is 
photo-converted to two different mono-cis isomers43. One of these is 
believed to have a ci! configuration with respect to the C=N linkage. 

Photochemical cis-trans isomerization of hydrazones has been 
reported 44-46. The quinonoid system 1,2-naphthoquinone-%-diphenyl- 
hydrazone gives rise to remarkably large spectral changes 45*46 : a 
wavelength shift of the main absorption peak of about 1000 A has been 
reported. The structure of the compound is shown in Table 3, together 
with data for the kinetics of the thermal & - t r a ~  relaxation. 
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(14) 

Triphenylformazone undergoes a rearrangement which is thought 
to be a &-trans isomerization about the C-N bond. A benzene or 
toluene solution of this compound changes coiour from red to yellow 
upon irradiation with visible light 44.47-49. A quantum yield of about 
0.02 has been measured for this process4*. 

The knowledge about the cis-trans isomerization of Schiff bases is all 
of recent origin6. 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 unfrliitful search for tis-tran~ isomerism gradually 
caused the development of theories according to which & - t r ~ n ~  
isomerism should not exist with compounds of the benzylideneaniline 
type. 

I n  1957, in work at very low temperatures with solutions of aromatic 
Schiff bases, changes were observed which were characteristic of 
&-trans isomerization 50. The compounds in question were N-benzyli- 
deneaniline, N-(a-naphthy1idene)-a-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 
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geometric isomers are shown in Figure 3. The thermal relaxation which 
could be measured in the range - 70 to -4O"c was estimated to have 
an activation energy of 16-1 7 kcal/mole, which should be compared with 
the values of 23 and 42 kcal/mole which apply to the n-isoelectronic 
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molecules azobenzene and stilbene, respectively. N-benzchydrylidene- 
aniline showed no spectral changes under the same circumstances, and 
this was taken as additional proof for the interpretation of cis-trans 
isomerism. 

C - N  -0 
N-benzohydrylideneaniline 
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Later it became possible to demonstrate cis-trans isomerism with N- 
benzylideneaniline and similar compounds even a t  room tempera- 
ture 25.26. At this temperature the thermal rclaxation 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. I t  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. 

The aniline ring in equilibrium (15) is probably rotated with respect 
to the plane of the rest of the m ~ l e c u l e ~ * ~ ~ - ~ ~ .  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 = p a  + log k,, but the p value is considerably higher 
for substitution on the nitrogen side than on the carbon side55.65 
(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 67. 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 b ~ n d ~ ~ J j ' .  The Schiff bases in question have 
the following structure : 

ArlCH=NArZ 
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-I 0 

c$- constant 

I 

FIGURE 4. Cis-trans isomerization. Hammctt plot for the thermal relaxation of 
photo-isomerized a d s  at 3 0 ° ~ 0 5 ~ 6 5 .  

0 substitution on ring 1 

substitution on ring 2 

where Ar' and Ar2 are phenyl, naphthyl or anthranyl groups. The 
bond orders were obtained from MO-LCAO calculations using the 
Huckel approximation. 

Little is known about which electronic states are involved in the 
photochemical &-trans isomerization. The cis += trans, as well as the 
trans + cis, isomerjzatinn of w y  n o - c r - p h e n y l - N - p h e n ~ L ~ i ~ ~ ~ ~  takes 
place by eosine and uranine photosensitization, showing th-" a~ tnc " con- 
version proceeds via a triplet state in this case52. The reaction is 
discussed in more detail in Section V1.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-callcd 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 structure6*. 

R' R3 R' R3 
\ +  ../ 
/ \  
C-N 

\ + /  

\ 
C=N 

0-  0- R" 

R' R3 R' R3 
\ +  ../ 
C-N 

\ + /  
C=N 
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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. 

1 
0 

pyridine-N-oxide 

A. Reorrungement of Nitrones 

membered oxaziridine ring69*70. 
Irradiation of nitrones may produce isomers having the three- 

One of the first syntheses of this kind concerned 5,5-dimethyl-l- 
pyrroline- I -oxide, which gives a bicyclic oxaziridine when irradiated in 
a cyclohexane-ethanol solution7'. 

This fused oxaziridine is remarkably stable. Usually oxaziridines are 
very unstzble, decomposing to yield a wide variety of products de- 
pending on milieu and s t r ~ c t u r e ~ ~ . ~ ~ .  A rearrangement to the 
corresponding amide is very common. I n  fact several photochemical 
syntheses of amides from nitrones have been d e s ~ r i b e d ~ ~ - ~ ~ .  

The reactions of certain N-phenylnitrones appear to be strongly sol- 
vent ~Iependent '~ .~~.  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, theamide is obtained as a photo-product. 

Investigations on N,a-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)7g. A quantum yield of 0.28 in cyclohexane and 0-18 in 
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ethanol was recorded for the reaction with 
30-35"~. 

3130 A light in the range 

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 
a-cyano-or-phenyl-N-phenylnitrone 52. The trans isomer has the lowest 
energy and the thermal cis -+ trans isomerization was recorded, see 
Table 3. Both geometric isomers photo-isomerize to oxaziridine without 
giving rise to &--trans isomerization. On the .other hand cis + trans, as 
well as truns 4 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 tripIet state is the intermediate in the cis-tram isomerization of a 
nitrone. I n  the excited singlet statc, however, the nitrone rearranges 
to oxaziridine by oxygen atom transfer before any triplet state is 
formed (Figure 5). 

Nitrone Singlet Excited Slates 

FIGURE 5. Scheme for the photochemistry of a ~ni trone~~.  

Irradiation of nitrones has been reported to yield azo-compounds in 
the following reaction *O. 
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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 VII1.C). 

6. Reactions of Aromatic M-Oxides 

Aromatic N-oxides can also undergo photochemical conversion to 
the corresponding amide type compounds8' -82. It has been postdated 
that the oxaziridine ring is an intermediate in this reaction too, as in 
the photolysis of n i t r o n e ~ ~ ~ - ~ ~ .  This helps to explain the shift of a 
substituent which one obtains for instance with 2-metEylquinoline-N- 
oxide, where 3-methylcarbostyril is the principal product 83. 

0 

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 Z-methylquino- 
line-N-oxide yields as reaction products, besides 3-methylcarbostyril, 
the following compounds : N-methylcarbostyril, N-acetylindole, 2- 
methylquinoline and N-a~etyl-2-hydroxy-2,3-dihydroindole~~~~~. An 
important photo-reaction of the N-oxides is the loss of oxygen. I n  the 
gas phase this appears to be the most important reaction p a t h ~ a y ~ ' - ~ ~ .  
Thus, pyridine-N-oxide vapour can be photolysed to pyridine, but in 
ethanol solution the compound is reported to be stable towards 
ultraviolet light **. 

0 

A quite remarkable case of wavelength dependence has been 
reported in the vapour phase photolysis of Z-pic~line-N-oxide~'. 
In  this compound there is a methyl group adjacent to the N + 0 
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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 A light the product is 2-pyridylmethanol. The differ- 
ent pathways are thought to originate from different electronic 
transitions, at 2537 A a T+- T* and at 3261 A a n 4  T* transition. 

a N CH,OH 

Purine bases are as a rule quite insensitive to light but their N- 
oxides react according to a number of  pathway^^^-^*. For adenosine- 
1-N-oxide the following reaction scheme has been drawng2 : 

R 
adenosine-] -N-oxide 

0 Hf)Q 
H R  

0 J = + = J  R 

4-ureido-5-cyanoimidazole-3-~-o- 
riboside 

isoguanosine 

adenosine 

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 amowt absorbed. Furthermore, a 
fairly constant quantum yield of 0.10 was obtained for the wavelength 
region 2300-28OOA. 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 Asl. 
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VII. OXlPslE-AMIDE REARRANGEMENT 

587 

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 dcscribed above for N-oxides. The similarity 
to the photochemical rearrangement of azoxybenzene to hydroxy- 
azobenzene is also striking. Bcnzaldoxime substituted at the phenyl 
ring may show a very marked substituent dependence with respect to 
the oxime-amide rearrangement 93. Some compounds react violently 
while others do not react at all. The reason for this is not understood. 

CH-NOH --L C-NHZ 

R R 

V111. CYCLIZATION OF SCHIFF BASES 

A. Oxidative Ring Closure 

The synthesis of dibenzophenanthridine from N- ( I-naphthylidene) - 
I-naphthylamine represents probably the first observation of a 
ph9to-oxidative ring closure of an aromatic Schiff base to form a 
phenanthridineS4. In  this case the compound was irradiated in an 
ethanol solution in the presence of air; a hypothetical intermediate, 
dihydrophenanthridine, was suggested. 

8 CH CH 

I I  --Ha , - 
oxidation 

The reaction is analogous to the well-known oxidative ring closure of 
stilbene and azobenzene and derivatives of these compounds. I n  the 
case of stilbene one obtains phenanthrene, and in the case of azo- 
benzene the product is phenazone. 
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Also the simple aromatic Schiff base, N-benzylideneaniline, can 
undergo a photo-reaction to form phenanthridine 95. 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 tht  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 cis 
isomer with light. I t  is known that the photo-stationary concentration 
of cis-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. 

If this mechanism is right thc photo-cyclization of N-benzohydryli- 
deneaniline ought to be more efficient since this molecule is always in 
a favourable conformation. 

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 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 keeping the environ- 
mental conditions the same. This difference in quantum yield has 
received the following explanation. The photo-cyclization takes place 
via a T,V* excited state both with Schiff base and stilbene. This state is 
the lowest excited state in the stilbene case but a Schiffbase has a lower 
n,V* state. In  this latter case a w ?r* excited molecule may therefore 
be rapidly converted into the n,w* state and the time allowed for 
cyclization would be 'almost prohibitively short'. If the nitrogen atom 
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hv 
oxidation 

is protonated a n,w* state will become the lowest state and the photo- 
cyclization proceeds with a higher quantum yield 96. 

B. Incorporation of a Solvent Fragment 
Irradiation of a Schiff base in ethanol solution may lead to cycliza- 

tion in which a C2 fragment from the solvent is incorporatedg7. 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 C2 fragment probably stems from acetaldehyde 
formed in the photo-oxidation of ethanol. 

H 
\ elhanol 

/ 
C=N 

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 orimi- 
nal Schiff base and thus participate in the reaction twice over. (Schiff 
hases are commonly thought of as consisting of an aldehyde or kctone 
part together with an amine part, as they may be produced in the 
reaction: R1R2C0 + R3NH2 -> R1R2C=NR3 + H20.) 

C. Dirnerization 
It has been reported that Schiff bases may photochemically dimerize 

across the C-N bond to form a four-membered ringg9. The evidence 
for the formation of such a ring, 1,2-diazetidineY rests on product 
analysis. Photolysis of N-(p-dimethylaminobenzy1idene)aniline gave 
essentially trans-azobeczene and cis-4,4'-bis-(dirnethylamino)stilbene, 
plus some 9-dimethylaminophenanthridine. A similar reaction has 
been observed in the photolysis of nitrones (see Section V1.A). 

9 
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R' RZ R'CH=CHR' 

R d R2N=NR2 

IX. ADDITION OF AN ALDEHYDE O R  METHYL GROUP 
TO PHENANTHREME QUlNONlMlNE 

I t  is known that aldehydes add to phenanthraquinone monoimine 
photochemically loo. The product is believed to be a hydroxyl-, 
amido-substituted phenanthrene or the corresponding cyclic com- 
pound, a derivative of dihydrooxazole. 

A similar addition reaction is also described for methyl substituted 
aromatic compounds, in which 2-arylphenanthroxazoles are formed lol. 
The reaction was obtained both with ultraviolet light and 6o Co-y- 
radiation. 

X. HYDROGEN ABSTRACTION 

The photo-excited carbon-nitrcgcn 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 yic!ds an almost quantitative con- 
version to benzhydryl methylamine and acetone lo2. The reaction is 
completely inhibited by adding small amounts of compounds which 

(33) 
h v  

(CGH G) zC=NCH 3 isoprcpJnol -> (CpHS)2CH--NHCHa 
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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 bc photochemically reduced when it 
is a part of a quinonoid system. N,W-diphenyl-p-phenylenediimine 
is reduced to a semiquinone imine when a suitable hydrogen donor is 
present lo3. 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 lo4. A correlation was noticed 
between the extent of thc blue shift of the fundamental absorption 
hand and the quantum yield of the process. The quantum yield de- 
creased to 5 when going from benzene to methanol as A,,, changed 
from 4520 to 4390 A. The existence of both a n,n* and a r,~* state is 
assumed, where only the n,n* state leads to reaction (34). Intcraction 

with the non-bonding elcctron pair on the nitrogen atom increases 
the n,n* level relative to the W,T* state in hydrogen bonding solvents 
and may reverse their order. A fast internal conversion n,r* --t m,w* 
would then prevent the chemical reaction (Figure 6). 

---isr,n * 

.+".V 

products 

non-hydrogen hydrogen 
bonding solvent bonding solvent 

FIGURE 6. Solvent dependence of reaction (34) lo4. 

Several aromatic N-heterocycles have a tendency to undergo 
photo-reduction. A reaction of this kind frequcntly 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 lo5J06. 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 lo". 

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. 

Abstraction of hydrogen from the solvent has been studied for several 
aromatic N-heterocycles. Characteristic examples are phenazine and 
acridine which yield more or iess stable products with different degrees 
of hydrogenation 108-122. 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 state122. 

H 

CH 
I 

H 
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1. INTRODUCTION AND NOMENCLATURE 

The imidoyl halides are characterized by the function -C(Hal)=N- 
and thus they are structurally related to the aldoazomcthines 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 imidoyl halides i- d un- 
familiar. A comprehensive review does not appear to have been written, 
althmgh 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, h i d e  chloride or 
imidyl chloride) to the name of the parent amide, so that PhCCl=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 PhCCl-NPh becomes N-phenylbenzimidoyl 
chloride. 

Cyclic compounds are esceptions to this treatment since they are 
most usefully named after the parent ring system (e.g. I-pyrroline, 
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/ 
0 

R-C 

\Cl 
Acyl chloride 
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0 
// 

R-C 

'OH 
Acid 

NH 
// 

R-C 

\OH 
lmidic acid 

NH 
// 

R-C 

' C l  
Imidoyl chloride 

0 
/ 

R-C 

'H 
Aldehyde 

NH 
// 

R-C 

\H 
Aldimine 

1-piperideine) . Some representative structures and names are given 
in Chart 1. 

PhCCkNPh 
N-Phenylbenzimidoyl chloride a 

large colourless plates 
m.p. 39-40", b.p. 3 10" 

Me,CHCCI=NC,H,Me-p 
N-(p-Tolyl)isobutyrimidoyl chloride 

b.p. S0-8S0/04 mm, nD25 1-5299 

CI,CCCI=NPh 

N-Phenyltrichloroacetimidoyl chloride 
m.p. 3?', b.p. \36138O/14 mm 

2,3,3-Trichloro-l -piperideine -I 
m.p. 27" 

PhCCI=NSO,Ph 
N-Benzenesulphonylbentimidoyl chloride 

large transparent plates, m.p. 79-80' 

PhCCkN Me 
N-Msthylbenzimidoyl chloride3 

colourless mobile liquid 
b.p. I12"/30 mm 

n-BuEtCHCCI=NBu-n 
N-(n-Butyl)-2-ethylhexanirnidoyl chloride 

b.p. 72-76"/0.7 mm. npz6 1.4465 
dZ5 0493 

Ph 

'C=N 

Bu-t 
/ \  F 

Decomposes at 25" 
syn-N-(t-6utyl)benzimidoy 1 fluoride 13 

I ,3,3,4,5,6,7-Heptachloroisoindolenine 
colourless rhombs, m.p. 167-168", 
b.p. 208'/6 rnm 

MeCOCCkNOH 

(N-hydroxypyruvirnidoyl chloride) 
colourless crystals, m.p. 104-5-105.5" 

Chloroisonitrosoacetone lo 

CHART 1. Imidoyl halides-nomenclature. 
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The term amidohalide is also used frequently and needs definition. It 
is used here to refcr to compounds which may be regarded as amides in 
whicl.1 the oxygen function has formally bcen replaced by two halogen 
atoms: such compounds may be either covalent (eg. 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- 

tion of hydrogen halide with nitriles (RCN -> RCCl=NH, Cl-) 

or with imidoyl halides (RCCI=NR 3 RCCl-NHR' Cl-) and 
(b) the N,N-dialkylamidochlorides, i.e. the ternary immonium salts 

derived from tertiary amides (RCONR,' 5 RCCl=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 condition1', 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. RCC1= 
NSO,R', RCCl=NOH, RCCl=NNHR, Hal,C=NR, RCOCCI= 
N R )  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 Cahours12 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 13, but the first reasonably pure 
imidoyl chloride does not appear to have been obtained until 1858, 
when Gerhardt14, who had the fortune to chose an amide which gave 
a tractable product, isolated N-phenylbenzimidoyl chloride. Wolkoff" 
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 

+ 

+ 2HC1 

+ 

+ 
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by Gautier l6 and the structures of these compounds havc 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 1I.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. 

11. 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 : 

> RCOCl 
PCI, etc. 

PCI. etc. 

RCOOH 

RCONHR' > RCCI=NR' 

Several subsidiary routes are available, however, and for compounds 
with substituents other than alkyl and aryl special approaches may be 
required. 

A. lmidoyl 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'l. In a fairly general procedure a secondary 
amide (1 mole) is heated with phosphorus pentachloride (1 mole) 
either alone1*, or in an anhydrous inert solvent such as benzene1*, 
toluene lD, xylene or nitrobenzene 21. The solvent and phosphorus 
oxychloride are removed by distillation, and the residue, which in a 
multistage synthesis is often sufficiently pure to be used directly22, 
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may be purificd by crystallization or by fractional distillation under 
reduced pressure. Although complications arise in certain cases (see 
p. 619) the yields are oftcn good. 

Reagents equivalent to the phosphorus pentahalides have been 
employed (PC13/C128, PBr3/Br223, PhPC1424). Thionyl chloride is also 
a useful reagent; although reported to be ineffective in early work2"28 
it, in fact, gives excellent results, especially with amides derived from 
aromatic acids 29. Moreover the by-products are gaseous (contrast 
POCI,, b.p. 105') and the imidoyl halide is the more readily purified. 
2.5-3 equivalents of thionyl chloride are r ec~rnmended~~ ,  and the 
reagent may be used either neat or in a diluent such as nitromethane. 
Phosgene has also been employed31, and is the preferred reagent for 
imidoyl chlorides derived from aliphatic acids. 

Comparative studies on the reaction of the three most useful 
reagents (PCI,, SOCI,, COC1,) with benzanilide 32 and dimethyl- 
f ~ r m a m i d e ~ ~  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 34. 

Chart 2 summarizes some preparations of this general type. 
Refcrcnce 

> p-CIC,H,CCI=NPh (62y0) 35 PCI. 
P-CIC,H,CONH Ph A 

m.p. 63-65" 

yellow needles, m.p. 116-1 16.5" 

PCI,(I mol.) 
i-PrCONHC,H,Me-p - A ,  benzene i-PrCC1=NC6H4Me-p (82.5y0) 4 

b.p. 80-85"/0-8 mm. nDS8 1.5299 

CH,CONH CH3CCI=N 0 
b.p. 45-46°/004 mm 

31 

24 

H b.p. 135-136.5"/760 mm 
n z  1-4104 
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SOCl, PhCCkNPh (100~') A PhCONHPh 

603 

29 

37 

brown needles, m.p. 180" 
(decomp.) 

H 

yeliow crystals, m.p. 212' 

PClS 
PhCONHNHCOPh > PhCCI=NN=CCIPh 

prisms, m.p. 123' 
38 

> Ph&CICCI=NPOCI2 (8873 39 PClG 
PhzCCICONHPOCI, 

prisms, m.p. 81-83" 

CHART 2. Some examples of the preparation of imidoyl cnlorides from amides. 

Although the examples in Chart 2 look most satisfactory, certain 
limitations and difficulties should be mentioned. Primary amides 
(RCONH2) and tertiary amides (RCONR,) give other products. 
Thus b e n ~ a r n i d e ~ ~ . ~ '  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 : 

A 
PhCON=PCIS A PhCN + POCIS PCI, 

PhCoNHz A .  benzene > 
(1) 

The isomeric structure, PhCCl=NPOCl,, which was for long enter- 
tai11ed4~-~* as the intermediate in this type of reaction, has been dis- 
counted by experiments with 180-labelled rnaterials4O. Tertiary 
amides on the other hand give amidochlorides (sec p. 608). 

PCI, + 
ArCONR, __f ArCCI=NR2 CI- 

HCONMe, __f 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 

coc12 + 
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Section 1V.A). Moreover with phosphorus pentachloride the process 
is frequently (though not always-see item 3 in Chart 2) complicated 
by a-halogenation, e.g.s.45 

CH3CCIzCCkNPh 
PCls. A 

PClS 

CHSCH2CONHPh 

CCIaCCI=NEt CI2CHCONHEt d, ccI,. 

As generally used, phosgene does not have this effect, and is the 

A conjugated double bond is not attacked in the phosphorus 
preferred reagent with alkanoic acid amides 31. 

pentachloride reaction, e.g.46 
PClb 

PhCH=CHCONHPh ,wo, PhMe+ PhCH=CHCCI=NPh 

but a similarly situated acetylenic group may suRer conjugate addition 
of hydrogen chloride 47 : 

PhCCI=CHCCI=NPh PCI, 
P ~ C + X O ~ H P ~  room temp. C ~ H ~  ’ 

Diacylamines usually give products of the expected type. Thus 
dibcnzamide4* gives the imidoyl chloride (2) which has also been 
obtained by the action of phosphorus pentachloride on a-benzil 
monoxime at 0°49. 

PhC-COPh 
PCl* 
Et,O I1 

PhCCkNCOPh < PClS 

N 
(2) 

PhCON’COPh room temp. C H C ~ ~ ’  

/ 
HO 

Formally related compounds from urethane and sulphonamide 
derivatives have also been reported 43 : 

t CI2CHCCI=NCOOEt 

t CICHzCCI=NS02Ph 

PCI, 

PC15 

ClCH2CONHCOOEt 

ClCH&ONHSO2Ph 

On the other hand glutarimides have been observed to aromatize to 
give 2,6-dichloropyridines, e.g. 50 

W a l l a ~ h ~ ~  believed that ethyl oxamate gave an amidochloride and 
then an imidoyl chloride with phosphorus pentachloride, thus : 

PCI, 
COOEtCONH2 __t COOEtCCI2NH2 COOEtCCkNH 
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However, Kirsanov217 has re-examined this type of reaction and has 
reformulated the products as alkoxydichloroacetamides. 

> EtOCC12CONHz COOEtCONH, - PCI. 

PCI, 
COOEtCONMe, --Lt EtOCCI,CONMe, 

An interesting complication of the phosphorus pentachloride 
reaction has been reported fairly recently 51. 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 4-f% 

CI, 
(4) 52% 

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 Rearrangement of 5 to generate the ion-pair, loss 
of a neutral molecule (POC1,) 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 
or'sulphur dioxide and carbon dioxide, respectively). 

{a - + 
+ 

RCCI=NR' 1 R-C=NR' 

(5) 

The early workers, followiiig W a l l a ~ h * ~ ,  tended to regard the amido- 
chloride as a precursor of the imidoyl 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)52. Thus the imidoyl chloride 3 forms an adduct with 
hydrogen chlorideS1 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(=NR2) OPCI,. The chemistry of the amidochlorides has been 
reviewed 53. 

I t  has been noted above that primary amides give intermediates 
with N-P linkages, and it is pertinent to enquire if sccondary amides 
may do the same, There is little evidence for this, but thc formation of 
product 4 has been interpreted51 via siich a system. 

+ 

Me 

CF3COCI + MeN=PClo 
/ 

\ 
/ 

CI 4 

CFjCON 

dirnerization 1 PClJ 

B. Hulogenation of Aldirnines 
The dkect 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 N-(t-butyl) benzimidoyl 
fluoride 6. 

PhCFZNFBu-t + PhCF=NBu-t PhCH=NBu-t -780 > 
1.5 FS 

CCI,F. 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 Ph 
PhCH=NR A C-N IR -+ -HF .,C=N \ 

F 

--% PhCFINFR 
\ 

&'*' 1 eF F R 

(6) (7) 
Chlorination of aldimines may be effected, howewi-, with t-butyl 
h y p ~ c h l o r i t e ~ ~  : the initial product is regarded as an immonium salt 
which eliminates t-butanol to give the imidoyl chloride, thus : 

t-BuCH=NBu-n - > [t-BuCH=hBu-n] t-BdO- 
1-BUOCI 

I 
CI 

t-BuCCl=NBu-n - [t-BuC=NBu-n] CI - 
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The imidoyl halides prepared by this route were not isolated but were 
characterized using anidine and imidate derivatives. 

I n  the special case of the aldoximes and closely related compounds 
direct chlorination is often the method of choice. 

PhCCI=NOH (refs. 55,56) 

z PhCOCCI=NOH (ref. 57) 

There is n.m.r. evidence that this reaction proceeds through the dimer 
of the corresponding nitroso compound 50. 

CIa 
PhCH=NOH CHC~, or Eta0 ' 

CIa PhCOCH=NOH 

C 
f 

MeCHCIN=NCHCIMe MeCHCiNO C I Z  

- 60' 
MeCH=NOH 

3. 
MeCCI=I\IOH 

3. 
0 

With fdminic acid and its salts, addition occurs to give dichlcro- 
formoxime in good yield 60. Bromine behaves similarlya1. 

HCNO CC12=NOH 

Nitrosyl chloride has also been employed as a chlorinating agent. 
Acetone suffers both nitrosation and chlorination62. 

PhCCI=NOH 
NOCl 

PhCH=NOH 

NOCl 
Me2C0 MeCOCCkNOH (and other products) 

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 (o> NO, -% HOAc PhCBr-NNH (o> NOa (ref. 63) 

PhCH=NNHPh -% PhCBr=NNH Br (ref. 64) 
HOAc 

PhCCI=NN=CHPh (ref. 58) Cia PhCH=NN=CHPh 

C. Imidoy dides from Amidohalides 
Occasionally amidochlorides from secondary amides appear to have 

been isolated and converted thermally into the imidoyl chlorides, 
e.g.65 (but see ref. 217) 

1100 
COOEtCC12NHPh (or COOEtCCI=&HPh CI -) COOEtCCI=NPh 
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The dehalogcnation of a N-fluoroamidofluoride over glass has Seen 
observed 6. 

Ph Bu-t 
glass \ /  

PhCFZNFBu-t + C=N 
/ 

F 

Dealkylation of N,N-dialkylamidochlorides from tertiary amides 
has been examined, although not principally with imidoyl halide syn- 
thesis in view66. The reactions (von Braun degradation) are thought 
to be of thc following type: 

von Braun showed that the ease of elimination of the alkyl residue 
increases in the series Bu c Pr c Et c Me < PhCH2. The same 
order was observed for the cyanogen bromide dealkylation : 

00 RON + BrCN + RBr + RzNCN 

Both reactions are regarded as &2 processes, the rates of which would 
be expected to be sensitive to the bulk of the aN-substituent30-67 (see 
Section V1.F). 

D. lmidoyE Halides from isonitriles 
In his extensive work on isonitriles, Nef6* 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 a-addition as shown in Chart 3. Alkyl halides 
which might, by such a process, give imidoyl halides of a more familiar 
sort, do not appear to give identifiable products. 

140' 
PhCONRR' PhCCdJR'RCI- + PhCCI=NR' + RCI 

RNC 

EtOCCI=NR 
CHART 3. a-Additions to phenyl isonitrile: products formulated with the 

-CHal=N- function (Nef, 1892-1895). 
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Certain of the reactions have been confirmed by recent work60. The 
reaction with acyl chlorides is an excellent route to imidoyl chlorides 
derived from a-keto acids. 

n-PrCOCI + C8H11NC d n-PrCOCCI=NCoHll 

The synthesis of iminophosgenes (isonitrile dihalides, CHal,=NR) 
has been reviewed recent1y"O. 

77% 

E. Nitriles as Precursors 

1. Addition of hydrogen halides to nitriles 

The adducts formed between nitriles and hydrogen halides were 
first investigated by Gautier 16, who obtained crystalline compounds 
which appeared to have constitutions such as 2MeCNa3HBr and 
EtCN-HCl. Michael and Wing71 suggested that the products could 
be divided into three classes : 

KCNeHHal or RCHal=NH 

RCN.2HHal or RCHa12NHz 

N=CHalR 
/ 
\ 

2RCN.3HHal or RCHal 

NH2. 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 imidoyl 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 opinioii 
developed when, on the basis of cryoscopic and optical measurements 
(carried out largely on sulphuric acid-nitrile systems), H a n t z ~ c h " ~  
proposed that the adducts were nitrilium salts: 

[RC = NH]X- 
+ 

[RC 3 hH]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 T r e I ~ a r n e ~ ~  repeated Gautier's 
experiment on the MeCN-HC1 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 for the 
adduct of N-phenylbenzimidoyl chloride and hydrogen iodide. 

The past few years have seen much clarification of this problem 
(review to 1962) 20. The present position can be summarized as follows. 
Evidence has been obtained for various complexes in solution ; freez- 
ing point diagrams have indicated MeCN e HC!, 2MeCN- 3HC1, 
MeCN= 5HC1 and M e w .  7HC1-but surprisingly not MeCN- 2HC1 
-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 times77, on balance the evidence sug- 
gests that such compounds are unstable and that they readily 
disproportionate 78*7Q : 

ZRCN.HHal-+ RCN + [RCHal=hH2] Hal- 

a process which reflects the greater basicity of the imino function 
vk-&uk the cyano group. Thus a reinvestigation 78 of three examples 
where Hantzsch reported monohydrobromides (PhCH,CN, C1,CCN 
and PhCH==CHCN) has led to the isolation of the dihydrobromides". 
The formulation of these amidohalides (see also Section 1II.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 1V.C). Amongst the many adducts which may 
now be formulated in this way the following may be mentioned: 
Hal = iodine; R = Me8", PhCH,25, (0,  m-, p-) MeC6Hp2', (0-, m-, p-) 
N02C6H,25 : Hal = bromine; R = Mea2, PhCH278, C13C 78,  PhCH= 
CH 7*,  Ph73, p-MeC6H473 : and Hal = chlorine ; R = Me 74 *82.84, 

BrCH,26, FCH,26, PhCH=CH 73, p-MeC6H, 73. The ionic formuh- 

* However simple nitrilium salts R k N H  X with complex anions can be 
isolated, especially if suitably low temperatures are employedE0 [e.g. 
(PhC=sH)2SnClE2- 1. 

+ 

+ -  
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tion accounts for the observations of electrical conductivity 82 and for 
the appearance of a C=N stretching mode in the infrared spectrum 

(e.g.7a 1626 cm'l in MeCBr=ND, Br-). hidochlorides derived 
from tertiary amides have analogous structures and show similar 

absorption (e.g.83 CH,CCl=NMe, C1-, Y ~ = ~  1653 cm-l). Al- 
though such a band was not observed82 in the 1:2 acetonitrile- 
hydrogen chloride adduct, a neutron diffraction analysis84 at - 5" of 
crystals of this adduct grown from anhydrous MeCN-HC1 at - 16" 
under nitrogen provides definitive evidence for the imidoyl chloride 
hydrochloride structure in the solid state, 

Dimer hydrohalides of the general coniposition 2RCN xHCl are 
also formed under certain conditions, and are considered in Section 
W.A. 

2. Addition of acyl halides to nitriles 
It has been shown by Meerwein aiid his colleagues81 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 
fDrmulated as imidoyl halides and in some cases are isolable com- 
pounds, e.g.86 

+ 

+ 

70" 
Me2NCN + p-NO2C6H4COCI Me2NCCI=NCOC6H4N02-p 

CHoCla + 
Me2NCN + COC12 z Me2NCCI=NCCI=NCCI=NMe2Cl- 

These compounds hold some interest as intermediates in heterocyclic 
synthesis 86, There is evidence 88 that the reaction of malonyl chloride 
with nitriles, which eventually gives pyridines, proceeds via imidoyl 
halide intermediates, e.g. 

EtCN -i- CH,(COCI), - [EtCCI=NCOCH,CbCI] - 
OH 

F. High-temperature Chlorinotion of Amines and Amides 

Chlorination of tertiary amines and of the acyl derivatives of pri- 
mary and secondary amines at high temperature (-200') gives 
imidoyl chlorides (review) 89. 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 arc carefully arranged, remarkably 
good yields of a single product can often be obtained. The following 
examples are illustrative. 

Et,NPh CCI,CCI=N I 

CI 

Cl 

C12C=NCC12CC12N=CCl2 Cia 
Me2NCH2CHzNMe2 

30-7 I yo 

I 
COCl 

CI 
(CH2Cl)pNCOCI & CCIj-N:=CCI:, 

82% 

G. Miscelluneous Routes 

1. From imidatesgO 

PhCCkNPh + EtCl + POC13 
PCIS 

PhC(OEt)=NPh 
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2. From isothiocyanatesS1 

PhNCS & > CCIz=NPh + SCla (and other products) 

3. From thioamides 45*92 

Cia or NOCl 
PhCSNHMe PhCCkNMe 

4. From diazotates 93 
NaOAc CHCI(COOK), + PhN=NOH oo z PhN=NCCI=NNHPh 

5. From trichloronitrosomethane 94 

613 

CI,C=NOH 

NCNHCCI=NOH 

CCI,=NCCI, + CCIaNOS f NOCl 

Hasod 

NaNO, 

CI,CSO,Na CI,CNO 

PhN=NCCI=NPh 
PhNHa 

6. From oximes by Beckmann rearrangement 95*96.227 

CON=CCIPh 

NOH 

PhCCI=NPh PhlCzNOH MeCN * COCl, 

30-600 

7. From trichloroacetamide~~~ 

CI,CHCCI=NPh + Bu3P0 BUJP 
CCIJONHPh 400 ’ 

8. From difluoroaminegB 

NBu-t 

PhCH=NBu-t FaNH [ PhCH/ I ] PhCF=NNHBu-t 

“F 

9. From keteniminesl2* 
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111. PHYSICAL PROPERTIES AND RELATED MATTERS 

A. General 

The imidoyl 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 191 7) 09, 

The typical imidoyl halidcs are highly reactive substances and must 
often be prepared as required : they are readily hydrolysed and must be 
protected from moisture. 

8. The Bonding of the Halogen Atom 

This topic has been touched on earlier in reference to the nitrile- 
hydrogen haJide adducrs (see Section II.E.l) but has at times been 
rather confused in the literature. A summarizing statement of the 
present interpretation is therefore not out of place. 

The imidoyl 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-l  region: this is rather higher than 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 halides31. 

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 80*221 : 

FeCh + 
PhCCI=NPh PhNO; [PhC=_NPh] FeC14- 

AeeF4 
PhCCkNPh [PhC&JPh] BF4- 
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The amidochlorides are of thrce types (derived from RCN, RCONHR', 
and RCONR',) but all thrce appear to be predominantly ionic sub- 
stances, i.e. immonium salts. 

+ 
[ RCCI=N R' R"]C I - <A RCCI,-NR'R" R' R" = 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 pr~cipitate'~. 

In  the infrared (Table 1) the amidochlorides show bands at N 1640 
cm-l attributed to the C-N stretching mode; in the case of crystal- 
line acetamidochloride neutron diffraction8* establishes the im- 
monium salt structure beyond dispute, and there is little reason to 
doubt that other simple amidochlorides have analogous structures. 
The amidobrornides and amidoiodides are probably similarly con- 
stituted, the C-Rr and C-I bond strengths being lower than that of 
the C-C1 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, 

e.g.lo0 MeCF=NH, (HF),,F -) the other amidofluorides behave as 

covalent compounds. Thus the amidochloride HCCl=NMe, C1- is a 
solid, m.p. 140-145", which shows a pronounced band in the infrared 
attributed to C-N stretching (Table l) ,  whereas the corresponding 
amidofluoride lol, which is prepared in an analogous manner, i.e. 

+ 
+ 

COF. 
HCONMez -COa> CFzHNMel 

is a volatile liquid, b.p. 49-51". The infrared spectrum shows no 
pronounced, absorption in the double bond region above - 1500 
cm- l, while n.m.r. spectroscopy shows that the fluorine atoms are 
equivalent lol. Hence the covalent structure is indicated for this 
compound and is likely for other amidofluoricies (e.g. PhCF,NMe,lol 
b.p. 55-59"/12 mm; (CF,)5NH102 b.p. 73.4"). 

C. Spectroscopy 

I. Infrared spectra 

The C=N stretching frequencies of some imidoyl halides and 
related compounds are summarized in Table 1. Just as acyl chlorides 



TABLE 1. Infrared spectra of imidoyl halides and rclated compounds. 

C-N Stretching Vibrations (cm-l) 
Structure Phase vC=N uC Reference 

(where stated) 

Imidoyl Halidcs 
HCCl=NMe 

C H . C C I = N ~  

PhCCl=NPh 
CF3CCI=NMe 
Ph 

\C=N 

Bu-t 
/ \  F 
F 

C=N 
\ 
/ \  

Bu-t Ph 

CF&F=NCFa 
F2C=NR 
CI,C=NR 
Br2C=NR 

Amidohalides + 
+ McCBr-NH, Br - 

MeCBr=NDa Br- 

McCI=NH2 I - 
+ 

+ 
HCCI=NMe2 C1- 
MeCCI=NMe2 C1- 
PhCCl=NMe2 C1- 

+ 

+ 

HCFzNMe2 

Nitrilium Salts 
P h C d P h  SbCle' 
PhCENPr-i SbCls- 

+ 
PhC=NPh AlC1,- 

CHaC12 

CHZC12 

Solid 

Y Y  

a )  

Y Y  

YY 

Vapour 

CH2Cl2 

>¶ 

Solid 
CHzCLo 

Liquid film 

Solid 

CH?iCI2 
CHaC!2 

1689 32 

1705 31 

1672 
1695 

32 
51 

1718 6 

1686 6 

1754 104 

1786 104 - 1790 70 
1645-1660 70 
1650-1 680 70 

1664, 1531 72 
1626 72 

1637, 1503 72 

1623 34 

1618 34 
No band reported in 102 
double bond region 

1680 83 
1653 83 
1642 34 
1634 32 

No major absorption 101 
double bond region 

> 1500 cm-l 

2315 105 
2326 105 
2326 105 
2309 32 
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( Y ~ , ~  H 1770-1815 cm‘l)lo3 show carbonyl absorption at higher 
frequencies than do the aldehydes (vcz0 - 1720-1740 cm-l) so the 
bands for the imidoyl chlorides (vce0 - 1670-1710 crn-l) appear 
somewhat higher than do those for aldimines (vCEN - 1640-1690 
cm-1). As expected, the values for imidoyl fluorides are higher than 

those for the chlorides. The infrared spectra of MeCBr=NH,Br-, 

MeCI=NH, I- and MeCCI=NH, SbC1,- and their deuterated 
analogues have been presented and discussed in detail 72. 

+ 

4- + 

2. Nuclear magnetic resonance spectra 

Both proton and fluorine n.m.r. spectroscopy have been applied to 
the solution of configuraticnal problems (see below) but no compre- 
hensive survey in this area has been made. 

D. Geometrical Isomerism 

In principle the imidoyl 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 \[=I 
R CI 

II 
\C’ 

N 
II 
N 

/ 
\OH HO 

SYn anti 

The earliest example appears to be the chloroxime system, stereo- 
isomers of which have been interconverted lo,. 

CI-C-CH CIA-CH 
II II 
N N  II !I HCI 

K?? N N  

\OH ‘OH HO ’ \OH 

For imidoyl chlorides with aryl substituents (e.g. p-NO2CGH,CC1= 
NCsH4No2-p) dipole moment measurements suggest that the q n -  
configuration predominates lo7. 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 
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is temperature dependent lo8. At room temperature the N-substituent 
oscillates from one position to thc 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 2n AB quartet is recorded with JF gem = 84.5 H z  

(b) The anti isomer (8) of N-(t-buty1)-benzimidoyl fluoride is stable 
a t  room temperature whereas the syn compound (9) readily de- 
composes, possibly by a cyclic rearrangement (arrows) to give benzoni- 
trile, isobutene and isobutyl fluoride. 

Bu-t (doublet F- 3c?2/Me} (,c\ (singlet) 7 8.6 
],=I Hz) CFN Me 

Ph’ \I718 cm-I 
I ‘8’5 

(8) anti (91 SYn 

The syn-imidoyl fluoride is produced by fluorination of the correspond- 
ing azomethine (see Section 1I.B) : the anti isomer formed slowly in 
pentane solutions of PhCF,NFBu-t in the presence of silica gel at room 
temperature 6. 

(c) The addition of perfluorohydrazine to vinyl fluoride, followed 
b y  elimination of hydrogen fluoride over caesium fluoride, gives a 
mixture of geometrical isomers, thus log : 

F F 
/’ 

II 
N N,F, “;‘2 yF21 ‘N + 

CHI-CHFj -3HF I 
CH2=CH TCaH,C12’ 

CN-J-F NC-C-F 
anti SYn 

( 1  Part) (3 parts) 
IFF = 265 HZ IFF = 52 HZ 

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 tram (in this 
case, anti) arrangement. 

IV. CHEMICAL REACTIONS 

A. Self-condensation 
Those imidoyl halides having one or more hydrogens at the a,- 

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 amidincs and heterocyclic compounds. The nelf-condensa- 
tion is susceptible to steric hindrance on either side of the azomethine 
function : thus Me2CHCCI=NC,H,Me-p4, n-BuCHEtCCI=NBu-n4, 
CH3CCI=NC6H4Br-o1l0 and C1CH2CC1=NC,H4Br-o have been 
isolated by distillation and analysed. 

Ciaisen-type condensation: 

Two types of self-condensation might be expected : 

- HCI II 
N R' 

RCHJXI=NR' - RCH,C-CH-CCkNR' __t products 
I 
R 

Amidine formation: 
NR' R' 
I I  I 

RCCkNR' _j [R-C-Y=CClR] CI- - products 
NR' R' 
II I 

R-C-N-CC12R 'I I 
and processes of both types are known, although the state of the 
literature in this area is not altogether satisfactory. 
von BraunlJ1' 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) : 

R,CHCCI=NR' R,C=CCINHR' R,CHC=NR' 
I 

(10) R'NCCI=CR, 
(11) 

Other schemes can be writtenS2 and, in particular at higher tempera- 
tures, ketenimines may be formed 4. 

Wallach and his ~ o l l e a g u e s ~ ~ ~ J ~ 3  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 amidc may offer an alternative pathway218. In 
certain cases the self-condensation has been dem~nstrated'~. 

I. Amidines 

The reaction of acetanilide with phosphorus pentachloride gives a 
crjrstalline base CIGHl,C1N2 which Wallach 11* formulated (CH$ 
(=NPh) CH2CCI=NPh) as a condensation product of the Claisen 
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type. The base resistcd the action of water, however, and was re- 
formulatedll' as an N-chlorovinylamidinc (12) on the basis of the 
chemical evidence shown below. 

PCI 
MeCONHPh 4 [MeCCI-NPh] - Me-C=NPh 

I 
PhNCCI=CH, 

(12) 
I 

catalytic reduction PhNH, EtOH!H,O 

NPh NPh MeCONHPh 

NPhEt NHPh 

MeC, // MeC, // 

However, the amidochlorides derived from tertiary amides do react 
by a Claisen-type condensation 121. 

RCH2CCI=6R; CI - I_+ RCH,CCICHRCCi=NR2' CI - 

[ ARa' lH&J 

J. 
RCHzCOCHRCONRp' t RCHSGCRCONRZ' 

I 
NRZ' 

a!? 1.1200 ~ 

2. aq. NaOH 

I 
Me CI- 

Q C ,  I 
Me 

In the studies on the interaction of nitriles with hydrogen halides a 
second type of product besides the imidoyl halide hydrohalide (Section 
1I.E.I) has been encountered. This has the general composition 
2RCN - xHHal and appears to be an N-(a-haloalky1idene)amidine 
deri~ative'~'~'  which may be regarded as arising by the self-condensa- 
tion of the imidoyl halide hydrohalide. 

2 RCCIAH~ CI- 
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Indeed such a reaction using acetimidoyl chloride hydrochloride as a 
starting material has been reported7*. Both normal (i.e. imidoyl 
halide hydrohalide) and dimer adducts may be obtained from the 
same system under different reaction conditions. Thus, bromo- 2nd 
fluoroacetonitrile give imidoyl halide hydrohalides at low tempera- 
tiires (-50" to -5") but at  higher temperatures (-20") the dimer 
adduct is formed 26. 

FCHSCN 

H C I/Et ,O 1 -20° 

[FCH,CCI=~~H,I CI- 

HaOK t,O 1 
FCHsCONHa 

CH,F 
I + ] CI-.KCI 

FCH,CCI=NC=NH, 

The acetonitrile-HC1 system aaoo gives products of both types'*. 

2. lminazoies 

In  certain cases if the reaction is carried out at higher temperatures 
cyclization of the N-chlorovinylamidine is reported to lead to the 
iminazole system115. 

Iminazoles are also formed from certain unstable bis-imidoyl halides 
based on oxalic acid: here the reaction proceeds under mild con- 
ditions 42,116. 

Et 

I 
CONHEt 
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This reaction can be rationaiized in terms of ylid formation from the 
bis-imidoyl halide, thus : 

E t  
I ClC=NEt 

I CIC-NEt 
cS'N-CHM~ - I J +  

v CcN-CH Me N v C! 
B-3H 

3. Quinolines 
Quinolines are produced by self-condensation of certain N-aryl 

imidoyl halides. Thus Bischoff and Walden118 reported that phos- 
phorus pentachloride and glycollic anilide gave a yellow crystalline 
compound, C16Hl,Cl,N,, the hydrochloride of a colourless quinoline. 
The reaction may be rationalized in the following wayllg: 

[CICH,CCI=NPh] [CICH=CCINHPh] PCI, 
HGCHZCONHPh - 

the structural formulation resting on the chemical reactions shown. 
Several other examples of this reaction have been reported 12", e.g. 

PCI. Q(5c,eH33 
C17H35C0NHPh - 

C,,H35 room temp. 

20% 
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6. EIiminotion Reactions 
1. Pyrolysis 

Reactions of the type 
A 

PhCCkNR' --f R'CI + PhCN 
and 

623 

+ A A PhCCI=NR'R"CI- R'CI + PhCCI=NR" PhCN + R'CI 

constitute the von Braun degradation. When R' is hydrogen (R" being 
zlkyl) 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 benzene34 or on melting52. 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 imidoyl 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 < 1 00", and generally - 150". N-t-Butyl imidoyl halides appear 
to be an exception to this6v3', possibly because reaction via a 
cyclic transition state can occur in the syn-species (cf. 9, Section 1II.D 
but see Section V1.F). 

This reaction is discussed further elsewhere (Section II.C, Section 
V1.F). Some examples are given below. 

(ref. 30) > 1000 
PhCCkNBu-n - PhCN + n-BuCI 

> PhCN + PhCHzCI PhCCkNCHZPh - 
PhCCI=NSOZPh __j PhCN + PhSOzCl 

- 175O (ref. 122) 
(ref. 1 12) - 190' 

Ph,CHCCI=r.JMe - > PtilCHCN + (MeCI) + (PhzCZC=NMe)z (ref. 4) 

(rcf. 70) CCIz=NCOMe stand. ClCN + MeCOCl 
room temp. 

2. a,-Elimination* : ketenimine and ynamine formation 
Treatment of imidoyl halides containing an a,-H atom with a 

tertiary base causes elimination of hydrogen halide to generate the 
corresponding ketcnimine, e.g.4 

Me2C=C=NC,H4Me-p Me&HCCI=NC,H,Me-p d 
E t S N  

E t S N  PhzCHCCI=NBu-n __f Ph,C=C=N Bu-n 

* Thc a-position with rcspect to an azomethine group may refcr to substituents 
on cither 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 process4. N,N- 
Dialkylamidochlorides cannot geiicrate ketenimines for structural 
reasons: under strongly basic conditions elimination occurs to give the 
ynamines226. The addition of hydrogen halide to the latter regenerates 
the amidochlorides. 

+ LiNEt. 
RCH,CCI=N R4Cl- 7% RC=C-N R; 

HCI 

An alternative mute to ketenimines starts with the a-chloroimidoyl 
chlorides; Staudinger attempted to dehalogenate such compounds 
with zinc, but had little success123. More recently it has been shown 
that dehalogenation occurs readily in certain instances with sodium 
iodide in acetone124 : 

NaI 
Ph2CCICCI=NCoH,Me-p - f Ph,C=C=NC,Ii,Me-p MeaCO 

3. a,-Elimination to give 1,3-dipolar systems 

involve a proton from the a,-atom: 
In  suitable circumstances elimination of hydrogen halide may also 

- + -  Base 1. 

RC=NA RC=N-A RCGN-A 
I I  

C1 H 

Examples where A is carbon, nitrogen and oxygen are familiar, e.g. 

- HCI + - 
RCCI=NCH,R __f R-C=N-CH-R Nitri le ylid 

- HCI + - 
RCCkNNHR __f R-C=N-N-R Nitri le imine 

- HCI 4. - 
RCCkNOH R-C=N-0 Nitrile oxide 

The products undergo cycloaddition reactions (' 1,3-dipolar addi- 
tion') which have been reviewed elsewhere 125. Chart 4 summarizes 
an example which demonstrates the value of this process in hetero- 
cyclic synthesis (see also section V.C.). 

Huisgen and Raab12' observed that the two isomeric imidoyl 
chlorides PhCC1=NCH2C6H,N02-@ and fl-NO,C,H,CCl=NCH,Ph 
gave the .same mixture of the cis- and tram-1-pyrroline isomers (13) 
when treated with trietkjlamine and methyl acrylate. This led to the 
remarkable discovery that the two imidoyl chlorides equilibrate with 



C
O

O
M

e 
PI: 

,C
O

O
M

e 

C
H
A
R
T
 4.
 S

om
e 

1,
3-

di
po

la
r 

cy
cl

oa
dd

iti
on

s 
of

 a
 n

itr
ilc

 y
lid

 lZ
G.
 



626 R. Bonnett 

one another in benzene solution in the presence of triethylamine 
(40 mol. %) at 20". 

E1.N 
PhC=NCH2CBHaN02-p PhCH~N=CCICsH,NO~-p 

I 
Cl 

92% 

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 PhCCl=NNHPh exchanges chlorine iso- 

topically (with Et,NH3*C1- in benzene or chloroform) via the anion: 
no exchznge is observed a t  room temperature in the absence of bases*2b. 
This has been interpreted as follows : 

+ 

Et3N 
PhCCI=NNHPh ~+ PhCCI=NiPh + Et36H 

11 
Dipolarophile 

Adduct < - PhC&-iPh + Et&H + 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 Hahn34 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 imidoyl halide dihydrohalides are isolated, e.g.32*52 

HCI. E t 1 0  

7 5' 
PhCCLNPh .c [PhCCl-=AHPH]CI -*HCI 

Hydroiodides have also been obtained 75. However, addition of hydro- 
gen fluoride to an imidoyl fluoride gives a covalent adduct, not a salt, 
e.g.lo2 

Two other types of salt can be generated directly. N-Alkylation of 
an imidoyl halide is reported to occur with Meenvein's reagent to give 
an immonium salt l3I, 
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Et 

while Lewis acids capable of complexing halide ion give nitrilium 
salts 32.81.80 : 

AICI, + 

SbCI6 + 

PhCCI=NPh CHaCI, > PhCGNPh AICI,- 

PhCCI=NPr-i C,CH.CHzC, > PhC=NPr-i SbCI,- 

PhCCkNPh PhNO. > PhC&Ph FeC1,- 

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 228. 

F d 1 3  

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 
Miillcr 46 (for review, see rcference 132). 

Both stannous chloride and chromous chloride have been used in this 
reduction, the latter being the more effective reagent133. The method 
is not suitable for preparing aliphatic aldehydes of the type R'CH,CHO 
or RiCHCHO (see Section 1V.A) but has found some success with 
ap-unsa turated aldehydes. Thus it was employed by Kuhn and 
Morris13* in their synthesis of vitamin A. 

RCHO 
reduction 

RCOOH -+ RCONHPh -+ RCCkNPh - RCH=NPh.HX 

'._ 

p C l = N C e H 4  Me-" 

Na 

p H 0  I. Me>C=CHCHO bare c 

2. AI(0Pr-i), 

2 1 + C.C.N.D.B. 
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Other exampIes of the Sonn and MiiIler reduction are shown below: 
as a preparative method, however, it has largely been eclipsed by 
controlled reduction with metal hydride reagents 132. 

PhCH=CHCCI=NPh -- SnC12 > PhCH=CHCHO (ref. 46) 
92% 

n-C3H7CH=CHCH0 (ret 133) 
CrCI. n-C3H7CH=CHCCI=NCBH(Me-o 

50% 

PhN=CCI Ph CHO 

(ref. 135) 

Reduction of N,N-dialkylamidochlorides with lithium aluminium 
hydride in ether gives the corresponding tertiary amines as the major 
products 223. 

4. LiAlH4 [PhCCI=NMe,] CI - xcy PhCH,NMe, 

E. Alucleophilic Substitution at C=M 

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 SNl process, as follows 

I 
Y CI - + I  RCCI=NR' R k N R '  RC=NR' + R-C=NR' + CI- [ +a- 

An analogous reaction occurs with the immonium salts which, due to 
the charged system, are even more reactive: since an SNl step in this 
case requires a doubly charged intermediate, an SN2 process seems 
more likely : 

Y Y 

\ +  13 I 
CI 

c CI- 
GI%+ 

RC=NR;CI- - R ' h J R ;  __+ R- 

N Rh CI 

The reactions with water (+ amides) and amines (4 amidines) are 
commcnly 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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1. Halide exchange 

occasionally been used to prepare irnidoyl fluorides, e.g.24J3s 
Little work has been done on this, but an exchange process has 

CBr2=N-N=CBr, CF,=N-N=CBrF CF,=N-NdF, 

2. Water 

Hydrolysis is undoubtedly the most carefully studied substitution : 
the typical imidoyl halides react rapidly and the characteristic product 
i s  the amide: 

RCCI=NR' % RCONHR' 

RCCI=hR',CI- RCONR; 

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- 
generated 73*74. It is often accompanied by some amide, however, 
especially if the water is not in ~ X C ~ S S ~ ~ J ~ ' .  Amide hydrochlorides are 

- 2HC\ 

+ 

Hzo r- hydrolysis 

MeCCI=NH2 CI- -- 

frequently isolable as intermediates and their formation and properties 
have been reviewed 20. 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 13* : 

PhNHCONHPh 

The kinetics of hydrolysis of a series of imidoyl chlorides have been 
measured in aqueous acetone by Ugi, Beck and Fetzer31, and some of 
their results are given in Table 2 (initial pseudo-unimolecular rate 
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TABLE 2. Ratc constants for hydrolysis of imidoyl halides. 

(10-3-10-4 molc/l) in aqueous acetone (yH,O = 0.333) 
Temp. Initial rate const. 

Imidoyl chloridc ("c) k,,,, x 1 0 4 ~ - 1  

CCI,CCI=N 

2. EtCCI-=N 

U 
0 

i-PrCCI=N 

t-BuCCI=N 

3. MeCOCCl=N-Bu-n 
MC CO C CI=N-Bu-t 

4. PhCC1-N-Bu-n 
PhCCl=N-Bu-t 

0 PhCCI=N 

P-NO,C,H,CCI=N 

5. PhCC1-NPh 
PhCCI=NCBH4NOz-p 
PhCCl=NC6H40Me-P 
p-N02CsH*CCI=NCgHrNOz-p 

- 50 

- 20 

- 50 

- 50 

- 50 

- 20 
- 20 

- 20 
- 20 

- 20 

- 20 

- 20 
- 20 
- 20 
- 20 

0.000003 

8000 

6300 

3200 

0.15 
115 

400 
550 

420 

28 

343 
0.18 

0.00237 
25 

constants). The rate is not much affected by steric hindrance at the 
aC 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 (CC13, MeCO, 
fi-NO,C,H,-) generally cause a pronounced decrease in reactivity, 
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while electron donors (Me, @-MeOC,H,-) increase the rate of 
hydrolysis. These observations accord with an S,l mechanism: and 
in some cases first-order kinetics are reported (e.g. hydrolysis of 

C C I , C C I = N G ;  aminolysis of I’hCCI=NPh) . In most cases, 

however, the hydrolysis deviates from first-order as the reaction pro- 
gresses, dde 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: 

> RCONHR’ + HCI ka. H a 0  RCAJR~ RCCI=NR’ k-lk [ c,- ] k i  

The reactivity order measured here and observed qualitatively in 
other such nucleophilic substitutions is thus as follows: 

AlkCCI=NAlk >> ArCCI=NAlk > 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 

CCI-NPh I IF’ EtOC=NPh 

CCI=NPh PhOC=NPh 

NaoPh PhOC=NPh 

I NaOEt 

- I  

(ref. 139) 

(ref. 139) 

(ref. 140) 

(ref. 141) 

NaOEt 
PhCCkNPh PhC(OEt)=NPh 

CC12=NPh __f EtOCCkNPh 
NaOEr 

PhOH 
PhCCI=N(pNaphthyl) ~ a ~ ~ i r  PhC(OPh)=N(p-naphthyl) (ref. 142) 

EtOH 

Phenols may, under different conditions, undergo ring substitution 
. (see Section 1V.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.143 

+ NaOMe + NaOMe 
HCCI=NMe2 CI- - HC(OMe)=NMe2 CI- - (Me0)&HNMe2 

(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 148. 

EtCCI=N + CI’ EtOH EtC=N+ 3 c1- 
I 3 OEt 

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 a m i d i n e ~ ~ e l ~ ~ .  Even the labile imidoyl halides, if 
they are reacted with an amine as soon as they are formed, give the 
expected compound, e.g.17 

NCeH4Me 
// 
\ 

CH3CCI=NC6H4Me C10H7NH2> CH3C 

NHCIOH7 

Many other examples are available, e.g. 

PhCCI=NPh * PhC(NH*)=NPh (ref. 90)’ 

Ar 
\I I 

? 
ArCCI-NAr ArC=NAr -!L 

I 

NCeH,OEt-p 

(ref. 18) 
// 
\ 

MeCCI=NC6H40Et-p + p-NH2CeH4COOEt CeHo, MeC 

N HCeH 4COOEt-p 

PhNHz 
MeCOCCl=NOM MeCOC(NEPh)=NOH (ref. 145) 
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5. Urethanes 

N-phenylurethane gives the expected substitution product 14' : 
The condensation of N-(p-tolyl) benzimidoyl chloride with sodio- 

P h k O O E t  N a +  > PhC=NCaH4Me-p 
I E t a 0  

PhCCI=NCoH,Me-p 

PhNCOOEt 

Certain products of this type undergo thermal cyclization to give 4- 
quinazolones (4-hydroxyquinazolines), thus : 

OH 

& Ph 

COOEt 

PhCCI=NPh + NaNHCOOEt 
% 0 0) 

N Ph 
(or tautorner) 

6. Amidines 
NH NPh 

E t a O  11 I I  
PhCCkNPh + PhC(NH+NH A PhC-NH-C-Ph (ref. 150) 

PhCCI=NNHPh + PhC(NH,)=NH - Et,O 15.: (ref. 151) 

Ph N 
I 
Ph 

7. Hydroxylamines 
Hydroxylamine itself gives the amidoxime system. 

NHaOH 
PhCCI=NPh - PhC(=NOH)NHPh (ref. 152) 

PhCCI=NOH - PhC(=NOH)NHOH (ref. 153) 
NHaOY 

NH.OH 

Q C I  -Q,, 
I I 

(ref. 146) 

Me CI- Me 

N-Substituted hydroxylamines give the expected substitution products 
which cannot, of course, tautomerize to oximes. Thus the products 
from the two reactions 

OH 
Et.0 I 

E t a 0  I 

PhCCkNPh + p-MeC,H,NHOH d PhC(=NPh)N-CBH4Me-p rn.p. - 175" 
OH 

PhCCI=NC,H,Me-p + PhNHOH PhC(=NCeH4Me-p)N-Ph rn.p. 191" 

are not identical122. 
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8. Hydrazines 

amidrazonc system, c.g. 15* 

Hydrazinc itself rcacts with irnidoyl halidcs to give the hydrazidine- 

E~,O 
NNH, 

Ph 
NHNH, 

Ph Ph 

or to give azincs, e.g.146 

I 
d e  CI- Me 

Both nitrogen atoms of phenylhydrazine serve as nucleophilic 
ccntres, but attack at the exposed electron-rich /3-nitrogen predomi- 
nates 155. 

PhC-NPh 
0' EtOH 

PhCCkNPh + PhNHNH1 4 PhC=NPh 
I 1 

major / \  
NHNHPh +- N 

product NHa Ph 

9. Hydrazoic acid 
Schroeter 156 observed that treatment of hr-phenylbenzimidoyl 

chloride with sodium azide in amyl ether gave 1,5-diphenyItetrazole, 
thus : 

- g,, (ref. 156) 
Ph 

I 
Ph 

I 

(ref. 148) 

OH 

Hydrazoic acid has also been used as the reagent, and this consti- 
tutes a valuable synthesis of 1,5-disubstituted tetrazoles 15*J5'. Such 
tetrazoles are convenient precursors for certain carbodiimides, e.g.85 

2'O-nOn+ PhN=C=NPh 

70% 
I 

Ph 
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10. Hydrogen cyanide 

alcoholic solution, e.g. 
Substitution by cyanide occurs satisfactorily even in aqueous or 

PhCCI=NPh EtaO/H20 KCN f PhC(CN)=NPh (refs. 158, 159) 

PhCCI=NCeH,Br-p 2o > PhC(CN)=NC,H,Br-p (ref. 160) 
KCN 

EtaO/HaO 

N,N-Dialkylamidochlorides give dicyano derivatives l6I, 

CHCI=&Me2 CI- % [HC(CN)=hMe,] CI- __+ (CN)&HNMe2 

a reaction which parallels the formation of aminoacetals (see Section 
IV. E.3). 

I n  the presence of a suitablc heterocyclic base (pyridine, quinoline, 
isoquinoline) N-phenylbenzimidoyl chloride and hydrogen cyanide 
give an immonium salt (e.g. 15 from quinoline) 159*162. The reaction is 
analogous to the formation of Reissert compounds using acyl halides. 

HCN 

,c\+ CI- 
Ph NHPh 

(15) 

The product 15 shows no band in the 2200 cm-I region, and prob- 
ably exists in the isomeric cyclized form 16. 

(16) 

11. Carboxylic acids 

which readily rearrange to give a diacylamine, thus 130*160 : 
PhCCI=NPh + PhCH=CHCOONa + [PhC(=NPh)OCOCH=CHPh] __t 

Salts of aliphatic and aromatic acids give initially the isoimide 

PhCONPhCOCH=CHPh 

PhCON(CBH,Br-p)COCoH4Br-p 
NaQOCCoH4Br-P 

P hCCI=NC,H 4Br-p EtaO/ ,, a. 
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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 164. The rearrangement may be 
rationalized in terms of the following steps: 

L 
t-- 

ArCOOAg Ph\ 
PhCCI=NCeH3(N02)2 - ,C=N, 

OCOAr C,H,(NO,), 

I 
Ar 

Salts of dialkylphosphate esters behave rather similarly, and 0 4 N 
migrations have been observed l17. The imidoyl dialkylphosphates can 
be isolated in certain cases, however, and funciion as phosphorylating 
agents, e.g. 

PhCCI=NPh + (PhCHzO)2POzAg + Ph-C=NPh 
I 
0 

I 
OP(OCH,Ph)2 

(Ph0)zPOaH 1 
(PhO)2P-~P(OCH2Ph), 

II II 
0 0  

0 0  
I1 il 

PhCCkNMe + Et,AH(PhCH20),P0,- cOOm tem~. (PhCH20)2P-O-P(OCHzPh)2 

When the free carboxylic acid is used the reaction takes a different 
cc)urse and the corresponding acyl chloride may be isolated165. Pre- 
sumably halide ion attacks the intermediate protonated isoimide 
thus : 

PhCOOH + 
PhCCI=NPh 

PhCONHPh 
+ 

PhCOCl (90% yield isolated) 
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This process has been evaluated 165 as a mild method for generating the 
acyl halide function for subsequent peptide synthesis, but it appears 
to have found little application. 

Me 

TosNHCHMeCOOH [TosN,E~~,,c~ I .  NH&HCOOCHJ'h ~ 

10 h 2. Hg/Pd t-BuCCI=NPh - 
room temp. 

Tosylalanyl alanine 

The catalytic effect exerted by dimethylformamide on the formation of 
acid chlorides from acids and thionyl chloride33 may be attributed to 

the intermediacy of the amidochloride CHCl=NMe, C1- . + 

+ 
Me,NCHO Me,k=CHOSOCI Me,N.-CHCI c'r 

IRCOO" 

RCOCI 4- Me,NCHO 

12. Hydrogen sulphide, thiols, thioacids 

Thus hydrogen sulphide gives thioamides: 
The reactions are broadly similar to those of the oxygen analogues. 

PhCCI=NPh PhCSNHPh (rcf. 166) 

(ref. 146) 

I 
Me 

I 
Me CI- 

In spite of an early report to the contrary166, thiols appear to react 

in the expected manner. The ainidochlorides RCCl=NR, C1- give 
intermediates which may be cleaved with water or with hydrogen 
sulphide 146. 

+ 

+ 
PhCCI=NMe2 CI- PhSH PhC=kMe2 CI- % PhCOSPh (61%) 

I 
SPh 
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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 csters (i.e. RCOSR, RCSOR, 
RCSSR) from a common intermediate. 

Salts of the thioacids react in an afialogous way to those of car- 
boxylic acids: the initial substitution product rearranges to give the 
diacylamine analogue, thus : 

_j PhCSNPh (ref. 167) 
I 

COPh 

PhCOSK 
PhCCI=NPh 

EtOCCI-NPh CaHe,CHC,3 (PhCSS)aPb > EtOC=NPh - EtOCSNPh (ref. 168) 
I 

CSPh 
I 
SCSPh 

13. PhosphiteslGg (Michaelis-Arbuzov reaction) 

phosphites to give the corresponding dialkyl phosphonates, thus : 
N-Phenyl and N-methylbenzimidoyl chlorides react with trialkyl 

(EtO),P-0-CH,Me 

p-MeC6H4CCI=NPh + (EtO)3P - - 160" " p-MeC,H,-C=NPh + IA c'3 1 
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 mcthylenc groups readily con- 
dense with imidoyLhalides in the presence of base. The products from 
/3-dicarbonyl compounds have generally becn formulated with C- 
substitution (e.g. 17) but there is evidence that 0-substituted com- 
pounds (e.g. 18) are also formed in appreciable amounts in certain 

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 
I 

CH + I 
0 
I 

PhCCI=NPh AcCHaCooEt , 
Ac’ ‘COOEt 

NaOEt 

MeC-CHCOOEt 

(18) (17) 

OH OH 

This route to 4-hydroxyquinolines has been of some importance 174 ; 
the following examples are illustrative : 

(ref. 174) 
NaCH(COOEt)2 CH(CooEt)2 

PhCCI=NPh PhMe I 
P hC= N Ph 

N=CCIPh 

NaCH(C0OEt). 

Ph 
I 

(ref. 171) 

I. NaCH(COOEt)2 
PhMe 

2. d 

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 

(ref. 170) 
AcCH,COOEt 

PhCCI-NNHPh - 
I 

Ph 

PhCCI=NNHPh (ref. 173) 

I 
Ph 

05. Friedel-Crafts rezctions 
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 

QQr0"-O0 03-"" 

moMe 1. PhN-CCICCkN'Ph 
C&ls/AICIs 

r 
2. 107, HCI 

& Me 

00 

(ref. 176) 

(ref. 177) 

PnCCkNPh 
PhNMe2 AICI.,CS2 ' 

Neither the imidoyl halide hydrohalides nor the ternary immonium 
salts require an aluminium halide catalyst, e.g. 

PhCCI=&HPh CI-*HCI 2.*hydro,ysis t PhCOCoH,NMel-p (ref. 32) I PhNMe, 

5% 
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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 ac-Carbon Atom 

Imidoyl halides with hydrogen at the a,-carbon are readily sub- 
stituted by chlorine and bromine : indeed a,-halogenated products 
often result directly in preparations from amides with phosphorus 
pentachloride (see Section 1I.A). 

> Me,CBrCCI=NEt + Me2CBrCBr=NEt (ref. 11 1) [Me,CHCCI=NEt] 

> MeCCI2CONMea (ref. 121) MeCCI,CCI=NMea - MeCH,CCI=NMe, CHCI;- 

Bra 

+ + Hz0 CIa 

Cl El 
Fluorine has been observed to exchange halogen and to add to the 

azomethine group 6. 

PhCCkNBu-s F2 PhCF,NFBu-s 

Photochemical chlorination results in extensive or complete halo- 
genation of akyl  groups, often with a shift of the azomethine bond, 
e.g.45 

"' PhCCI=NMe CI: 

CI 

PhCHaN=CCI, m C C ~  PhCCIzN=CCIa thv, ==,, 
PhCCkNEt hv, &,,> PhCC12N=CCICC13 

Substitution at  a,-methylene or a,-methine groups has also been 
observed in self-condensation processes (see Section 1V.A) ; and in 
reactions with diazonium salts12'. 

MeC-CON 3 pNO&H$d3F.- MeCHCCI=N+ 

CI- [ ~ = N C e H ~ ] c i - ~  1 N HC, Ha NO,-P 

G. Niiscekmeous 

Imidoyl 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 179. 

PhCCI=NPh z PhCMgCkNPh % PhCH=NPh 
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However, complications may be expected to arise since imidoyl 
halides are known to react with Grignard reagents163. 

PhMgBr 
PhCCkNPh + PhC(=NPh)Ph 

PhCHoMgCl 
PhCCkNPh + PhC(=NPh)CHzPh 

N,N-Dialkylamidochlorides 223 react with Grignard reagents to give 
tertiary amines accompanied by the aldehyde (or ketone) correspond- 
ing to mono-substitution, e.g. 

+ 
> Ph,CHNMe2 + PhCHO 

I. PhMgBr, E t a 0  
[CHCI=NMe,] CI- 2. HzO 

38% 18% 

V. HETEROCYCLIC SYNTHESIS 

It will perhaps be evident from thc 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 1V.A) leading to imina- 
zoles and quinolines, e.g.I2O 

NHPh 

'PhNHCO(CH&CONHPh 0 0 

Imidoyl halide hydrohalides derived as intermediates by trezting 
appropriate dinitriles with hydrogen halide (usually HBr or HI) may 
also give cyclic products, the cyclization being visualized as follows: 

Br' (or tautomeric arrangement) 

It has been used to prepare pyridines, isoquinolines and benzaz- 
epines. 



13. Imidoyl Halidcs 

Q N H a  

(NCCH&CHOH 

Br 

acHacN HBr ~ WN”’ 
CN 

643 

(rcf. 181) 

(ref. 182) 

Examples of intramolecular Friedel-Crafts reactions arc also 
available 215. 

NOa NO1 ** PhWr NoavNoz 
N=CCIPh 

Ph 

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). 

(20) 

Examples of type 20 leading to quinazolines (from urethanes, 
Section IV.E.5) and quinolines (from p-ketoesters and dialkyl 
malonates, Section 1V.E. 14) have already been encountered. Thus 
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Elderfield and his colleagues 184 used this route-without isolation of 
the intermediate-in work on synthetic antimalarials, e.g. 

OH 
1. NaCH(COOE1). PhHc mr 

c 
2.180-1900 

CI N-CCIPh CI 

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 224. N-Substituents other than aryl 
may be involved in the cyclization, e.g.la5 

H 

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 ir, 
a similar way from hydrazides, e.g.leo 

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 1,2,4triazole in good yield ( N  80y0), possibly in the 
manner shown. Many examples of this reaction have been given216. 

I 
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. 

(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 saltx46. 

+ 
PhCCI=NR,CI- 

2,5-Diphenyl- 2-Phenyl - 
I .3,4-oxadiazole benzoxazole 

(90%) (82%) 

4-Hydroxy-2-phenyl (CG 
quinazoline 

(79%) 

CHART 5. Elaboration of heterocyclic systems from N,N-dialkylimidoyl halide 
salts 14g. 

The addition of 1,Sdienes to imidoyl cldorides (postulated as inter- 
mediates but not characterized) is reported to give dihydro- 
pyridines 18*. 
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C. / , ~ - D ~ P O / G F  Cyclouddition 125 

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 ArCCkNNHAr 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 1,2,4-0xadiazole 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 

i-Pr 

94% 

CHART 6. Some 1,3-dipolar cycloaddition of nitrile imines. 
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siderably to thc value of imidoyl halides as precursors in heterocyclic 
synthesis. 

PhCCI=NOH 

0- 

COOEt Ph 

CHART 7. Some 1,3-dipolar cyc1oadd:;lons of nitrile oxides. 

VI. IMIDQYL tiALIDES 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 ground only an outline 
treatment will be given. 

A. The Beckmann Reurrcmgernent 

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 
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constitutes a minor preparative method (see Section IZ.G.6). The 
reaction might have been expected to proceed as follows 186 : 

R C C L N R '  -+ RCONHR' PCIe Beckmann 
R-C-R' R-C-R' - poclJ  ' 

II 
N 

il 
H O N  

/ 
PCI,O 

but there is evidence225 the mechanism is more complex than this. 
Amidines are formed as b y - p r o d ~ c t s ~ ~ ,  and arise as indicated pre- 
viously (see sections II.A, 1V.A. 1). The trans nature of the migration is 
indicated by the rearrangement of the two oximes of phenyl2-pyridyl 
ketone and the isolation of the appropriate imidoyl chlorides (as their 
hydrohalides) 97. 

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 o- 
aminobenzyl chloride hydrochloride 'm : 

B. The Stephen Reduction 
This aldehyde synthesis (for a review, see reference 132) was inter- 

preted by its discoverer 180 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 1I.E.I) 

J. 
RCHO 
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it must be noted that, since a Lewis acid is present, a nitrilium ion 

intermediate ( R k N H )  Sn11CI,2 - is also a reasonable possibility. In 
this case the overall reaction would be : 

.I. 

SnCl, + (RGAH), Sn1ICI.a- + 4 HCI - (RCH=NH& SnIvCls2- + S K I ,  

C. Interaction of Amines with Trihalornethyl Functions 
Primary and secondary amines appear to react with compounds 

containing a trichloromethyl group with the intermediate formation or' 
imidoyl chlorides. Thus benzotrichloride reacts with aniline to give 
N,W-diphenylbenzamidine, presumably via N-phenylbenzimidoyl 
chloridelgO. 

> PhC(NHPh)=NPh 
PhNH, [PhCCI=NPh] PhNHs 

PhCCI3 -HC, 

With secondary amines the reaction may be used to go directly from 
methyl to N,N-dialkyl amidelgl. 

Me' 

PhCHaOOC 

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 aswmed that when such systems are used 
directly as a reagent the irnidoyl halide is formed and functions as the 
reactive intermediate. The Stephen reduction (see Section V1.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 processlg2) ; 
as is the hydrogen halide-catalysed polymerization of nitriles to s- 
triazines 87. Again the reaction of carboxylic acids : 

RCN + HCI + 2 R'COOH _I_+ RCONH2.HCI + (R'CO)2O 

RCN + 2HCI + R'COOH __f RCONH2.HCI -t- 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 productsls3. 

Imidoyl halides may react in the Friedel-Crafts manner with aro- 
matic nuclei (see Section 1V.E. 15) and related substitution processes- 
usually requiring an activated aromatic system-are known where a 
nitrile-hydrogen halide mixture is the rcagent. Both the Hoesch 
ketone synthesis 19* and the Gattermann aldehyde synthesis Ig5 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 27J96. 

HO 

Low temperature conditions and the formation of the imidoyl halide 
hydrohalide in situ as a preliminary step appear to improve the re- 
action, as would be expected on the basis of this mechanismls6. The 
use of a zinc chloride catalyst also increases the yield; an examina- 
tionl97 of the complexes formed in the system PhCN-ZnCI,-HCI 
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 confUsed195. Hinkel and his colleagues put forward 
various proposals lS8 and concluded1sg that the intermediate was a 
derivative of the sesquichloride PHCN - 3HC1 which was itself written 
as CHC12NHCHCINH2. This substance has been formulatedzu0 as the 
hexahydro-s-triazine derivative (22) 2oo, but recent infrared work 219 

accords with the earlier lg5 amidinium salt structure Cl,CHNHCH= 

&H2 C1-. 
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HCN -t HCI - f.HCCI=NH'J - 

(22) 

Moreover, aluminium chloride is known to form cornplexcs with the 
reagents 19*. 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 
forrnimidoyl chloride which then attacks /3-naphthylamine as 
follows201: 

The Vilsmeier-Haack synthesis 202 also falls into this category : 
typically (but not exclusively) an activated aromatic system is formy- 
lated with dimethylformamide and phosphorus oxychloride, although 
DMF/COCl, and DMF/SOCl, may also be used32. In the last two 

cases the amidochloride (CHCl=NMe,Cl- jis a likely intermediate : 
indeed recent n.m.r. studies220 have indicated that this is formed 
rapidly in the reaction with phosgene, but that with thionyl chloride 

an intermediate salt, formulated as CHCl=NMe,OSOCl-, may be 
obtained. This loses sulphur dioxide, giving the amidochloride, at 
40-50" in vczcuo. The first intermediate in the amide/POCl, reaction 

+ 

+ 

HCCI=NMe, OSOCl- 
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is more stable, but there has been some controversy about the detail 
of its structure. Of the two reasonable alternatives, 23a and 23b, the 
former has been generally f a ~ o u r e d ~ ~ * ~ O ~  although the evidence for it 
is not compelling: n.m.r. evidence has been presented220 which has 
been interpreted in favour of 23b (R = H, R1 = Me) for the product 

(234 (23b) 
from dimethylformainide and phosphorous oxychloride. However, it 
wouid not be surprising if both 23a 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 (23a and/or 23b, 
R = R1 = H) leads to adenine in remarkably good yield (43~57~) 
when formamide and phosphorus oxychloride are heated together in 
a sealed tube222. 

E. Reaction of Triphen ylphosphine with N-Haloamides 
Trippett and Walker 204 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: 

h CH. 
Ph-C=NcBr PhCN + PhsPO + Br' 

15 min 

More recently, Speziale and Smith79 have found that when N- 
halo derivatives of secondary amides are treated with triphenyl- 
phosphine the imidoyl halide is formed, e.g. 

Ph3P 

500 
PhCONClEt benzene > PhCCkNEt + Ph3PO 

and, since in this example enolization is not possible, they have put 
forward a reaction mechanism in which attack is initiated at halogen, 
thus : 

Ph-C,vCI _3 V F  PhCCI=NEt 
?d c'PPhJ 

Ph-C ' 
"Et 

N 
I 

E t  
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F. The von Braun Degradation (cf. Sections II.C and IV.8.I) 

653 

When secondary or tertiary amides are heated with phosphorus 
pentachloride or phosphorus pentabromide dealkylation occurs, 
thus 30 : 

A 
ArCONR; R'X f ArCX=NR' - ArCN + R'X 

a rsaction discovered by Pechmann 12g, 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.66*205 

PCI, 
PhCONMePh MeCl + PhCCkNPh hydro,yris > PhNHz 

(b) to prepare alkyl halides, especially a,w-dihalides, e.g. 

phC,-N> Me 5% 112- PhCN f Br(CH2),CHMe(CH,)pBr (ref. 206) 

65% 

Me 
I 

28% 

CICH2CHCH2CH2CI (ref. 207) 
p' PClG 

PhCONHCH2 HCHZCHzNHCOPh t * 

\ NHCQPh - A Pci 4 
A 

(ref. 208) 

and (c) to effect ring cleavage in cyclic secondary amines, e.g. 

PhCONH(CH2)aCI + CI(CH,),CI (ref. 209) I. PCI., A 

30% 
Q 2 . v  

I 
COPh 

CI(CH,),CHCIPr PC!* 

Qr I -200"* 50% 
COPh 

Benzoyl coniine 

(r& 210) 
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(ref. 21 1) 

dOPh 30'7, ''a 1. PCI,, 2. H,O 140°, c ' ~ c H L H z C H z c '  (ref. 212) 

NHCOPh 

65% 
I 

COPh 

The aryl nitrile which is formed concomitantly may be removed by 
hydrolysis or by fractional distillation213, or by converting it into the 
imidate hydrochloride from which the required compound can be 
extracted with ether 214. 

The reaction is evidently a nucleophilic substitution at a saturated 
carbon atom and has attracted some attenticn from a mechanistic 
viewpoint. Leonard and Nomrnensen 67 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 
aN-carbon atom increased. von Braun had earlier observed that 
attack occurred at the smaller of the N-alkyl groups (see Section 
1I.C). 

Br Br 

I 
COPh 

/o, a Mene 19% 
Me F;' Me Br Br  
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(b) The substitution proceeded with inversion. 

655 

Me Me 
/ PBr, \ 

PhCONH-CH + H-C-Br 
/ 

E t  E t .  
\ 

(However, with N-benzyl substitution racemization is observed 30.) 
(c) Stcric hindrance at the a,-carbon atom did not much affect the 

reaction, e.g. 

Me 

M e - @ C O N H B v - n  n-BuCI 54z 

Me 

These data accord with an SN2 type displaccracnt of nitrogen and 
Leonard and Nommensen put forward the following type of mechan- 
ism : 

POBr, PhCN 

Vaughan and Car1son"O have studied the dealkylation of secondary 
amides with thionyi 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". I t  is reasonable to conclude that imidoyl 
halides are likely intermediates in the von Braun degradation, thus : 

CI 
PCI I + 

cl 
ArCONMeBu ArC=N-Bu - MeCl + ArCCI=NBu 

Me G? 
ArCCI=NBu c=? ArC=NJCH,Pr 'I3 I---' ArCN + BuCl 
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Such a mechanism is, however, not obligatory since direct elimination 

from intermediate stages [such as ArC(OPCl,)=NMeBu C1- , 
ArC(OPCI,)=NBu, ArC(OSOCI)=NBu] in imidoyl halide forma- 
tion (see Section 1I.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. t-butyl, 
benzyl), it is possible that it may be expelled as such from the ion pair: 

+ 

PhCHMeCl 
+ /" inactive 

PhCH=CH, 
[..C'&!:-Ph] - ArCN + PhCHMe i 

Such a process would account for the racemization observed when 
( - )-N-a-methylbenzylacetamide is siibmitted to the von Braun 
degradation30, and for the occasional reports6 of olefin formation 
during the thermal elimination of N-t-alkyl imidoyl halides. 
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1. INTRODUCTION 

Early in the twentieth century, more than eighty years after the 
analogous fi-benzoquinone had been prepared , Willstatter began 
extensive and productive studies of#-benzoquinonemono- and -diimine 
(1 and 2) and related compounds1.2. 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 

preparing and handling the quinonimines and diimines also accounts 
for the fact that 90 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 literxture which in our opinion sheds light 
on the chemistry of this class of compounds. The quinonediimine 
chemistry studied prior to 1950 has been adequa.tely reviewed3n4 with 
the exception of the following brief reports. 

At approximately the same time as Wil1s;aitter’s work on the 
quinonediimines an interesting approach i v ~ i  :&en by Jackson at 
Harvard 5 .  He reasoned that h e 2 y  suixticxk,:l G f t i l l :  ring might make 
the quinonoid form more sta.i;k. lin a tteinpted bromination of 2,6- 
dibromo-fi-phenylenediaxdr1.c prodiicrd a dark green precipitate 
having the chararxrisiic: csf an equimolar mixture of the hydrobro- 
mides of the q:Linuilediimine and the starting diamine (equation 1). 
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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 

’@f ‘@f +HX 

accompanied by side reactions having magenta coloured-products. A 
study of this reaction has been reporteds. In the case of chloro groups, 
which resist displacement, the anil3 was obtained. A later study of the 

LI 
(3) 

corresponding tribromo compound produced a mixture of 4 and 5’. 
The suggestion was made that these quinonoid structures may be 

related to intermediates in the rearrangement to nitroanilines. 
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During thc 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 N,N’-quinonediimides 7 and 89. 

(6) (7) (8) 

In addition to these areas, important work has been reported on 
quinonemonoximes (9) especially in regard to their tautomerism with 
nitrosophenols lo. 

0 OH 
(9) 

(5) 

A study of the condensation of o-quinonimines (10) with aldehydes 
and similar compounds to produce various heterocycles, e.g. oxazoles 
(ll), has been reported ll. 

QrNH 
Finally a number of interesting papers will be cited, but their limited 

scope precludes discussion. 
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II. THE CHEMISTRY O F  
QUINONEMONO- AND -0IIMINES 

667 

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 permanganate12-14. I n  fact a wide variety of 
oxidizing agents can be used for the preparation of quinonediimines. 
Willstatter’s use of silver ion1m2 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 oi‘p-phenylenediamines with suitable moiecules to form 
dyes l53. A wide variety of substituted p-phenylenediamines and p -  
aminophenols show these characteristics, but for practical photo- 
graphic reasons the N,N-dialkyl-substituted compounds have been 
most extensively investigated 17. The results reported in this section 
will be derived mcstly from these compounds with reference to other 
related types in certain special cases. 

Regardless of the oxidizing agent, an N, N-dialkylquinonediine 
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’ 18*19. In this 
reaction, first studied by Michaelis, R, S, and T represent reduced, 
‘semiquinone’, and totally oxidized (i.e. quinonediimine) respec- 
tively zo. 

II 
‘NR, 

I I 
N R l  N R l  
(4 (S) (TI 

The iiSt&iliZ j r  of quiiioilediiiiiiIles in acidic and neutral media was 
mentioned earlier’ and it is also known that they will not survive 
in alkaline solutionsz1. 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 
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indicate that potassium ferricyanide meets these criteria and provides 
meaningful kinetic data8mzZ. 

8. Reactions with Nucleaphiles 
I .  Deamination 

The deamination of quinonemono- and -diimines in acidic methanol 
is well known 23. Tong has shown that N,N-dialkylquinonediimines 
undergo basic deamination as well (equation 8)*.  Evidence for this 

(12) 

was obtained by allowing the quinonemonoimine 12 to couple with 
1-naphthol to form the indonaphthol dye 13. Elemental analysis of 
13 is consistent with the structure shown and its visible spectrum is 
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identical with that of the dye formed by the oxidative coupling of 2- 
methyl-4hydroxyaniline 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 a ~ a i l a b l e ~ ~ * ~ * * ~ ~ .  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 (13) 
formation. 

The latter have the practical disadvantage of a slow rate of formation 
which make them unsuitable for photographic systemsI7 and conse- 
quently they havc not been studied extensively. 
One general class of couplers which usually give yellow dyes are 

active methylene compounds, e.g. acylacetamides, RCOCH,CONHR. 
Equation (1 3) shows the coupling reaction where X and Y represent 

compounds have been directed towards varying the colour or hue of the 
dye formed and not an elucidation of the fundamental chemistry 
involved. 

2ctiv"t;s.g ~~~~~~~~~-~~~~~~~~~~~~~~ grcips. ?"!lost of the StiidiCs of these 

* In this chapter coupling (and coupler) will be understood as reactions (and 
molecules) involving condensat ion with quinmemono- or -diimines usually 
leading to dye formation. 
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PhCO, 

PhCO’ 
t = N - Q - - N R ,  

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 opening26. This reaction differs in that the 
product formed is an azo dye (18). 

* o +  - aCozH +H+ (14) 

N = N o N R ,  
H N R, 

(17) (18) 

The benzisoxazolones are closely related to another class-the in- 
dazolones (19) which lead to magenta dyes27*2*. In  this case there is no 
ring opening and the product is termed mesoionic. 

An extremely important class of heterocyclic couplers leading to 
magenta dyes arc the pyrazolones (e.g. 20) 29.30. 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 iinino group. 
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many derivatives have been examined without introducing new 
chemistry. 

phNy=iMe ++ ,,s=i"' \ C--C=N*NR, (16) 

c? 
p-CH2 
0 N Rz 

(20) 

The final class of couplers to be considered is the methine or phenolic 
type which produces cyan d y e ~ ~ l . ~ ~ .  Here the dye formed is the 
same as that which results from the condensation of quinonemono- 

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 s u b ~ t i t u e n t s ~ ~ * ~ ~ .  Examples of para substituents studied are given 
in Table 1. 

The pyrazolones also undergo dye-forming displacement reactions 
:-..A .,. wl ..:me t L a  bAaL " -cm 111.. LI sIWrr :nC. wI ,E an BZO dyz to ar; azomethine dye 34. 
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TABLE 1. The displacemznt ofgara substituents in the 
coupling of quinonediimines with phenols. 

Substituent (X) Formed dye Did not form dye 
~~ 

alkyl 
- CHO 
- CO2R 
- NR2 
- OH 
- C1, - Br 
- COzH 
--SOaH 
- OR 

X 

X 

X 

X 

An analogous reaction has been observed with aldehyde condensation 
products of the pyrazolones 35. 

MeC-C=CH II I e O M e  + ,f$le - 
N. ,C-0 N 

I 
Ph NEt, 

OMe 

3. Nucleophilic addition 
The deamination and coupling reactions discussed in Sections 

11.8.1 and 113.2 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. I n  such an addition there are three 
sites of interest-the primary imino nitrogen and two nuclear positions 
(21) 

YH +--I 
Sites for nucleophilic attack 

+-- Deamination 
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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 

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 (23) 36*37. In the case 
of R = Me available evidence indicates that at least some of the 6 (yo.- ($fO3- 

6"'Q" 

so,- 
NMea NEta NMe, 

(22) (W (24) 

isomeric sulphonate (24) is formed38 (see Section II.D.4). 
The addition of aryl sulphinic acids (25) to quinoxediimines has 

been studied and the products determined 39. The relative yield of 6+4-- 
+NR, x 

(25) 

(22) + 
14 R, 

Y- 
NRa 

(27) (25) 

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 *On. 

I 
NMe, AEt, 

The prediction of orientation in nucleophilic addition reactions of 
quinonediimines by Huckel molecular orbital (HMO) theory is not 
unambiguous. One must remember that HMO theory is concerned 
only with changes in the rr-electronic energy between the reacting 
molecules and the transition state, and not with changes in entropy, 
solvation forces, zero-point vibrational energy, or a-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 in.termediates in nucleophilic addition are 
equal to the benzene resonance integral, Po, then a systematic variation 
of Coulomb integrals results in the following conclusions : 

(a) Position 4 has the lowest electron density. 
(b) The imino lliii-ogeii (=N-j has the 'highest free vaience 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, E - ,  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 40b. 

The results, especially the localization energy, tend to favour the imino 
nitrogen as the preferred point of nucleophilic attack4O0. 

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 reviewed4'. 

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 timc is frequently useful. These features have been incorporated 
in the apparatus designed by Ruby42 and used with modifications by 
these authors 43. More recently an electrochemical method which is 
suitable for opaque systems has been devised to measure the rate of 
deamination and ~oupling'~.  

D. Nucleophilic Addition t o  Quinonediimines-Kinetics and 
Mechanisms 

1. General considerations 
The reactions described qualitatively in Section 1I.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. I t  is a well known that the order of 
reactivity of nucleophiles depends on tlie 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 sites45. I n  general these orders are 
different. I n  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 thc site(s) having the highest 
rate(sj. The situation here is similar to the reactions of nucleophiles 
with 2-chloro-4-nitrodiphenylsulphone, where the groups : phenyl- 
sulphonyl, nitro and chloro are replaceable. Loudon and S h ~ l m a n “ ~  
found that the groups displaced depended on the nucleophile as 
indicated in the following example : 

SOaCeH,Me-p SC,C,,H,Me-P S02C,H,Me-p 

‘’&NHs 1 NH “&NOz - Q H csHloN&No2 

Na’-OMc (23) 

SO,Co ki,Me-p 
I 

OMe SO,C,H,Me-p 

“&NO2 + “&OMe + ““fJNOa 0 
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 : 



14.. Quinonediimines and Related Compounds 677 

N O 0  5.6-@ +HCI (26) 

NR, CI N R2 
For a given nucleophile the position of attack is determined by the 
stability of thc 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 
f is t  step being reversible. The general scheme of the reaction is: 

R/N<R 

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: 

p, 
kl. l  . k1.3 x- + T +  T k l * a  

1, . 

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 [Pi] -, i.e. 

n n 
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It can be shown that the distribution of products is represented by the 
following equation, in which the index i designates the product for 
which a yield is desired and the running index j designates all products 
from 1 to R .  

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 : 

(28) - Product 

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: 

T l i s  has been further substantiated by the salt effect on the rate 
of deamination 47a 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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Thc above discussion was restricted to onc reagent-quinone- 
diiminc 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 arc condensation 
of oxidized p-phenylenediamines to azo dyes 47 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 ofwhether 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 tc, 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 p H  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 incorrect4’. 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 {k~,~ki,s/(k~,~ + &)} corres- 
ponding to the most favourable reaction sitc. 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 39. 

The kinetic data obtained under conditions having negligible con- 
centrations of intermediates are expected to yicld second-order rate 
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constants. Unless simplification is justified on theoretical or experi- 
mental grounds, thesc constants should be regardcd as being composite 
in nature, e.g. 

The elementary constants involved are defined by the scheme: 

(29) 

where EX-] represents the concentration of the nucleophile. In  
special cases the expression can be simplified : 

k i W - 1  kJ quinonediirnine (intermediate) + product 
kz 

1. when k, >> k,, 
2 .  when k, >> k,, 

kobs x k,  
k,,bs x Kk3 where K is the equilibrium COR- 

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 details49. 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 8-19.50. 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 

stant for the formation of the intermediate. 
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attacks a positively charged intermediate. The cb.arge may result 
directly from oxidation or through the preliminary involvement of a 
proton. 

I t  has been found that the deamination rate constant does not change 
in the presence of excess ferricyanide or excess diamine when the 

2 

1 

0 

-k- 

g -1 
-1 

- 2  

- Y  

-4 c 
PH 

FIGURE 1. Pseudo first-order rate constants for dearnination of alkyl substituted 
quinonediimines (30). 

calculations are made on the basis of the diimine8. Because the equiii- 
brium is rapid, and at high pH favours dismutation (see section 1I.D. l),  
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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on [OH-] for two types of quinonediimines. The simple N,N- 
dialkylquinonediimines such as 30 show first-power dependence on 
[OH-] up to pH 1219. The relatively minor modification of a /3- 
hydroxyl group on one of the N-alkyl chains (31) introduces an [OH-]- 
independent region above a certain pH (Figure 2) 50. 

(30) (31) 

In terms of the general scheme, the deamination reactions for these 
two types can be represented as: 

NH N H  NH 

II 
N' 

R' 'Dt 

r 
R' n 

I I  
0 4' 'OH 

\n , 

(32) 
I \  
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When R and/or R' are --C2H,0H, the intermediate is unusually 
stable and the first step can be assumed to be an established equili- 
brium with constant K = k,/k2. The presence of an intermediate has 
been coniirmed and its concentrations determined by absorption 
measurements in the flow machine under steady state conditions. The 
constants K for various diirnine 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. 

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 diiTer in degree, but not in kind. 

The quinonediirnine 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 
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disubstituted derivative. If the concentration of the intermediate is 
low, the rate would be independent of pH. 

- d[QR+l = k,[QR+][OH- J 
dt 

-- drQ1 = k , [ & H + ] [ O H - ]  
dt 

QR + indicates the N, N-dialkylquinonediimine. 

TABLE 2. Dcamination rate constants8. 

(j 
NH 

6 
0 

6.06 6-34 
7.03 1-04 
8-04 0.43 
8-88 0.35 
10.25 0.33 
11-30 0-33 
12-15 0.33 

6.1 1 1 -54 
7.09 0.55 
7-95 0-192 
8-69 0-131 
9-78 0.1 15 

10.95 0- 154 
1 1-89 0.384 

The above hypothesis concerning the structures of the inter- 
mediates QX+ 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 : 

-dln[93 - -- kzkw = 0.3 10-3 
dt K 
and a dissociation constant K = in which kw = has been 

obtained for the protonated q~inonediimine~~. The value of k2 = 
3 x lo4 obtained from this equation is very close to kl = lo4 for 
R = Et and k, = 2.5 x lo4 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 : 

0 0 (32) 

0 0 0 0 
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: 

6 
+N R, 

+H + 

--HI 

L - g 
+N R, 

+OH-_ 

-OH- 
7 (33) 

I n  this reaction, the deamination of the unsubstituted imino group 
makes a significant contribution and may in fact be the sole reaction. 

I n  strong acid solutions Fieser measured the deamination rates of 
some quinonediimines and found thzt the reactions were catalysed 
by acid with the removal of the unsubstituted imino group 23. Assuming 
the rates to be proportional to [H30+], a reaction scheme for the 
dialkyl derivative consistent with the above arguments would be : 

and for quinonediimine : 

NH 

(35) 
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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. 

TABLE 3. Summary of deamination reaction schemes. 
(Intermediates within braces are similarly charged species.) 

Reactants 
(Quinonediimine 

aqueous) Intermediate Product 
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TABLE 3 (contiriud) 

Reactants 
(Quinonediiminc 

aqueous) Intermediate Product 

I I  
+NR, 

+HOH 

+NH, 

3. Coupling 
The study of coupling is especially important to the elucidation of 

the general mechanism of nucleophilic reactions of quinonediirnines 48. 

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 species17. This was substantiated 
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by results obtained using the flow method, which permitted extension 
of the experimental pH range beyond the pK of the coupler 48. 

The oxidation state of the reactive species of the diamine was easily 
narrowed down to either the ‘ semiquinone’ or the quinonediimine 
from the fzct 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 Hunig and DaumZ2. These authors interpreted their data as 
silpporting 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 
ofthis article, the data were reinterpreted by both Egger and Frieser51 
and Tong and G l e ~ m a n n ~ ~ * ~ ~ ,  to show that they actually supported 
the quinonediimine mechanism even in acid solutions where the 
‘ semiquinone ’ is the principal species. The qiiinonediimine mecha- 
nism in alkaline solution was substantiated by results obtained using 
the flow method48. 

The equilibrium relationship for ‘ semiquinone’ formation ( K  = 
[SI2/[R][T]) was used to distinguish between the two possible 
mechanisms. I n  acid solution the fact that K has a large value demands 
that the rate be suppressed by added diamine (R) . I n  alkaline solution 
K has a small value and neither excess diamine or oxidant should have 
any significant effect on the ratc. 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, A-dialkyl compounds show rates proportional to 
the coupler ion, but the rates of unsubstituted quinonediimine are 
proportional to undissociated coupler. I n  the pH range studied it 
would be expected that the principal species would have structures 
35 and 36 respectively*. 

(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 
nucleoplilic reactivity of the coupler anion allows 35 (with R being 

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. 

kK, 
d[dyel = X-[HT+J[C-] = - [TJ[CH] 

dt K ,  

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 54. 

@- X 
Y =  

coo- AN@ 0 

I 
E t  

< coo- 
(37) (ma) X=-OMe 

(37b) X = < I  
(37c) x = -0 

* The contributors shown are those which mosl clearly indicate the course of 
the reaction; i t  should be remembered that the more important contributors 
are : 

NH 0- 
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All three couplers were expected to react by the same scheme, shown 
in equation (37j : 

Q- Q 

I 
N R z  

Intermediate ( I )  Dye (0 
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 k,. 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 k2 (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). 

I n  contrast to 37a, the couplers 37b and 37c react with N,N- 
diethylquiiionediimine without detectable accumulztion of inter- 
mediates. Using the steady state approximation, the observed 
second-order rate constant is : 

A lower limit for k3 can be calculated by introducing the concentration 
of coupler anion and rearranging to k, = kobs[C-] {(k2 + k3)/ 
kl [C -1). Since the condition for low concentration of intermediate is 
(k, + k3 >> k,[C-], it follows that k3 > kobs[C-]. For reactions of 
37b and 37c with N,N-diethylquinonediimine, kobSIC-] = 100 and 
200, therefore k3 > 100 and 200 respectively. The conclusion that 
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TABLE 4. Elementary rate constants for coupling reactions of 37a. 

g 
+ NEt2 

6 
+ NMe, 

PMe + NEt, 

NEt, 

3.3 x 107 3-2 3.2 

6.4 x 107 1.3 2.4 

3.1 x 104 4.6 1.5 

5.3 x 107 1 -2 0.46 

elimination of both -C1 and - *tW9 are faster than that of 

-0Me is reasonable on the basis of the stability of the ions being 
eliminated. This is in agreement with the proposal of Bunnett and 
Zahler 5 5  for the elimination step of nucleophilic displacement reac- 
tions, although the site from which the ions are eliminated is not 

Q 
N+ 

/ \  
0- 0 

X 

Q f y- 
equivalent in the two reactions. 
23+ C.C.N.D.D. 
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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 

0-  

"'XYM' + 

@Me 
I 

NEt, NEt, 

nucleophile, the rates were found to vary with the pKa of the couplers 
as shown in Figure 3. In this plot, kc- is the observed second-order 
rate constant based on the concentration of the coupler ion. The 
relationship kc- = pKaB obtained from the straight line (with f l  c 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 56 and Bunnett 45 for summaries). 

- 
8 9 30 i 1  

PKO 

FIGURE 3. Effect of coupler PI(, 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. 

Me$e HN 
- 2e 

-t 

+2H+ 

4 5 G 

’I3/”’ 3 , , , 
1 2 0 

Log koH- 

FIGURE 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-/3-hydroxy- 
ethylaniline, 3. 4-amino-3-methyl-N-ethyl-N-/3-sulphoethylaniliney 4. 4-amino- 
3-methyl-N-ethyl-(N’-methyl-/3-methyl-sulphonamidoethyl)-aniline. All others 
are 4-amino-N, N-diethylanilines with the indicated substituents iri the 3 and 5 
positions: 5. H,H; 6. Cl, H; 7. M e ,  H; 8. Et, H; 9. n-Pr, H; 10. i-Pr, H;  11. 

MeO, H;  12. Me, Me;  13. MeO, MeO;  14. t-Buy H. 
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Furthermore the overall reaction rate was found to be independent of 
the concentration of oxidant, which suggests that k, is very large, and 
the observed bimolecular rate constant is approximately equal to k,. 
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 C1 is much 
faster than the elimination of MeO. The observation that thc 
overall reaction of the M e 0  derivative is faster than the C1 derivative 
when they are on 2,6-dimethylphenol would indicate that elimination 
is not rate limiting in these cases. 

When the structure of the quinonediimineis altered, both the coupling 
rate (with a given coupler) and the deamination rate (at constant 
[OH- 3)  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 rates54. 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. I t  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. 

N 
R,/ 'R, 

(39) 
Those quinonediimines with points below the line have large 

groups for X and steric effects might be expected to be more important 



14. Quinonediimincs and Related Compounds 695 

in coupling than in deamination. I t  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. S~ lphonat ion~~  

Reactions between sulphite and quinonediirnines 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 a t  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 57. Consequently, although the rates fG7 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 region3*. The rate of disap- 
pearance of quinonediimine, with low sulphite concentration, was 
found to be bimolecular involving [T+] and [S032-] 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 p H  was lower. Thz 
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 form-ation of intermediates is the cbscr- 
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 coiicentrations to suppress the concentration 
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FrCURE 5. Phosphate buffer catalysis of the sulphonation of N,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 kso; - versus total 
phosphate concentration for .bur 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 KCI. 
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+ 
\ AH .. 

@- (y- "A - 

NEt, NEt, 

(MI (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 deccmposition of the conjugate acid 41. 

The second interpretation is preferred, since it is more reasonable to 
assume the removal of a proton from d 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 deprotonation to the product : 

K H\+P @...A- k,- +so3- 

rrc t 
1 I +H+ +SO,l- e so,- - (41) 

/ 

N+ NEt, NEt, 

(41) 

3 
Et/ 'Et 

The sulphonation of N,N-dimethylquinonediimine is more complex 
than that ofthe diethyl derivative. The graphs in Figure 6 showkversus 
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 no'i 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 a t  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 : 

H H  
H\N/H \ /  6 + H' + so3*- 
@so3- - 6 so3 - (42) 

/ \  

H*-Base 
N' NMe, N' 

Me/ 'Me 

The structure of the intermediate is drawn as that required by the 
work of Bauer, Meyer, and U l b r i ~ h t ~ ~ l ~ ' ,  but as pointed out earlier 

&C =% 
(HI3 (HI3 
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1 I 1 I 
9 10 11 12 I3 

PH 
FIGURE 7. Sulphonation of quinoncdiimine at various pH's. 

dependence on [H'] -as shown in Figure 7. The kinetic equation 
contains no phosphate term : 

-= -dI?rl (kOB-[OH-] + kH20)KI[H+]2[S03z-][T+] 
dt 

K, is the equilibrium constant for the formation of the intermediate 42, 
koH- and kaZO are the rate constants for its catalytic decomposition by 
OH- and HzO respectively. Equation(43) is consistent with the scheme : 

(43) 

NH 

PH c95 fAO\ 
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which postulates that the intermediate is formed by protonation on 
both nitrogens as well as addition ofsulphite to the ring. I n  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 /3 in the Brransted equation for general base 
catalysis k,, = GBKBP, 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 H20 because the 
weaker bases were too unreactive. 

111. T H E  CHEMlSYRY OF 
N,N'-Q U I N O N EM O M 0- AN D -DI I M I DES 

A. Preparation and Reactions 

The instability of quinonediimines prompted Adams and his 
students to examine the chemistry of the analogous quinoneimides (43) 
and (44) 58*59. All of this work, reported in some 50 publications, is 

NSO, R(-COR)(-CO, R) 

li I1 
NSOzR(-COR)(-CO2R) 0 

(43) (44) 

reviewed definitively9 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 

AHSO,R t!!JS02R 

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, eg. acylquinonediimides, 
and those which reacted with acetic acid were prepared by oxidation 
in be.mene or chloroform. Investigators in another laboritory have 
also prepared some compounds of these types 60*61. 

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). 

I t?HS02R 

(47) 

h H S 0 2 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. 

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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yHSO2R 

I +PhSozH - @OZPh 

(active rneihylene 1 compounds) NHS0,R I 

property, especially with imidcs which were sterically crowded. The 
addition could be promoted by the use of acidic and basic catalysis 
(to be discussed later). 

NHS0,R NSO,R N HSO, R 

RSSR+ 0. 0 eSR 
NHSOzR NSO,R NHS0,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 62-64. 
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+RMgX - 0 0 (53) 

NS0,Ph NHSOzPh 

NHSOzPh 

(59 Q 6 Ph+RMgl --+ 

NS0,Ph NHS0,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. 

NSOzPh NHSOzPh 0 +[:I ~ ~ c H z c H z ~ z o  + some46 

NS0,Ph NHS0,Ph 

(45) 

1Gh (55) 

HSO, P h 

hHS0,Ph 

(461 

If chloroform was used as the solvent, no 45 was obtained. The com- 
plex product mixture contained 46 along with at least the following: 
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Aliphatic primary amines all seemed to show 1,2 addition followed 
by elimination of benzenesulphonamide. 

2PhS0, NH, 

The aromatic aniines followed yet another reaction path, as shown 
in equation (57) : 

f'/SO,Ph 

@HPh + PhSO,NH, + Gh (57) 0 f PhNH, - 
PhNH 

NSOZPh . NPh NHPh 
(major product) 

The 1 ,!?-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 theinselves 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- 
diimines68. The observed reactivity towards 2 wide variety of 
nucleophiles suggests that these reactions are related to the large body 
of 1,4 addition-elimination reactions typical of the a,P-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 r e ~ e n t l y ~ ~ ~ ~ ~ .  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 
As shown in equations (58) and (59), hydrolysis was observed only with 
polycyclic aromatic or highly substituted systems. 

I 

f k O , P h  O H  

The latter reaction (equation 59) was also shown to result in only 
monodeamination under slightly different conditions 69. 

N H SO, Ph NS0,Ph 

CI 
% c , ~ : l  or cl&:l (60) 

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. 

NHS0,Ph 0 NS0,Ph 
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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'O. By carrying out the reaction under reducing conditions it was 
possible to isolate a good yield of N,N'-di-n-butyl-l,4-phenylenedi- 
amine, showing that the alkylimine (47) was the probable intermediate, 
and suggesting a :,2 addition across the azomethine bonds followed by 
elimination of the weaker base. 

NHBu-n 

c phso=No NS0,Ph 0 + Zn-BuNH, d 

PhS0,NH NHBu-n 
NS0,Ph 

NHBu-n 
WBu-n I 

h u - 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 I?,"- 
dialkylquinonediimine decomposes rapidly in accordance with 
Willstatter's observations 1*239. 

The variety of products which are found when aniline reacts with 
quinonediimides in a non-polar solvent (see Section III.A67) 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 additionsB. 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’l. 

k S 0 , P h  
F;;C,H,Me-o 

I I  
NC,,H,Me-o 

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. 

N HC, H, Me-o 
YHC,H,Me-o I 

a H C , H . M e - o  - (64) 

H SO, P h 
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The structure which Adams thought most probable stericaily (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 aniline67, rn~rpho l ine~~ ,  methylaniline 71 and p- 
toluidine 71 to 1,4-naphthocjuinonedibenzenesulphonimide 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). 

cN*HSO,Ph 

@ Ph +PhNHa HOAc HPh - 
NS0,Ph NHS0,Ph 

UHSO, P h m"'" 
kHS0,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 

NS0,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 reaction9. Hydrogen chloride 
serves as its own catzlyst 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 mixture59. 

It seems reasonable to expect the following pathway to obtain: 

The organic acids and alcohols al’so 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 yield73-7s. 

The action of these catalysts is typical of the effect of acids on 
reactions involving two reversible steps 65. 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 : 
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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 s a t i ~ f a c t o r y ~ ~ . ~ ~ .  General base catalysis is also 
frequently observed in carbonyl additions65. In  this case it may also 
involve such factors as steric hindrance by the naphthalene per& 
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 : 

H:Base 

NHS0,Ph - 

I 

flSO,Ph NHS0,Ph 

- 
NHS0,Ph 

I 
NHS0,Ph 

Studies of the addition of mercaptans provide additional evidence 
for the reasoning used in the above examples of gener.4 acid and base 
catalysis. Using thiophenol as a typical example, it is found that both 
acidic and basic catalysts produce good yields of ring addition78. 
Thus the strong acid catalyst leads to a high concentration of 
intermediate 49 in path (72a), while the weak acid thiophexiol 
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 
(pKa = 1-21 79), adds smoothly to quinonimides without a 
c a t a l y ~ t ~ ~ ~ ~ ~ ~ ~ ~ .  Thus the cycle is completed and we return to the 
situation which was postulated for the addition of hydrogen chloride. 



NS0,Ph 

(J+ 

I I  
NSOzPh 
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PhSH 

N HS0,P h 
(49) 

NHS0,Ph 

N HSO, Ph 

hHS0,Ph 

1 

hHSO,Ph 0 NSO,R @HSO,R q - & ' h  

+ PhS0,H - SOIPh - (73) 

NS0,R NHSOaR NHS0,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 g. 

IV. QUIMONEMONOXIMES 
A. Preparation and Tautomerim 

One of the earliest observations of tautomeric equilibrium was that 
of benzoquinonemonoxime and p-nitrosophenole2. The two common 
methods of preparing these compounds both produce the same product 
mixture (equation 74). 
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0 

?H 

Q,.... - 
ll (74) 

This system has been the subject of a great amount of study since the 
early part of the twentieth century. Extensive early studies of 
H ~ d g s o n ~ ~ . ~ *  are well summarized in the 1iteratu1-c~~. 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-r,i trosophenol as individual compounds 83. A 
number of reiiivestigations have been made of this problem aiid the 
intriguing possibdities presented by it 86-92. 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- 

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 184O is obtained. These are the materials assumed to have 
benzcnoid (51) and quinonoid (52) structures respcctivelyeO : 

cult- 10.93-96. 

OH 0 

The low-melting product is unstable to light and can be transformed 
into the higher by treatment with acid or alkalis3. 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 10*83-94. 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 componentse4. 
The major fraction was identical with the high-melting sub-t ance or 
tautomeric mixture. 

Using column chromatography it was possible to obtain larger 
amounts of the components of the low-melting mixture”. 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-diazocycloliexadienone (53). This 
conipound was prepared by an  independent route and proved to be 

0 

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 literatureg7 and by the group reporting this findingg5. 

B. The Beckmann Rearrangement 

quinonemonoxime under rather unusual basic conditions 98. 
Ernst Beckmann himself attempted the rearrangement of benzo- 

6 
NOH 

0 

Q (75) 

The product obtained gave an acceptable analysis and some chemical 
evidence that i t  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 99. 
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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 55. I n  efforts 
to optimize the yield of product a number of significant observations 

were made which led to the following proposed reaction pathway: 

(77) 

2H - 55 

Concurrent with these observations, another laboratory published 
exactly the same conclusion with regard to the product from benzo- 
quinonemonoxime loo. 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. 
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0 

(56) 

715 

NOH 

C. Brief Reports Involving Quinone Oximes 

There are in the literature sevcral interesting, but very limited 
studies, which will be cited with only brief discussion. 

1. Witrosation 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 nitrosationlo1. These products, e.g. 57, are in tautomeric equili- 
brium with the corresponding quinonimineoximes and this in many 

+ ONOSG,H - & = 6 OMe (79) & 
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.lo2 Spectral characteristics for these com- 
plexes are reported lo3. 

3. Hydrolysis 

The preparation of substituted quinones by hydrolysis of thc 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 useful1o4. 
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 veiy low yield; (b) steric hindrance of both the 
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nitroso and hydroxyl groups made the hydrolysis difficult whiIe 
partial hindrance of the nitroso group alone seemed to slightly favour 
reaction. 

4. Reactions of diazomethane with 4nitrophenols 

the expected ether lo5. 

With the parent compound, Pnitrophenol, diazomethane gave only 

4 + CHzN2 - 6 (81) 

NO2 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. 

53 0 

5. [mines of anthrone 

a novel reaction involving benzoquinonemonoxime was observed lo6. 
In  the course of a brief study of the stability of imines of anthracene 

0 

Nc~H,oH-~ 

6. Molecular orbital discussion of the nitrosophenol 
quinonemonoxime tautomeric equilibrium 
Using a perturbation method the difference in a-electron energy 

between the two tautomers was calculated and their relative stabilities 
estimatedlo7. 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 reportedlo8. The 
four-electron reduction of the monoxime takes place in one step 
(equation 84). Therefore the direct path through the quinonimine is 

favoured over the alternative involving 4-hydroxylphenylhydroxyl- 
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 
ofRamart-LucasS0 is cited as offering some evidence for the existence 
of the nitrone. However, requirement of a third form (/I) 88 no longer 
appears necessary (see Section 1V.A). 
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. V. STUDIES O F  MORE LIMITED SCOPE 

A. The Diels-Alder Reaction of Quinonimine and Diirnine 
Unlike the quinones, which have an extensive literature of Diels- 

Alder reactions lo9, only a single paper has appeared describing 
tliis reaction of the corresponding imines llO. 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 wry stable and the free imine also showed reasonable 

NH,+ CI- 1\1 H 

$+2D am>a (86) 

0 0 0 

(W 

NH2+ CI- 

$.zD - -!% @ NH (87) 
NH NH,+CI- 

(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 dicyclopentadiencquinone. 

An effort was made to obtain cyc!opentadienequinonimine by 
reactions with lcss than two equivalents of cyclopentadiene. There were 
experimental difficulties associatcd 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. 

(88) 

6 
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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. 

NHn+CI- <NH,'CI- NH,+CI- Q+O 8- s* 
-+@ -@ (89) 

0 0 0 

More recent studies of the mechanism of the Diels-Alder reaction111 
would tend to support this as a plausiblc mechanism, although it might 
be described as unequal bond formation in thc transition state rather 
than two distinct steps. 

8. Quinonimines as Intermediates in a Nitrile Cyclizadon 

I t  was found that in concentrated sulphuric acid the intramolecular 
cyclization shown in equation (90) took place in good yield112. The 
reaction also took place with simple alkyl groups in place of an aroyl 

group. The most reasonable mechanism for these rcactions appears to 
involve the conjugate acid and the imine, which rapidly tautomerizes. 
When tautomerism was prevented by alkyl substitution, the correspond- 

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 lI3. When the reac- 
tion of the parent compound (65, R = H) was attempted, a large amount 
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R 

CN 

of sulphonation took place, but the product mixture gave some evi- 
dence of containing the desired amine. After numerous recryst a 11' iza- 
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 case of 
au t~x ida t ion~ l*J~~ .  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 

carbonyl compound 67 (presumably the hydrolysis product of the 
imino compound formed initially) was isolated. 

CN 
NH 0 
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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 l16. 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- 
latedll. On the basis of a detailed study of the effect of reactants and go + NH, - & H + H,O PhCHO, 

OJ 0 

(68) 

reaction conditions on product yield it was shown that both the 
quhonimine 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 

PhCH=N 

NH PhCH=N 
(69) 

+ 'CHPh - / 

Pr-i 

was proposed, but was later revised 
recent form below. 

Pr-i 

(701 

and will be discussed in its more 
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The next extension of this study involved the use of amines as 
catalysts for cyclization l17. When retenequinonimine and benzalde- 
hyde react in the presence of n-butylamine, good yields of 2-phenyl- 
retenoxazolc (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. 

I n  order to test the first mechanism, amines which cannot form Schiff 
bases were employed. Triethylamine and piperidine gave excellent 
yields of 2-phenylretenoxazole wlde the weakcr base, pyridine, gave 
no oxazole. A mechanism closely related to the usual aldol condensa- 
tion was proposed (I3 = base). 

0 O H  
\CNoXPh 

C-N 
/ 

II II +HZ0 (97) __+ 

\/ 'C' 
0 \=/ 

c 0- 
- BH' 

L - I  c OH - I' 
' %!HPh N=CPh 

/ \  1 
NCHPh 

The irreversibility of the final step is well supported by earlier demon- 
stration of great difficulty in hydrolysis of the oxazole'l and accounts 
for the high yields of products. Reactions of phenanthrsrquinonimine 
showed similar results. 

The second possible reaction pathway for primary amines, i.e. 
preliminary reaction with the aldehyde to form a Schiff base, was also 
studied l18. 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 stcp 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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n-BuNH, 

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 made119. 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. 

\ \ 

,C=NH 

c=o c=o 
I +RCH,NH1 I H + NH, 

F - N C H R  

‘C-OH - 
/ 

C---NH 
II 

C--N=CHR ’ (71) 

The final step, involving the oxidation of intermediate 71, is interest- 
ing in that it requires a hydrogen acceptor. I n  fact, hydroquinone 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 120. 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 betwecn phenantliraquinonimine and methyienebismorpho- 
line wlGch 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, liydrobenzamide, may 
bc considered either a Scliff base or an alkylidenebisamine. Its reac- 
tion with retenequinonimine was re-examined and the mechanism 
proposed earlier'l 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 121. 

D. Brief Reports 

1. 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- 
diamines122. 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. 

(72) 

I R N - 0  NHR NHR 

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 
strortgly influenced by the substituent on nitrogen lZ3. 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 

0 0  + PhN=NPh + I [ (102) PhN 

0 0 0 6 1 P h N O  1 -  ljlPh 2390mp 

0 
(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. Thz 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 phenolslZ4. I t  was 

0 xbx - O b N e O H  + YCI (103) 

originally felt that very few phenols in which the para position was 
blocked (Y # H) would give the characteristic blue colour. However, 
two more recent studies have shown that a wide variety ofpara sub- 
stituents can be d i s p l a ~ e d ~ ~ ~ * ~ ~ ~ .  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) lZ7. 
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). 

6 Y 0 X 
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SH NCI 

Q 

4. Hydrolysis of 1,2-naphthoquinone-l-imine 
This appears to be the first report of quantitative data for imine 

hydrolysis 128. It was found that 1,2-naphthoquinone- I-imine was 
stable for several hours in 95y0 ethanol, but with more than 257' 
water rapid hydrolysis took place. It was observed that the correspoiid- 
ing benzimide was much more stable towards hydrolysis although it 
reacted with 95y0 ethanol to form an adduct. 
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of methanol on triazolinc formation 
310 

Catalytic paraineter 485 
C=C bond, additions 95-98 

cleavage, with amines 83 
photoaddition of N-nitrosamine 90 

C=C bond. see DISO Acetylenes and 
Alkynes 

of irninophosphoranes 102 
Chapman rearrangement 439-447 

additions 95-98 

intramolecular 440 
mechanism 440,441 
of imidates, acyl 445, 446 

alkyl 443, 444 
to diphenylamines 441 

Chelate intermediate 292 
Chlorimido acid esters, stereoisomers 

N-Chlorimincs, configurational as- 

N-p-Chlorobenzylidenc-n-hexylamine 

3-Chloro-6-diazocyclohesadienone 

402 

signment 400 
stereoisomers 400 

155 

713 
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Chloroform 301 
A'-Chloroketimines, rearrangements 

2-Chloro-4-nitrodiphenylsulphone, re- 

Chloro substituents, displacements 

N-Chlorovinylamidines 61 9 
Cinnolines, electrolytic reduction 

Circular dichroism 202 

45 1 

actions with nucleophiles 676 

328-331 

525-527 

of azomethines 181-231 
terms and definitions 203 

C-N bond, cycloaddition reactions 

formation, through ylids 98-103 
with carbonyl compounds 98 
with isocyanatcs 99, 100 
with nitroso compounds 100, 

299-326 

101 
infrared stretching frequency 2 
interchange 81-83 

ionic character 20 
nomenclature 466468 
quantum chemical aspects 6-37 
stretching frequencies 37 

of aromatic Schiff bases 164 

with amino compounds 81, 82 
with carbonyl compounds 82,83 

Co (11) compleses 245 
Co (111) complexes 246 
Complex formation, equilibrium con- 

Complexes, hydrogen-bonded 239 
stant 239 

inner 715 
of 2-aminobenzylideneiminc 248, 

of Co (11) 245 
of Co (111) 246 
of Cu (11) 247 
of glyosime 250, 251 
of 2-hydroxyacetophenonimine 

of Ni (11) 242 
o f P d  (11) 243 
of phenanthrenequinonemonoxime 

of salicylaldimine 240-248 
of salicylalcioxime 242 
of Zn (11) 243 
transition state, change in free 

energy 694 
with metals 239 

249 

248 

715 

Concerted reaction 300 
Concurchine 2 19 

Condensation reaction-see also C=O 
group, Coupling, Couplers, H y -  
drazones, and Schiff bases 

carbonyl-amino, mechanism 79 
diazonium salt-methylcne 91-95 
nitroso-methylene 83-85 
of aldehydes with amines 64-69 
or carbonyl groups with amidic 

of ketones with amines 64-69 
of o-quinonimines with aldehydes 

Configurational assignrncnts 394 
by n.m.r. correlation 388 

from infrared correlation 377 
of A'-chlorimines 400 
o fDNP 393 

of phenyl hydrazones 395 

amino groups 77 

666 

empirical 388 

Configurational stability, of N-per- 
fluoroalkylketimines 378 

Configuration interaction 25 
Configurations of oximcs, q n  and anti 

retention during Beckmann rc- 
arrangement 42 1 

Conformation of benzylidene anilines 

Conjugated molecules, linear 3 
Copper, as catalyst in ethyl diazo- 

acetate decomposition 303 
Correlation problem 25 
Cotton effect 203 
Coulomb integrals 1 1  

atomic, exchange type 27' 
one-centre 27 
two-centre 27 

molecular 26 
Coupler anion 687 

basicity, effect on reactivity 692 
Couplers 669-67 1 

active methylenc compounds 669 
benzisoxazolones 670 
indazolones 670 
methine type 671 
phenolic type 671 
pyrazolones 670 

elementary rate constants 691 
in study of mechanism of nuclm- 

philic reactions 687 
with anilincs 669 

70 

187, 188 

Coupling 669-672, 687-695 

leading to indoamine dyes 669 
leading to indoaniline dyes 669 

Cu (11) complexes 247 



Subject Index 78 1 

Cyanates 116 
Cyclization 587-590 

amines as catalysts for 722 
of amides 105, 106 

Cycloadditions, 1,3-dipolnr 299,6."-6, 

of carbon-nitrogen double bonds 

to alkenes 300 
to imines 300 

647 

299-326 

1,3-Cyclohexadiene 3 19 
Cyclohexanone, polarographic deter- 

minations 160 
pyrrolidine immonium salt 302 

N-Cyclohexylideneaniline, U.V. spec- 

N-Cyclohexylidene-n-butylamine 1 83 
N-Cyclohesylidenecyclohexylamine 

183 
Cyclopentadiene, addition with N- 

tosyl chloralimine 3 19 
N-Cyclopentylidene-n-butylamine 

tautomerism 207 
N-Cyclopentylidene-L-tyrosine e thy! 

ester 228 

Deamination 694 

imincs 668 

trum 187 

basic, of N,N-dialkylquinonedi- 

kinetics 680 
of quinonediimines 668 

rate of, salt effect on 678 
structural effect 681, 682 

of quinonemonoimines 668 
rate constants 684 
summary of reaction schemes 686, 

687 
Decarboxylation 92 

Decker alkylation method 259 
N-Decylidencdccylaminc 157 
Dehydrogenation of amines 117-120 
Diacylamines 604, 635-637 
N,N-Dialkylhydrazines, condensation, 

with aldehydes 73  

nitrosativc 86, 88, 92 

with ketones 73 
Diaziridines 300 
w-Diazoacetophenones 305 
Diazoalkanes 3 10-3 14 

coupling with diazonium salts 95 
electrolytic reduction 551 

conversion to azines 98 
reaction with nitroso compounds 

Diazocompounds 127 

101 

Diazoketones, photolytic decomposi- 

Diazomethane, reactions, with im- 

Diazonium salt-methylene condensa- 

Diazonium salts, coupling, with diazo- 

Dicarbene, conversion to allenes 303 
N, N-Dichloro-s-alkylamines, 

rearrangement to =-amino ketones 
450 

tion 305 

monium salts 303 
with 4-nitrophcnols 7 16 

tions 91-95 

alkanes 95 
with nitroalkanes 94 

Dichloroformoxime, formation 607 
Dichloromcthide anion, stereoselect- 

ivity of addition 302 
Diels-Alder reaction 299 

of quinondiimine 
of quinonimine 718, 719 

7 18, 7 19 

Dienes 3 19-32 1 
gem-Dihalides 8 1 
2,6-Dihalobenzoquinone chloroimide 

3,4-Dihydroisoquinoline 3 14 
Dihydropyridines 645 
a-Diketones 74 

/3-Diketones, reaction with hydrazinc 

y-Dikctones, reaction with hydrazine 

Dimerization 589, 590 
Dimcthylamine borane 283 
Dimethyl anilinomalcate, conversion 

to tetrahydropyridines 318 
2,3-Dimethyl-l,3-butadiene, addition 

with N-tosyl chloralimine 319 
Dimethyl formamide, diethyl acetal of 

322 
catalytic effect, on acid chloride 

725 

conversion to osazones 74 

72 

72 

formation 637 
N,N-Dimethylhydrazones 230, 23 1 
2.4-Dinitrophenylhydrazine method, 

azomethine analysis 156 
2,4-Dinitrophcnylhydrazones, config- 

urational assignments 393 
rates of s y n - m f i ;  isomerizations 395 
stereoisomers 393 

Diphenylamincs, from Chapman re- 
arrangement of imidates 441 

2,2-Diphenyl-2-anilino-l, 1,l -trichloro- 

Diphenyldiazomethanc 31 1 
Diphenylketiminc 236 

ethane 301 



782 Subject Index 

Diphenylmcthylene aniline 301 
1 ,5-DiphcnyltetrazoleY conversion to 

diphcnylnitrilimine 314 

2, 4, 5, 244 

formation 634 
1 ,5-Diphenyl-A2- 1,2,3-triazoline 3 10 
Dipole momcnts 
Displacements, of alkoxy groups 334- 

346 
of amino groups 349-351 
of chloro substituents 328-334 
of hydrogen 348, 349, 351 
of hydrosy group 351 
of thioalkoxy groups 346-348 

azo, formation 670, 679 
formation by displacement 67 1 
indarnine 669 
indoaniline 669 
indonaphthol 668 

Dycs 669 

Ehrlich-Sachs rcaction 83 
Electrochemical preparation of azo- 

Electrode potential 506 
Electrolytic oxidation-sce oxidation 

Electrolytic reaction, control of 507- 

methine compounds 517-533 

electrolytic 

513 
factors influencing 513, 514 

electrode material 514 
electrolytc 514 
p H  514 

electrolytic 
Electrolytic reduction-see Reduction, 

Electron affinities 16 
Electronegativity 13 
Electronic charge densities 12 
Electronic spectra 184 

of azomethincs, conjugated 188- 
191 

substituted 198-201 
unconjugated, aliphatic 183 

solvent effects 187, 197 
Electrons, lone pair 8 
p-Electrons, ‘equivalent,’ of nitrogen 

x Electrons 10 

u Electrons 31-36 
Electrosynthesis, optimal conditions 

Elimination reactions of imidoyl 

Enaminc 95, 96, 320 

atom 7 

of azomethine group 10-24 

515 

halides 623-626 

structure 167 

Enolic forms, fixation in thioamides 
107 

of aldchydes 80 
ofketones 80 

Epoxidation of alkcnes 304 
Equilibrium constants 470 

for complex formation 239 
Equilibrium for ‘semiquinone’ for- 

Eschweiler reaction 283, 284 
Ethane, bond lengths 3 
Ethyl acetimidate 3 15 
Ethyl 3-aziilinocinnamate 303 
N-Ethylbutylidenaminc 5 
N-(2-Ethylbutylidene)-2-ethylbutyl- 

2-E thy1 bu tylirnine 157 
Ethyldiazoacctatc, copper catalysed 

decomposition 303 
Ethylene, bond lcngths 3 
Ethylene oxide 302 
2-kthylhesylimine 157 
N-Ethylideneaniline 157 
Ethyliminc 157 

polymer 157 
Ethyl 2,4-pentadicnoate 320 
2-Ethyl- 1-piperideine 320 

Flow apparatus, for study of quinone- 

Fluorescence 177, 178 
N-Fluorimincs, sgn and anti isomers 

N-Fluoroamidofluorides, dehalogena- 

Formimidoyl chloride 65 1 
Fragmentation, of a-amino ketoximes 

of p-toluenc sulphonate esters of 

Fragmentation-recombination 423 
leading to Beckmsnn products 42 1 

Free-radical nitrosations 89 
Friedel-Crafts reactions 640, 643 
Fulminatcs, additions 114-1 16 

Gattcrmann aldehyde synthesis 650 
Gibbs reaction 725 
Glyosime complexes 250, 251 
Goeppert-Mayer and Sklar approxi- 

Grignard reagents, addition reactions 

niation 688 

amine 157 

diimine reactions 675 

400 

tion 608 

42 5 

ketoxirnes 428 

mations 27 

266-27 1 
four centre mechanism 269 
with isonitriles 112 



Subject 

Grignard reagents-conl. 
with nitriles 1 13 
convcrsion to anils 108 

Guanidines 322, 468 
electronic spectra 200, 201 
rearrangements 455 

Haliminrs 468 ~~ 

N-Halimincs, syn-nnfi isomerization 
399-402 

K-Haloamidcs. reaction with tri- 

A'-Haloguanidines, rearrangements 

a-Haloketones, conversion to hydra- 

Hamrnett parameters 483 
Hcat of atomization 5 
Heat of sublimation of carbon 
Hcterocyclic systems, from irnidoyl 

halides 642 
Hctcrodienes 32 1-323 
Hoesch ketonc synthesis 650 
Hoesch synthesis 113 
Huckcl method 10-18 
Huckcl molecular orbital theory re- 

Hund's rule 7 
Hybridcs, digonal 7 

phenylphosphine 652 

455 

zones and osazoncs 75 

5 

lated to quinoncdiimines 674 

tetrahedral 7 
trigonal 7 

Hybridization, of nitrogen atom 6- 

Hydrazidic chlorides 3 14 
10 

N-carbethoxy benzhydrazidic chlo- 

N-phenylbenzhydrazidic chloride 
ride 316 

315 
Hydrazidines 468 
Hydrazines, electrolytic oxidation 

532 

with @-diketones 72 
with y-diketones 72 

Hydrazones 82, 323,467 
acylatcd, electrolytic reduction 

conversion to azincs 82 
cyclic, acylated, clectrolytic re- 

formation from p-halo-ketones 

reactions, with carbonyl group 71 

543,554 

duction 546-550 

and hydrazine 72 
electrolytic reduction 543-544 
electronic spectra 199 
formation 81, 9!, 123 

Indcx 783 

Hydrazones-coni. 
formation by oxidation 120 

from azines 82 
from a-haloketones 75 
from hydrazinc 71 
from a-hydroxyketones 74 
from oximes 82 
via diazenes 127 

syn-anti isomcrization 392-399 
rcarrangemcnts 454,455 
substitutcd, formation from sub- 

thiobenzoyl hydrazones, electrolytic 

Hydrobenzamidc, as necessary inter- 
mcdintc in 2-phenylphenanthrox- 
azolc formation 72 1 

stituted liydrazincs 73 

reduction 550, 551 

Hydrogen ahstraction 590-592 
Hydrogcnation, catalytic 276-279 

of azomethine compounds, stereo- 

reactions 276-293 
chemistry- 285-293 

Hydrogcn bond 43 
Hydrogen-bonded compkxcs 239 
Hydrogen bonding 195, 196 

intramolecular 165 
Hydrogcn cyanidc. addition reactions 

256-258 
Hydrogcn displacements 348, 349, 

Ilydrogenolytic asymmctric transami- 

Hydrogen sulphide, addition reactions 

Hydrolysis, dependence on ste'ric and 
electronic features 630, 631 

35 1 

nation 289 

2 60-2 62 

of irnidoyl chlorides 629-631 
ofimines 726 
of iminolactones 493-501 
of nitrosophenol 715, 716 
of Schiff bases 468-492 

of A2 thiazolincs 501, 502 
Hydroxamic acids, alkyl 346 

electrolytic reduction 558, 559 
syn and anii isomers 403 

Hydrosimic acid chiorides 333, 334 
2-Hydroxyacetopherionimine com- 

4-Hydroxybenzaldoxime, icst for 150 
N- (m-Hydroxybenzy1idenc)aniline 

N-(o-Hydroxybcnzy1idenc)anilinc 

kinetic data 476 

plexes 248 

196 

196 
pliototropy 177 
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N- (P-Hydroxybenzy1idene)aniline 
196 

phototropy 178 
N-(o-Hydroxybenzy1idene)-j+ 

Hydroxy group, displacement 35 1 
a-Hydroxyimincs, rearrangements 

a-Hydroxyketones 74, 77 
Hydroxylamine method of azomethine 

Hydroxylamines, electrolytic oxida- 

Hypochlorite and phenol, test for 

Imidates 322, 468, 649 

naphthylamine, phototropy 177, 
178 

452, 454 
thermal 453 

analysis 157 

tion 532, 533 

Schiff bases 150 

acyl, Chapman rearrangement 

alkyl 334-345, 352, 353 

intermolecular 443 
thermal 443 

allyl, intramolccular mechanism of 
thermal rearrangement 444 

aryl, rearrangement to N-aroyl- 
diarylamine 439 

Chapman rearrangement to di- 
phenylamines 441 

conversion to I ,2,4-osadiazoles 3 17 
electrolytic reduction 538 
electronic spectra 20 I 
formation 80, 103, 109 

445, 446 

444 
rearrangement, Chapman 443, 

from imidoyl halides 631 
from rearrangement of benzi- 

midoyl benzoates 404 
syn-anti isomerization 402-405 

formation from imidoyl halides 
Imidazolcs 723 

621, 622 
Imides, formation by rearrangement 

Imidic acids 598 
Imidic csters-see Imidates 
Imidoates-see Imidates 
Imidocarbonatcs, rcarrangcments 

Imidothio esters, electrolytic reduction 

Imidoyl halides 597-656 
as reactive intermediates 647-656 
bromides 600 

of benzimidoyl benzoates 445 

447 

538 

Imidoyl halides-cutit. 
chlorides 319, 323, 328-333, 600 

tronic features 630, 631 
elimination reactions 623-626 
fluorides 600 
Friedel-Crafts reactions 640, 641 
geometrical isomerism 6 17,6 18 
halide exchange 629 
hydrolysis 629-63 1 
infrared spectra 61 5-6 17 
in heterocyclic synthesis 642-647 
mechanism of formation 605 
nomenclature 599 

N-bcnzenesulphon ylbenzimidoyl 

N-(t-butyl) benzimidoyl fluoride 

N-(n-butyl)-2-ethylhexanimidoyl 

chloroisonitrosoacctone 599 
1,3,3,4,5,6,7-hcptachloroiso- 

N-methylbenzimidoyl chloride 

N-phenylbenzimidoyl chloride 

N-phenyltrichloroacetimidoy 1 

A'- (p-tolyl) isobu tyrimidoyl 

2,3,3-trichloro-l-piperideine 599 
nucleophilic substitution 628 
N-phenylbcnzimidoyl chloride 600 
physical properties 614-618 
preparation 601-613 

hydrolysis 629-63 1 
dependence on steric and elec- 

chloride 599 

599 

chloride 599 

indolenine 599 

599 

599 

chloridc 599 

chloride 599 

from amidcs 601-606 
from amidohalidcs 607. 608 
from diazotates 6 I3 
from difluoroamine 6 I 3  
from imidates 6 12 
from isonitriles 608, 609 
from isothiocyanates 613 
from kctcnimines 613 
from nitrilcs 609-6 1 1 
from oximes G 13 
from thioamides 613 
from trichloroacctamides 6 13 
from trichloronitrosomethane 

reactions, with alcohols 631, 632 
613 

with amidines 633 
with amines 632 
with carbanion reagents 638-640 
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Imidoyl halides-cotit. 
reactions, 

with carboxylic acids 635-637 
with hydrazines 634 
with hydrazoic acid 634 
with hydrogen cyanide 635 
with hydrogcn sulphide 637,638 
with hydroxylamines 633 
with phenols 
with phosphiles 638 
with thioacids 637, 638 
with thiols 637, 638 
with urcthitncs 633 

reduction 627, 628 
salt formation 626, 627 
self condensation 
structure 6 14 
substitution at thc a,-carbon atom 

Tmidyl azides, rcarrangemcnt to car- 
bodiimides 454 

Imidyl chlorides-see Imidoyl halidcs 
Iminazoles-see Imidazoles 
Jmines 108, 467 

N-alkyl 316 
N-aryl 316 

. azomethine 316, 317 
chrysenequinone imine 3 18 
cycloadditions 300 
formation, from amines 119 

63 1 , 632 

6 18, 6 19 

64 1 

from iminophosphoranes 98 
from ketones 67 

group theorctical treatment 45 
hexaflioroacctone imine 31 3 
hydrolysis 726 
interchange, to form nitrones 82 

with carbonyl compounds 8 2  
of anthrone 7 16 
ozonolysis 3 18 
phenantliraquinone imine 3 18 
preparation, by addition of Grig- 

stability 300 
Iminiumion 437 
as insertion product 437 

I minocarbonates isomcrization, syn- 

rates of 402 

nard reagents to nitriles 112 

anti 402-405 

Imino chlorides-see Imidoyl halides 
Imino ethers-see Imidates 
Imino group, anisotropy effect of 

phenylimino group 382 
Iminolactones, hydrolysis 493-501 
Iminophosgcnrs--see Isonitrile diha- 

lides 

Iminophosphorancs 99 
addition to triple bond 102 
conversion, to carbodiimides 102 

to Schiff bases and imines 98 
Imino sulphonates 319 
Iminothiocarbonates, isomcriza tion 

Immonium salts 1 14 
404 

formation 83, 103, 119, 122 
reaction with diazomcthane 303 

Indazolones, as couplcrs 670 
Indicator yellow 194 
Infrared corrclations, for configura- 

Infrared spectra, in analysis 162- 

tional assignments 377 

170 

empirical 377 

of aldimincs 163-IS7 
of imidoyl halides 6 15-6 17 

Infrared stretching frequency of C=N 

Inscrtion product, iminium ion 

Interatomic distances 2 
Intermediates 690 

bond 2 

43 7 

in quinonediimine-sulphite reaction 
695 

protonated, in sulphonation of N,N- 
dimethylquinonediiminc 

Intermolecularity, during Beckmann 

Internuclear distances 2-4 
Intramolecular hydrogen bonding- 

sce Hydrogen bonding 
Ionic character, of C=N bond 
Ionization potentials of valence state 

16 
N-Isobutylbutylidenamine 5 
Isocyanates 99 

698 

rearrangement 42 1 

20 

acyl 322 
addition reactions 114-1 16 
phenylisocyanate rcaction with ni- 

reactions with imines 309 
thioacyl 322 
thiobenzoyl 323 

Isoimides 635-637 
Isomerism, gcometrical, of azome- 

thines 207 
of imidoylhalides 617, 618 
of oximes 228-230 

troalkanes 3 17 

in osimes, x-ray diffraction studies 
385 

syn-anti 167 
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Lsomcrization, cis-tram 574582 
of iminocarbonates 404 
of iminothiocarbonates 404 
photochemical, of osime ethers 392 

photo-, of N-benzylideneanilinc 

rate, cffcct of substitucnts OR 

of iminocarbonatcs 402 

of aldimincs, N-alkyl 364-373 
N-aryl 364-373 

of azincs 392-399 
of N-halimines 399402 
of hydrazones 392-399 
of imidatcs 402-405 
of iminocarbonates 402-405 
of ketimines. N-alkyl 373-383 

N-aryl 373-383 
of oximc ethers 383-392 
of oximes 383-392 
rate, effect ofsubstitucnts on 369 

ofDNP's 396 

of oxinies 390 

367 

381 
377, 

syn-anti, mechanisms 405-408 

thermal, of oxime ethers 392 
ofoximcs 390 

81 
Isomers, syn-anli, of azomethines 66, 

of N-fl uorimines 400 
of hydroxamic acids 403 

addition 113, 114 
conversion to imidoyl halides 608, 

dihalides 609 
reaction with Grignard reagents 

Isonitriles 467 

609 

I13 
Isooctopine 289 
N-Isopropylbntylidenamine 5 
N-Isopropylideneisopropylaminc 157 
Isoquinoline 3 16 
Isorhodopsin 194 
Isothiocyanates, electrolytic reduction 

Isothioureas 468 

Isoureas 468 

540 
phenylisothiocyanate 309 

s-alkyl 347, 348 

o-alkyl 345, 346 

JappKlingemann reaction 92, 91 

Ketals, reaction with amino groups 
79 

Ketene diaminals, addition to N- 
arenesulphonyl benzaldiminc 
309 

Ketene dimcrs, reaction with imixics 
305 

Ketcnes, alkyl 305 
p-chlorophenyl ketcne 306 
conversion to 8-lactams 305 
N, N-diacylaminokctenes, formation 

cliphenyl- 305 
moiioaryl 305 
p-nitrophenylkctenc 306 
phenylkctene 306 

Ketenimines, formation 6 19 
from N-alkylamidcs 123 
from azo compounds 129 
from imidoyl halides 623, 624 
from isocyanates 100 
from ketenes 98 
from phosphoranes 102 

Ketimincs 70, 82, 351, 352 
N-alkyl, syn-anti isomerization 

N-aryl, syn-anti isomerization 373- 

N-chloroketimines, rearrangements 

double, infrared spectra 169 
N-perf3 uoroalkyl, configurational 

potentiometric titration 155 
reaction with nitrile oxides 318 

Ketoketenes, cycloaddition 305 
Ketoncs 82 

307 

773-383 

383 

45 1 

stability 378 

condensatitma, wiih amines 64-69 
with N, N-dialkylhydrazines 

73 
conversion, to Schiff bases and 

imines 98 

,%diketones 70 
enolic forms 80 
Hoesch synthesis 650 
sterically hindered, azomethines of 

ap-unsaturated 66, 70 

to scmicarbazones 74 

82 

Ketoses 74 
Ketoximes, a-amino, Beckmann frag- 

#-toluene sulphonate esters, frag- 

Kinetic data, for hydrolysis of Schiff 

Kinetics, of dcamination 680 

mentation 425-428 

mentation 428 

bases 476 



Subject 

Krohnkc reaction 85, 101 
k s 4 -  versus total phosphatc 696 

fl-Lactams, formation from ketcnes 
305 

3-monosubstituted 305 
Leuckart reaction 283 
Lewis acids 709 
Lewis base 235 
Lithium aluminium hydride 28 I 
Lithium dichloromcthanc 302 
Lithium, metallic, addition reactions 

272, 273 

Magnesium-magnesium iodide mis- 

Maleic anhydride, addition reactions 
ture 273 

266 
Mass spectrornctric method of analysis 

170-175 
Melamine, C=N bond length 3 
(-)-Menthone oxinic 230 
Mercaptoindophenol, attempted prep- 

Mesoionic oxazolones 307 
iMetal chelate, intermediate cyclic 

compound 2 8 i  
Metal complexes 44, 239 
Metarhodopsin I 194 
Metarhodopsin I1 193 
Methane-sulphinic acid 314 
Methanol, catalytic effect on tria- 

Methine couplers 671 
(-)-Mcthone oximc acctate 230 
N-pMethoxybenzylidine-benzylaminc 

N4-#-Methoxybcnzylidene-sulphathia- 

N-p-Methoxychlorobenzylidene- 

N-Methyl-a-amino acid 282 
4-Methyl-4-azaandro-5-cn- 1 7-/3-01- 

N-Methylbenzaldimine 31 7 
a-Methylbenzylimine 157 
( + )-3-Methylcyclopentanone 205 
Methylenebismorpholinc, rcaction 

with retencquinonimine 723 
Methylene compounds as couplers 

669 
a-Methylmercaptobenzalaniline 307 
N-Methyimethylenimine 5 
( +)-1-Methyl-3-phenylpropyla~ne 

aration 725 

zoline formation 3 I0 

155 

zole 155 

benzylamine 155 

acetate 218 

22 1 

Index 787 

Microscopic identification of azo- 

MO-LCAG calculations 582 
Molecular amplitude 205 
Molccular corc integrals 26 
Molecular ellipticity 202 
Molecular integrals, Coulomb 26 

Molecular orbital discussion of nitro- 
sophenol quinoncmonoxime 
tautomeric equilibrium 7 16, 
717 

methincs 150 

exchange 26 

Molecular rotation 202 

Neber rearrangement 447-452 

N-Neopentylidcnc-alkylamines 183 
N-Neopentylidene-s-butylamine 207 
Ni (11) complexes 242 
Nitrcnes, addition to unsaturated. 

mechanism 448450 

cenircs 299 
inkxlediatcs, rearrangements 

though 126-128 
Nitrile imines 646 
Nitrile oxides 114-1 16,317, 318,646 

acetonitrile oxide 3 17 
aromatic 318 
propionitrile oxidc 3 17 

addition 108 

cyclization, quinonimines as inter- 

interaction with hydrogen halides 

reaction with acyl halides 61 1 

1,3-dipolar cycloadditions 625 

C-carbethoxy-N-phenyl- 3 15 
diphenyl, formation, from 1,s- 

from the hydrazidic chloride 314 

Nitrilcs 300 

of Grignard reagent 112 

mediates 719, 720 

600, 609-6 1 1 , 649-652 
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