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Foreword 

Over twenty years have passed since the appearance of Migrdichian’s 
treatise on cyano compounds. During these decades many new 
developments have emerged such as the new area of ‘cyanocarl~on 
chemistry’ or the complex formation by cyano and polycyano com- 
Founds, slid extensive mechanistic knowledge regarding the  re- 
actions and behaviour of cyano compounds accumulated. While 
some of the new topics have been briefly reviewed elsewhere it was 
felt that the publication of a comprehensive volume covering most of 
the new aspects of the chemjstry of the cyano group would now be 
justified, and  I hope that this volume fulfills such expectations. 

As in the other books of the series ‘The Chemistry of Functional 
Groups’ the authors were asked not to present an encyclopaedic 
coverage of all known reactions and compounds, but to  emphasize 
mechanistic aspects and recent advances in the field. Somewhat 
exceptional is the detailed chapter on ‘Cyanocarbon and polycyano 
compounds’ which gives almosL all the information available on this 
fascinating class of compounds. 

T h e  editor is glad that all the invited chapters materialized and 
believes that  the slight postponement of the publishing date caused 
by the late arrival of several chapters was well worth the delay. 

I acknowledge with great pleasure the advice and the cooperation 
of Professor Saul Patai of the Hebrew University. Thanks are also 
due to Professor Lcnnart Eberson of the University of Lund who read 
and commented on several of the chapters, as well as to  the editorial 
and  production staff of the publisher for their help in the production 
of the book. 

Jerusalem, January 1970. Zvr RAPPOPORT 
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The Chemistry ofthe Functional Groups 
Preface to the series 

‘I’he series ‘The Chemistry of the Functional Groups’ is planned to 
cover in  each volume all aspects of the chemistry of one of the impor- 
tant functional groups in organic chemistry. The emphasis is laid on 
the functional group treated and on the effccts which it exerts on the 
chemical and physical properties, primarily in the immediate vicinity 
of the group in question, and secondarily on the behaviour of the 
whole molecule. For instance, the volume The Cl~emistry 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 o r  aryl groups connected to the ether oxygen. It is the purpose 
of the volume to give a complete coverage of all properties and 
reactions of ethers in as far as these depend on the presence of the 
cther group, but the primary subject matter is not the whole molecule, 
but the C-0-C functional group. 

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

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

reasoxable coverage with moderate overlap, with a minimum 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 chaptcrs, 

T h e  general plan of each volumc 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 moleculc, 
or by introducing the new group dircctly or indirectly. 

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

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

(c) Special topics which do not fit any of thc abovc scctions, such 
as photochemistry, radiation chemistry, biochcmical formations and 
reactions. Dcpending on the nature of each functional group treated, 
these spccial topics may include short monographs on related func- 
tional groups on which no separate volume is p!anned (e.g. a cliaptcr 
on ‘Thioketones’ is included in the volume T h e  Chemistry OJ the 
Carbonyl Group, and a chapter on ‘Ketcnes’ is included in the volume 
T h e  Chemistry of Alkenes) . I n  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 cliaptcr as c.g. ‘Poly- 
cthcrs’ in T h e  Chemistry of The Ether Linkage, or  ‘Tctraaminoctliylencs’ 
in T h e  Chemistry o f  the Amino  Group. 

This plan entails that the breadth, depth and thought-provoking 
nature of each chaptcr will differ with the vicws and inclinations of 
the author and the presentation will nccessarily lie somcwliat unevcn. 
Moreover, a serious problem is caused by autliors who deliver their 
manuscript late or not a t  all. In  order to overcome this problem at 
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least to some extent, it was decided to publish certain volumes in 
several parts, without giving consideration to the originally planned 
logical order of the chapters. I f  after the appearance of the originally 
planned parts ofa 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 a n  additional part, this will be 
done as soon as possible. 

The  overall plan of the volumes in the series ‘The Chemistry of the 
Functional Groups’ includes the titles listed below : 

B 
The Chemistry of the Alkenes (published in two volumes) 
The Chemistry of the Carbonyl Group (Volume 1 published, Volume 2 in 

The Chemistry o f  the Ether Linkage (published) 
The Chemistry o f  the Amino Group (published) 
The Chemistry o f  the Nitro and Nitroso Group (published in t w o  parts) 
The Chetnistiy o f  Carbo+rylic Acids and Esters (published) 
The Chemistry of the Carbon-Nitrogen Double Bond (published) 
The Chemistry o f  the Cyano Group (published) 
The Chemistry o f  the Amides ( in  press) 
The Chemistry o f  the Carbon-Halogen Bond 
Tlie Cheniistrly o f  the HydToxyl G T O U ~  (published) 
The Chemistry o f  the Carbon-Carbon 7’rij.de Bond 
The Chemistry of the Azido Group (in preparation) 
The Chemistry o f  Imidoates and ilmidines 
The Chemistry o f  the Thiol Groti) 
The Chemistry o f  the Hydmzo, Azo and Azoxy Groups 
The Chemistry o f  Carbonyl Halides (in preparation) 
The Chemistry o f  the SO, SO,, -SO,I-I and -SO,H Groups 
The Chemistry o f  the -OCN, -NCO and -SCN Groups 
The Chemistry o f  the --PO,H, and Related Grou/u 

preparation) 

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

T h e  publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and 
advise me. The  efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but un- 
fortunately their code of ethics does not allow me to thank them by 
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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, 
Jerusalem, ISRAEL 

SAUL PATAI 
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1. INTRODUCTION 

I t  is clearly impossible to review the field of theoretical chemistry 
in one chapter, even if it is a long one. Therefore, it has been decided 
to concentrate on a few points. An introduction is given in which a 
sketch is presented of two dominant theories of the last 40 years 
and a step by step development of the molecular-orbital theory is 
briefly exposed. A second section is devoted to the most promising 
avenue available today, namely, the multiconfiguration self- 
consistent-field theory. Perhaps the impatient reader should only 
concentrate on the chemical implications following equation (22). 
T h e  third and fourth sections arc added to give the basis of a popu- 
larized version of electronic density and energy in molecules. The 
fifth, sixth and seventh sections are devoted to the correlation energy 
problem. After the reader will have suffered through such sections, 
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2 E. Clenicnti 

it is hoped he will be in  a position to feel confident in ‘guessing’ the 
correlation energy of any molecule in which he is interested. 

A final section is added with direct reference to the -CN group. 
With this in mind, we can start, after offering an  apologyfor planning 
to confront the organic chemist with many equations. This is done 
not because of any sadistic feeling, but because the author is con- 
vinced that:  (a )  theoretical chemistry has made finally those steps 
which allows i t  to be a predictive tool, ( b )  that  there is a great need 
of more exchange between those of us who use theory and those of 
us who work mostly in a laboratory. The  chemistry of tomorrow 
will certainly be less and less the empirical science that we know 
today, and  to achieve this goal, theory and experiment should 
intermix more and more. 

Whereas i t  is pointless to remind ourselves that  molecules are 
built u p  of atoms, there are still divergent opinions among us 
chemists concerning the extent of the usefulness in formulating 
theory whereby a molecule is assumed from the start to be built 
from a set of atoms or ions (of course somewhat deformed in thcir 
electronic structure). 

Paulingl in the early thirties did very much with the basic 
assumption that it is worthwhile to retain the electronic structure 
of the atoms as the starting point in the electronic structure of 
molecules. Pauling’s theory is referred to as the valence-bond 
approximation. An x-ray analysis of a chemical compound seems 
to be the clearest proof that indeed this is the best conceptual 
approach. 

On the opposite side, Mullikenz and his school immediately 
reject the necessity of the above starting point by introducing from 
the onset the concept of ‘molecular orbitals’, i.e. of electrons which 
share the space around not a single nucleus, bu t  as many as energeti- 
cally convenient. 

Attempts to put  together the two points of view have been made 
frequently. For example, onc can go back to Mofitt’s ‘atoms in 
molecules’ technique3. 

Others attempted to define the range in which one approach is 
better than the other. Here we refer, for example, to Kotani’s 
an alysis4. 

Clearly, an  appropriate extension of Pauling’s viewpoint (not 
existing today) and prcsently available extensions of the ‘molecular 
orbital’ approximation should give identical results. We refer to 
Coulson’s book5 on this subject (but  i t  must be pointed out  that 



1. Electronic Structure in Moleculcs, Especially in Cyano Compounds 

Coulson’s work was written prior to much work in the field of 
theoretical chemistry in  the last decade and, therefore, does not 
represent an  up-to-date analysis). 

I n  order not to give a n  incorrect representation of the ‘molecular 
orbital’ approximation, it must be emphasized that this model does 
not claim that one should disregard completely the parent atoms in  a 
given molecule, but rather that  one does not have to d o  so; that the 
molecular orbitals will go naturally to atomic orbitals as the 
molecule dissociates. T h e  main point is that most of the electronic 
structure of the separated atoms is so drastically changed by the 
time we are at the equilibrium configuration geometry, that it is 
more of a hindrance than a help to consider the separated atoms 
and their concomitant deformation when we study a molecule. 

The  concept of heavy distortion in the electronic cloud when one 
proceeds from the separated atoms to the molecule is very well 
within chemical tradition. Indeed, much before quantum theory 
chemists assumed (and correctly) that, for example, the carbon 
atom has several ways to bind corresponding to different arrange- 
ments of the surrounding atoms; thus, the concept of trigonal and  
tetragonal structures. Today we would rather speak of ‘valence 
states’, but this is no more than remembering that, in a given external 
field, the valence electrons (in particular) and the inner-shell 
electrons (to a smaller degree) of a particular atom experience, 
not only a central field of force alone, but the external field as well. 

The valence-bond approximation is progressively losing its 
impact, particularly in  theoretical chemistry and somewhat more 
slowly in chemistry in general. It is becoming more and more 
apparent that with it, any ‘all-electron’ treatment of a moderately 
complex molecule is unfeasible, even with modern high-speed 
computers. I n  addition, a full valence-bond treatment, which 
considers all the electrons of a molecule, introduces unreasonably 
highly positive and negative ions of dubious physical meaning. (For 
example, a valence-bond treatment of benzene will use a large 
number of structures, including C+, C2+, C3+, C-, C2-, C3-, etc.) 
Its appeal remains in its basic simplicity and in having brought 
about the concept of resonating structures, which remains a basic 
concept in theoretical interpretations of chemistry (however, this 
concept is not a necessary one). 

The molecular-orbital theory has the advantage of being con- 
ceptually based on atomic theory, with techniques that can b e  
tested for atoms. I t  is important to note that an electronic theory 

3 



4 E. Clcmenti 

of molecules should in principle and in practice be applicable to 
the limiting case of a single atom. Electrons do not change nature 
going from atoms to molecules, and the same should hold for any 
model which describes the electronic structure either of atoms or of 
molecules. 

We shall not elaborate furthcr on the above differences between 
the two starting points. FVe simply wish to remind the reader of 
some historical evolution in theoretical chemistry. Nor shall we 
claim that one technique is correct and the other is incorrect, since, 
in principle, one can have the same results from both. Pragmatically, 
we shall devote our attention to the molecular-orbital approach 
and  its improved assumptions, since via such a technique we can 
today perform computations of increasing sophistication, to the 
point that we can quantitatively predict some of the chemistry 
and understand some more of it. 

 sthe he tical' considerations, namely economy in the number of 
basic assumptions, very much influence the author’s choice and in 
addition it is frankly a,dmitted to the reader that the author has a 
biased preference toward the molecular-orbital point of view. 

Rather dogmatically, and in part for sake of brevity, a start is 
made by stating that the Schrodinger equation, foundation of 
today’s quantum mechanics, is good enough for chemistry. It can 
also be stated, but in a somewhat more guarded way, that today’s 
understanding of relativistic quantum electron dynamics is good 
enough for chemistry. From this it follows that it is worthwhile to 
attempt a solution of the Schrodinger equation. As known, this is 
the problem; a problem not too much of principle, but very much 
of practice, of substantial numerical difficulty for the parts and of 
extreme numerical difficulties for the whole. Therefore, let us make 
simplifying assumptions in a step-like fashion and let us first solve 
the larger part of the problem and then let us go to smaller and 
smaller details. T h e  good sense and logic of the approach seem to 
be commendable. However, as we shall see later, this approach 
required a large amount of work, indeed several decades of hard 
work, to reach a stage with which the chemist should be most 
dissatisfied since, in general, no quantitative agreement with experi- 
mental data was obtained. Therefore, since the chemist is an 
eminently empirical scientist, continuous effort took place toward 
finding shortcuts, regardless of the basic theoretical validity of such 
attempts. Lately, another factor appeared, namely the electronic 
computer (and the cost of computations!). Here again the shortcuts 
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were and are introduced on the ground that theory ‘must be cheap 
to be good’*. 

Other techniques have been proposed in addition to the valence- 
bond and the molecular-orbital approximation. Of special interest 
are  those computational techniques which can be applied to 
molecular systems with few electrons. For example, Kolos and 
coworkersG have obtained very accurate wave functions for a number 
of electronic states in the H2 molecule at many internuclear distances. 
Kolos’ computer program can definitely not only supplement b u t  
compete with most sophisticated spectrographs. The  resolution of 
his program is within fractions of a wave number and the use of 
the program presents so little dificulty as to be correctly handled 
by any ‘teclinician’. The  results of Kolos and coworkers provide a 
concrete, although partial, example of what one wishes to obtain 
from theoretical chemistry. However, most molecules liave more 
than two electrons and exact wave functions are at present not easily 
obtainable. Nevertheless, a number of important steps have been 
made and there is good reason for optimism in the fdture. 

Some of the steps which have been taken will be outlined, together 
with their accomplishments and limitations. 

A pleasant characteristic of the rnolecular-orbital theory is that  
each progressive improvement, or step, has a natural physical 
explanation. Rather arbitrarily we shall present the molecular- 
orbital theory as a five-step evolution. 

The  jirst steg is the LCAO-MO approximation. There are actually 
two approximations in the above step : the first is the MO approxima- 
tion, the second is the LCAO approximation of an h f o .  As known, the 
short notation LCAO-MO stands for ‘linear conibination of atomic 
orbitals-molecular orbitals’. 

The  MO is a one-electron function which is factored into a spatial 
component and a spin component. The expression ‘one-electron 
function’ means that only the coordinates of one electron are  
explicitly used in  a given MO. This factorization into spatial and spin 

* Whereas there is no doubt that technology should be related to economy, nevertlie- 
less, one should be careful in accepting the rule which attempts to appraisc the value of 
knowledge only or predominantly in terms of cost. The justification for such comments 
in this thcoretical exposition of the electronic structure in molecules is prompted by the 
existence of n belief current among chemibts which is very insensitive to the last two 
generations efforts in theorctical chcmistry and which would not mind eliminating its 
support, paradoxically, now, when preliminary and solid cvidcnces are finally available 
that computational chemistry is developing into a practical tool of enormous consequence 
for future chemistry. 
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components is permissible, since generally one uses a Hamiltonian 
which does not explicitly contain spin-dependent terms. The  MO’S 

are the exact analogue of the atomic orbitals which describe the 
electrons in a n  atom to a first approximation. Indeed, one can read 
several chapters of the classical works of Condon and Shortely’, 
replace the word ‘AO’ with the word ‘MO’ and one will then read a 
book on molecular physics instead of atomic physics. 

This situation has some important consequences : namely, a large 
amount of testing and  development for molecular wave function 
techniques can be done with atoms. For this reason atomic and 
molecular examples are freely mixed in the following sections of 
this review. 

If the molecule contains 2n electrons (let us consider a closed- 
shell case for simplicity), the MO approximation will distribute the 
electrons in 2n molecular orbitals cpl, vz, . . . Since there are 
two possible spin orientations ( K  and #? spins), a space distribution 
function has either spin 0: or  ,9 and, therefore, the 2n-electron system 
is described by n space functions and 2n spin orbitals. Thus cpl and 
vPz will have the same space distribution (will depend on the 
coordinates of one electron alone), but, in  accordance with the 
Pauli exclusion principle, will have different spin functions. I t  is 
stresscd that the one-electron modcl is justified only because it 
simplifies the treatment. Indeed, in the very beginning of quantum 
theory, Hylleraas introduced a wave function for the He atom in 
which one orbital is described in terms of the coordinates of both 
electrons. 

The  total wave function Y! of the 211-electron system is then 

I *  9 7 d )  * - - ven(2n) 
wherc the number between parentheses indicates a given electron. 
This determinant wave function guarantees that any interchange 
of two electrons (i a n d j )  brings about a sign change in  the wave 
function. This is the Pauli constraint for fermions. The  energy for 
such a system is given by the relation 

E = (Y*i H lY )  
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wherc the Hamiltonian H is 

T h e  first term is the kinetic operator for the ith electron, the second 
term is the potential operator between the ith clectron and the nth 
nucleus (with charge ZJ, the third term is the electron-electron 
potential between the ith and  the j t h  electrons at  a distance 
r . .  23 = ri - r j  and finally thc last term is the nucleus-nucleus 
potential with Rab the distance between thc nth and  bth nucleus of 
respective charges Z, and Z,. 

The first and second terms are  subsequently referred to as the 
one-electron Hamiltonian and  will be indicated as h,. The total 
encrgy for such a determinant was given by Slater, and it is 

E = 2 2 hi + (2Ji j  - Kij)  + Elyly 
1 i j  

wherc 
h i  = ( ~ i * l  h, l ~ i >  

J i j  =   pi( 1 )  "qj(2) * I  r12-' lVi( l ) v j ( 2 )  ) 
Kij = < ~ i (  1 )  * q j ( 2 )  *I r12-I l V i ( 2 ) v j ( l ) )  

ab 

As known, J and K are usually refcrred to as Coulomb and exchange 
terms, respcctively. T h e  above equation can be rewrittcn as 

E = 2 (2& + J,i) + 2 ( 2 4 ,  - K,j) + E,, 
I i > j  

= 2 Ti + 2 p i j  + &I,V 
2 i > j  

where T~ E 2/zi + Jii and p i j  = ( 2 J Z j  - K z j ) .  
What form should the MO have ? Clearly, the molecular orbitals 

are subjectcd to symmetry constraints (as in the casc of atomic 
orbitals) and  any molecular orbital will transform as an irreducible 
rcpresentation of the molecular symmetry group. This statement, 
however, is not a sufficient one; indeed i t  tells us mainly how the 
molccular orbital should not be. I n  principle we could insist on the 
analogy betwecn atomic one-electron fimctions and molecular 
one-elcctron functions and 'tabulate' the MO in a way analogous to 
the mcthod of Hartree and Fock in the 1930's. This would ensure 
that we have the best possible molecular orbitals. I t  is noted that 



8 E. Clemcnti 

numerical Hartree-Fock functioiis for diatomic molecules are  a 
somewhat tempting possibility; this, however, has not seriously 
been explored at the present. 

Nevertheless, chemistry is concerned with more than only diatomic 
molecules. An answer is provided by the LCAO approximation, in 
which the MO’S are built up as linear combinations of atomic functions. 
We refer to Mulliken’s classical series of papers for the early develop- 
ment and application of the LCAO-MO approximation2. 

T h e  second stel in the evolution of quantum theory is the intro- 
duction of self-consistency. Again, the physical model is provided 
by atomic physics, namely by  the Hartree-Fock model. The LCAO 

approximation to the MO requires the best possible linear combina- 
tion: this is what one intends for self-consistency. A good review 
paper on this subject is the one by Roothaan8. There the self- 
consistent-field technique in the LCAO -bfo approximation (SCF LCAO- 

MO) is systematically exposed for the closed-shell case. 
Up to now we are strictly in the one-electron approximation. 

The  electrons interact among themselves only via the average 
field and the MO has no explicit electron-electron parameter. 
Fortunately, the Pauli principle keeps electrons with parallel spin 
(in different MO’S) away from each other, but i t  has nothing to ofyer 
to electrons with antiparallel spin in the same MO. The full catastrophe 
might be appreciated by recalling that in the SCF LCAO-MO approxi- 
mation, two fluorine atoms arc incapable of giving molecular 
bonding when brought together; i.e. the SCF LCAO-MO does not 
recognize the existence of the F, molecule9. O f  course, it does not 
require a computation of F2 to realize this point. For example, 
when Roothaan’s work appeared ( 1950) , another less familiar 
paper was written by Fock’O, to a large degree solving the problem 
and introducing the concept of two-electron molecular functions 
or Lgeminalsy, as they are called today. At the same time Lennard- 
Jones and collaborators11 put  forward a classical series of papers in  
which part  of the correlation problem was tentatively ~olvcd,  bu t  
a t  the expense of drastic orthogonality restrictions. For a variety 
of reasons, neither of the two avenues was numerically explored and  
in the meantime a third possibility slo~vly emcrged. 

proposcd the possibility of using 
not only one determinant, bu t  as many as necded. ‘This tcchnique 
is known as the configuration interaction or superposition of 
configuration technique ; since the first designation is more common, 
i t  will be adopted hereafter (CI for short). 

Ilylleraas12, and later 
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Let us consider, for example, the case of the beryllium atom in its 
ground state. Considering atoms instead of molecules is appropriate, 
since we are really considering electrons. ‘The electronic configuration 
is ls22s2 and therefore the Hartree-Fock fhct ion Yo is 

Is(1) 142) ls(3) ls(4) 

ls(1) c(2) T ( 3 )  ls(4) 

241) 2s(2) 2s(3) 2s(4) 

- - 

- 
241) 5 4 2 )  5(3) Z ( 4 )  

(where the bar designates ,Cl spin). 
Let us consider the following functions 

Yl = {ls(l)c(2)2p(3)%(4)) 

Y2 = {2~(1)%(2)2p(3)@(4)} 

and having ensured that each Y has IS symmetry, let us build the 
following functions 

(2) 

By optimizing the orbitals in each function and by variationally 
selecting the CI coefficients a,, a,, a2,  . . . we shall have a solution 
necessarily as good as, or better than, Yo, and if the series of the 
above equations is sufficiently long, then we shall reach an  exact 
solution. The only trouble is that the necessary series is too long. The 
slow convergence of the series is due to the fact that in most cases 
one insists on using a 1s orthogonal to the 2s and to the 3s, a 2p 
orthogonal to the 3p, etc., with 2p, 3p, 3s functions overlapping very 
little the Is and 2s functions. If the added functions overlap very 
little, they will interact very little and correlate equivalently. 

However, let us assume that when we construct Yo we construct 
‘Ply Y2,  etc., at the same time, and we do not insist on the best possible 
‘To, but on the best possible Y; then the variational principle, 
used simultaneously on both the a’s (the CI coefficients) and the 
q,?s (the atomic orbitals), will ensure that the ‘Pi will overlap as 
much as possible. This is accomplished in the mdticonjgurution 
SCF LCAO-MO technique (MC SCF LCAO-MO), the third step. Before 
entering into the details of the MC SCF LCAO-MO theory, let us briefly 
mention the fourth and fifth steps. 

r = a,~, + a l ~ ~ y ,  + a : ~ 2  + . - - 
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A fourth step in the molecular-orbital theory is the inclusion of 
relativistic effects. There is little work done in this area at present 
(and this is not only true for molecular functions, but for atomic 
functions as well). Recent advances in organometallic chemistry, 
with heavy metals as constituents, demand a relativistic interpreta- 
tion of the electronic structure. Even in molecules containing low 
2 atoms, the importance of spin-orbit effects in transition intensities 
is demanding more studies and computations in this area. I t  is 
gratifying to note that a simple perturbation treatment on atoms 
(Hartmann and C1ementil4, Clementi15) gives energies as good as a 
full relativistic Hartree-Fock treatment16. 

Finally, thc 'electronic structure' of molecules should always be 
considered a limiting case of the vibronic structure of molecules. 
Real molecules vibrate (and rotate and translate, too) and, therefore, 
the question of how much we can rely on the Born-Oppenheimer 
approximation should not be ignored. This is afiftth step and the 
reader will be referred to the work of Kolos and coworkers for more 
details17. 

I I. M U LTICB N FIG U RAT1 0 N SELF-CO N S ISTE NT-FI ELD 
THEORY 

The MC SCF theory seems to have been first proposed by Frankells 
(1934) and by D. R. Hartree, W. Hartree and Swvileslg (1939) and 
YutsiszO (1952). Recently, it has been reanalysed and applied by 
Yutsis, Vizbaraite, Strotkite and Bauzaitis21 ( 1962), VeillardZ2 
(1966), Veillard and Clementi23 (1966), Clementi24 (1967), and 
Das and Wahlzs (1966). 

We shall first consider the simpler case of two configurationszz and 
expand it later to many configurationsz3. 

Let us consider a configuration of the type lsz2s22p" (called 
configuration A )  and a configuration of the type ls22s02f"+2 (called 
configuration B ) .  States of like symmetry from A and 13 will interact 
and the resultant function will be (we are interested in its lowest 
eigenvalue) 

with energy 
ir = Aira4 + m,, (3) 

E = ('€'*I H IY) = A2EA + BZEB + ABEAB 

The SCF theory can be used in solving first Y A  and then 'FB, and 
a secular equation can be solved for V" = A Y A  + BYB. This is 
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standard configuration interaction. However, the problem can be 
solved in one step, i.e. an optimal YA and IFB can be found so that 
when the two interact, an optimal ‘J? is given. I n  other words, for a 
given basis set in ‘YA and ‘YB an optimal two-determinant combina- 
tion can be obtained. The  standard SCF guarantees an optimal ‘r, 
or an optimal ‘ITB, the MC SCF guarantees a n  optimal Y, but not an 
optimal ‘FA or ‘ITB. For the specific case in consideration, the E,, EB 
and EAB are standard energy expressions, namely 

mn 

m m 

EB = 7 1 s  + f 2  2 h?,, + f 2  c P,J?,,, - b 2 K t n n )  + 2 2 P1s.m (5) 

(6 )  

where T, p, h, J ,  K have been previously defined (see section I), 
fi andf, are occupation numbers (fi = n/6,f2 = (n + 2)/6 where 
n is the  number of electrons in the 2p shell), a,, bl and a2, b ,  and c 
are numerical constants which ensure proper book-keeping in the 
energy expression and are called vector coupling coefficients. The 
indices m and n refer to the 211 orbitals. 

T h e  SCF technique is then applied, that  is an infinitesimal 
variation is applied on each orbital in Y’’-.l and ‘ ITB,  which brings 
about a variation 6E in the energy. The optimal solutions are those 
for which 6E = 0. T h e  orbitals are  constrained to be orthonormal, 
and the mixing coefficients A and B are subjected to the relation 
(12  + B2 = 1. The  constraints are suficicnt in number to ensure 
that a unique solution for thc problem is found. The m SCF technique 
in this respect parallels the traditional SCF technique. 

Let us analyse thc results for Be(lS), B ( 2 P )  and C ( 3 P )  with 
electronic configurations 1s22s2, ls22s22p and The  MC SCF 

functions are found to be 

731 mn 7iI 

E A B  = c 1 K2s.m 
m 

Be ‘Y(lS) = 1s2[0-9484(2.r)? - 0*317(2f1)~] (7) 

B ‘Ip(2P) = 1 ~ ~ [ 0 . 9 7 2 8 ( 2 ~ ) ~  - 0*2316(2p)3J (8) 

C YP(’P) = 1 ~ ~ [ 0 * 9 8 8 8 ( 2 ~ ) ~  - 0*1490(2p)4] (9) 

The experimcntal cnergies are - 14.6685, -2406580, -37.8557 a.u., 
respectively. The relativistic corrcctions1~~*15 are computcd to be 
-0.0022, -0.0061, -0.0138 a.u. The single-determinant energy 
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(Hartree-Fock) is - 14.5730, -24-5290, -37.6886 a.u., respectively. 
When this energy is mass corrected, we have -14.5721, -24.5278, 
-37.6869 a.u., respectively. 

The correlation energy is defined as the difference between the 
experimental energy and the sum of the Hartree-Fock and relativ- 
istic energies. I n  the following table we shall give the correlation 
energy (Ec,,,) for the three atoms under consideration. Introduction 

ne(lS) 
B(2p) 
c(3p) 

-14.6685 - (-14.5721 - 0.0022) = -0.0942 a.u. = -2.563 eV 
-24.6580 - (-24.5278 - 0.0061) = -0.1241 a.u. = -3.378 eV 
-37.8557 - (-37.6869 - 0.0138) = -0.1550 a.u. = -4.217 eV 

of the second configuration lowers the corrclation energy error by 
0.0424, 0.03 1 1, 0.0 173 a.u., respectively. The remaining error is 
partly due to the ls2 electrons and this is about 0.04.43, 0.0447, 
0.0451 a.u., respectively (these values arc takcn from the two- 
electron isoelectronic series). In Table 1 we shall give the percent 
error of the Hartree-Fock (HF) energy, the Hartree-Fock plus rela- 
tivistic correction, of the two-configuration SCF calculation plus 

TABLE 1. Energy contributions to the total energy. 

MC SCF + R LIC SCP + R Remainder 
Atom H F  (yo) I IF  + R (yo) (%I + Ecorr % (15) (yo) 

Be('S) 99.3428 99.3578 99.6474 99.9495 0.0505 
13(2Z') 93.4720 99.4967 99.6228 99-8041 0.1959 
C ( 3 P )  99.5541 99.5906 99.6362 99.7554 0.2446 

relativistic correction, and of the two-configuration calculation plus 
relativistic correction and the ls2 correlation energy contribution. 
The remaining error is 0.0074 a.u. for Be(lS), 0.0483 a.u. for B ( 2 P )  
and 0.1126 a.u. for C(3P) .  It is noted that there are two electrom 
with parallel spin in addition to the ls22s2 electrons in C ( 3 P ) ,  one 
unpaired electron in B(2P).  T h e  following algebra is quite tempting: 
2 x 0.0483 + 0.0074 = 0.1040 a.u. to be compared with 0.1126 
a.u. above reported. More accurately we should not use the value 
of 0.0074 which was obtained for the beryllium atom, but rather 
the value 0.0093 which is derived for C2+(lS). Therefore, we have 
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not explained the correlation effect by the amount of 

0.1126 - 0.1059 = 0.0067 a.u. 

This error is a cumulation of small contributions like the neglect of 
the relativistic energy difference between the ls2(a2s22~2 + 6214) 
and the ls22s22p2 configurations, oversimplifications in the estimate 
of the fi-f Correlation correction, the use of the correlation energy 
for the ls2(C4-‘-) in C ( 3 P )  and other small errors. 

How many configurations should be added in order to obtain an  
accurate Be(%) ground-state energy is not certain without a 
numerical check. One could expect, however, that two configura- 
tions are suficient to give 90% of the Is2 correlation (one for radial 
correlation, ?2s22s2, and one for angular correction, nfizZs2). If we 
are correct, the configurations 1s22s2, ns22s2, np22s2, ls22p2 should 
improve the Hartree-Fock energy by about 0.08 or 0.085 a.u. (to 
be compared with 0.0942 a.u., the total correlation correction). A 
standard configuration interaction treatment would require over 
20 configurations to reach this energy. 

We shall now extend the MC SCF theory to the case of n configura- 
tions for a closed shell ground state. 

We assume that the 2n electrons of a given closed-shell system 
are distributed in n doubly occupied orbitals ‘pl * * - ‘pn and we shall 
refer to this set as the ‘(n)’ set. A second set of orbitals ‘p(n+l,  - - - q~ 
is used and this will be referred to as the ‘(cu - 12)’ set. We consider 
all the possible excitations from the (n) set to the ((0 - n) set, i.e. 
we consider n(cu - n) configurations. A given excitation from the 
(n) set to the (cu - n) set will be indicated as t -  u where. t is a 
number from 1 to n and u is a number from n + 1 to w. 

We shall designate as the complete multiconfiguration-self- 
consistent-field (CMC SCF) technique the one whcrc a given orbital 
of the (n) set is excited to all orbitals of the (o - n)  set; if an orbital 
of the (n) set is excited to one or more, but not all orbitals of the 
(cu - r z )  set, then we shall describe the technique as itzcomnplete 
MC SCF (IMC SCF). 

I n  the following, the CMC formalism is described following the 
analysis of Veillard and ClementiZ3. (A computer program for 
molecules of general geometry has been coded for thc CMC formalism.) 
The  wave function of the system is 

n u-n 

t = l  u=l 
‘IY = ~ O O Y O O  + z: c at,cvtu 
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If one wishes to exclude a number of occupied orbitals from the 
excitations, i.e. if a number of orbitals arc left uncorrelated, then 
this requires simply starting the summation over the index t a t  some 
value o f t  larger than one. We shall use t or t’ as indices for the ( 1 2 )  

set and u or u‘ as indices for the (co - TZ) set. 
The energy corresponding to is 

n o--n 

E = (‘+oo*l lWo)aoo2 + 2 c atu2(Y)tu*I  H Iwt,) 
t=1 u=1 

By simple algebraic manipulations the energy expression can be 
rewritten as 



1 .  Electronic Structure in Molecules, Especially in Cyano Compounds 

where 

u=1 
W-n 

A ,  = A, ,  = 2 a1,12 
u = l  

m 

The coefficients a,,,, A,, and B,, are related by the following 
equations 

or 

The coefficient A ,  represents the ‘fraction of a n  electron’ which is 
excited from the 9, orbital of the (n) set to the yU orbitals of the 
entire (a - n) set. The  coefficient B,, represents the ‘fraction of an 
electron’ in the yl1 orbital of the ( LC: - n) set as a result of the excita- 
tion from the entire (72) set. I t  is, therefore, tempting to reexamine 
the configuration structure of a 2n-electron system. The  standard 
electronic configuration for the 212 electrons is a product of n orbitals. 
For example yoo has configuration 

912922 - - ’ Fa2 

Let us call such a configuration a ‘zero-order electronic configura- 
tion’. The  MC SCF LCAO-MO function will be a set of (wn  - n2) 
zero-order configurations with appropriate coefficients, atu .  It is 
rather difficult to visualize in a simple way the effect of such a 
somewhat long expansion. However, we can make use of the A ,  and 
B, coefficients and write the following configuration 

2(1--A1) 2(1--dz) . . . 9;(l-””’ ZB1 2 B 2  ZB(o-n) 
Q)n+lQ)n+Z * . 9, 91 Y2 / - v 

(n) set (co - n) set 

which we shall refer to as the ‘complete electronic configuration’. 
The set of (n) orbitals has a fractional occupation equal to (1 - A , )  
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for the orbital y t ,  whereas the remaining orbitals (the yu’s of the 
(w - n) set) will have, in general, relatively small fractional occupa- 
tion values, BTt. Clearly, the sum of the fractions of electrons 
annihilated from the (12 )  set is equal to the sum of the fractions 
created in the (w - n) set, since 2 A ,  = 2 B, (equation 22). 

T h e  energy E,, defined in equation (13) is formally the SCF MO 

closed-shell energy expansion; however, the y t  in the CMC SCF 

formalism are not equal to the y t  of the Hartree-Fock formalism. 
I f  we indicate with Ens the usual Hartree-Fock energy, we can 
state that EHF is somewhat lower than E,,; by an  amount which is 
almost proportional to the correlation error of EnF, as can be seen 
by analysis of Clementi and Veillard’s ICM results for first-row atoms. 
We now define a quantity E, = E - E,, which is larger than the 
correlation energy by the amount that E,, is larger than EEs. It 
is noted that the correlation energy is commonly defined as E - EHF. 
Therefore the CMC SCF formalism dzfers from most many-body techniques 

presented to date insofar as we do not assume the Hartree-Fock energy to be 
the zero-order energy. 

We shall briefly analyse the energy expression (14) in terms of E, 
E, and E,,. For this purpose we introduce the following definitions. 

t U 

Ec( t )  = -2ht + 2 2Pttr - 2Ptt (23) 

E,(?l) = 2hu + 2puu + 2 2 2PtU 

E c ( t 4  = 2 a o o L  - 4a,uPtu 
E,(tt’) = &(l - &#) 

E,(uu‘) = Kuu#( 1 - S,,,) 

t’=l 

(24) 

(25) 

(26) 

(27) 

t 

We can now write 

E = E,, + z: AtEc(t)  = 2 &Ec(u) + 2 a t , ~ c ( W  
t U tu 

+ 2 At,Ec(tt’) + Buu,Ec(uu‘) (28) 
tt‘ UUI 

The first term is the contribution to E given by the one-electron 
model. The second term is a correction to E,, obtained by annihila- 
tion of electrons in the (n)  set. The third term is the energy of the 
electrons created in the (co - n) set. The fourth term is interaction 
of created and annihilated electrons. The fifth term is the interaction 
energy resulting from any pair of electrons in a y t  orbital interacting 
with any pair of electrons in a yt .  orbital. Therefore, it is the 
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pair-pair interaction in the (n) set. The last term is the pair-pair 
interaction in the ( 0  - 71) set. 

Inspection of the energy expression (equation 28) reveals the 
reason for the often-found poor agreement between computed 
orbital energies e ,  and ionization potentials or excitation potentials 
in the standard SCF computations, where E,, = 2 ( E ,  + h,). As 

known, one reason is that the orbitals in the excited configuration 
or in the ionized molecule often differ sufficiently from the ground- 
state orbitals even in the SCF LCAO-MO approximation. T h e  second 
reason is clearly obvious by inspection of equation (28), namely that 
the numerical values of the A ,  and B,, coefficients will, in general, 
vary from the ground state to the excited states of a neutral molecule 
or from the ground state of the neutral molecule to the ground state 
of the ionized molecule. 

It is tempting to consider the possibility of a semiempirical 
scheme, whereby the correct ionization potential or the correct 
excitation energies are obtained by empirically determining the 
A ,  and B,, fractional occupation values. It is noted that the justifica- 
tion of the use of empirical parameters in the Pariser-Parr technique 
lies exactly in the fact that the one-electron approximation assumes 
A ,  = B, = 0, whereas in an exact theory A ,  and B, are different 
from zero. 

Let us now continue with the development of the complete 
MC SCF LcAo--;CIo theory. We wish to obtain the best vt's and v,')s, 
making use of the variational principle, i.e. by requiring that 
(aE/&p,) = 0 and (aE/arp,,) = 0. I n  addition we have to satisfy 
the equation (aE/aa,,,) = 0 and (aE/aa,,) = 0 in order to obtain 
the best multiconfiguration expansion. We shall make use of the 
Lagrangian multiplier technique for determining 9, and yu, and of 
the solution of the secular equation for determining the a,, 
coefficients. 

1 

Let us define the following operators : 

F ,  = (1 - A J h  + 2(  1 - A ,  - A, , )P ,  + 2A,P,  + 2 z: B,P, 

+ 2 (a,oa,,K,, - 2afu2P,J + z: Att*&U - w 
U 

(29a) 
11 ut' 

and 

F,' = B,(h + 2Pf1 + c 2P,) + z: (%uaOOKt - 2afu2plu) 
t t 
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where Pi, = (yi*I Pj Iyi) and K i j  = (y,\ Ki  Iyj) .  Differentiation of 
E with respect to the variational parameters qt, rp?,, a,,, A,, B, 
brings about the following relation : 

dE = 2(697tl F lvt) + W J t I  Ft l @ t )  + 2(6YUl F,  1%) 

+ 2(94'l F, I%L> + z: 8 4  -2ht - 4 z: %*) 

+ 2 6 4  (2hU + P U U  + c 4PtU) 

+ 26aoo c c atuKtu + 2 c c ~at,[2aooKtu - 8at,Pt, 

+ 2 z: a t J t t ,  (1 - a f t .  + 2 1 at,,K,,.(1 - L,))] 

t 1' 

U t 

t u  t u  

(30) 

The variational principle is satisfied for qt and 9, if (6'E/&p,,) = 0 
and ( i?E/&p,) = 0. However, the variation in the 9 ' s  is constrained 
by imposition of the orthogonality relations 

(31) 

where the indices i a n d j  run over the full (n) and ( m  - n) sets. By 
setting equation (30) to zero, then by differentiation of the above 
equation and finally by joining the resulting equations, we obtain 
the relation which defines vt and cp, 

1' 1L' 

 pi I vj) = 6ij 

which can be rewritten as 

Ft - Tt - T, I%) = IVf) o t t  

r;, - u, - ut 1 v u )  = IVU) o,,, 
( 3 3 4  

(33b) 

where Tt and Tu are the second and third operators in equation (33a) 
and U,, and Ut are the second and third operators in equation (33b). 

In  the past, use has been made of the 'virtual orbitals' in the 
configuration interaction technique. It is noted in this regard, that 
the y ,  of the (OJ - n) set are quite different from the virtual orbitals 
of a standard SCF LCAO-MO computation. The reason is that virtual 
orbitals have very little physical meaning : they are obtained from 
diagonalization of the Fock equation and are orthogonal to the 
occupied orbitals. The variational principle cannot act on them, 
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however, since they do not contribute to the total energy. I n  general, 
the virtual orbitals have very little overlap with the occupied orbitals 
and therefore are of little use in correlating the electrons of the 
occupied orbitals. A discussion on this point can be found in Yutzis’ 
review paper2’ as  well as in Weiss’ work25. 

It is noted that a given y, will mainly be used to correlate one, 
or at most two or three, q, and therefore the remaining (n - 1) or 
(n - 2) or (n - 3) q t Y s  which are promoted to that given qu will 
add little to the correlation correction. However, by including the 
(n - 1) or (n - 2) or (n - 3) remaining set of q,’s we will include 
part of the pair-pair correlation in the total energy at no extra 
cost. I n  addition, the inclusion of the additional excitation allows 
us to make use of the equality 2 B, = 2 A ,  with the simple physical 
meaning for each B, and A ,  as previously explained. Therefore, for 
a given A ,  and a given B, there are one or at most very few leading 
terms in the 2 a,,2 or in the 2 at,, summation, respectively. The 

IMC SCF treatments consider only the leading terms in A ,  or B,, and 
this requires a more accurate optimization of the basis set fsr the 
y f  and yIL which is very time consuming in the computation. 

Recently, the ICM technique was applied to the first-26 and second-,’ 
row atoms for two configurations. (The theory was applied to open- 
and closed-shell atoms.) For closed shells the ICM SCF LCAO-MO 

theory was developed by Das and Wahl for the H,, Liz and I;, 
molecules. Since only one y ,  orbital was excited, due to program 
limitations, the results are quite good for H,, good for Liz (from 2 

molecular viewpoint) and rather poor for F, (as expected). 
I t  is finally noted that NesbetZ8 has applicd to atoms the Bethe- 

Goldstone formalism which is to some extent analogous to the CMC 

SCF LCAO-MO formalism (but which does not fully employ self 
consistency and, therefore, has to work with larger numbers of 
configurations). 

I t  seems that most of the earlier literature on thc subject was not 
noticed by those workers who were mainly involved in machine 
computations. This is somewhat unfortunate, because the CMC SCF 

technique does not require any large increase in computational 
effort. The  likely reason for the retarded explosion of m1c SCF 

computations is that an  undue amount of expectation was placcd 
on the Hartree-Fock technique, despite quite extended theoretical 
proof to the contrary available in the last 15 to 20 years. I n  this 
respect the work of Nesbet indicates full awareness of thc problem2*. 
The  same can be stated for the work of L o ~ d i n ~ ~ . ~ ~  where many 

U t 
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of the pitfalls of the Hartree-Fock technique have been predicted, 
and where much of the CMC SCF theory had been developed along 
different lines, in Lowdin’s ‘natural orbitals’. 

111. ELECTRON POPULATION ANALYSIS 

The SCF wave functions can be analysed indirectly via a study of 
the physical properties of the molecule under consideration (such as 
moments, polarizabilities, vibrational analysis, etc.,) or directly by 
what is known as ‘electron population analysis’. I n  the following, 
we shall briefly expose the method of Mulliken31, here somewhat 
modified and extended. 

From the previous exposition of the SCF approximation, a molec- 
ular orbital is written as 

VAi = Z: c > . i 9 ~ L D  (34) 
P 

where A, i, p are indices which refer to symmetry representation, a 
specific orbital and a specific basis set, respectively. The  basis set 
is in general a symmetry-adapted function (SAF), i.e. it transforms 
as 3,. In  the LCAO approximation the x r D  is a linear combination 
of functions, designated by yo, centred on the atoms. The  linear 
combination coefficients of the SAF are determined on the basis of 
symmetry alone, and we can write 

By combining the c’s and the d’s into a new coefficient w we have 

vii = Z: w>.imsYnis  
nrs 

where for each 3. and i the index rn refers to a given atom and the 
index s refers to a given yu  on the m atom. 

For real functions, the electronic density of vLi is 

(VAi) = Z: ~ , W y i a i s w > . i m ’ s ’ ( Y m s  1 ~ r n ’ s , )  (36) 
ms ,n s 

This relation is the base of Mulliken’s analysis. The  above sum can 
be written as 

( ~ r i ) ~  = C C WLimsWlirn*s’(Ys I r s * ) t n m *  
mni’ ss’ 

= z\ z\ [mn’ss’] 
mm’ SS’ 

(37) 
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where for m = m' and s = s' the overlap (ys I yS.)  is unity since the 
SAF as well as the y are normalized. For each MO, Table 2 can be 
constructed : 

TAULE 2. Graphical represcntation of the population analysis. 

7n = 1 m = 2 
. . .  s =  1 s = 2  s = ( i + l )  s = ( i + 2 )  7?1' 3' 

[ 1 1 1 1 ]  [1121] . * a  [21(i + 1 ) 1 ]  [21(i + 2)1] 1 1  . . . . . .  
1 2  [I  1121 [1122] . . .  [21(i + 1)2] [21(i + 2121 . . . . . .  

. . .  . . . . . .  1 .  

. . .  . . . . .  

. . .  . . . . . .  

2 
2 

] . . . . . .  
3 

i + 1 [121(i + 13  [122(i + l ) ]  * . *  [ 1 1  
i + 2  [121( i+2]  [122( i+2)]  [ I [  . . . . . .  

2 .  . . .  . . . . . .  
... ...... 
. . .  . . . . . .  

- 
.. .  . . . . . .  
... ...... 
... . . . . . .  

There is one such table for each MO, y A i ,  and each table is by 
coiistruction symmetrical. We shall call 'quadrant' the matrix of 
numbers with a given m and m' and indicate this by {mm'}Ai. The 
sum of its terms is indicated as S{mm'},,. T h e  diagonal elements of 
a quadrant are indicated as {mm'}dli and its sum as S(mm'},,i. 

For m = m', the quadrant {mrn},i contains quantities which 
are specific to the atomic set for the atom m;  for m # m' the quadrant 
{mm'),, contains quantities which are specific to atomic sets of the 
atoms m and m'. 

For the atom m the following definitions, borrowed from Mulliken, 
are given3': 

Net atomic population Ptn = C 2 S{mmI>.i (38) 
I i 

Overlap population with P,n,. = 2 2 S{mm'},i (39) 
?. i atom m' 

Gross atomic population Gm = f'm + 2 Ptnrn. (40) 
na' 
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Let us now focus our attcntioii on  the quadrant {mm}. T h c  atomic 
set (7’s) of any such quadrant will be of 8, p ,  d, etc., type; therefore, 
within the (mm} quadrant, we can have subquadrants of the type 
{m,m,}, {m,mD}, {m,m,}, etc., designated in general as {mlml.} where 
I and I’ are the angular quantum numbers for the y’s. I n  full 
analogy to the previous definitions for the quadrants {mn’} we can 
define S{m,ml,},ai for the subquadrants {mLmL,} .  With this in mind 
we can introduce the following definitions : 

Non-hybridsnet atomic pnil = x c S’(mLml},i (41) 

Hybrid net atomic Pm,,, = 2 1 S{m,mL*}>.i (42) 

Non-hybrid overlap Pmzm*t = 2 1 S{mLml*)>.i (43) 

Hybrid overlap Pm,m*, = S{m,?lztt}>.i (44) 

1 2  

A i  

i 

i 

Hybrid gross atomic G n l Z t  = f‘mllr + C 2 Ptnlni*Lr (46) 
a i m‘ 

Hybridization is a very familiar concept in theoretical chemistry. 
However, its meaning is often used in an  exceedingly restrictive 
sense, usually when we have more than one atom. However, 
hybridization is no more than polarization, and therefore we can 
talk of hybridization between two atoms or between two electrons 
on the same atom. As a consequence we have internal hybridization 
(within a given atom and due to the electrons of that atom) as well 
as external hybridization (within a given atom and due to a field 
originated outside the atom). External hybridization is the familiar 
one. An example of internal hybridization is the beryllium ground- 
state atom previously discussed. As we know the 2s orbital is strongly 
hybridized (internally) with the 2p orbitals. Therefore, the correla- 
tion problem in atoms can be viewed as a problem of describing 
in the best possible way the internal hybridization, and the correla- 
tion problem in molecules can be viewed as a problem of describing 
in the best possible way the internal polarization of the component 
atoms plus the external hybridization. Personally, the present author 
would not mind the absence of the word ‘hybridization’ in theore- 
tical chemistry, since the term ‘polarization’ seems to be more 
accurate. However, it shall continue to be used in deference to 
previous workers in the field. 
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It is stressed that the above definitions have meaning only for a 
given basis set. Therefore, they provide quantitative data of qualita- 
tive character. However, it is exactly this &Fe of data which we like 
to analyse in order to obtain some correlation between molecular 
structures. An exact wave function for a molecule provides a tool 
for obtaining exact expectation values. These can be obtained as 
an alternative from experimental data. However, taken alone, 
neither an exact list of expectation values nor an accurate list of 
experimental data constitutes understanding of the electronic 
structure of molecules. 

Let us consider the population analysis in the CMC SCF LCAO-MO 

formalism. Since the q t ’ s  and the q u ’ s  are orthogonal, we shall 
have that (y tu  I y,,.) = ( Y , . ~  I y t u )  = 0, and recalling equation (lo), 
we shall have 

For each of the determinants yoo or yiu the previous definitions for 
the electronic population are valid. Therefore, we shall have 

Net atomic population 

Overlap population p?m, = a,, nzm‘ + 2 atu2P%,,, (48) 

Pm = a&Pio + 2 2 aiu2P$ (47) 
t u  

2 PO0 

t 21 

Gross atomic population c, = P, + 2 H,,,,, (49) 
¶a’ 

and equivalent expressions for the hybrid and non-hybrid popula- 
tions. 

1V. BOND ENERGY ANALYSIS 

I t  is customary in the literature to report wave functions, expectation 
values, orbital energies and total energies. The  molecular total 
energy is then compared with the total energy of the separated atoms 
and deductions on bond energies are made, 

I n  theoretical chemistry the orbital energies are used mainly in 
connection with the Koopman theorem32, but cannot be identified 
with bond energies. 

I n  this work we shall introduce the definitions of the ‘bond energy 
analy~is’2~. We shall make use of a number of bond energy classifica- 
tions which are derived at first from the usual SCF LCAO-MO energy 
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expression for the total energy (see equation 13) : 

E = 2 2 h i  + E P i j  + E N N  
i i j  

T h e  above energy expression can be written as 

where A ,  By C, D are indices running over the atoms and where 
hid, hiAB, hiABC are the one-, two- and three-centre components of 
hi, ENd,NB is the two-centre component of EIvN and PijA, PijdB, 
PijAuc, PijnBcD are the one-, two-, three- and four-centre components 
of the electron-electron interaction energy. 

We shall then denote as the zero-order energy diagram 

Eo = 2 311 = 2 2 Z . j i - 4  + 2 2 Pij, (51) 
A A i  i i  

as  the first-order energy diagram ( A  # B)  

as the second-order diagram ( A  # B # C) 

E 2  = EABC = 2 2 k 4 B C  - 2 pijA13C (53) 
ABC i i j  

and finally as the third-order diagram ( A  # B # C # 0) 

The Eo should be compared with the sum of the energy of the 
separated atoms. The correlation correction within E,  can be 
estimated directly from atomic energy computation and can be taken 
as  equal to the electronic population within ‘a given atom’, not 
summing up the full contribution to a given m column, but only the 
first quadrant. 

E,, the first-ordcr diagram energy, is the first ‘bond’ energy, and 
links any two atoms in a molecule, two at a time. Clearly, the 
classical chernicd fortnitlie are a representation of the jrst-order diagram-an 
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incomplete one, however, since in them only some of the nearest- 
neighbour atoms are connected. So we usually do  not write a bond 
between neighbouring hydrogen atoms in benzene, although there 
is clearly an interaction between them. The  first-order energy differs 
from the other bond energies in that it includes the nuclear-nuclear 
repulsion, clearly present only in El. This quantity is numerically 
quite significant; i t  is part of the potential energy and, therefore, in 
view of the virial theorcm, one can expect that  E, will be the 
dominant par t  of the binding energy. A large number of other 
evidences, both theoretical and experimental, are known to support 
this point. As is the case for E,, E,  is composed of a number of terms 
which will satisfy molecular symmetry considerations. In  other words, 
the equivalent atoms in E, will have equal energy, so the equivalent 
bonds in El will be equal in energy. The  correlation energy corrcc- 
tion associated with E, for the atoms A and B will clearly depend 
on the electronic density between atoms A and B. Here we should 
be careful in  the use of atomic correlation energy computations, 
sincc no bond analogy can be uniquely drawn between the electrons 
in an  atom and those in a molecule (see, however, Wigner’s work 
for a possible analogy). 
E2, the second-order diagram energy, is the three-atom interaction 

less the direct atom-atom pair interaction. This term does not 
contain a nuclear-nuclear repulsion term, and the one-electron 
energy (kinetic and potential) is relatively small. 

E,, the third-order diagram energy, is the only term which does 
not include one-electron terms; therefore, it is totally a potential 
energy (Coulomb and exchange) term. This term includes, by 
definition, mainly long-range interaction. E, as well as E ,  are in 
effect neglected in many semiquantitative computations (like the 
Pariser-Parr approximation). 

T h e  population analysis, as previously described, has an encrgy 
analogue in E, and El,  not in E2 and E,. Classical chemistry formulae 
have a partial analogue in E, and El. 

The  present brcakdown of the total energy should represent a 
natural frame for transferability of bond energy for which thcre is 
a large body of thermodynamic evidence within families of com- 
pounds. I t  provides a framework which will not change by introduc- 
iiig more and more configurations in the MC SCF LCAO-hi0 formalism. 
It seems to offer advantages to ab initio vibrational analysis and to 
offer easy interpretation of the overall constancy of group frequency 
in different molecules. Finally, it maintains the basic ideas of the 
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molecular-orbital theory but associates it intimately with our 
basic intuitive approach in chemistry, i.e. that there are atoms in 
molecules. 

This breakdown does not follow traditional ideas on the number 
of bonds one would like to see associatcd with an atom. So we 
could have in a molecule of N atoms a hydrogen atom with ( N  - 1) 
first-order bonds. However, this number will be reduced: (a) by 
consideration of the nearest neighbours and (6) by quantitative 
consideration of the energy associated with each bond. 

It is noted that there are at most four atomic bonds in our analysis. 
This is an effect of having chosen a basis set centred at the atoms. 
Alternatively, one could use localized orbitals and this would alter 
the number of atoms involved in bonds. 

The above discussion brings about the following conclusions : 
(a)  a chemical bond is an arbitrary concept and can be defined in as 
many ways as one wishes, (6) of the many possible representations, 
some are more useful than others and (c) the ‘chemical bond’ 
concept is to a certain extent simply a book-keeping device, of 
great importance, however. 

One might prefer to havz an exact correspondence between 
electron population analysis and bond energy analysis. However, 
the starting point of the electron population is ( y r J 2  and this can 
lead only to a subdivision involving one and two centres, whereas 
the bond energy analysis, in view of our definitions, involves one, 
two, three and four centres. 

Let us briefly digress to CMC SCF LCAO-MO bond energy diagrams 
and compare these with SCF LCAO-MO bond energy diagrams. Let 
us start with the first-order diagrams and the first-order energy 
E, = 2 EAo. The main correction to these diagrams can be obtained 

from atomic computations, more explicitly from associating to the 
EAo a correction proportional to the (mm) and the atomic correlation 
less degeneracy effects (see Veillard and Clementi26*27 for numerical 
values). This is a very simple correction to introduce. Alternatively, 
the correction to ELIo can be computed using the device of correcting 
the Pij  integrals with a pseudopotential (for example, see Clementi’s 

This alternative is not too different from the previous one, 
since the pscudopotential uses the overlap between orbitals as a 
parameter. A formal equation for E, can be most easily obtained 
from equation (17). 

0 

A 

The first-order diagrams and their energy El = 2 EadB are the 
A> B 
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most important in general for molecular correlation corrections. 
The correction to these diagrams should be proportional for a given 
atom to L\ (mm’}. Alternatively, one could use a pseudopotential 

computed correction in a manner exactly equivalent to our work on 
atoms. Again the formal expression of El can be obtained from 
equation (1 7). 

The second- and third-order diagrams cannot be corrected by the 
use of population analysis parameters. However, it can be done by 
the use of the pseudopotential technique or by the CMC SCF LCAO-MO 

method. The total energy will, therefore, be subdivided as 

m’gm 

E = 2 (EA f VA) f 2 (EAB f VAB) f 2 (EABC + TABC) 
A AB ABC 

where the E’s are the energies computed in the SCF LCAO-MO 

approximation and the 7 are the energies obtained either from the 
CMC SCF LCAO-hi0 theory or from empirical correction to the E, or 
a proper mixture of both. 

One of the expectations in proposing the bond energy diagram 
partitioning of E is that  by a systematic comparison of a number of 
molecules, a simple correlation will emerge which will put ‘transfer- 
ability of bond energies’ on a sound basis. It is noted that in the 
early attempts a t  studying molecular kinetics, the approach of using 
Morse-type potentials between any pair of atoms was often adopted. 
The present analysis in some respects does exactly that, if one 
considers only zero- and first-order diagrams. I n  addition it does 
much more. Therefore it is expected that this type of analysis will 
be of help in the formulation of a theory for reaction mechanism. 

Other problems, like vibrational analysis, the study of the barrier 
to internal rotation and charge transfer can be cxplained quite 
naturally in this framework of analysis. We shall return later to 
these points. 

V. CORRELATION ENERGY AND STATISTICAL METHODS 

What is wrong with the wave function Y o  as given in equation (1) ? 
The answer is available, for example, in the work by Wigner in 
193433. If we ask what the statistical relation is between the position 
of two electrons, say electrons 1 and 2, from the wave function ( l) ,  
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we have to solve the integral 

J Y,*d(x - x J S ( x  - x , ) ‘ r ,  n(’e2) dTi (56) 

where x stands for the Cartesian and spin coordinates, and the integral 
is carried over all electron coordinates except for those of electrons 
1 and 2 under consideration. The above integrals yield (by indicating 
with (r the spin variables) 

normalization factor x 2 2 

i 

2n 2n 

i=l j=l  

x [ 1 -ST.( I)yi*(2)9j*( l ) ~ j ( 2 )  do,( 1) d ~ i ( 2 )  dOj(1) daj(2) (57) 1 
For the case of two electrons with parallel spin, the second term 
above is, in general, different from zero. For the case where the 
two electrons have opposite spin the second term of the equation 
above is zero. This means that the wave function (1) allows a pair 
of electrons with parallel spin to ‘feel’ each other’s relative position, 
to be correlated, whereas for the case of electrons with antiparallel 
spin the wave function allows any position with equal probability. 
Thus, the Hartree-Fock determinant introduces correlation in pairs 
of electrons with parallel spin, but does not correlate those of anti- 
parallel spin. Since the second term of equation (57) comes about 
because of the antisymmetry of the wave functions required for 
fermions, the second term’s effect is referred to as the ‘Fermi hole’. 
Thus, in the Hartree-Fock wave function we have Fermi potential 
holes for the system of parallel spin, but no hole between two elec- 
trons with antiparallel spin. Since clearly two electrons with opposite 
spin should never occupy the same position simultaneously, the 
I-Iartree-Fock function lacks a mechanism to provide for a potential 
hole experienced by an electron with spin a, when in the neighbour- 
hood of an electron with spin B. The hole not present in the wave 
function ( l ) ,  the Hartree-Fock function, is referred to as the 
‘Coulomb hole’. 

T h e  energy gained by the system in introducing the Coulomb 
hole in the wave function which represents such a system is the 
correlation energy. This name was introduced by Wigner in the 
work previously quoted33. This energy gain can be redefined 
therefore as the energy difference between the exact non-relativistic 
energy and the Hartrec-Fock energy30. 
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The energy gained by the system in introducing the Fermi hole 
in the wave function which represents such a system is called 
prccorrelation energy. This encrgy can be redefined, therefore, as 
the energy difference between thc Hartree and the Hartree-Fock 
energy3’. 

To introduce the Fermi hole, the form of the wave function was 
changed from a simplc product (Hartree) to a determinant (Slater). 
To introduce the Coulomb hole, we again have to changc the form 
of the wave function. A large number of papers have been devoted 
to this subject since the late 1 9 2 0 ’ ~ ~ ~  and we have no intention to 
review the extremely abundant literature. We note that one possi- 
bility was put forward as early as 1930, namely to add corrections 
to the Hartree-Fock energy using wave functions of the form33 

Y = ‘IF, + I.$ (58) 

where Yo gives the Hartree-Fock energy and A+ the correlation 
correction *. 

I t  is also noted that the total density distribution given by Hartree’s 
functions is not far different from the density distribution given by 
Hartree-Fock functions. 

I t  is, therefore, reasonable to assume that the density distribution 
variation needed for the introduction of a Coulomb hole (relative 
to the Hartree-Fock density) is also small. Therefore, we can use 
the Hartree-Fock density as the correct density and attempt to 
extract relations which should give the correlation energy from 
knowledge of the Hartree-Fock density. This task was solved by 
Wigner33 who did propose a relation between density and correla- 
tion energy. We shall refer to this work as the ‘statistical estimate of 
the correlation energy’. 

We shall now consider in detail the quantitative aspect of the 
correlation energy to atoms and then we shall discuss molecules. 
In this analysis, the emphasis is not on historical devclopments, 
but rather on the possibilities of current methods. 

* In equation (58) we have combined equation (2) and equation (14) of \ . V i g n ~ r ~ ~ .  
I t  should be noted that it’igncr’s starting point was not To, but an incorrect form of 
Yo, which, howevcr, has the same energy as Yo. More specifically, M’igncr decomposed 
Yo from a determinant of dimension 2n into a product of two determinants with dimension 
n;  this was, however, done because of the fact that the two-determinant product gives an 
energy equal to the one given by Hartree-Fock. In prescnting equation (58) as Wigner’s 
equation, we do some injustice to the formalism, but not to the spirit of Wigner’s equation 

(4). 



TADLE 3. Correlation energy computed by adapting statistical models. 

Gombas Modified rclation 
Correct 

Atom valuesa First termb Second termC Total Bcst aid, Corr. energye 

He 
Li 
13C 

C 
C 
C 
N 
N 
N 
0 
0 
0 
F 
Ne 
Na  

A1 
Si 
Si 
Si 
P 
P 
P 
S 
S 
S 
Cl 
A 
Li+ 
Be2+ 
B3+ 
C"+ 
N5+ 

OGf 

F7+ 
Ne8+ 
Kr3Gt 

n 

MS 

'S -0.0421 
-0.0453 

1s -0.0944 
'P -0.1240 
3P -0.1551 
'D -0.1659 
' S  -0.1956 
4S -0.1861 
'0 -0.2032 
'P -0.2274 
'P -0.2339 

lS -0.2985 
'P -0.3160 
'S -0.381 

'S -0.428 
2P -0459 
'P -0.494 

' D  -0.2617 

'S -0.386 

' D  -0.505 
'S -0-520 
4S -0.521 
'D -0.539 
'P -0.555 
3P -0.595 
'D -0'606 
'S -0.624 
'P -0.667 
'S -0.732 
'S -0.0435 
'S -0.0443 
'S -0.0448 
'S -0'0451 
' S  -0.0453 
'S -0.0455 
' S  -0.0456 
'S -0.0457 
' S  -0.0470 

-0.0316 
-0.0448 
-0*0610 
-0-0782 
-0.0958 
-0.0956 
-0.0953 
-0.1 137 
-0.1135 
-0.1 134 
-0.1314 
-0.1 3 13 
-0.13 12 
-0.1493 
-0.1672 
-0.1807 
-0.1967 
-0.2 130 
-0.2303 
-0.23 
-0.2298 
-0.2479 
- 0.2477 
-0.2475 
-0.2655 
-0.2654 
-0.2653 
-0.2833 
-0'3013 
-0.033 
-0.0337 
-0.0341 
-0.0344 
-0.0346 
-0.0347 
-0.0348 
-0.0349 
-0.0355 

-0.0263 
-0.0393 
-0.0551 
-0.0738 
-0.0958 
-0.0954 
-0.0948 
-0.1208 
-0.1202 
-0.1199 
-0.1475 
-0'1472 
-0.14.67 
-0.1768 
-0.2084 
-0'2302 
-0'2537 
-0.2774 
-0.3030 
-0.3026 
-0.3022 
-0.3300 
-0.3297 
-0.3295 
-0.3582 

-0.3879 

-0.3580 
-0.3576 

-0.419 
-0.0353 
-0.0421 
-0.0478 
-0,0525 
-0.0566 
-0.0602 
-0.0635 
-0.0664 
-0.1038 

-0.0579 
-0.0841 
-0.1161 
-0.1520 
-0.191 7 
-0.1910 
-0.1901 
-0.2345 
-0.2 337 
-0.2333 
-0,2789 
-0.2785 
-0.2 779 
- 0.326 1 
-0.3756 
-0.4109 
-0.4504 
-0.4904 
-0.5333 
-0.5326 
-0.5320 
-0.5779 
- 0.5774 
-0.5770 
-0.6237 
-0.6234 
-0.6229 
-0.6712 
- 0.7201, 
-0.0683 
-0.0758 
-0.07 19 
-0.0869 
-0.09 12 
-0.0949 
-0.0983 
-0.1013 
-0.1393 

0.0237 
0.0 180 
0.0276 
0.0285 
0.0289 
0.0309 
0.0366 
0.0292 
0.032 
0.035 
0.03 18 
0.0355 
0.0406 
0.0378 
0.0406 
0.038 1 
0.0388 
0.0384 
0.0383 
0.0392 
0.0404 
0.0375 
0.0388 
0.04 
0.0400 
0.0407 
0.042 
0.0420 
0.0433 
0.0237 
0.0237 
0.0237 
0.0237 
0.0237 
0.0237 
0.0237 
0.0237 
0.0237 

-0.042 1 
-0,0476 
-0.0947 
-0.1263 
-0.1580 
-0.175 
-0.175 
-0.1882 
-0.209 
-0.209 
-0.2408 
-0.265 
-0.2649 
-0.2980 
-0.3594 
-0.347 
-0.4417 
-0.4667 
-0.4910 
-0.533 
-0.532 
-0.5132 
-0.559 
-0.558 
-0.5818 
-0.63 1 
-0.630 
-0.6545 
-0.7310 
-0.0438 
-0.0447 
-0.0453 

-0.0459 
-0.0456 

-0.0460 
-0.0462 
-0.0463 
-0'047 1 

a From reference 27. 
First term is the contribution to the correlation cnergy from -0.0357 J ~ ~ / ~ ( 0 . 0 5 6 2  + 
Second term is the contribution to the correlation energy from -0.0311 J pZn(1 + 
Best value of the constant al (see equation) using only the first term and fitting the 

Bcst empirical value of the correlation energy using equation (59). 

p1 13)-' dp. 

2.39~'  f 3 )  dp. 

correct correlation energy (first column). 

30 
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The statistical model of Wigner has been revised a number of 
times in attempts to extend $s validity from the cases where the 
density is high to cases of smaller density. G ~ m b a s ~ ~  attempted to 
give an additional expression which covers both the high- and low- 
density region. His expression is for the correlation energy E, 

where a, = 0.0357, a2 = 0.0562, 61 = -0.0311, b2 = 2.39 are 
Gombas' constants. 

I f  in the first term we put a 2  = 0, then clearly it contributes to 
the correlation energy E, by an  amount a,N where N is the number 
of electrons. I n  Table 3 the value of the correlation correction using 
Hartree-Fock functions is given for the first- and second- row 
atoms. 

The  overall agreement with experimental correlation energies is 
not bad as seen by comparing column 1 (the experimental correla- 
tion energy) with the sum of the first and second term (columns 4, 
2 and 3, respectivcly). If we consider the statistical model as a useful 
fitting formula then we can improve the situation. This was done 
by Clementi and Salez3'. First, we put 61 = 0, then we obtained the 
best value of a, for e2 = 0.0562 (second last column of Table 3). 
This done, we expressed the value of a, analytically, giving rise to 
the following modified relation 

E, = 01 (pt(0.0562) + pi)-'dT s 
where cc is a numerical constant obtained from the relation (for an 
n-electron system) : 

a = 0.0237 + (0.0279n - 0-08176)(n + 3.45)-, 

The computed correlation encrgies using equation (50) are given 
in the last column of Table 3. I n  Figure 1 we report the experimcntal 
correlation energy and the 'statistical' correlation cnergy computed 
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either with equation (59) or with the empirical set of constants 
(equation 60). 

It could be noted that the equation (60) is very near to the original 
formulation of W i p e r ,  a part of the structure included by Clementi 

0.7- - Experimental ------ Gombas (equation 59) 
--A- Clementi -Sale2 (equation 601 
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FIGURE 1. Correlation energy fromstatistical models. Thesolid linegives the e5perimental 
corrclation energy for neutral atoms from hclium to argon and for the isoelcctroriic series 
He, Li+, Be", . . . .4lS+. The dash-dash and the dash-line report the corrclation energy 
using Gombas or Clernenti and Salez relations. For the two-electron isoelectroiiic series, 

the Clementi-Salcz data are in exact agreement with the expcrimental one. 

and Salez in the constant a,. Therefore in principle good estimates 
of the corrclation energy would have been easily available f o r  the last 
three decades ;f one had had Hartree-Fock functions. 

A systematic attempt to obtain Hartrce-Fock functions for atoms 
and ions, and to extract from it the correlation energy was made 
by the author starting in the early 1960's. By now we have Hartree- 
Fock functions for the first period neutral atoms and positivc ions38, 
and for the second period neutral atoms and positive ions39, for the 
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third period neutral atoms and positive ions40, for the negative ions 
of the first“, second42 and third43 periods. We have, in addition, 
simpler functions for the neutral atoms from Kr to Rn44. 

From such wave functions we have computed by perturbation 
theory the relativistic corre~tion~5.46. This done, we were finally in 
a position to present the first systematic body of ‘experimental’ 
correlation energies4’, by subtracting the Hartree-Fock and the 
relativistic energy from the experimental energy“. 

Rather than solving for equation (60), we can obtain the correlation 
energy by a different technique introduced by the author”. This 
technique uses the Hartree-Fock formalism, but adds to the Hartree- 
Fock operator, F (i.e. the average field effect of all the electrons), 
an operator of the form 2 Jir’ where i and j refer to particles. The 
operator xJi j ’  does not allow the electron i to go nearer to the 
electronj than a prescribed amount. This prescription is used for 
electrons with antiparallel spin. The radius of the sphere which 
limits the access of electron i to electron j is proportional to an 
inverse power of the density, following Wigner. It is noted that in 
order to determine the radius of the excluded volume, we have not 
made use of the Wigner or Gombas relations; we have the case of 
the He and the Ne atoms set up in such a way as to give the ‘experi- 
mental’ correlation energy, which we had previously computed. 
The results of this technique are presented in Figure 2. It is clear 
that the overall agreement with experimental data is not too bad. 
This technique again uses the Hartree-Fock density as a starting 
point, and does not provide correlated functions, only the corre- 
lation energy. The  method we have introduced gives the correct 
correlation energy for the two-electron series He, Lif, etc., up to 
Kr34 f (Kr34+ being the highest two-electron ion that we have 
tested). The  statistical methods previously discussed (with the ex- 
ception of the semiempirical modification by Clementi and Salez) 
tend to give a much larger correlation for the highest ions in the 
two-electron series. 

I t  can, therefore, be concluded that there are suj‘icient indications to prove 
that knowledge o f  the Hartree-Fock density is  su4cient for obtaining n good 
estimate of the correlation 

However, present methods without semiempirical parameters 
fail to give the detailed structure of the correlation energy”. This is 
not surprising, since the statistical methods stress the total density 
of a system but  not the angular momentum dependency, since the 
method has been designed primarily for closed-shell systems. For 
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FIGURE 2. Experimental correlation energy and Coulomb-Hartree-Fock method. The 
solid line gives the correlation energy for neutral atoms from helium to argon. The dashcd 
line gives the correlation energy as computed by correcting the electron-electron inter- 
action (Coulomb-Hartree-Fock technique) Ec, ET, E,, EHp stand for correlation energy, 
total energy, relativistic energy and Hartree-Fock energy. Ecl is the correlation energy 

obtained by subtracting the ExF from the Coulomb-Hartree-Fock energy. 

example, in the carbon atom the 3P state (ls22s22p2) and the lD 
state ( ls22s22p2) have about the same density, but quite different 
correlation energy. As long as the statistical methods do not depend 
explicitly on the angular momentum of a given state, it is hard to 
see how one can obtain agreement with the 'experimental' correla- 
tion energy. The Coulomb hole technique we have introduced could, 
however, give such agreement since there the correlation energy 
does not depend on the total density, but on the Coulomb integrals. 
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Finally, it should be pointed out that one can consider the Wigner 
or Gombas expression as the first term of a convergent series (indeed, 
this is the case). Other terms of the series will contain not only a 
density-dependent term but derivatives of the density-dependent 
term. A theoretical study on this point has been recently presented 
by B r ~ e c k n e r ~ ~ .  

Physically one can understand the need of such tcrms by remem- 
bering that: (u) the total energy is related to the kinetic energy via 
the virial theorem and ( b )  that the kinetic energy function at a 
given Foint varies quite differently from the total density function. 
(That is, i t  has maxima in the neighbourhood of density minima, 
and is constant in the neighbourhood of the density maxima.) 
Therefore, terms containing derivatives of the density (and the 
kinetic energy is a derivative of the density) should be included. 
I n  a different language one can restate the same physical concept 
by noticing that the volume excluded from collision of electron j 
and electron i will be dependent on the kinetic energy of the colliding 
particles. Figure 3 gives the plot of the kinetic energy as a function of 
the radial distance, the density and the (aZ + pi)-‘ plot for the Is, 
2s and 2fl orbitals of the neon atom. I t  is noted that for p = 0 
(as at the nodes, where the kinetic energy has a finite value different 
from zero) the existence of the constant a2 in Gombas’ relation (or in 
Wigner’s relation) gives a correlation contribution for the region of 
zero density (as one would havc by introducing derivatives of the 
density-dependent terms). 

VI. ANALYSIS O F  T H E  ‘EXPERIMENTAL’ 
CORRELATION ENERGY 

The ‘experimental’ correlation energies for the first two periods 
of the periodic table (He to Ar) are computed in Table 4. The 
computation requires knowledge of the experimental total energy 
(column 1))  of the Hartree-Fock energyso (column 2) and of the 
relativistic correction (columns 3, 4 and 5). The corrections for the 
Lamb shift are obtained from the semiempirical relations below 
and seem to be somewhat large. However, no sufliciently accurate 
theoretical formulation of the Lamb shift correction is available 
for many-electron systems. Subtracting from the experimental total 
energy the Hartree-Fock energy (mass corrected) and the relativistic 
corrections, one obtains the experimental correlation energies given 
in the first column of Table 3. 
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TABLE 4. Experimental, Hartrce-Fock and  relativistic data for first and second row 
(in a.u.)a. 

Case Experimental Hartree-Fock47 HF inass corr. 

He IS 
Li 2s 

Be lS 
B 2P 
c 3P 
C lD 
c 1s 
N 4S 
N 2D 
N 2P 
0 3P 
0 lD 
0 1s 

F 2P 
Ne ?S 
Na 2S 

A1 2P 
Si 3~ 

Si 'D 
Si lS 
P 4s 

P 2D 
P 2P 
s 3P 
S lD 
s 'S 
c1 2P 
Ar lS 

M g  1s 

-2.9038 
- 7.4780 
- 14.6685 
-24.6579 
-37.8558 
-37.8093 
- 37.7572 
-54.6122 
-54.5246 
-54.4808 
-75.1 101 
-75.0378 
- 74.9562 
-99.8053 
- 129.056 
-162.441 
- 200.333 
-242.752 
- 289.927 
-289.898 
-289.857 
- 342.025 
-341.973 
-341 '940 
-399.144 
-399.102 
-399.043 
-461.514 
-529.303 

-2.8616799 
- 7-4327257 
- 14.573020 
-24.529052 
-37.688611 
-37.631 3 17 
-37.549535 
- 54.4009 1 1 
-54.296 152 
-54.228087 
- 74.809369 
- 74.7292 13 
- 74.6 10955 
-99.40928 
- 128.54701 
- 161.85889 
-199.61458 
-241.87665 

-288.81500 
-288.85426 

-288-75845 
-340.71866 
-340.64872 
-3404303 16 
-397.50475 
-397.45210 
-397.37444 
-459.48 187 
-526.81734 

~~ 

-2.86 129 
-7.43214 
- 14.57229 
-24.52782 
- 37.68690 
-37.62961 
- 37.54783 
-54.39879 
-54.29404 
-54.22598 
- 74.80683 
- 74.72667 
- 74.60842 
-99.40644 
- 128.54355 
-161.85506 
- 199.6101 1 
-241.81 177 
-288.84867 
-288.80941 
-288.75286 
-340'71268 
-340'64274 
-340'59718 
- 397.4980 1 
- 397.44536 
-397'36770 
-459.47482 
-526.8 101 7 

Relativistic48'"g 

-0.00007 
-0.00055 
-0~00220 
-0.00603 
-0.01 381 
- 0.0 1 3 77 
- 0.0 1379 
-0.02732 
-0.02736 
- 0.02 739 
-0.04940 
-0.04940 
-0.04935 
-0'09289 
-0.13 12 1 
-0.2002 1 
-0.29505 
-0.42062 
-0.58351 
-0.58382 
- 0.5841 4 
-0.791 11 
-0.791 10 
-0.79126 
- 1.05076 
- 1.05084 
- 1.05090 
- 1.37168 
- 1.76094 

Corr.48 

0~000022 
0.000 106 
0.000323 
0.000740 
0.00 1439 
0.00 1439 
0.00 1439 
0.002500 
0.003,500 
0.002500 
0.004000 
0~004000 
0~004000 
O.OOGO 15 
0.0086 14 
0.0 1 1856 
0.01 5791 
0.020460 
0.025887 
0.025887 
0.025887 
0.032085 
0.032085 
0.032085 
0.03905 1 
0.039051 
0.03905 1 
0.046765 
0.055 190 

~~~ ~ ~~ ~ 

a The first and  second columns are case identifications, the following columns are  the 
experimental total energy, the computed Hartree-Fock energy, thc samc energy mass 
corrected, the computed relativistic energy (with the spin-spin and spin-orbit energy 
estimated) and  the Lamb shift correction. 

The correlation energies for the 3d and 4s configurations are 
available elsewhereg7. I n  Figure 4, we give the correlation energy 
for the atoms from He to Ne arid in this figure we have included 
the isoelectronic series for the ground-state atoms from 2 to 9 
electrons. 

By simple inspection of Figure 4 we note the following points. 
First, the correlation energy for the two-electron isoelectronic series 
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FIGURE 4. Correlation energy for first-row atoms. This figure reports the correlation 
energy for the neutral atoms and the corrcsporiding isoelectronic series (up to 2 = 10) 
and for the excited states of the ground state elcctronic configuration for the neutral 
atoms. T h e  statc designations followed by pointing arrows refer to neutral atoms. The  
state designations without pointing arrows designate the isoelectronic serics. O n  the 
right side of the figure, thc increase in correlation encrgy for the neon case is repeated 
in order to show thc correlation energy increase which accompanies an addition of two 

clcctrons starting with Nes+('S). 

is about constant from He to Nes+. The correlation energy for the 
three-electron isoelectronic series is only slightly larger than the 
corresponding values for the two-electron series. This is no surprise 
because there is only a main pair in the H e  and Li atoms (the ls2). 
I n  Li ( 1s22s1, 25 ' )  there is an increase of correlation because the 1s 
electron finds a 2s electron with opposite spin. However, the Is and 
the 2s orbitals do not overlap too much. Since only the fraction of 
the electron which overlaps requires correlation, the Hartree-Fock 
functions for Li introduce an error nearly as large as in He. 
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I n  the beryllium atom we have an  additional pair of electrons 
relative to He. This time the added pair introduces a large increase 
in correlation. The added correlation in Be should be about twice 
as much as the correlation in He as indicated from the statistical 
model. We shall talk of intrasubshell and intersubshell correlation 
energy and of intrashell and intershell correlation energy. The 
electrons in a subshell have the same n and 1, but diffcr in m and 
spin quantum number. The electrons in a shell have identical n 
but different I, m and spin quantum numbers. Therefor:, the correla- 
tion of the ls2 pair is intrasubshell correlation energy and also 
intrashell since for n = 1 only I = 0 is allowed. 

The correlation of the 2 x 2  pair is intrasubshell. The correlation 
of the 2s12p1 pair is intersubshell. The correlation of the ls12s1 or 
ls12p1 is an  intershell correlation. In general, we can say that intra 
terms are more important than inter terms and subshell cases are 
more important than shell cases for the correlation energy effects. 

The electronic configuration for the ground state of Be is ls22s2('S). 
However, this configuration is only approximately correct. The 
reason is as follows. To a crude approximation the Be atom has an 
energy corresponding to the sum of the energies of the four electrons 
in the nuclear field alone. That  is to say that the main contribution 
to the energy is the electron-nucleus attraction and the kinetic 
energy of the electron in the field of the bare nucleus. This approxi- 
mation is more and more correct as the nuclear charge gets higher. 
Therefore, four electrons of configuration ls22s2 in NeG+ are bcttcr 
represented by the above approximation than the four electrons of' 
configuration ls22s2 in Be. The above approximation is the hydrogen- 
like approximation. For hydrogen, the 2s and 2p, or the 3s, 3p, 3d 
energy levels are degenerate in energy. Therefore, insofar as the 
hydrogenic approximation holds for Be (or N P )  we should expect 
a degeneracy betwecn the ls2W and the ls22p2 configurations. This 
degeneracy effect has been quantitatively considered by Hartree 
and collaborators in 1 934.19-21. Linderberg and ShulIs1 and Frornanj2 
reexamined the problem and referred to it as the '2  effect', for 
obvious reasons. 

The problem was then reanalysed by McKoy and S i n a l ~ o g l u ~ ~  
using some data of empirical nature and some computation. 
Clemcnti and Veillard22*2Gs27 continued Hartree's work by: (a)  

reintroducing the problem into the self-consistent multiconfigura- 
tion framewrork and ( b )  by making no use of empirical data. Our 
data2G.27 give a total correlation of -0.094 a.u. for Be in the 1s22s2 
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configuration and a total correlation of -0.052 a.u. for the con- 
figuration = 0~94839(,1s22s2) - 0.31 710( ls22p2), where the values 
0.94839 and -0.31 710 are the expansion coefficients obtained from 
the self-consistent-field multiconfiguration technique. McKoy and 
Sinanoglu obtained for the total correlation energy in the two 

H He Li Be B C N 0 F Ne 

FIGURE 5. Correlation energy for first-row atoms after subtraction of the ‘2  effect’ energy. 
The data reported are for the ground state of the first-row atoms and the corresponding 

isoclectronic series (up to 2 = 10). 

configurations Is22s2 and ls22p2 a value in error by over 20%. I n  
Figure 5 the ‘degeneracy’ effect has been subtracted from the total 
correlation energy by Clementi and VeillardZG. Since the large 
fraction of the 2s electrons in Be and its isoelectronic series of positive 
ions have been substituted by 2p electrons, the correlation energy in 
Figure 4 is not much larger than the correlation energy of Li. 

N e ~ b e t ~ ~  has recently offered the most comprehensive tabulation 
of computed (rather than ‘experimental’) correlated functions for 
the first period. The breakdown in energy contribution for the Be 
atoms obtained by Nesbet is as follows: -0.04.18 a.u. for the 1.9 
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intrashell correlation energy, - 0.0453 a.u. for the second intrashell 
correlation energy (the one usually referred to as  2s2 electrons), 
-0.006 a.u. for the intershell correlation energy, namely, 1s and 2s 
(again 2s2 is here to be taken as designation of the second pair, rather 
than specification of quantum numbers). T h e  values -0.0418 a.u. 
and -0-04.53 a.u. are quite similar and this breakdown corresponds 
to what was assumed by simple inspection of Figure 450. 

Let us continue in analysing the 'experimental' correlation 
energies and consider boron ( ls22s22p1, "), carbon ( ls22s22p2, "p) 
and nitrogen ( ls22s22p3, "s> and their isoelectronic series for the 
positive ions. No new intrapair correlation is added from what is 
present in the Be atom, since the spins in 2p1, 2p2 and 2p3 are parallel 
for the ground states. However, the density of the 2s follows quite 
closely the density of 2p orbitals (neglecting the 2s orthogonality). 
Since the statistical model is density dependent, we should expect an 
increase in the correlation energy. From a different point of view 
we could say that in the same region of space of the 2s pair, new 
electrons, the 2p, are added (again here 2s refers both to 2s proper 
and its promotion to 2p) and, therefore, we expect intersubshell 
correlation. 

Clearly, it does not matter too much whether the 2s is a proper 
2s or partly 2s and partly 2p. The net effect is that there are sets of 
three, four and five electrons in the L shell for boron, carbon and 
nitrogen and only one has different spin from the rest of the set. The  
'degeneracy effect' is still present for boron ( ls22s22p1 and ls22s02fi3 
both have a 2P state) or carbon ( ls22s22p2 and 1s22s02p4 both have 
a 3P state), but not for nitrogen (the ls22s22p3 has a 4S state, but 
ls22s0Zp5 has no 4s state). By comparing Figures 4 and 5 this can 
be clearly noted, especially if one compares the isoelectronic series. 
This much is obtained from analysis of the 'experimental' data. 

O n  returning to Nesbet's work we find that the ls2 correlation 
energy is nearly the same as in He or Li, or Be. The (2sm2p") correla- 
tion energies are -0.071 a.u., -0.098 a.u. and -0.127 a.u. and 
the interaction between ( ls2) and (2s'"2p"), i.e. the intershell correla- 
tions, are -0.009 a.u., -0-012 a.u. and -0-014a.u., respectively. By 
inspection of Figure 5, the constant increase in the 2s"'2p7' correlation 
is expected. Since in Figure 5 the ls2 - (2s7"2pn) intershell correla- 
tion is not distinguishable from the (2s"'Zp") intrashell correlation, 
all one can conclude for the latter is that it should increase by about 
0.04 a.u., which compares very well with Nesbet's data. 

Let us consider now the oxygen, fluorine and neon atoms and the 
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corresponding isoelectronic series of positive ions (note that addi- 
tional data for the isoelectronic series are given in the original pub- 
lications). The  configurations for these atoms are ls22s22p4, ls22s22p5, 
1s2, 2s2, 2 t 6  and the corresponding ground states are 3P, 2P and 1s. 
We have sets of six, seven and eight electrons sharing nearly the 
same space in the L shell; these sets consist of two electrons with a spin 
and four with /3 spin, three with a spin and four with /? spin, and four 
with 0: spin and four with /3 spin, respectively. Therefore, we have a 
larger number of pair interactions, and a higher increment of corre- 
lation than for By C and N. This is clear from Figures 4 and 5. 

T h e  decomposition given by Nesbet in terms of shells is -0.019 
a.u., -0.022 a.u. and -0.025 a.u. for the K-L intershell correlation, 
and -0.187 a.u., -0.251 a.u. and -0.317 a.u. for the L intrashell 
correlation energy. (A more detailed breakdown is available from 
the Nesbet work in terms of subshells.) 

Let us now comment on the excited states of the lowest electronic 
configurations, reported in Figure 4 only for the neutral atoms. 

First of all, we should notice that for a state of some multiplicity 
and angular momentum (like the lS for He, Be, C, 0, Ne or the 
2P for By N, F) the correlation energy is a linear function of the 
number of the electrons. 

Second, we should notice that for a given atom the correlation 
energy decreases with increasing valuc of the angular momentum ; 
for example, the singlet states with angular momentum S have more 
correlation than the singlets with angular momentum D. The same 
holds for D and P. 

Therefore, we have a correlation energy which works in the 
opposite way to Hund’s rules. This is of interest because if the 
correlation energy differcnce between states is larger than the term 
separation then Hund’s rules will not hold. 

The explanation of this behaviour for the excited states is to be 
found in the fact that the larger (from S to P, from I) to D, from 
D to F, etc.) the angular momenta, the more structured is the 
electronic density. 

For S states, the distribution varies only along the 7 coordinates 
(in the 7, 0 ,  p, space of an atom). For higher angular momentum 
the density varies not only along r but along 0 and p. This point will 
be reanalysed later in this work in connection with the decrease of 
the correlation energy in the ten-electron systems Ne, HF, H20 ,  
NH3 and CI-I,. All these systems are singlets and have a ground 
state of totally symmetric representation. However, the electronic 
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density is structured, localized, and the more so, the lower is the 
correlation energy. T h e  decrease in correlation energy for a n  
increment in angular momentum is not small and of the order of 
about -0.015 a.u. This is approximately the decrease along the 
Ne, HF, H20, NH, and CH, series. 

The reason for the inability of the statistical method to obtain 
such variations (see Table 3) is that in equation (59) or in equation 
(60) the angular part does not appear in the integration since it is 
derived only for closed shells. I t  is clear, therefore, that the statistical 
method could, in principle, give such variations directly, by appro- 
priate expansion of equations (59) or (60). 

Additional examples of variation in correlation energy with total 
angular momentum can be found in the d-electron series (Sc to Zn) 
and are discussed elsewhere". 

VII. MOLECULAR EXTRA CORRELATION ENERGY 

From our previous discussion on the atomic correlation energy it 
is clear that the correlation energy in a molecule should be related 
to the correlation energy in the component atoms. First of all, from 
the statistical analysis of the correlation energy, we know that the 
correlation energy is proportional to the electronic density, since 
in no way is the statistical analysis restricted to an atom rather than 
to a molecule. 

From the statistical model we know of the additivity of the correlation, 
to aj~st-order approsirnation. Indeed, the total density is the sum of 
the orbital densities. Whenever in a molecule an orbital has mainly 
atomic character (like those of the inner shells), its correlation is 
that of the corrcsponding atom. Transferability of correlation 
energy data from ztoms to molecules or solids33 has been obvious 
since 1934. 

Ho\vever, there are differences in the density of a molecule when 
compared with the density one would obtain by simply super- 
imposing atomic densities. Therefore, we would expect differences 
in the molecular correlation energies of the corresponding atoms. 

The energy difference obtained by subtracting from the correla- 
tion energy of a molecule the correlatioll energy of the component 
atoms (in the correct dissociation state) has been called molecular 
cxtra correlation energy (Clementi5j, 1962). The name implicitly 
contains thc coiinotation of an increase in corrclation energy from 
the sum of those belonging to the corresponding atoms. The  main 
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reason for such an increase is that the formation of the molecule 
always increases the number of electron pairs. This increase is two- 
fold: the most important one is due to the fact that electrons 
previously unpaired in the separated atoms pair during molecule 
formation. For example, the hydrogen atom has one unpaired spin, 
the fluorine atom has nine electrons, eight paired and one unpaired, 
but in the hydrogen fluoride molecule the two unpaired spins (the 
one of H and the one of F) pair up (H(2S) + F(2P) -+ HF(IZ+)). 
Extreme cases of pairing in diatomic molecules clearly correspond 
to extreme unpairing (higher spin multiplicity) of separated atoms 
like N, from N(4S), P2 from P(4S), Mn, from Mn(6S). 

The second factor in increasing the number of pairs is that more 
interpair correlation energy contributions will occur, because of the 
increase in the number of electrons. 

The molecular extra correlation energy can be a substantial 
fraction of the total dissociation energy. 

Let us indicate with ?d c, 1' quantities obtained from the Hartrec- 
Fock methods, or due to correlation or relativistic effects, respectively. 
Let us indicate the component atoms of an N-atom molecule, m, 
by the subscript a, and finally let us use the symbols D for dissocia- 
tion energy and E for total energy. 

The exact dissociation energy of a molecule is then given by 
the relation 

or 

where 

D = Dh, + D c  + D, 

D = Dhf + MECE + D, (61 1 

D, = ( 3 E~, . )  - E,,,, f molecular extra correlation energy (hIECE) 
a=l 

Dr = ( j l E & r )  - %*r 

In  other words, we partition the dissociation energy into a 
Hartree-Fock component, a correlation component and a relativistic 
energy component. The quantity Dhf is obtained directly from the 
molecular computations of Hartree-Fock type (now standardly 
available) and from the atomic Hartree-Fock energies". 

The quantity Dc is the definition of molecular extra correlation 
energy (MECE) previously discussed. 



1. Electronic Structure in Molcculcs, Especially in Cyano Compounds 45 

The quantity D, is the relativistic part of the dissociation energy. 

I t  is customary to assumc that EE,,, = Em., and, therefore, to 

discount such terms. LVe do not agree with such an optimistic 
approach except for molecules containing first- and possibly second- 
row atoms. For molecules containing third-row atoms, we expect D, 
to have a value of from a few tenths of a calorie up  to a kilocalorie 
in extreme cases. However, such contributions can be computed 
safely from perturbation theory. For molecules containing fourth- 
row (and higher) atoms, the relativistic contribution to the dissocia- 
tion energy is not expected to increase nearly as much as the atomic 
relativistic energy, but to incrcase somewhat more than merely in 
the 0.1 to few kilocalories range. The  above comments apply in 
particular to compounds wherc the heavy atom is highly ionic, 
in the sense given by population analysis. 

Let us take a few examples of dissociation energy. For the N, 
molecule in  its ground state (lZ+) the expcrimental dissociation 
energy is 9-90 eV, the computed dissociation cnergy in the Hartree- 
Fock approximation is D,, = 5-18. The  molecular extra correlation 
energy is therefore 4.72 eV, taking D, = 0.000 eV. 

Let us now consider HChT in its ground state ('C-E). The  computed 
dissociation energy is D,, = 8.85 eV, the experimental dissociation 
energy D = 13.55 f 0.05 CV and MECE = 4.7 f 0.05 eV. I t  is 
noted that H C N  and hTz molecules are isoelectronic and that  for 
HCN also we form three new pairs in the reaction 

H(2S) + C(3P) + N(4S) - HCN(lS+) 

The agreement of the extramolecular correlation of 4-72 cV for 
N2 and 4.70 f 0-05 eV indicates how transferable are data within 
molecular systems. It is noted that MECE for N, is somewhat larger 
than MECE for AT,: the reason is that in HCN the electronic charges 
are more localized than in HCN. 

Let us now consider N2+ in the 21-IlL and 2Z0 statcs. Thc MECE are 
4.14. eV and  5-73 eV. This is a transposition to molecular cases of 
the variation of correlation encrgy with angular momentum as pre- 
viously discusscd in atoms. 

I n  the past few years an increasingly large body of data is available 
so that  i t  is expected that wc shall be vcry shortly in a position to 
estimatc the molecular extra correlation energy from atomic da t a  
and thc Hartrcc-Fock dissociation energy, to within an error of a 
few percents6. 

N 

Q=l 
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VIII. REMARKS ON T H E  ELECTRONIC STRUCTURE 
O F  THE -CN GROUP 

The -CN group is a 14-electron group; 13 electrons are supplied 
by the C and N atoms (6 + 7) and one is used to bind the CN group. 
The latter one is supplied by R in R-CN where R is either an atom 
or a radical (aliphatic or aromatic). In  this way we might consider 
the CN- negative ion as the prototype of the -CN group. The  
-CN group can bind via a-electrons (these arc symmetric around 
the C-N axis, generally chosen to be the z axis and are primarily 
built with the Is, 2s and 2pC = 2pz electrons on C and N) or via 
the z--electrons (which are built up with the 2p, and 2 f 1 ~  electrons) 
or both. I n  addition, the CN group can give or receivc charges from 
R and in that case the binding has an ionic contribution. Finally, 
the 14th electron supplied by R creates a new pair and this brings 
about a contribution to MECE of 1-5 f 5 eV. 

Let us briefly analyse H-CN in the ground-state configuration 
la22a23a24o25a21rr4, which yields a IXf state. The la2 and the 2a 
are about 100 yo of the ls2 on C and N. These four electrons are the 
inner shell of the -CN group. Of the ten remaining electrons, six are 
of the a-type and four are of z--type: these are the valency electrons. 
The 302 is mainly contributed by 2s on C and 2s on nitrogen. The  
4a2 and 5a2 contribute both to the nitrogcn lone pair and to the 
H-C bond. Note that HCN is isoelectronic with N2 where the 
last two a-orbitals arc the lone pairs on the two nitrogens. I n  HCN 
one of the lone pair of N2 is essentially transformed into the H-C 
bond. 

I t  can be said that three of thc four .rr-electrons arc contributed 
by the nitrogen and one by the carbon if we take as 'referencc field' 
the isolated atoms. The three from the nitrogcn spill over the carbon 
and a bit further, indeed over the hydrogen, too. Therefore, we 
have z--charge-transfer from CN to l i  = H and CN is a z--donor, 
H being a r-acceptor. As a result of the electropositivity of the 
hydrogen atom, it will donate charges to the CN group; i.e. the 
R = H is a a-donor and CN is a a-acceptor. A simple description of 
the charge transfer in HCN is given, for example, by Clementi and 
Clementi"'. 

A much better wave function for HCN has bcen computed by 
McLean and Y o s h i r n i n ~ ~ ~ .  Let us  analysc (Table 5) the orbital 
encrgies obtained by McLean and Yoshinline. For comparison let 
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us a t  the same time consider the orbital energies of the molecules58 

FCN('C+) ; lo22a2 - * - 7u21r42r4 

OCN-('C+) ; lo2202 . * * 7a21n42r4 
SCN-(lC+) ; 1022u2 . . * 90217r42r43n4 

NC-CN('C,+) ; lo2202 . * * 9021r42r4 

9021r42r4 HCC-CN('Z,+) ; lo22a2 . * 
Cl-CN('C+) ; lo2202 * * * 9 0 ~ 1 ~ ~ 2 ~ ~ 3 ~ ~  

and the orbital energies of the C(3P), N(4S), O ( 3 P ) ,  F(2P), S(3P)  
and C1(2P) atoms. 

Of interest are, for example, the last r-orbital of the neutral 
molecules: for all the molecules of Table 6, the orbital energy is 
about -0-49 -f 0.05 a.u. For the negative species OCN- and SCN- 
the highest filled 7r-orbital has an energy much lower (less bound) 
and is about -0.13 f 0.02 a.u. This constancy ofther-orbital energy 
is expected to hold for most molecules. I t  is noted that in the example 
given, R varies from strongly electropositive (R = H) to neutral 
(R = CIS) to electronegative (R = F) and, therefore, the sample 
molecules in Table 6 should cover most RCN cases. The orbital 
energy of the R-CN bond is somewhat more specific than the r- 
orbital energy (for the highest orbital) and this is expected since 
the ionicity and covalency are quite different and reflect themselves 
mainly in the R-CN o-bond. 

TABLE 6. Orbital energies and total energies (in a.u.) due to perturbing point charges 
in the cyano group. 

Case -&( 1 a) -&(2a) 

ZO'z(5)CN- 

20.2(2) CN- 

ZO'4  (3) c N - 
2 0 . 4  (2) CN- 

2 - 0 4 ( 2 )  cx- 

2-0.4 ( 2 1 ~ ~ -  

Zo**(3)CN- 

2°.4 (5) CN- 

2-0*2(5)CN- 
Z-0'2(3)CN- 

2-0.4(5)CN- 
2-0"4(3)CN- 

CN- 

15.3297 
15.3439 
15.3498 
15.3659 
15.3952 
15.4097 
15.2595 
15.2464 
15.2437 
15.2253 
15.2005 
15.1987 
15.2942 

11.0197 
11.0341 
11.0337 
11.0573 
11.0876 
11.0909 
10.9472 
10.9346 
10.9404 
10.9 122 
10.8888 
10.9069 
10-9830 

-&(3n) -&(40) 

0.9678 0.3745 
0.981 1 0.3901 
0.9862 0.4017 
1.0025 0.4096 
1.0302 0.4426 
1.0426 1.4764 
0-9000 0.3064 
0.8876 0.2927 
0.8854 0.2875 
0.8670 0.2731- 
0.8433 0.2476 
0.8424 0.241 5 
0.9336 0.3101 

-&(5a) --E(lx) 
Total 
energy 

0.23 10 
0.2562 
0.2794 
0.2713 

-0.3216 
0.3641 
0.1515 
0.1270 
0.1044 
0.1 123 
0.0641 
0.0220 
0.191 1 

0.2283 
0.24 16 

-0.2473 
0.2628 
0.2900 
0.3034 
0.1612 
0.1488 
0.1453 
0.1285 
0.1046 
0~1018 
0.1945 

-92.3551 
-92.3765 
-92.3792 
-92.3932 
-92.4413 
-92.4562 
- 92.2823 
-92.2658 
- 92.27 35 
-92.2476 
- 92.2 193 
-92.2456 
-92.3 182 
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The computed dipole moments are59 3.29 D for HCN (exp. 2-95), 
7.22 D fo:: OCN-, 2.28 D for FCN (exp. 2-17), 6.93 for SCN-, 
3.05 D for ClCN (cxp. 2-80) and 4-13 for HCC-CN. I n  general, one 
can state that the agreement between the computed dipole moment 
and the experimental dipole moment is rather good. I t  is noted that 
the dipole moment given here had been computed in the Hartree- 
Fock approximation. No equivalent work with better wave functions 
has been done up to date. 

Let us analyse in more detail some recent results60 from an SCF 

computation of the CN- radical. The electronic configuration is 
1 a22023024a25021r4 and the corresponding orbital energies are : 
&(la)  = -15.2942 a.u.; ~ ( 2 a )  = -10.9830 a.u.; ~ ( 3 a )  = -0.9336 
a.u.; ~ ( 4 0 )  = -0.3401 a.u.; ~ ( 5 ~ 7 )  = -0.1911 a.u.; &(IT)  = 
-0.1945 a.u., respectively. The  total I-Iartree-Fock electronic energy 
is -92.3182 a.u.; the sum of the Hartree-Fock energies of the 
separated atoms C(3P) and N(") is 

-37.6886 a.u. - 54.1009 a.u. = -92.0895 a.u. 

Therefore, the Hartree-Fock bindins energy is 92-3 182 - 92.0895 = 
0.2287 a.u. (or 6.223 eV). The total Hartree-Fock energy for the 
CN molecule (211 state) is -91.8510 a.u. and, therefore, in the 
Hartree-Fock approximation CN-( lC+) is more stable than CN( 211) 
by 0.4672 a.u. The molecular extra correlation energies (MECE) in 
CN- should not be too different from the molecular extra correlation 
energy in HCN, previously discussed (about 4.7 f 0.05 eV). 

Another estimate of the molecular extra correlation energy in 
CN- is obtained by considering the N, molecule (isoelcctronic with 
CN-) and in this case MECE for AT2 is 4.72 eV. On this basis we 
shall estimate the binding energy of CN- as 6.223 + 4.7 - 10.9 eV. 

A final comparison might be in order, namely the experimental 
binding energy of CO 11.242 eV; the binding of CN- is therefore 
not dissimilar from the binding of CO-. (Our computations for 
CN- have been performed at a CN distance of 1.7774 A.) 

Since we have taken the CN- radical as prototype of the -CN 
group, we report some euristic computations which should elucidate 
the -CN role in RCN compounds. The  R group will appear to the 
CN group either as positively or negatively charged. For example, 
we can think that H C N  is really Ha+ and CNJ-, where 6 is some 
value between 1 and 0. Since the -CN group has 14 electrons as 
the CN- groups, we shall simulate RCN by a study of the electronic 
charge rearrangement of CX- in the presence of point charges. 
3 
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For example, let us recompute the SCF wave function of CN- in 
the presence of a positive point charge 0.2 located 5 a.u. from the 
carbon atom on the CN axis. For simplicity we shall write this 
‘compoundy 2 y 5 )  (CN)- where the notation indicates that a 
point charge 2, of value +0.2, has been added 5 a.u. from the C 
atom along the C N  axis in CN-. 

I n  Table 6 we compare CN- with a variety of Zz(Y)CN- and 
we report the energy variation in CN- when point charges +0.2, 
+0.4, -0-2 and -0.4 are placed 5 ,  3 and 2 a.u. from the C atom 
on the CN axis. All the orbital energies are affected by the point 
charges and not only the valency electrons. This is important, since 
it tells us that a probe in the inner shell is as important as a probe 
in the valency shell in understanding the substitution (i.e. fields 
variation) effect between different R’s in R-CN. The positive 
charges lower the orbital energies, i.e. the electrons are more tightly 
bound, and as a consequence the total energy of the system is 
increased. The lowering increases either by increasing the point 
charge (from +O-2 to +0.4, for example) or by setting the same 
point charge nearer and nearer to the carbon atom. The negative 
charges decrease the stability of the system, i.e. the orbital energy 
and the total energy decrease. The  extreme case, i.e. +0.4 charge 
at  2.0 a.u. from the CN group, should correspond to the case of a 
highly positively or negatively charged R. It should be noted that 
we have taken as reference CN- so as to have 14 electrons, since 
the point charge does not introduce any additional electron to the 
system. Therefore, this analysis is relevant only in describing the 
classical electrostatic effect and relative to the CN- molecule. 
However, it gives us, by analogy, some of the gross features to be 
expected in -CN, namely, that if the atom which adjoins the -CN 
group has an  overall positive or negative charge, then one should 
expect the -CN group to interact as indicated in Table 6. 

Let us now turn to the isocyano group, and let us repeat the 
point-charge simulation, this time by placing positive ( +0.2 or 
+0.4) or negative (-0.2 or -0.4) charges at various distances 
(2, 3 and 5 a.u.) from the nitrogen atom, along the CN axis in the 
CN- field. I n  Table 7 we have used the notation CN-(X)ZP to 
indicate that the point charge 2 of value Y has been placed a t  a 
distance X from the nitrogen atom. 

The  orbital energies for the la, 20 are by and large equal to those 
of Table 6. The 4a and 50 in the CN-(X)ZY are respectively less 
stable and more stable than the corresponding ZY(X)CN- case, 
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upon point-charge perturbation. Note that the 4a and 50 correspond 
to the lone pair on nitrogen and the lone pair on carbon (the bond 
between R and Chi, in our model). T h e  7-r-orbital energies are not 
too different in Tables 5 and 6 ; however, one should notice a trend 
towards a decrease in stability by comparing Table 6 with Table 7. 

These differences are explained by referring to the net atomic 
charges on the carbon and nitrogen atoms (Table 7)  computed for 

TABLE 7. Orbital energies and total energies (in a.u.) due to perturbing point charges 
in the isocyano group. 

Case - E (  la) -&(2a) --~(3a) -e(4a) -450) - E (  1n) Total energy 

(CN)-(5) Zoe2 
(CN)-(3) 20.2  

( C q -  (2) 2 0 . 2  

(cN)-( 5) Z0'4 

(CN)-(2) 2 0 ' 4  

(CN)- (5) 2-0.2 

(CN)-( 3) 2-0 .2  

(cN)- (2) 2-0.2 

(CN)-(5) Z-@* 
(CN)-(3) z-0'4 

(cN)-(~)z-o.~ 

(CN)-(3)Zoa4 

CN- 

15.3275 
15.3427 
15.3469 
15.3619 
15.3938 
15.4930 
15.2619 
15.2484 
15.2454 
15.2302 
15.2053 
15.2012 
15.2942 

11.0167 
11.0326 
11.0413 
11.0510 
11.0841 
11.1019 
10.9501 
10.9356 
10.92 7 7 
10.9179 
10.8902 
1043757 
10.9830 

0.9670 
0.9827 
0.992 1 
1.0012 
1.0337 
1.0533 
0.9008 
0.8864 
0.8781 
0.8686 
0.8412 
0.8261 
0.9336 

0.3766 
0.4004 
0.4270 
0.4137 
0.4633 
0.5 198 
0.3043 
0.2826 
0.2609 
0.2691 
0.2280 
0.1907 
0.3401 

0.2230 
0.2384 
0.2486 
0.2554 
0.2862 
0.3051 
0.1595 
0-1444 
0.1318 
0-1283 
0.0980 
0.0697 
0.1311 

0.2283 
0.2440 
0.2527 
0.2628 
0.2952 
0.3128 
0.1613 
0.1468 
0.1388 
0.1287 
0.1008 
0.0858 
0.1345 

-92.3538 
-92.3743 
-92.3807 
-92.3906 
-92.4354 
-92.4558 
-92.2836 
-92'2668 
-92.2678 
-92.2500 
-92,2199 
-92.2296 
-92.3 182 

the Zp(X)CN- and CN-(X)Z'  cases. The positive point charge 
pulls electrons towards itself in any case; however, the pull is much 
more effective when the positive charge is on the N side than when on 
the C side. The negative point charge pushes electrons away; however, 
the repulsion is more effective when the negative charge is on the 
nitrogen side than when on the carbon side. This is, however, only 
a very crude description of the electrostatic effects due to point 
charges. There are complications, which can not be explained by 
simple reference to Table 8, and even for simple point charges, the 
repulsion or attraction for the electrons varies orbital by orbital. 
Of  course, we would expect that the inner-shell electrons will be 
effected less than the valency electrons. After all, the inner-shell 
electrons are much more energetic and will be therefore less per- 
turbed; in addition, the inner-shell electrons do not experience 
directly the perturbing point charge, but only through the screening 
of the valency electrons. However, we do not refer to such obvious 
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T A B L E  8. Gross atomic population analysis variations due to perturbing point chargesa. 

Total charge on Total charge on 
Case C N Case C N 

Z0.2(5)CN- 
2°.2 (3) CN- 
20*2(2)  CN- 
Z04(5)CN- 
20.4 (3)CN- 
20.4(2) CN- 

2-0 .2(2)  CN- 
2-0.4 (5) CN- 

Z - O * ~ ( ~ ) C N -  

2-o.2(  5 )  CN- 
2-o.2 (3) CN- 

Z-0.4 (3) CN- 

6.1456 
6.1673 
6.1403 
6.1908 
6.2366 
6.1940 
6.0596 
6.0410 
6.0826 
6.0 195 
5.987 1 
6.0868 

7,8546 CN-(5)204 
7.8327 Ci\-(3)204 
7.8598 CN-(2)20’2 
7-8092 ~ ~ 3 3 )  2 0 . 4  

7.7632 C N 7 3 )  2 0 - 4  

7.8060 CN-(?)Z0*4 

7.9589 CX-(3)2-0-2 
7.9175 CN-(2) 2-0-2  

7.9804 CN-(5)Z-0.4 
8.0129 CN- (2) 2-0.4 

7.9131 CN- 

7.9403 CN-(3)2-0.2 

6.0733 
6.0400 
6-02 10 
6.0505 
5.9850 
5.9476 
6.1348 
6.1700 
6.1918 
6.1723 
6.2936 
6.1018 

7.9267 
7.9599 
7.9790 
7.9494 
8.0 150 
8.0524 
7.865 1 
7.8300 
7.8082 
7.8277 
7.7063 
7.8983 

a The four decimal Ggurcs here rcported arc exccssive in a physical sense but are given 
only for numerical accuracy. 

orbital deformation, but to a variation in the direction of the migra- 
tion: the point charge pulls some of the orbital toward itself (or repels 
it) but this pull in one orbital is partially compensated in a repulsion 
(or attraction) in another orbital. In other words, some orbitals 
experience charge transfer in one direction and some different 
orbitals experience charge transfer in the opposite direction upon 
perturbation by the same point charge. 

This is indicated in Table 9, where we report the gross charge 
on the carbon and nitrogen atoms for CN-, 204(2) CN-, Z-o.2(2) CN-, 
(CN)-(2)Z0.* and (CN)-(Z)Z-O.2. For example, in Z0.2(2)CN- the 
pull towards the positive point charge has an overall effect of about 
0.04 electrons increase on the carbon atom a t  the expense of the 
nitrogen atom. We have an increase of 0.02 electrons in the 3a, 
of 0.24 electrons in the 4a, a decrease of 0.26 electrons in the 5a 
and an increase of 0.05 electrons in the ln-orbital. 

I t  is likely that a good characterization of the -CN group is its 
extreme versatility in exchanging charges from C to N in a complex 
(two-way) fashion. It is important to stress that this two-way charge- 
transfer effect is not due to the presence of outside electrons, but can 
be found by a simple point charge, i.e. it is a ‘classical electrostatic 
effect’. The real picture will be by necessity even more complex when 
we replace the point charge with electropositive or electronegative 
atoms. Indeed, in such a case not only is there an electrostatic effect 
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TABLE 9. Orbital by orbital charge migration due to point-charge perturbation. 
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-0.0029 
2.0029 
1.9999 
0.000 1 
0.3306 
1.6694 
0.5287 
1.4713 
1.7520 
0.2480 
1.4933 
1.5067 

-0.0028 
2.0028 
1 *9999 
0~0001 
0.3495 
1.6505 
0.762 1 
1.2379 
1.4916 
0.5084 
1.5398 
2.4.602 

-0*0030 
2.0030 
2~0000 
o*oooo 
0.3148 
1.6852 
0.4098 
1-5902 
1-907 1 
0.0929 
1.4539 
1.546 1 

-0.0030 
2.0030 
2.0000 
0~0000 
0.3322 
1.6677 
0.3993 
1.6007 
1.8758 
0.1242 
1.4167 
2.5833 

-0.0027 
2.0027 
1.9999 
0.000 1 
0.3290 
1.6709 
0.7385 
1.2615 
1 a5533 
0.4467 
1.5737 
2.4262 

Total (C) 6.1018 6.1402 6.0825 6.02 10 6.1918 
Total (N) 7.8982 7.8597 7.9175 7.9790 7.8082 

but the R group of RCN can either donate or accept electrons, and 
these are either of 0- or r-type or both. The charge transfer between 
R and -CN can be related to one of the 16 possible cases represented 
in Table 10. I n  Table 10 we consider the cases where either R or 
CN can be a r-donor or acceptor or a a-donor or acceptor. One could 
state that most of the chemistry of the -CN group can be explained 
by the 16 cases in Table 10. 

TAULE 10. Charge transfer between K and CN groups. 

CN, x- 
CN, a-donor CN, x-donor CN, u-acceptor acceptor 
t a  t x  U+ 7 7 4  

7r- R;  a-donor; a+ 

t a  R ;  x-donor; x d  

R; a-acceptor; 

R ;  x-acceptor; +x 13(1+O) t 7 ;  14('n) A R  lj("+) 4-z- 16(*&) 4-77. 
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Let us analyse in some detail this table. Clearly, cases 1, 6, 11 
and 16 (i.e. the cases along the diagonal of the table) cannot exist, 
since the charge-transfer characteristics of the R and C N  group are 
mutually exclusive. It is noted, however, that cases 1, 6, 11 and 16 
could occur whenever the R and CN groups interact with a third 
group (be it an atom, molecule or set of molecules). 

The cases 2, 5, 12 and 15 are two-way charge-transfer cases (note 
that the table is redundant insofar as case 2 and case 15 as well as  
case 5 and case 12 are identical). 

The cases 3, 4, 7, 8, 9, 10, 13 and 14 are one-way charge-transfer 
cases. T h e  arrows point out this fact, and we have used the conven- 
tion of having an arrow pointing to the right whenever charges flow 
from R to CN, and pointing to the left whenever charges flow from 
CN to R. The charge-transfer table can be extended easily from the 
RCN case to any molecule. The 16 cases originated by our choice 
of analysing two groups (R and CN) and two types of charges (a and 
r r ) .  Clearly, this is an arbitrary choice. For example, we could have 
chosen rather than (T- or rr-electrons, inner-shell and valency-shell 
electrons, or molecular orbitals or localized orbitals. I n  addition, a 
more adequate generalization of Table 10 would have repeated on 
the vertical column the four CN possibilities. I n  this way we could 
analyse charge transfer between groups (R with CN) and within 
groups (R within itself and CN within itself). Then we could talk 
of one-way and two-way charge transfer between two difrerent 
groups and of carriers (one-way) and transformers (two-way) 
charge transfer within one groupGI. We could ask.  . . what is the 
meaning of a charge transfer within a group (or atom)? Equally 
well, however, we could ask ourselves what is the meaning of a 
charge transfer between groups. The answer to both questions is 
that electrons do not belong to atoms or molecules. Electrons simply 
feel fields and induce fields. We chemists think of electrons as 
belonging to atoms or molecules and in order to both understand elec- 
trons and to express ourselves we use ‘reference fields’. By definition, 
reference fields are arbitrary; however, these are sometimes useful 
concepts for communication reasons. Classical examples of charge 
transfer within a group which makes use of ‘reference states’ are 
the valency states. T o  a large degree the same comment holds for 
the concept of hybridization, electron affinity, electronegativity and 
polarizability. 

Let us bricfly survey some population analysis results for the 
vinylisocyanide molecule CH,=CHNC. The  molecule has been 
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computed in the xy plane with the x axis passing through the two 
carbons of the ethylene group ( CH2=CHR). This plane has reflec- 
tion symmetry which is the only symmetry for CH2=CHNC. The 
three carbon atoms are hereafter designated as C(l), C(2) and C(3) 
where C(l) is the carbon atom of CH2, C(2) is the carbon atom of 
CH and C(3) is the carbon of the -NC groups. The H, of CH, are 
designated as H(51 and H(6) and H(7) is the hydrogen of CHNC. The 
following net charges have been computedG0. 

2P:.2892 P Z '  423 
N 1 s1.9972s1?2772p~3i9 

C(l) 1s1~9902~1.1502p1'0592 1.1882p0.086 

C(2) 1 s1.9992s1-1042p~0382 p, 0.985 2~11.037 

C(3) 1s1~9992~1~5972p0~0702 0.9552~0.554 

x P, 2 

x Pw 2 

H(5) 1s0*783 H(6) 1 ~ ~ . ~ ~ ~  H(7) ls0.7G2 

Again, the hydrogens are o-donors, having released about 0.2 
electrons per hydrogen atom. The nitrogen o-charge is the sum of 
the Is, 2s, 2px and Zp, charges, namely 5.942 electrons. 

We shall now analyse the computed electronic population of 
methyl cyanide CH3CN and methyl isocyanide CH3NC. 'For 
CH,CN the gross charges are 

c(l) 1 s 1 ~ 0 9 9 2 ~ O ~ 9 1 8 ~ p 1 ~ 0 0 5 2  1 993 

C(21 1 s 1 . 9 9 9 2 ~ 1 ~ 2 2 6 2 p 0 0 9 7 2  2 432 

N ls1'9982s1.6722p~4'02p~~034 

H 1 sz.239 1 s0.514 

u P,' 
0 P,' 

b 

where C(l) is the carbon atom of the CIS group. Only one hydrogen 
is reported since the three hydrogens are symmetrical. The equivalent 
data for CH3-NC are: 

c(l) 1s1.9992~1~5D2~p1~1212 1.147 

C(2) 1s1.9992s1.2092 p; 0 868 2 p y  
N 1 s 1 . 9 B 9 2 ~ 1 ~ 2 8 5 2 p l ~ 2 2 3 2 p ~ 8 5 5  

H ls0.?351s0.528 

u Pli 

0 

U li 

The hydrogen differs very little in the cyano compound relative 
to the isocyano compound. The carbon atom of the CH3 group 
(designated as C(.,,) is not too different in the two compounds, 
howevcr, somewhat more in the CH3hTC than in CH3CN (the excess 
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charges on C(z) in CH,CN is 0.654 whereas i t  is 0.493 in CH,NC). 
The main difference, as expected, is in the isocyanide or cyanide 
group. In  CH,CN the nitrogen has an excess charge of 0.17 electrons 
versus 0.36 electrons in CH,NC. The CN carbon has a charge 
deficiency of 0-14 electrons in CH,NC and a charge deficiency of 
0.08 electrons in CH,CN. The main overall difference is that in 
the cyano compound there is charge sign alternation, namely 
(H3) +-C--C+-N- whereas in the isocyano compound there is 
charge reenforcement ( H3) +-C--N--C+. 

After this preliminary comparison between CH,CN and CH,NH, 
let us analyse the results in more detail. First, we shall anaiyse the 
overall a- and T- (correctly a and e) charges in CH,CN. From the 
above data we can conclude that there is a- and rr-donation from 
CH, to CN and the net result is [CH3]+0.088[CN]-o.088 and we 
should note that the small charge transfer is about twice as much 
of a-electrons as of rr. The CH, group has four rr-electrons and five a- 
electrons. The H, group can be explained by assuming that each 
hydrogen atom has 0.3333 a-electrons and 0.6666 rr-electrons. The 
carbon atom in CH, has 'reference' configuration 1~~22s~2p,~2p,,~. 
Hence, from the computed data reported above we find that the 
H, group donates 0.283 a-electrons and 0.458 rr-electrons. The excess 
of 0.060 a-electrons and 0.026 rr-electrons, left from the donation by 
H, and acceptance from C is transferred to the CN group. 

I n  conclusion, the H, group donates charges to the carbon atom 
and to the CN group. Therefore, H, is a a- and rr-donor, the carbon 
atom is a a- and rr-acceptor. I n  addition, the carbor, passes over to the 
CN group the excess donation from the H, group, and, we shall 
therefore say that the C atom is not only a a-, T-acceptor, but also a 
6-, T-'carrier'. By carrier we mean that the atom transmits charges 
taken from a group (or atom) to a second group (or atom). The 
C N  group is an overall acceptor, as noted above. The  detailed charge- 
transfer mechanism is as follows. The carbon atom of CN has 
configuration ls22s12p12p?, or four a-electrons and two rr-electrons. The 
computation indicates a donation of 0.078 a-charges and 0.007 T- 

charges. The nitrogen atom has five o-electrons and two 7r-electrons 
and is an acceptor by 0-14.0 a-charges and 0-034,.rr-chargcs. These 
chargcs are 0.078 a from the C of CN and 0.060 from the a of H,; 
from the rr-charges 0.007 are donated to the N atom from the C of 
CN and 0.026 from thc H,. Therefore, the C atom of CIS is both a 
a-, rr-donor and a-, .iT-carrier; the nitrogen atom is an acceptor both 
of a- and 7r-charges. 
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The charge transfer goes through the following stages : 

donor -> acceptor, carrier --f donor and carrier -• acceptor 

Let us now analyse the CH3-NC molecule. The H, group (one 
a-electron and two n) donates 0.295 a-charges and 0.416 n-charges; 
the carbon atom of CH, (four o-electrons and two n-electrons) 
accepts 0.076 a-charges and 0.416 rr-charges from the H, group; the 
nitrogen atom (five a-electrons and two n-electrons) donates 0.493 a- 
charges and accepts 0-853 rr-charges and, finally, the carbon atom 
of the CN group (four a-electrons and two n-electrons) accepts 
0.7 12 a-charges and donates 0-853 rr-charges. The H3 group is a G- and 
rr-donor; the C atom of CH, is a a- and .rr-acceptor, the nitrogen atom 
is a a-donor and rr-acceptor, and finally, the last carbon atom is a (3- 

acceptor and n-donor. Since cr-charges are transferred from H3 to 
the C of CN, then the C of CH, and N are a-carriers. Whereas in 
the CH,CN molecule we had only one-way charge transfer, in 
CH,NC we have two-way charge transfer between the CN atoms 
of the CN group. The process is, therefore, donor -+ acceptor and 
carrier -* donor, acceptor, and carrier -+ acceptor or donor. To be 
exact, there is a negligible rr-transfer between the carbon atoms 
(0.002) but this is within the rounding error. A schematic account 
of the entire eiiergy-transfer process is given in Table 11. 

The charge-transfer ability of the CN group has important 
consequences in the dipole moment of RCN and CNR compounds. 
The dipole moment ,u of CN- is very small, 0.14922 a.u. (or 
0.3792 D) from our computation. This is of no surprise since the 
dipole moment of CN should not be too different from the dipole 
moment of N2, namely zero, or of CO(O.112 D). 

Before analysing the dipole moment variation in -CN and CN- 
compounds, let us discuss in some detail the dipole moment of CN-. 
There are, of course, two components in the dipole moment, one 
due to the nuclear charges, the second due to the electronic charges. 
The nuclear charge component, pl ,  is the sum of the products of 
the charges and the distance from a given origin. The elcctronic 
component p 2  is the sum of the expectation valuc of R for the orbitals 
of the wave function. In  CN (or in any linear molecule) ,u2 is the 
sum over all electrons of the expectation value of z ,  if z is the 
molecular axis, since the expectation values for x andy  are zero. 

Whereas for neutral molecules the choice of thc dipole moment 
origin is of no importance (i.e. the dipole moment is invariant with 
respect to the origin), this is not the case for non-neutral species. 
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TAULE 11. Energy-transfer process for the CH,NC molecule. 

C C N 

0.060 
1 

2000 0.432 2.000 
H -1 T 

- - - -  
0.026 

5.000 

2.000 

_ _ _ _ _ _ _ _  J 

r [ J o s o x  rk ,""1 o 4 9 1 7 1  
2 000 0416 2 0 0 0  2 000 0853 2 000 

We can prove this most simply. Let us select an origin 0 and a 
second origin 0', for example, along the z axis so that we shall have 
0 = 0' - z,; thus we shall have the following two expressions for 
the dipole moment with respect either to 0 or to 0' (assuming N 
nuclei of charge z and ti electrons) 

N n 

i=l j=l 
~ ( 0 )  = ~ 1 ( 0 )  + ,uz(o) = 2 Ziz i (0 ,  - Z (VjI z I y ) O  

~ ( 0 , )  = P ~ ( o ' )  + P ~ ( O , )  = 2 Zizi(0') - 

(62)  

(63) 
N n 

i=l  i- 1 
(YjI z Ivj)o 

We can express p(o,, in terms of ,.u(o) and we have 
.\' n 

,u,o') = P ~ ( O , )  + pz(0.) = 2 Zi(zi - 20) - 2 (PjI z - 20 Ivj)o (64) 
i=l  i= 1 

The  term (Vjl zo Ivj) = z O ( Y ~  I v,) = zon, is the number of electrons 
multiplied by the constant zo. Therefore, the term within paren- 
theses is equal to zero for neutral molecules, and pCO,, = p(o). For 
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non-neutral molecules, or for molecules in an external point charge 
field, the term within parentheses is not zero. For example, in CN-, 
the term within parentheses is (13 - 14) = -1 since there are 13 
positive charges (six from C, seven from N) but 14 electrons. 

In  the following we shall analyse the dipole moment variation of 
CN- due to positive or negative charges either in the vicinity of C 
or of N. We shall find that the very small dipole moment of CN-, 
becomes a very substantial dipole moment; part of this increase is 
due to pl,  but a large part is due to ,u2. Since our point charges 
simulate the addition of an R group to -CN, this analysis indicates 
that we should expect a large dipole moment in RCN or CNR 
compounds. The sensitivity of p2 to outside fields is a manifestation 
of the CN ability to have internal two-way charge transfer. 

It might be instructive to report the details of the value of ,u for 
CN-. 

~2 = (-2.2222 x 2) - (0.0007 x 2) - (1.3985 x 2) 
- (2.0123 x 2) + (0.1197 x 2) - (1.3939 x 4) 

= - 16.6036 a.u. 

The above values are the computed electronic dipole moment 
components for the electrons in loz, 202, 302, 402, 502 and In4 
molecular orbitals. By taking as origin the carbon atoms, the value 
of ,ul is 15.55616 a.u. Therefore, if the origin is at the carbon atom, 
the dipole moment for CN- is ,u = -16.6036 + 15.55616 = 
-1.04744 a.u. Since CN- is not neutral, we should compute p with 
respect to a more sensible origin, namely the centre of positive 
charges. The distance between C and N is 2.222309 a.u. and using 
a mass of 12 for carbon and a mass of 14. for nitrogen, the centre of 
positive charges is 1-1966 a.u. from the carbon atom. Translation of 
the origin from C to the centrc of positive charges, gives a new 
dipole moment of 0.14922 a.u. 

I n  Table 12 we analyse the dipole moment variation due to 
positive or negative point charges either on the carbon or on the 
nitrogen side. I n  the first column we give the case identification, 
in the second column, the nuclear charge contribution to p0 (origin 
with reference to the carbon atom), in the third column the 
electronic contribution to ,uo, in the fourth column p0,, (origin at 
the centre of charges). The fifth, sixth and seventh columns give 
the electronic contribution from a singlc electron in the 40, 50 and 
IT molecular orbitals, respectively. A casual analysis reveals rather 
substantial dipole moments. One would, of course, expect a variation 
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in the nuclear contribution (since wc add a point charge). What is 
of interest is the strong variation in the electronic contribution 
(column 3),  or thc strong variation in p(4a), p(5a) and p(1r).  

We shall now consider the variation in the contribution to the 
dipole moment due to one of the r-electrons (p (1 r )  column). The 
extrema of the variation are -1.2996 and -1.4844 a.u. to be 
comparcd with - 1 *3939 a.u. for CN-. Thc extrema in the variation 
of the electronic part ( p 2  column) are -17.2608 and -15.9192 
a.u. to be compared with -16.6036 a.u. for CN-. Thus, we notice 
a maximum variation of about 0.4 due to the four r-electrons, to 
be compared with a maximum variation of about 0.6 to 0.7 a.u. 
for the total of p2. Therefore, the .rr-electrons alone, despite their 
‘mobility’, cannot account for more than about 50% of the vari- 
ation in dipole moment. The remainder is due to the a-electrons. 
( I n  Table 12 wc have not reported the values of p2( l a ) ,  p2(2a) and 
p2(3a) since these remain essentially constant upon perturbation of 
either positive or negative cha-rgcs.) The 4.0- and 50-orbitals represent 
the lone pairs on the carbon and the nitrogen atoms. By variation 
in the sp hybridization, the lone pair can extend itself toward the 
outside of the molecule or centre itself more uniformly around the 
carbon or nitrogen atoms. Therefore, with littlc (or no) variation 
in the gross charge, the lonc pairs can profoundly vary their con- 
tribution to the dipole moment. Indeed this is what is reported in 
Table 12. The pu,(4a) is 2.0123 a.u. for CN-, but upon perturbation 
this value changes to the extrcma of 1.0259 and 2.4710 a.u. 
The  p2(5u) is 0.1197 a.u. in CN-, but upon pcrturbation of the 
negative or positive charges, this value changes to the extrema of 
-0.4896 a.u. and +0-7561 a.u. I n  addition, the 40- and 50-orbitals 
collaborate in reducing the overall variation. Thus, for example, 
when p2(4a) = 2.4710 a.u., the p2(5a) = -0.4896 and when 
p2(5a)  = 0.7561 a.u., the p2(4a) = 1.0259 a.u. 

I n  conclusion, the overall result in the dipole moment indicates 
that the r- and 40- and 5a-electrons very strongly react to perturbing 
charges and, by shifting their electronic cloud, can substantially 
increase the dipole moments in RCN and CNR compounds over 
the dipole moment value for CIV-. 

We can be more specific: a positive charge in the vicinity of 
the carbon atom in CN- is less effective in increasing the dipolc 
moment of CN- than a negative charge. A positive charge in the 
vicinity of the nitrogen atom in CN- is less effective in increasing 
the dipole moment of CN- than a negative charge. 
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A positive charge in the vicinity of CN- simulates an atom (or 
atoms! which has lost part ofits electrons in RCN or CNR. Similarly, 
a negative charge in the vicinity of CN- simulates an atom (or 
atoms) which has gained some fraction of electrons in RCN or 
CNR. However, we now have to consider the fact that we are using 
CN- in simulating -CN or CN-. 

Let us consider, for example, LiCN or CNLiG2. The molecule will 
be highly polar and to a first approximation it will be Li+(CN)- or 
(CN-)Li+; the analysis of LiCCHa3 is rather conclusive in this 
regard. In  this extreme case we can expect to use Table 12 to obtain 
an estimate of the dipole moment by considering the point charge of 
about +1.0 at a distance of about 3.5 a.u. (which seems to be a 
reasonable distance for LiC bound in LiCN). From Table 12 we 
can interpolate a value of p 2  = 16.34 a.u. for 2+0.2(3-5)CN- and 
a value of p2 = 16.11 a.u. for Z+0.4(3-5)CN-; from these two values 
we can extrapolate p 2  = 15-44 a.u. for Z+'.O(3-5)CN-. The nuclear 
component, p?, can be easily computed as p, = 12.0562 a.u., 
yielding a total dipole moment estimate of -15.44 + 12.0562 = 
-3-38 a.u. for LiCN. Let us now estimate from Table 12 the dipole 
moment for ChTi;  again we use Table 12 to obtain ,u2 = 16.875 a.u. 
for CN-(3*5)Z+O.? and p2 = 17-150a.u. for CN-(3.5)2+0.4. By 
extrapolation we obtain p2 = 17.835 a.u. for CN-(3.5)Z+1'O; since 
p1 = 21.2788 the dipole moment estimated for CNLi, assuming 
(CN)-Li+ and assuming a N-Li distance of 3.5 a.u., is 3-44. a.u. or 
nearly equal to the dipole moment of LiCN. 

Work in progress in our laboratory indicates that the above 
estimates are substantially (within 15-20%) correct. 

I t  seems, therefore, that Table 12 could be ofhelp in understanding 
the general characteristics of RCN and CNR compounds. 

This brings to an end our discussion on the electronic structure 
for the -CN group. There are several very important aspects in 
the chemistry of the CN group that we have not even mentioned. 
For a rather extended survey of dipole moment data in cyano 
compounds, the reader is referred to a paper of SundararianG4. For 
some semiempirical study on RCN compounds the reader is referred, 
for example, to the work of MoffatG5. I n  general, one can obtain 
from the above semiempirical work, a good set of 'rules' for correlat- 
ing experimental data, with sufficient reliability as to be valuable 
even for prediction. 

The preliminary data reported here should make it clear that 
theoretical computation which accounts for all the electrons in a 
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molecule has become feasible in the last few years. At present, the 
main hope of many theoretical chemists is in obtaining better wave 
functions than the Hartree-Fock functions. However, in the mean- 
time a larger number of self-consistent-field all-electron wave 
functions are being computed and analysed. For historical prospec- 
tive it is worthwhile to note that the first crude self-consistent-field 
wave functions for the first row diatomic molecules were computed 
in early 1960. T h e  systematic work on Hartrec-Fock wave functions 
for diatomic and linear molecules took place between 1964 and 
1967. Medium polyatomic molecules with up to ten second-row 
atoms and a few hydrogen atoms have been computed in the last two 
to three years. There is, therefore, very much reason to be optimistic 
even if somewhat disappointed by the lack of a systematic analysis 
on the cyano group. 

Several computations here reported were hurriedly performed 
quite recently in order to present some examples in this chapter. A 
number of additional computations are in progress at our laboratory. 
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1. INTRODUCTION 

The synthetic methods for the preparation of nitriles can be related 
mainly to four reaction types : addition, substitution, elimination 
and conversion of other nitriles. 

The addition reactions which are important in nitrile synthesis 
67 
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imply the nucleophilic addition of hydrogen cyanide or its salts to 
multiple bonds between carbon, oxygen and nitrogen atoms. 

The second reaction type is the substitution of a suitable leaving 
group in an  organic compound by a cyano group. Other reactions 
leading to nitriles, such as those between organometallic compounds 
and various cyano compounds like cyanogen or its halides, are also 
treated here. 

While the two above-mentioned methods introduce the cyano 
group as a whole, the third method consists of an elimination 
reaction which converts a suitable carbon-nitrogen system already 
present in the molecule to a nitrile function. 

The conversion of nitriles to other nitriles without affecting the 
cyano group is a widely used method for the preparation of nitriles. 
Generally, halogenation, alkylation and acylation reactions of 
nitriles do not possess features very much different from the corre- 
sponding reactions of esters, ketones or nitro compounds. Therefore 
these methods will not be treated in this chapter. O n  the other hand, 
it seemed important to emphasize the nitrile syntheses which use 
condensation and cycloaddition reactions of molecules and molecular 
fragments already containing the nitrile function. 

I n  the following text the preparative aspects of nitrile chemistry 
will be emphasized. The literature references were chosen on the 
basis of their applicability to problems usually encountered in the 
research laboratory. Therefore, patents will only be mentioned if 
their methods can be applied within the possibilities and the scale 
of a laboratory, 

Two excellent reviews have been published some time ago which 
are  of interest for the preparative chemist in the nitrile field and 
which provide much information concerning synthetic rneth~dsl-~.  
T h e  second review contains numerous procedural details. 

II. PREPARATION O F  NITRILES BY ADDlTlON O F  
HYDROGEN CYANIDE 

A. Addition t o  Carbon-Carbon Multiple Bonds 

T h e  addition of hydrogen cyanide to olefinic hydrocarbons does 
not proceed very satisfactorily. Even in the presence of catalysts and 
at high temperatures the yields are 10wl*~. 

Contrary to this, acetylenes readily add hydrogen cyanide. The 
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reaction requires a Nieuwland-type catalyst3, an  aqueous solution 
of cuprous chloride, ammonium chloride and hydrogen chloride. 
Thus a yield of 80% acryionitrile is obtained at  80" from acetylene 
and hydrogen cyanide4 : 

Under the same conditions vinylacetylene gives 1-cyano-1,3- 
butadiene. 

T h e  rather inert carbon-carbon double bond becomes susceptible 
to base-catalysed addition of hydrogen cyanide when polarized by 
an alkoxy substituent. Vinyl ethers react with hydrogen cyanide to 
give 1-alkoxy-1-cyanoethanes: 

The catalysts used are alkali cyanides or pyridine5. T h e  addition of 
hydrogen cyanide to vinyl esters of organic acids proceeds equally 
well, catalysts being again alkali cyanides or potassium acetates. 
Acetaldehyde enhances the rate of the reaction considerably and the 
following mechanism has been suggested : 

C H E C H  + HCN __f CH,=CHCN 

ROCH=CH2 + HCN + ROCH(CN)CH, 

CH,-CHOAc 
CH,CHO + HCN A CH,CH(CN)OH A 

CH3CH(CN)OAc + CH,CHO 

Under the influence of the basic catalyst, hydrogen cyanide adds to 
the acetaldehyde. The resulting cyanohydrin is subsequently 
acylated by the vinyl ester, thus producing the l-acyloxy-l-cyano- 
ethane, and reforms the acetaldehyde which continues the reaction '. 

An example of the addition of hydrogen cyanide to a vinyl amine 
is the reaction with 1 , 1-bis(dimethy1amino) ethylene, which yields 
an N,N-acetal of an acyl cyanides: 

NMe2 NMez 

+ HCN d CH,CCN 
I 
I 

/ 
\ 

CH,=C 

I\'Me2 NMC, 

The reaction requires no additional catalyst and is complete after 
12 hours a t  room temperature. 

The  base-catalysed addition of hydrogen cyanide is favoured by 
electron-withdrawing substituents at the olefinic double bond16. 
Consequently, a wide variety of cc,p-unsaturated nitriles, esters, 
kctones, nitro and sulphonyl compounds undergo addition of 
hydrogen cyanide in the presence of basic catalysts**2. As might 
lie expected from the direction of the polarization of the carbon- 
carbon double bond in these compounds, the nitrile group appears 
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in the @ position to the activating substituent in the reaction product. 
Thus the potassium cyanide-catalysed addition of hydrogen cyanide 
to acrylonitrile gives succinodinitrile in nearly quantitative yield9 : 

CH2=CHCN f HCN __f NCCH2CH,CN 

I n  this example water-free hydrogen cyanide is used, yet the most 
efficient method for obtaining addition products of hydrogen cyanide 
to an activated olefin is the reaction of potassium cyanide in 
e thanol-waterlO-ll : 

KCN 
PhCH=C(COOEt), 4 PhCHCH,COOK 

I 
CN 

The example also shows the shortcomings of this procedure. The 
reaction conditions facilitate partial hydrolysis of the intermediate 
addition product and decarboxylation. I n  order to avoid subsequent 
reactions, the addition may be effected at  room temperature in a 
slightly acidic solution. In the following example hydrochloric acid 
is added to a mixture of potassium cyanide and diethyl benzal- 
cyanoacetate12 : 

PhCH=C(CN)COOEt _i PhCH-CHCOOEt 
I I  

CN CN 

The last two examples showed olefins bearing a second electron- 
withdrawing substituent at the a-carbon atom. This naturally 
enhances the electron deficiency of the olefinic double bond13 and 
helps to overcome the counter-balancing effect of the phenyl group 
a t  the @-carbon atom, which for instance in the case of cinnamic 
acid derivatives prevents the addition of hydrogen cyanide14. The 
influence of substituents in a ,B-phenyl group has been investigated 
in the reaction of potassium cyanide with benzalmal~nonitriles~~, 
and except for the p-hydroxy derivative, a corrclation has been 
found between the logarithms of the rate constants for the cyanide 
addition and the Hammett cr values. For a general review on 
nucleophilic attacks on olefins see reference 16. 

The anion resulting from the addition of the cyanide anion to thc 
olefinic bond may undergo a Michael-type addition to a second 
molecule of the starting compound. This side reaction may become 
important in cases where the olefin carries electron-withdrawing sub- 
stituents a t  both carbon atoms of the double bond, such as dimethyl- 
fumarate13. Similar complications are found with a-cyanocinnamic 
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acid" and benzalacetophenone18 : 

KCN AcOH 
PhCH=CHCOPh PhCHCH,COPh -+ PhCHCI3,COPh 

I 
I 

PhCCH,COPh 
I 

CN 

CN 

The structure of the final product needs confirmation, since an 
attack by the initially formed carbanion will give an isomeric 
compound. With a,,!l-unsaturated ketones as in the example shown 
above, the addition to the carbon-carbon double bond may be 
followed by a cyanohydrin formation of the ,!l-ketonitrilel9. A 
method which avoids the undesirable side reactions encountered in 
the normal hydrocyanation, uses absolute hydrogen cyanide in the 
presence of trialkylaluminium compounds, preferably triethyl- 
aluminium, in tetrahydrofuran20. In  the example given one mole 
of 4-cholesten-3-one reacts with two moles of hydrogen cyanide and 
three moles of triethylaluminium at 25" to give a mixture of 
diastereomeric 5-cyano-3-cholestanones in 85 % yield. 

Owing to the greater tendency to form cyanohydrins, u,/3- 
unsaturated aldchydes add hydrogen cyanide exclusively to the 
carb onyl group 3. 

Quinones represent a special case of a,,!l-unsaturated ketones. 
Thus, p-benzoquinone reacts with hydrogen cyanide to yield 
2,3-dicyanohydroquinone together with hydroquinoneZ1 : 

The normal course of the reaction between a p-benzoquinone and 
a reagent of the type HX is thought to proceed via a 1,4-addition 
of HX to the C=C-C=O system. The intermediate then enolizes 
to the mono-X-hydroquinone, which subsequently is reoxidized by 
a second moleculc of benzoquinone to mono-X-benzoquinone. This 
again adds H X  to give the 2,5-di-X-hydroquinone : 6 @ oxidation @ x& 

QH 0 0 OH 
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This mechanism has also been suggested for the reaction between 
hydrogen cyanide and p-benzoquinone22, with the modification that 
in the second addition the cyano group already present in the 
molecule directs the new cyanide anion to the ortho position. I t  has 
recently been pointed out that the reaction cannot imply the 
formation of monocyanobenzoquinone because i t  should have a 
higher redox potential than the unsubstituted benzoquinone. 
Furthermore, monocyanobenzoquinone has been synthesized and is 
an extremely water-sensitive compound which would not have any 
chance of surviving in the aqueous reaction medium. An alternative 
mechanism for the formation of 2,3-dicyanohydroquinone which 
needs further confirmation is suggested23. It is assumed that the 
1,4-addition product of hydrogen cyanide to p-benzoquinone adds 
a second hydrogen cyanide molecule in 1,6-fashion, thus giving a 
2,3-dicyano-2,3-dihydrohydroquinone. The latter is then oxidized 
by benzoquinone to the 2,3-dicyanohydroquinone. 

B. Addition t o  Carbon-Oxygen Double Bonds 

The reaction of the carbonyl group with hydrogen cyanide yields 
a-hydroxynitriles, commonly called cyanohydrins. The first syn- 
thesis of an aromatic cyanohydrin was reported in 183224, that of 
an aliphatic one in 186725. A great improvement was the use of 
bases to catalyse the reaction26. The cyanohydrin formation is an 
equilibrium reaction comprising two steps : 

R1 R1 0- R1 OH 
\c/ d H +  \c/ 

C=O + -CN + 7 

\ 
/ / \  

Re CN 
/ \  

R2 CN R2 

of which the first nucleophilic addition step is rate-determir~ing~'. 
The dissociation constant of a cyanohydrin to its components is 
governed by several factors. Generally, aldehydes yield the most 
stable cyanohydrins, followed by aliphatic ketones, whereas aroniatic- 
aliphatic ketones give the least stable cyanohydrins. Purely aromatic 
ketones do not add hydrogen cyanide. The ring size has a pro- 
nounced influence on the stability of the cyanohydrins derived from 
cyclic ketones. Here, cyclohexanones and cyclopentanones give the 
most stable cyanohydrins, while with larger rings the stability 
decrease $8.  

Several methods have been developed for the synthesis of cyano- 
hydrinsZ9. The use of water-free hydrogen cyanide and a catalyst 
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gives good 

Another example is the conversion of 3,5-diethoxycarbonyl-1,2- 
cyclopentandione into the corresponding bis(cyano) hydrin31 : 

Some highly enolized ketones, however, such as oxaloacetic esters 
and benzoylacetic esters, fail to add hydrogen cyanidez9. 

The addition may be carried out in aqueous solution by adding 
mineral acid to a solution of the carbonyl compound and alkali 
cyanide32. An example is the synthesis of mandelonitrile33 or the 
preparation of trifluoroacetoacetic ester cyanohydrin34 : 

OH 
/ 

\ 
PhCHO + KCN + HCl - PhCH + KCl 

CN 

OH 
KCN, HCI I 

I 
CF,COCH,COOEt ___j CF3CCHzCOOEt 

CN 

If hexafluoroacetone is treated with an alkali cyanide in tetrahydro- 
furan, the alkali salts of the cyanohydrin are obtained, and these, 
after addition of mineral acid, yield the free hydroxynitrile. Chloro- 
fluoroacetones react sirnilarly35. Instead of a mineral acid, an 
organic acid such as acetic acid may bc used to generate the hydrogen 
cyanide. For instance, it can be formed by hydrolysing acetic 
anhydride, as in the following example36 : 

The occurrence of free hydrogcn cyanide is avoided if the bisulphite 
adduct of the carbonyl compound is treated with an aqueous 



74 Klaus Friedrich and Kurt Wallenfels 

solution of a n  alkali ~yanide~~a38: 

R1 OH R1 OH 

‘c/ 4 KCN d ‘ C /  + K N a S 0 3  

R 4 ‘so3xa Id ‘CN 

Since the cyanohydrin formation is a n  equilibrium reaction, a 
cyanohydrin with suitable dissociation constant, preferably acetone 
cyanohydrin, may serve as a hydrogen cyanide donor for another 
carbonyl compound in the presence of a basic catalyst39. I n  the 
following example a second molecule of hydrogen cyanide adds to 
the carbon-carbon double bond40: 

HO CN w 0 
U OH - ’I CN 

Optically active cyanohydrins have been synthesized by addition 
of hydrogen cyanide to carbonyl compounds in  the presence of 
optically active a r n i n e ~ ~ ~ .  As mentioned above, with a,p-unsaturated 
aldehydes no difficulties are encountered, but a,/?-unsaturated 
ketones may add hydrogen cyanide to the olefinic double bond. 
Another complication may arise with cc-halogeno aldehydes and 
ketones. With these it is preferable to use the method employing 
water-free hydrogen cyanide and a trace of basic catalyst as shown 
below 42  : 

OH 
R,CO, I 

I 
EtCOCH,CI + HCN ---+ EtCCH,CI 

CN 

Use of alkali cyanides in water or water-ethanol mixtures usually 
leads to glycido nitriles43 as, for instance, in the case of desyl 
~hlor ide4~ : 

CN 
I 

PhCHClCOPh __f PhCH-CPh 

‘0’ 

Closely related to the cyanohydrin synthesis is the preparation of 
a-amino nitriles45. In  1850, Strecker obtained alanine after the hydrol- 
ysis of the reaction product from acetaldehyde, ammonia and 
aqueous hydrogen cyanide". Later the intermediate in this reaction 
was shown to be a-amin0propionitrile4~. The method was subse- 
quently applied to ketones as well, and i t  was found that primary 
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and secondary amines could be used instead of ammonia. The 
initial procedure, adding hydrogen cyanide to the carbonyl- 
amine adduct, was extended by the finding that the same a-amino 
nitrile could be synthesized by reacting the cyanohydrin with the 
ami11e4~. The free hydrogen cyanide may be replaced by ammonium 
cyanide4s or equimolar amounts of potassium cyanide and ammo- 
nium chloride 50. A number of monoalkylamino nitriles has been 
synthesized by different methods starting from aldehydes or ketones. 
No additional catalysts were needed, since the amines proved to be 
sufficiently basic5'. The Strecker synthesis has also been applied to 
aliphatic diamines. Here the carbonyl compound was added to a 
mixture of the diamine hydrochloride and potassium cyanide in 
e than~l -water~~.  Substituted hydrazines, needed as precursors for 
azodinitriles, have been synthesized from the corresponding ketones, 
hydrazine salt and alkali cyanide in waters3: 

R' CN CN 
\. I I 
/ 
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2 C=O + N,H4*HX -b 2 KCN _j R'R2C-N-N-CR1R2 
I I  
H I-I RZ 

The application of ammonium chloride is shown in the reaction 
leading to methyleneamin~acetonitrile~~ : 

2 H C H O  + NaCN + NH4Cl+ CH,=N-CH,CN + NaCl + 2 H,O 

Sometimes it may prove advantageous to prepare first the bisulphite 
adduct of the carbonyl compound, then to add the amine, followed 
by the cyanide55 (Knoevenagel-Bucherer method") : 

NHCH, 1. NaHS03 
2. CH,NH2 
3. KCN 

n-PrCHO ___f n-PrCH 
I 
I 

CN 

C. Addition to Carbon-Nitrogen Multiple Bonds 

\ 
The azomethine system C-N- adds hydrogen cyanide to give 

/ 
/ 

cc-amino nitriles. As in the case of the carbonyl group, the carbon 
atom represents the positive end of the dipole and is attacked by the 
cyanide anion. Thus aldimines and ketimines react with absolute 
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hydrogen ~ y a n i d e ~ ’ * ~ 8  : 
R’CH=N-R2 + HCN __7t R’CH-NHR2 

I 
CN 

The addition of hydrogen cyanide to a variety of Schiff bases has 
been reportedsg. Further examples are hydrazones60, ketazines61 
and oximes62 : 

RCH=NOH + HCN + RCH-NHOH 
I 

CN 

The hydrogen cyanide may be used as the water-free liquid or 
replaced by an aqueous solution of sodium bisulphite and sodium 
cyanide63. T h e  resulting a-hydroxylaminonitriles may be oxidized 
by P-benzoquinone to a-cyano oximes or by nitric acid-ammonium 
nitrate to cc-dinitronitrile~6~. 

With potassium cyanide as catalyst, even the C r N  triple bond 
of nitriles adds absolute hydrogen cyanide in an exothermic reac- 
tion65: 

CN 
HCN HCN I 

I 
C13C-CX C13C-C=KH + CI3C--C-NH, 

CN 
I 

CN 

The  resulting ketimine yields a-dicyano amines with a second mole- 
cule of reagent. 

The acylated products of the addition of hydrogen cyanide to 
quinolincs and isoquinolines are called ‘Reisscrt corn pound^'^^. 
They are synthesized, for example, by reacting quinoline with 
benzoyl chloride in aqueous potassium cyanide solution : 

+ KCN + PhCOCl __+ a h l C N  + KC1 

I H  
COPh 

Treatment of the product with phosphorus pentachloride gives 
2-cyanoquinoline. Other heterocyclic bases such as pyridine do not 
undergo the Reissert reaction. O n  the other hand, i t  is possible to 
add cyanide anion to pyridinium salts. Thus 4-cyanopyridine may 
be synthesized via the N-oxideGi: 

+ 
0 

I 
OMe 
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Electron-withdrawing substituents enhance the electrophilicity of 
the pyridinium cation considerably. N-methyl-3,5-dicyanopyri- 
dinium tosylate adds cyanide to give the 1,2-adduct, which above 
120” rearranges to the 1,4-isomer68: 

77 

Rate and equilibrium constants for the 1,4-addition of cyanide ion 
to various N-substituted 3-carbamoylpyridinium ions have been 
measured. With increasing electron-withdrawing power of the 
nitrogen substituent the rate constant increases and the dissociation 
constant to the components decreasesG9. 

111. PREPARATION OF N I T R I L E S  BY S U B S T I T U T I O N  

A. Reaction of Hydrogen Cyanide or Its Salts with Organic Compounds 

1. Halides 

T h e  reaction between organic halogen compounds and metal 
cyanides is a frequently used nitrile synthesis1,Z. As in other nucleo- 
philic displacement reactions, thz reactivity of the organic halogen 
compound increases from chlorine to iodine; fluorine, however, 
being rather inert. Often a certain amount of isonitrile is formed 
along with the nitrile. Alkali cyanides predominantly yield nitriles, 
whereas heavy metal cyanides such as copper, silver and mercury 
cyanide give increasing amounts of isonitrile. At reaction tempera- 
tures above 150” the yield of nitrile increases, since a t  about that 
temperature, considerable isomerization of isonitriles to nitriles 
already takes place. The tendency of heavy metal cyanides to 
yield isonitriles may be explained by the ability of heavy metal 
ions to promote S,1 reactions of halogen compounds. The  ambient 
cyanide anion then will react via its centre of highest electron 
density, i.e. the nitrogen atom, and thus yield an isonitrile. On the 
other hand, the reaction of alkali cyanides, especially with primary 
halides, follows the Ss2 mechanism, and here the cyanide anion 
reacts with its more nucleophilic carbon atom to give a nitrile70. 
Primary halides usually give good yields of nitriles, but with secondary 
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and tertiary halides, a n  increased tendency for dehydrohalogenation, 
effected by the basic alkali cyanides, is observed. Another complica- 
tion, originating from the basicity of alkali cyanides, is the conver- 
sion of halides into alcohols or ethers by solvent attack or the 
solvolysis of the nitrile. 

In the synthesis of nitriles from saturated aliphatic halides, 
potassium or sodium cyanide in various solvents are usually 
employed, mainly in alcohols such as ethanoI7l, methanol or their 
mixtures with water as  in the example below72: 

EtOI-I, €IZO 
EtOCH,CH,Br + NaCN EtOCH,CH,CN + NaBr 

Water73, acetone74 and their are also common solvents : 

acetone, H,O 
I-I-C(CH2)5Br + KCN - H&C(CH,),CN + KBr 

The addition of sodium iodide catalyses the exchange reaction 
considerably. The effect is due to a preceding conversion of the 
chloro or bromo compounds into the corresponding iodo compounds, 
which show a higher reactivity. 

Other suitable solvents are ethylene glycol, di- and polyethylene 
glyc0ls7~ and their ethers77. By the use of glycols and their deriva- 
tives, higher reflux temperatures are attainable and a sufficient 
amount of the alkali cyanide is dissolved. These solvents must be 
anhydrous to avoid hydrolytic side reactions. 

During the last few years, several dipolar aprotic solvents have 
come into use for nucleophilic substitution reactions. These solvents 
are often superior to the above-mentioned ones in that they allow 
considerably shorter reaction times and lower temperatures. Such 
solvents are formamide78, especially dimethylformamide (DMF) , 
and dimethylsulphoxide (DMSO). Thus a-chloro ethers in DMF or 
DMSO react vigorously at  20" with sodium cyanide to give the 
corresponding cr-cyano ethers7e. I n  other solvents alkali cyanides do 
not react with a-chloro ethers and in water or alcohols where a 
reaction takes place, the products are not stable. Another route to 
a-cyano ethers is the reaction of the chloro compounds with cuprous 
cyanide without a solvent80. High yields of aliphatic dinitriles are 
obtained from the corresponding chloro compounds with sodium 
cyanide in DMSOal: 

DMSO 
Cl(CH,),CI + 2 NaCN NC(CH,),CN + 2 NaCl 

The yields attainable with chloro compounds in this solvent are 
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usually higher than those from the corresponding iodides in ethanol- 
waterez. A review of DMSO as solvent has been published83. 

Similar advantages for nitrile syntheses as shown by DMF and 
DMSO are also shown by the hexamethylamide of phosphoric acid 
(HMPT)84, a most versatile solvent which recently has been 
reviewede5. 

Because of the different reactivity of the halogens it is possible 
to exchange a bromine or chlorine atom, whereas a fluoro sub- 
stituent remains uce.ffccteda6 : 

EtOH, H,O 
F (CH2),Br + NaCN (CH,).CN + NaBr 

a,o-Dichloro paraffins react with sodium cyanide in stages which can 
be separated, so that a-chloro nitriles may be producede7 : 

EtOH, H,O 
CI(CH,),CI + NaCN ___f CI(CH,),CN + NaCl 

n = 4-8, 10 

I n  the reaction of a dihalide, the nitrile group introduced first has 
a n  accelerating effect on the exchange reaction of the second halogen 
if the reaction centres are connected by an  even number of carbon 
atoms. An odd number of carbon atoms has the reverse effect. With 
increasing length of the carbon chain this influence diminishes. The 
benzene ring has the same effect as an aliphatic chains8. 

Alkene halohydrins easily react with alkali cyanidesa9. Because 
of the intermediacy of epoxides the nitrile group may appear at the 
former position of the hydroxy groupg0 : 

As described above, a-halogenated ketones with alkali cyanides 
yield epo~ynitriles43.~~. 

Halogens attached to an unactivated olefinic carbon atom are 
difficult to substitute. Contrary to this, a halogen in an allylic 
position will react quite readily with cyanide anions. The following 
example shows the different reactivity of chlorine in vinylic and 
allylic positionsg1: 

ClCII,CH=CHCl + NaCX c_, SCCH,CH=CHCI + XaC1 

The  reaction of allylic halides with cyanides is often accompanied 
by an  allylic rearrangement. Thus ally1 bromide with sodium cyanide 
yields eventually crotononitrileg2 : 

CH2=CHCH2Br __+ CH,=CHCH,CN + CH3CH=CHCN 
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The above-mentioned complications encountered by the use of 
alkali cyanides, such as dehydrohalogenation or solvent attack, 
which are consequences of the basic properties of the alkali cyanides, 
may be avoided if heavy metal cyanides are applied. Most fre- 
quently cuprous cyanide is used. The formation of crotononitrile 
in the last example is completely suppressed if the exchange is made 
with cuprous cyanide, the reaction product then being pure ally1 
cyanideg3. I n  other cases, however, especially if instead of bromo 
compounds94 the chloro derivatives are used95, allylic rearrangements 
have been observedge. 

At higher temperatures the conversion of vinyl halides to the 
corresponding nitriles with cuprous cyanide can be achieved. Trans- 
and cis-diiodoethylenes give at  150" fumaronitrile and maleonitrile, 
respectivelyg7 : 

CuCN 
ICH=CHI + NCCH=CHCN 

Another example is the synthesis of triphenylacrylonitrile from 
triphenylvinyl bromide and cuprous cyanide a t  250" g8. 

Vinyl halides with electron-withdrawing groups at the carbon in 
the position are susceptible to nucleophilic attacks. The reactions 
of halogeno quinones fall within this scheme. The halogeno quinones 
may be regarded as vinylogues of acid halides and this explains 
their normal substitution reactions with amines or with alkoxide 
ions to give the 2,5-disubstituted derivatives. The acidic compound 
obtained by the reaction of tetrachlorobenzoquinone with potassium 
cyanide in ethanol-water was therefore assumed to be 2,5-dicyano- 
3,6-dihydroxybenzoquinone (cyanoanilic acid), formed by hydrolysis 
of an  intermediate 2,5-dicyano-3,6-dichlorobenzoquinonegg. How- 
ever, it has recently been shown to be 2,3-dichloro-5,6-dicyano- 
hydroquinone. The corresponding bromo- and iodobenzoquinones 
react similarly and the same is found with 2,3-dichloronaphtho- 
quinonesloO : 

As in the reaction of p-benzoquinone with hydrogen cyanide, the 
second nitrile group enters the position ortho to the first one. Two 
halogen atoms in the para position are substituted by cyanide if 
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there are already two p-nitrilc groups in the quinone molecule101 : 

The solvent in this reaction serves as reducing agent for the inter- 
mediate tetracyanobenzoquinone. Ion-exchange resins can be used 
instead of metal cyanides in reactions with halides. Thus the cyanide 
form of amberlite IR 400 reacts in 95% ethanol at  65" with 
benzyl bromide to give a 53% yield of benzyl cyanide. The reaction 
may also be conducted in aprotic solvents such as ether, tetra- 
hydrofuran, benzene or dimethylformamide, although yields will 
then drop to about 20%102. The main advantage of the method is 
the avoidance of undcsirable side reactions such as solvolytic 
cleavage of the products. 

Acetone cyanohydrin may be used for the preparation of nitriles 
from halides. A variety of bromo compounds have been reacted with 
this reagent in the presence of a basic catalyst. The exchange has 
been effected in methanol at  100" in an autoclave. The best yields 
were obtained with benzyl bromideslo3. 

Instead of using its salts, hydrogen cyanide itself can be reacted 
with aliphatic halides in water a t  a controlled pH value (3-0-4.5) 
in the presence of cuprous salts. By this method a mixture of 
propargyl cyanides and cyanoallenes is obtained from propargylic 
chlorideslo4 : 

HCN 
ClCH,CkSR + N C C H 2 ~ C R  + NCCH=C=CHR 

Ally1 chlorides give the corresponding nitriles without rearrangement 
and by the same method dinitriles may be prepared, thus 1,4- 
dichloro-2-butene gives 1,4-dicyan0-2-butene~~~. Tertiary acetylenic 
bromides yield cyanoallenesloG : 

HCN 
R1R2CBrC=CH + R1R2C=C=CI-ICN 

Acyl cyanides may be synthesizcd from acyl halides with heavy 
metal cyanidesl07. The best yields are obtained with acyl bromides 
and cuprous cyanide108 : 

RCOBr + CuCN __f RCOCN + Cunr 

Catalytic amounts of phosphorus compounds exert a rate-increasing 
effect. 

.I 
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With acyl chlorides longer reaction times are required. The 
conversion of trifluoroacetyl chloride into the nitrile with silver 
cyanide requires three days a t  80-95" in a sealed vessellOD: 

CF3COCl + AgCN + CF3COCN + AgCl 

Anhydrous alkali cyanides are unreactive towards acyl halides, while 
solvents like water or alcohols would at once solvolyse acyl cyanides 
in most cases. If the high temperatures necessary for the reaction 
between acyl halides and metal cyanides have to be avoided, another 
method may be adopted. I t  involves the reaction of acyl halides 
with anhydrous hydrogen cyanide and an organic base, usually 
pyridine11O : 

The pyridine is added to the solution of the acyl halide and hydrogen 
cyanide in an inert solvent. 

For the preparation of aromatic nitriles from halides the reagent 
of choice is cuprous cyanide. In a few cases other cyanides such as 
silver or zinc cyanide or complex cyanides like potassium ferro- 
cyanide have been usedlll. The reaction of aryl halides with cuprous 
cyanide without a solvent was originally investigated by von Braunl12, 
applying temperatures up to 250". An example for this method is 
the synthesis of 9-cyanophenanthrenel13 : 

RCOCl + HCN + C,H,N RCOCN + C5H,N.HCI 

The catalytic effect of cuprous cyanide in the reaction of aqueous 
or alcoholic potassium cyanide with aryl halides a t  200" was reported 
by Rosenmund114. The method used by von. Braun is now called the 
Rosenmund-von Braun synthesis. A detailed study of the reaction 
showed that it is autocatalytic; small amounts of a nitrile reduce 
the induction period and cupric salt accelerates the conversionll5. 

I t  is advantageous to use a solvent which is capable of complexing 
copper salts. Aromatic amines such as pyridine or quinoline are 
mostly employedlll. An example is the synthesis of a-naphthoni- 
trile116 : 

?r cx 
CuCN, pyridine 
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Although aryl chlorides undergo the reaction, the corresponding 
bromides require shorter reaction times. Further examples of the 
pyridine method are the preparation of 2,4,6-triethylbenzonitrile117 
and 2,4,6-tricyanomesitylene11~. Usually the yield is improved by 
longer reaction times and higher temperatures, but there seems to 
exist an  optimum time for each reaction. A 70% yield of nitrile is 
obtained from 2-bromoacetophenone after 1-5 hours at 210”, but it 
is substantially diminished if the refluxing is carried on for an addi- 
tional 5 hours119. 

The  dipolar aprotic solvents, dimethylformamide, N-methyl- 
pyrrolidone and dimethylsulphoxide have also found application in 
the synthesis of aromatic nitriles. The reaction conditions and 
methods of isolation of the products have been investigated for the 
reaction of aryl halides with cuprous cyanide in DMFlZ0 and in 
N-methylpyrrolidorre”. Reaction times are 2-3 hours for bromo 
compounds and 10-25 hours for chloro compounds. Tricyano- 
mesitylene is obtained in good yield from the bromo compound in 
DMF with cuprous cyanide122 and the use of DMSO or DMF as 
solvent for the preparation of nitriles from chloronitrobenzenes has 
been describedlZ3: 

NO, X 0 2  

+ CuCN ---+ &+ CuCl 
C1 C1 

Since copper(1r) salts exert a rate-accelerating influence, one may 
conclude that cupric ions are participating in the substitution 
reaction and a mechanism has been proposed115. Still more work 
has to be done, however, before the reaction will be thoroughly 
understood, especially the influence of the s u b s t i t u e n t ~ ~ ~ ~ * ~ ~ ~ .  

There are possible side reactions in those cases where ortho 
substituents may interfere by ring closure with the nitrile function. 
Thus o-bromocarboxylic acids tend to give dicarboxylic acid imides 
instead of the desired o-cyano acids126, a reaction which corresponds 

0 u ,  

W C O O H  

to the formation of phthalimide from o-cyanobenzoic acid at  180- 
190°Le7 and the ring closure of o-cyanobenzamide to give ‘phthali- 
midine’128. Aromatic o-dihalides generally yield phthalocyanines 
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when heated with cuprous cyanide129, although it is possible to 
synthesize the mononitriles from o-dibromo compounds in moderate 
yields by carefully controlling the reaction time130 : 

' Br;:" 

CuC".DMF 

Br NC 
OMe OMe 

2. Aryl sulphonates 

The alkali salts of aromatic sulphonic acids may be converted 
to the corresponding nitriles by melting them with alkali cyanides131. 
Temperatures up to 400" are necessary. The modest-to-fair yields 

ArS03Na + NaCN + ArCN + Na2S03 

are somewhat increased by the use of potassium ferrocyanidel32. By 
ehis method the ten different dicyanonaphthalenes have been 
synthesized starting from the corresponding sodium cyano- 
naphthalenesulphonates, the yields ranging from 8 to 76%133. 
The reaction may be conducted in diluents such as mineral oil or 
sand134. The phthalocyanine formation does not seem to be so 
predominant with o-haloarylsulphonic acids as in the case of 
o-dihalidesl". 

Two examples with heteroaromatic compounds are the synthesis 
of 3-cyanopyridine from the sodium sulphonate with sodium cyanide 
at 340-400" 136 in 46% yield, and the reaction of sodium 2,4- 
dimethylpyrimidinesulphonate with potassium cyanide at 260" 137. 

3. Alcohols, esters and ethers 

Saturated aliphatic alcohols and ethers undergo reaction with 
hydrogen cyanide only a t  elevated temperatures and in the presence 
of ~ a t a l y s t s l ~ ~ ,  but allylic alcohols may be converted into nitriles by 
hydrogen cyanide in aqueous solution, using a Nieuwland-type 
catalyst*39 : 

CuCI, NH,CI, H,O 

100" 
CH,=CHCH,OH + HCN ------+ CH,=CH,CH,CN 

Under similar conditions 2-butene- 1,4-diol gives 1,4-dicyano-2- 
butene. I t  is very likely that the reactions proceed through the 
intermediate formation of the halides, since the esterification of 
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ally1 alcohol with hydrogen chloride is known to be strongly 
promoted by cuprous ~hloride1~0. The reaction of acetylenic alcohols 
with a mixture of cuprous cyanide, potassium cyanide and hydro- 
bromic acid may take a similar wayl41. 

Esters of sulphuric and phosphoric acids have found limited 
application for the synthesis of simple aliphatic n i t r i l e ~ ~ ~ t ,  for example 
ace toni trilel43 : 

(CH,O),SO, + KCN + CH,CN + CH,OSO,K 

The conversion of more complicated alcohols into nitriles is best 
accomplished by the reaction of their sulphonic esters with metal 
cyanides : 

RIOSOzRz + MCN + RICN + R2S0,M 
M = metal 

Generally, the esters of g-toluenesulphonic acid and methyl- 
sulphonic acid are employed. They are usually treated with alkali 
cyanides in solvents such as  ethan0114~ or dimethy1f0rmarnide.l~~. 
An example is the reaction of cholestan-3@-yl tosylate with calcium 
cyanide in N-methylpyrrolidone-t-butyl alcohol, which yields the 3a- 
nitrile in 81 yo yieldI46: 

The formation of cyclopropyl cyanides is reported from the reaction 
of 2,2-dialkyl-1,3-propanediol tosylates with potassium cyanide in 
ethylene. glycol147 : 

4 ,CH,OTs 
Me& Me, 

'c1-1~0 TS 

Open-chain aliphatic esters generally do not react with hydrogen 
cyanide or its salts to give nitriles, but small ring lactones such as 
y-butyrolactonel4* or phthalide149 yield open-chain cyano com- 
pounds : 
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Ortho esters exchange one alkoxyl group when treated with 
hydrogen cyanide and zinc chloride at  elevated temperatures150 : 

R1C(OR2), + HCN R1C(OR2), + RzOH 

AN 

Similarly, diethyl acetals of carboxylic acid amides can be reacted 
with hydrogen cyanide, although under milder conditions : 

RC(OEt)2NMe, + HCN + RC(OEt)NMe, 4- EtOH 

CIN 

The methoxyl groups of 2,5-dicyano-3,6-dimethoxybenzoquinone 
are very reactive and are easily substituted by cyanide anionlo': 

NC CN 

KCN,McOFI 

CN 
0 OH 

While the normal ether linkage requires elevated temperatures and 
catalysts to react with hydrogen cyanide, the epoxides readily give 
hydroxynitriles when treated with hydrogen cyanide and a basic 
catalyst151. I n  the product the nitrile group is attached to the least 
substituted carbon atom as shown in the following : 

0 OH 
KCN I 

I 
C€13 

CH, CH~CGC-C-CHZCN CH3Ckd2-C- 
/ \  

I 
CH3 

EtOH, II,O 

OH 
KCN I 

CH2-CH-CH,Cl - NCCH,CHCH,CN 
H 2 0  

'0' 

4. Nitro or amino compounds 

Because of the complexity of the produ~tsl5~, the reaction of 
alkali cyanides with polynitrobenzenes and -phenols has found 
only limited application. A relatively simple example is the substitu- 
tion of a hydrogen atom by cyanide in m-dinitrobenzene155 : 

CN 

KCN 02NxYNo2 Me011 
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While in this reaction a nitro group is also substituted by solvent 
attack, in other cases, like that of picric acid, reduction may occur1j6: 

NHOH 
KCN 
EtOH 

NC 
NO, NO1 

The conversion of m- and f-nitroha1oben.zenes into halobenzoic 
acids (von Richter rearrangement) 167 very likely proceeds through 
an intermediate nitrile158. 

A few cases of the substitution of amino groups by cyanide are 
known. Thus a diethylamino group is replaced by a cyano sub- 
stituent during an apparent cyanomethylation of indole159: 

d + HNEt, 

Ammonium salts have been found to undergo a similar reaction. 
Compared to the amines, where the leaving group is a substituted 
amide ion, the reaction of ammonium salts proceeds with ease 
because the leaving group is neutral. An example is the synthesis 
of ferrocenylacetonitrile from a quaternary ammonium salt160: 

1- KCN 

I- 
C,H5FeC5H4CH2NMe, __+ C5H5FeC,H4CH2CN + KI + NMe3 

or the formation of /?-benzoylpropionitrilel61: 
HCN 

PhCOCH2CH,NMe2.HCl __+ [cyanohydrin] PhCOCH,CH,CN 

5. Diazonium salts 

I n  1884 Sandmeyer discovered a nitrile synthesis which consists 
of the reaction of an aromatic diazonium salt with a n  aqueous 
solution of cuprous cyanide and potassium cyanidelsc. With some 
modifications this is still a very important method for the preparation 
of aromatic nitrilesl63: 

ArN2C1 + KCU(CN)~ _ ~ f  ArCN + N, + KC1 + CuCN 

The modifications largely consist in the preparation and the nature 
of the complex cyanide. The original procedure uses cupric sulphate 
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and an excess of potassium cyanide to prepare the double salt which 
is formed with concomitant loss of cyanogen. This can be avoided 
by starting from cuprous chloride as reported in the synthesis of 
tolunitri1esloa, or by adding dry cuprous cyanide to a potassium 
cyanide solutionl65. Another way to reduce the losses connected with 
the cyanogen evolution is the use of a potassium cuprammonium 
cyanide which exists only in solutionle6 : 

The cuprous cyanide may be replaced in the Sandmeyer synthesis 
by catalytic amounts of freshly precipitated copper powder107. 
Although this method is more effective in some cases, it has apparently 
not found much application. The double salt from potassium cyanide 
and nickel cyanide has been used instead of the copper ~alt1~**16~. 
The loss of hydrogen cyanide is minimized by neutralization of the 
diazonium salt solution prior to its addition to the cyanide170.'71. 

The generally accepted mechanism of the Sandmeyer reaction 
is that of a radical The rate-determining step is the 
reduction of the diazonium cation by the univalent copper, which 
is subsequently regenerated during the combination of the aryl 
radical with the cyanide anion173 : 

CuS04 + NH3 + KCN __f K,[CuNH,(CN),] + K$O, 

ANz+ + Cu+ Ar' + N, + Cu2+ 
Cu2+ + Ar' + CN- __f ArCN + Cu+ 

B.  Reaction of Cyanogen and Similar Compounds with Aliphatic 

The preparation of nitriles by reaction of halides with metal 
cyanides finds its counterpart in the reaction of cyanogen halides 
with organometallic comp0undsl7~. A typical example is the syn- 
thesis of diethyl cyanomalonate from sodium diethyl malonate and 
cyanogen ~hloride17~ : 

and Aromatic Compounds 

CICN, NaOEt 
EtOOCCH,COOEt -P EtOOCCHCOOEt 

I 
C N  

Cyanogen chloride appears to be the reagent best suited for this 
type of reaction, since the other cyanogen halides in most cases yield 
halogenated compounds which subsequently may react with the 
starting material17G. 

The nitrile group can be introduced in a similar way into 
acetoacetic malononitrile178 or cyan~su lphones~~~ .  The 
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silver salt of diethyl cyanomalonate, upon treatment with cyanogen 
chloride, gives diethyl dicyan~rnalonatel~~.  Depending on the 
amounts of reagents used, cyclopentadiene reacts with cyanogen 
chloride and sodium hydride to give successively the mono-, di- 
and tricyanocyclopentadienide anion180 : 

n = 1-3 

Soon after their discovery, organomagnesium compounds were 
applied to the synthesis of nitriles. The  reaction may take two 
different courses181 : 

RMgX' + X2CN + RCN + MgX1X2 
RMgX' + X2CN + KX2 + MgX'CN 

With X2 = chlorine the main reaction is represented by equation ( 1), 
if R is a primary aliphatic, acetylenic or aromatic group. If R is a 
secondary, alicyclic or tertiary group or if X 2  is bromine or iodine, 
reaction (2) predominates. 

p-Ketonitriles are obtained by the treatment of enamines with 
cyanogen chloride182 : 

CN 

Instead of cyanogen chloride, cyanogen may be employed for 
the preparation of nitriles from the carbanions of active methylene 
compounds. Thus diethyl malonate, acetylacetone or acetoacetic 
ester add cyanogen in the presence of catalytic amounts of sodium 
ethoxide to give iminonitriles which, upon subsequent treatment 
with base, lose hydrogen cyanide and yield /3-k~tonitriles~~3: 

CH3COCH2COCH, + (CN) + CH,COCHCOCH, + CH,COCHCOCH, 
I 

EtONa OH- 

CN 
I 

C=NH 
I 

CN 

Fair yields of nitriles are obtained from Grignard compounds if 
during their reaction with cyanogen the latter is kept in excess181. 
This method also works with alicyclic compounds184 : 
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Furthermore, organomagnesium or organolithium compounds 
yield nitriles when treated with substituted cyanamides as shown in 
the following example185 : 

Me Me 

A similar method uses aryl cyanates which add to the carbanions 
of active methylene compounds to give imido ethers as intermediates. 
The latter lose the corresponding phenol and yield the nitrile180: 

I + ArOCN __* [";- c-OAr ] H,O+_ 
C\c/ 

(2 
(CH, n 

Ar = CBH,; fi-C,H4C1; fi-C&WO, 
0 

Instead of the magnesium compounds, the alkali salts or enamines 
can be used. So far mainly aliphatic compounds have been dealt 
with. 

Aromatic nitriles may be synthesized by using cyanogen and its 
derivatives under Friedel-Crafts c0nditionsl8~. Although cyanogenl88 
and cyanogen chlorid~18~ were applied together with aluminium 
chloride for the cyanogenation of aromatic compounds, the yields 
of nitriles were only moderate. A closer examination of the reaction 
revealed that the use of freshly prepared cyanogen chloride or 
bromide and finely ground aluminium chloride improves the yields 
c o n ~ i d e r a b l y ~ ~ ~ .  This latter modification is called the Friedel-Crafts- 
Karrer method. For example, a further cyanation of the above- 
mentioned tricyanocyclopentadienide anions is achieved with 
cyanogen chloride and aluminium chloride180 : 



2. Introduction of the Cyano Group into the Molecule 91 

Another possibility is the application of aryl cyanates under 
Friedel-Crafts conditions to synthesize aromatic nitriles186 : 

R e  + ArOCN - R-@N + ArOH 

With ferric chloride anhydrous hydrogen cyanide may be used for 
the preparation of cyanoferrocenes191: 

NCN 
(C5H5),Fe+FeCI4- __f C5H5FeC6H,CN 

I f  one of the cyclopentadienyl rings carries an  alkyl substituent, the 
cyano group enters the same ring. In the case of a cyano- or chloro- 
ferrocene the cyanation occurs at  the unsubstituted ring. 

Aromatic compounds, especially those having electron-releasing 
substituents such as hydroxy, alkoxy or alkyl groups, are amenable 
to the Houben-Fischer nitrile synthesis, which uses trichloro- 
acetonitrile for the introduction of the cyano grouplg2 : 

NH*HCl 
AICI,,I-ICI II OH- 

ArH + CI,CCN + Ar-G-CCI, - ArCN + CHCI, 

Although formally classified as substitution reactions, it is very likely 
that all the reactions described in this section proceed by an addition- 
elimination mechanism : 

I I  

where X may be halogen, CN, o-aryl, N(CH,)C,H5 or CCl, and 
Y = H, Li, Na or Mg halides. 

Cyanogen halides may be used in the photochemical cyanation 
of organic compounds. Thus, open-chain and cyclic aliphatic 
hydrocarbons yield nitriles when irradiated together with cyanogen 
chloride at wavelengths of 250-500 m p  in the presence of carbonyl 
compounds such as acetyl chloride. Good yields are obtained in the 
photocyanation of aliphatic ethersl93a. Similarly benzene and other 
aromatic compounds are cyanated when irradiated with cyanogen 
iodide'g3b. 

While the photochemical cyanation as a radical process does not 
show much selectivity, the anodic cyanation may be compared with 
the aromatic electrophilic substitution. Electrolysis of aromatic 
compounds in a methanolic solution of sodium cyanide yields 
nitriles. T h e  yields and the position of the introduced cyano group 
is greatly influenced by the other substituentP4. 

N-Y 

+ R-CN + Y-X R-Y + X-GN + R-C--X - 
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IV. PREPARATION O F  NITRILES RY EL!MINATION 

A. Starting from Aldehydes, Ketones and Their Derivatives 

is the dehydration of the corresponding oximesl : 
The most frequently used method to convert aldehydes to nitriles 

H,NOH -KO 
RCHO - RCH=NOH A RCN 

This may be effected by a number of reagents, of which one of the 
most ilbnportant is acetic anhydride. An example is given in the 
synthesis of 1,3,5- trichlor0-2,4,6-tricyanobenzene~~~ : 

AcrO* 

HON=CH 
C1 c1 

Further applications of this reagent are illustrated in the preparations 
of cinnamonitrilelg~, veratronitrile197, 2,6-dichlorobenzonitrile1~E and 
4-cyanocyclohexene199. Sometimes it is advantageous to effect the 
dehydration with acetic anhydride in the presence of bases such as 
sodium acetate, as in the synthesis of pentaacetylglucononitrilezoo : 

HOCH,(CHOH),CHO -----+ 
Ac,O, NaOAc 

HOCH, ( CHOH)4CH=NOH AcOCH, ( CHOAC)~CN 

or in the following example, where the preparation of the oxime and 
its subsequent dehydration is performed in oDe step in excess 
pyridine2O1 : 

pyridinc 

1000 
RCHO + H,NOH.HCl + AczO - RCN 

The oxime acetate is a n  intermediate in the dehydration by acetic 
anhydride. Its isolation and subsequent decomposition may be 
advantageous as shown in the preparation of carbonyl cyanide*O2 : 

NCCOCH=NOAc ___f NCCOCN + AcOI-I 
160-180" 

Acetyl chloridezo3 and thionyl chloride204 are more vigorous 
reagents, and are therefore applied in solvents such as etherz0~*.206 
or DMF206: 

CH=NOH Nc*c; 

Nc)@f: SOz:b;F, 

NC XC 
CN CN 
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Other reagents well suited for the dehydration of oximes are benzoyl 
arylsulphonyl chlorides208, ethyl cliloroformate2°~, phos- 

phorus pentoxide2'0, triethyl phosphate21' and phenyl isocyanate212. 
0,N-bis (trifluoroacetyl) hydroxylamine is used in a one-step 

method, together with pyridine, to convert aldehydes to nitriles213: 

RCHO + CF,CONHOCOCF3 __f RCN 

Since the nitrile formation from the acyl derivatives of oximes 
proceeds through a trans elimination, the anti-oximes and their 
derivatives are the precursors of the nitriles214. 

Apart from the familiar dehydrating agents mentioned above, 
treatment with aqueous alkaliZ15 or acids will convert oximes to 
nitriles. Thus, one-step methods have been developed by which a 
mixture of hydroxylammonium salt and formic acid-sodium 
formate216 or acetic acid-sodium acetate2'' are reacted with the 
aldehyde to give the nitrile. Similarly a facile one-step preparation 
transforms aliphatic aldehydes, aldehyde-bisulphite adducts, alde- 
hyde trimers or oximes to nitriles by treatment with hydroxyl- 
ammonium chloride and a small amount of hydrochloric acid in 
ethanol218. Compared with the above-mentioned methods, the 
dehydrations of oximes a t  elevated temperatures in the presence of 
alumina or thoria catalysts appear less important21s. A number of 
syntheses has to be reported which do not proceed via oximes. 

Treatment of an aldehyde with hydrazoic acid in sulphuric acid 
(Schmidt reaction) gives rise to a nitrile and minor amounts of 
formylamine220. 

In  a quite unexpected reaction, aromatic aldehydes are converted 
to nitriles when heated in acetic acid together with 1-nitropropane 
and diammonium hydrogen phosphate221 : 

ArCHO + n-PrhTOz + (NH4),HP04 --+ ArCN 

93 

pyridine 

By condensation of chloramine with aldehydes222 and treatment 
of the resulting chloroimines with base, nitriles have been synthe- 
sized22 : 

CHzN-CI YHO I 

Nitriles are also obtained by passing aldehydes and ammonia over 
thoria at  220-240" 224 or by generating the imines in solution and 
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oxidizing them by iodine2Z5, lead tetraacetateZ2G or oxygenzz7 : 
CuClz, NaOMe 

RCHO + NH, + 0, RCN 

Since the oxidation is carried out in a basic medium, aromatic 
aldehydes give better yields than base-sensitive aliphatic aldehydes. 

A nitrile synthesis corresponding to the Hofmann elimination is 
the degradation of aldehyde trialkylhydrazonium salts by base228 : 

+ NaOMe 
RCH=N-NMe,X- __f RCN + NMe, + NaX 

Similarly, the reaction between 1 , I-dimethylhydrazine and acrolein 
in disodium hydrogen phosphatc solution and subsequent addition 
of alkali produces #?-dimethylaminopropionitrilez29. Here and in 
the following example the intermediate is a pyrazolinium salt230 : 

__t (CH,),NCH,CH,CN OH- 

Another elimination reaction analogous to the Cope reaction of 
amine oxides is the oxidation of aldehyde dialkylhydrazones with 
hydrogen peroxide2,’ : 

R 

C=N 
\ 
/ \  

N(CH,), RCN + (CII,),NOH H 
d 

0 
R = Ar-, PhCH=CH- 

Azomethines resulting from the condensation of aromatic or 
heterocyclic aldehydes with 4-amino-l,2,4-triazole or its derivatives 
yield nitriles by pyrolysis or base-catalysed elimination232 : 

There are some reports on formation of nitriles from aromatic 
aldazines upon heating2,, or chlorination at elevated temperatures~3~. 

Although normally ketoximes cannot be converted to nitriles, 
a-oximino ketones or acids undergo a so-called ‘abnormal’ or 
‘second-order’ Beckrnann rearrangement, giving nitriles. For 
example, benzil monoxime yields benzonitrile when treated with 
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polyphosphoric acid235 : 

II 
NOH 

PhCOCPh + PhCOOH + PhCN 

a-Oximino ketones possessing anti configuration always yield a 
nitrile and a carboxylic acid by a second-order Beckmann rearrange- 
ment, whether this is brought about by strong acids, acid chlorides 
or by an acylating agent and a baseZ36. 

This rearrangement may also be effected by heat, as in the 
example of isatin monoxime237. Similarly the sodium salt of 1- 
nitroso-2-naphthol yields 2-cyanocinnamic 

NOH 

R -o R a z z  'O2 

The a-oximino carboxylic acids are correspondingly converted to 
nitriles, water and carbon dioxide by treatment with acids239, acetic 
anhydride24o or heat : 

NOH 
I1 

RCCOOH __f RCN + CO, + H,O 

Aldehydes can be transformed to nitriles with chain extension 
by condensing them with rhodamine, cleaving the product by 
alkali and converting the resulting cc-mercaptoacrylic acid to the 
a-oximino acid. T h e  final step yielding the nitrile is accomplished 
by acetic anhydride242: 

RCHZCN 
Ac10  

d RCHzCCOOH 
I1 
NOH 

The  same result is attained on a shorter route by preparing the 
aldehyde cyanohydrin, which then is converted to the a-chloro- 
nitrile by thionyl chloride and dehalogenated with ~ i n c 3 ~ .  

The  transformation of a-keto acids can be effected by a one-step 
procedure with hydroxylamine in water or in e t h a n ~ l - p y r i d i n e ~ ~ ~ .  

So far, rearrangements of kctoximes with an adjacent carbonyl 
or carboxyl group have been discussed. Ketoximes bearing an 
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amino or ether substituent at  the /3 position show a similar behaviour. 
Thus the fragmentation of /I-keto ether oximes occurs under Beck- 
mann conditions with reagents such as phosphorus pentachloride 
or thionyl chloride244, and the corresponding reaction of #?-oximino 

R4 OH 

C=N __f R4CN + RlOH + R2COR3 
\ /  

/ 

I 
R2R3C 

OR1 

amines is facilitated if the oxime is converted to its ethers or esters. 
While the benzyl ethers of the anti-oximes can be prepared, the 
corresponding esters of p-toluenesulphonic or picric acid undergo 
cleavage during their ~ynthesis~~5:  

I + /  
\ 

(R'),N-C-C=N-X __f (R'),K=C + R'CN ' A 2  X- 

X = p-OSOZC6H4CH3, fi-OC,H,(NOZ)z, j -OCOfh 

By reaction of #?-keto aldehydes with hydroxylamine, isoxazoles 
rather than the oximes are obtained. Owing to the manner of their 
preparation, these isoxazoles possess a hydrogen in the 3-position 
and are therefore cleaved by bases to yield /3-ketonitrile~Z~~ : 

RZ 

R'COCNK~CN H*NOH 
R~COCHR~CHO ' R' 0' 

Since isoxazoles may be synthesized by various method~~46.~47 they 
represent a useful starting material for the preparation of /?- 
ketonitrilesZ4*. The method is especially important in the case of 
compounds like the rather unstable cyanoacetone which has been 
prepared by basic cleavage of 5-methylisoxazole and used in situ 
for the Michael addition to a,@-unsaturated ket0nes24~. Similarly, 
cyanoacetaldehyde can be generated by the reaction of isoxazole 
with alkali, and subsequently trapped by ethylation with diethyl 
sulph a te250 : 

B. Starting from Carboxylic Acids and Their Derivatives 

The most important method for the conversion of carboxylic 
acids into the corresponding nitriles consists in the dehydration of 
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the amides251 : 
-H 0 

RCONH, f, RCN 

I n  cases where the desired nitrile is sufficiently volatile to allow 
distillation, phosphorus pentoxide may be used as dehydrating 
agent, usually at  temperatures between 100-250" 252: 

RCONH, + P,O, + RCN + 2 HPO, 

Many applications of this method for s a t ~ r a t e d ~ 5 ~ )  unsaturated254 
and aromatic nit rile^^^^ are known. The main limitation is the 
presence of other groups capable of reacting with phosphorus 
pentoxide, such as hydroxy, or primary and secondary amines. 
Tertiary amines do not interfere in the dehydration) since the 
preparation of acid-sensitive nitriles can be accomplished with 
phosphorus pentoxide in benzene in the presence of triethylamineZ56 : 

(EtO),CHCH,CONH, ----+ (EtO),CHCH,CN 

To facilitate the heat transfer and prevent excessive frothing of the 
reaction mixture, diluents such as sea sand or mineral oil have 
been recommended251. A very effective reagent for the conversion 
of amides to nitriles is phosphorus pentachloride2j7, the preparation 
of malononitrile being an example258: 

NCCH,CONI-I, + PCl, __f KCCH,CN + POCI, + 2 HCI 

According to recent studies, the mechanism of the dehydration of 
amides with phosphorus pentachloride involves the formation of an 
acyl phosphorimidic trichloride, which then is cleaved to give the 
nitrile and phosphoryl chloride2jg : 

P2O6, Et3s- 

-2HCl 
RCONH, + PCI, + RCON=PCI, + RCW + POCI, 

Mono- and dialkylamides, which are normally inert towards 
dehydrating agents, react with phosphorus pentachloride or penta- 
bromide to give nitriles and the corresponding alkyl halides (von 
Braun reaction) 260 : 

ArCONR, + PCI, + ArCN 4- 2 RC1+ POCI, 

The observation that Q or & of a mole of phosphorus pentachloride 
is sufficient to transform one mole of acid amide to the nitrile led to 
the application of phosphoryl chloride as a dehydrating agent261. 
Apart from its cheapness, it has the advantage of not attacking 
carbonyl groups. Hydroxy substituents may be converted to chloro 
substituents, especially in heterocycles (see below). Phosphoryl 
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chloride is applied alone, as  in thc example shown below, for i t  
acts as a solvent a t  the same tirne262: 

rc f lnx  

CONH? 

CONH, CN 

A number of aliphatic263 and aromatic nitrileP4 has been prepared 
in this way. Solvents like a ~ e t o n i t r i l e ~ ~  or 1,2-dichloroethane265 may 
be employed in order to moderate vigorous reactions. The addition 
of sodium chloride has a yield-increasing effect and facilitates the 
working-up of the reaction mixture by converting the resulting 
metaphosphoric acid into its sodium salt31.26G. 

Very often phosphorus oxychloride is applied together with a 
base such as pyridineZo7. An example of the sometimes rather special 
conditions required for a dehydration reaction is the synthesis of 
tetracyanofuran. Dehydration of the tetramide of furan-tetra- 
carboxylic acid can only be effected by pure phosphoryl chloride. 
O n  the other hand, the only reagent which converts 3,4-dicyano- 
furan-2,5-dicarbonamide into tetracyanofuran is a mixture of 
phosphoryl chloride and pyridineZo8 : 

HZNOC, ,CONH, 
POCI, 

H,NOCQCONH, / \  - 
KC Ny CN k POCI ,pyridinc HZNOC Nv CONH, 

Treatment of the amides of N-acylamino acids or peptides with 
phosphoryl chloride-pyridine yields the corresponding nitriles with 
retention of the optical activity2G9. Instead of pyridine, other bases 
have found application. I n  the following example, 5-cyano-4,6- 
dichloro-2-methylpyrimidine is obtained by refluxing the dihydroxy- 
carbonamide with phosphoryl chloride and N, N-dimethylanilir~e~~~ : 

COXH, 
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Thionyl chloride may be used for the dehydration of amides either 
in pure form as shown below271: 

99 

or together with organic bases or N-acylated amines such as 
dimethylformamidelz6 : 

DMF H2NocmcoNHz HzNOC CONK, NC 

Under careful temperature control, mixtures of thionyl chloride 
and dimethylformamide are a general and convenient dehydrating 
agent, especially for the preparation of aromatic The 
formation of dimethylformamide chloride has becn reported to 
occur in the reaction of thionyl chloride with d imethyl f~rmamide~~~.  
It seems likely that this compound is the actually dehydrating agent 
in the above-mentioned reactions. 

Other acid chlorides that have been applied 
synthesis from amides are phosgene in the presence 
acylated secondary a m i n e ~ z ~ ~ ,  and arylsulphonyl 

H3c>e" COCI, 
pyridinc 

H CN 

to the nitrile 
of pyridine or 

chlorides in 

pyridinez75. Methanesulphonyl chloride in pyridine is used in a 
one-step synthesis of aromatic o-cyano esters from the corre- 
sponding o-dicarboxylic acid m o n o a m i d e ~ ~ ~ ~  : 

ROH,CH2S02CI 
pyridinc 

COOR 

In a similar way treatment of the amide of a maleic acid with ethyl 
chloroformate and triethylamine gives the p-cyanocarboxylic acid 
ester277 : 

ClCOOEt 3- )('OH 

CONH, CN 
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Pyrocatechyl phosphorus trichloride easily converts benzamide into 
benzonitrile in nearly quantitative yieldz78 : 

@>PC13 i- PhCONH, PhCN -I- c2Cl  + 2 HCl 

Since acid anhydrides are nearly as reactive as acid chlorides it 
seems obvious to use them in amide dehydration. Yet the reaction 
between an anhydride and a n  amide only proceeds to an equi- 
l i b r i ~ m ~ ~ ~ .  A recent study summarizes the different steps involved, 
as shown belowz80: 

RCONH, + (RCO),O R C = ~ , R C O O -  RC=NH + RCOOH 

OCOR 
I 

OCOR 

R C N  + 2 RCOOH (RC0)ZNH 

Dicyclohexylcarbodiimide (DCC), commonly used as a reagent in 
peptide synthesis, has been shown to act as a dehydrating agent 
for amides in pyridine solutionz8' : 

I 
I 

CHzCONH2 CH,CN 

CHCOOH 

NHOCOCH,C,H, 

DCC 1 + CHCOOH 
I 

NHOCOCH,C,H, 

Other less familiar methods for the dehydration of amides are 
the treatment with trialkylsilanes in the presence of zinc chloride28z 
or with complex hydrides. I n  the latter case, certain amides instead 
of yielding the corresponding amines give mainly nit rile^^^^ : 

CONH, CN 

92 % 
Li A1 H,, H g  CI, 

Ph,CIICONI-I, t PhzCHCN 

81.5% 

Similarly, sodium borohydride in refluxing diglyme transforms 
benzamide, acetamide and phenylacetamide to the nitriles284. 

Acid amides undergo dehydration when heated together with 
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sulphamic or ammonium sulphamate286 : 

101 

H,NS0,NH4 

150-200" 
RCONHPh -----+ RCN 

This method is of general applicability and gives good yields. 

mercuric chloride and methylamine in methanol28' : 
Thioamides may be converted to nitriles by treatment with 

S 
// HgCl,, CH,iVH, 

\ 
-+ RCN 

MeOH 
RC 

\ 

NH2 

The same reaction takes place without reagents at elevated tem- 
peratures. I t  is the final step in a nitrile synthesis in which methyl 
groups activated by an aromatic ring are transformed to nitriles 
by heating the compound with elemental sulphur and anhydrous 
ammonia288 : 

+ 2 H2S 
2 

ArCH, + 3 S + NH, Arc 
\ 

ArCN li"" + H,S 

N-Substituted thioamides also undergo thermal conversion to 
nitriles. Thus N-benzylthiobenzamide a t  400" yields benzonitrile, 
hydrogen sulphide and stilbene289. 

Several methods are known for the direct conversion of carbox.ylic 
acids to  nitriles290. A very simple way to obtain nitriles is to treat 
the acid at  sufficiently high temperatures with dry ammonia. By 
this method higher fatty acid nitriles such as stearonitrile or lauro- 
nitrile have been prepared291. Another possibility is to subject the 
ammonium salt of a n  acid to dehydration, either by chemical 
means such as phophorus pentoxide, or thermally290. Reaction of 
carboxylic acids with appropriate amides at elevated temperatures 
affords a route to nitriles as shown in the following example, where 
sebaconitrile is obtained by reaction of the acid with urea292 : 

(H,N)1CO 
HOOC(CH2)8COOH ____f diamide ____f 

NC(CH,),CN 3. HOOC(CH,),CN 

Aryl sulphonamides have also found use in a similar conversion293 : 
PhS02NId2 

225" 
ArCOOH A ArCN 
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A modification of this method is the reaction of carboxylic acids 
with aryl sulphonamides and phosphorus pentachlorideZS4 : 

YOOH 

+ ArS02NH2 + 2PCI5 0 
I 

NO2 

I 

NO2 

A more detailed investigation revealed that the phosphorus penta- 
chloride reacts with the aryl sulphonamide to give a sulphonyl 
phosphorimidic trichloride, which in turn reacts with the carboxylic 
acid chloride present in the mixture. The  resulting acyl phosphori- 
midic trichloride is then cleaved thermally to give the nitrile and 
phosphoryl chloridezg5 : 

-200" 

Ar'CN + POCI, 

ArlCOCI + Ar2S0,-N=PC1, __f Ar2S0,CI + ArlCO-N=PCI, __f 

The arylsulphonyl phosphorimidic trichloride may be prepared 
separately. I n  this case two moles of it are required for the reaction 
with one mole of carboxylic acid. 

Another reagent which shows similar structural features is the 
trimeric phosphonitrilic chloride. I t  can be used in the conversion 
of sodium salts of carboxylic acids to nit rile^^^^: 

A simple conversion of carboxylic acids to nitriles is possible with 
chlorosulphonyl isocyanate. Its reaction with carboxylic acids yields 
the mixed anhydrides of the acid and N-chlorosulphonyl carbamic 
acid which in turn lose carbon dioxide during their preparation. 
The  resulting N-chlorosulphonyl carbonamides, upon treatment 
with dimethylformamide, eliminate chlorosulphonic acid and give 
the nitri1P' : 

- coz 
RCOOH + O=C=NSOzCI _ic [RCOOCONHSO,Cl] -+ 

DMF 
RCONHS0,CI d RCN -+ ClSO,H-DMF 
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Chlorosulphonyl isocyanate is also used to introduce a cyano group 
into an ~ l e f i n ~ ~ ~ :  

DMF 6 
O=C=N--SO,CI + PhCHXCH, j PhCH-CH, __j 

I 1  
N C  

\O 
CISO, / 

PhCH=CHCN + ClSO,H*DMF 

V. MISCELLANEOUS METHODS 

Various nitrile syntheses do not fit into the scheme of the preceding 
sections and will therefore be mentioned here. 

Isonitriles start to rearrange to nitriles at  temperatures around 
150". Correspondingly, reactions that give isonitriles in the first step 
will produce nitriles if performed at a sufficiently high temperature. 
Thus pyrolysis of N-formyl amines at temperatures around 500" in 
the presence of a silica-gei catalyst yields nitrilesZg9 : 

aCH3 - 
NHCHO 

Another route is to reflux formanilides with zinc dust300. Instead of 
the formyl group the dichloro- or trichloroacetyl group may be 
used. Trichloroacetanilides are converted to nitriles in fair yields 
when passed over quartz chips in a nitrogen stream at 570" sol: 

PhNHCOCCI, __f PhCN f COCI, + NCl 

Phenyl isocyanate is obtained as a by-product in low yield. 
Aryl isothiocyanates can be desulphurized by treatment with 

triphenyl phosphite, the resulting isonitriles subsequently rearranging 
to nitriles302: 

Ar-N=C=S + (PhO),P + ArCN + (PhO),P=S 

The method is useful for the preparation of alkyl and cycloalkyl 
cyanides and especially s terically hindered aromatic cyanides such 
as 2,6-diethylbenzonitrile. 

.,4s with aldimines, which can be oxidized to give nitriles, primary 
amines also undergo this reaction. Unbranched aliphatic amines 
are treated with lead tetraacetate in refluxing benzene to give 
nitriles303 : 

RCH,NH, ___f RCN 
Pb(AcO), 
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Other oxidants for this reaction are iodine pentafluoride304 and 
nickel peroxide30s. 

The oxidation of amino acids provides a simple route to nitriles. 
Usually they are oxidized by hypobromite3o6 or hypochlorite in 
aqueous solution as shown in the following example307 : 

!--\CHeCIICOOH NaOCi /--\-CH,CN 

HN&N 
I __+ H’vN NH, 

Another oxidant which has been used in this context is N-bromo- 
succinimide30*. 

1,2-Diaminobenzenes undergo ring cleavage to muconic acid 
dinitriles when treated with lead tetraacetate309 or nickel peroxide310. 
These reactions presumably involve the formation of nitrenes as in 
the decomposition of 1,Z-diazidobenzenes 311 : 

p:- [fix;] --jZ 
T h e  decomposition of 2-benzoylvinylazide by hydrogen chloride 
in acetic acid is reported to give o-cyanoa~etophenone~~z: 

A few methods have been reported by which nitriles are synthesized 
fiom aliphatic nitro compounds. The alkali salts of primary nitro- 
paraffins react with diethyl phosphorochloridate to give nitriles as 
the main product313 : 

PhCOCH=CHN, __f N, + PhCOCH,CN 

0 
/ 
\ 

2 [PhCH=NO,]K + (EtO),PCl __f PhCN + PhCH,NH, + (EtO),P + KCI 

c1 

Another route from nitro compounds to nitriles consists of the treat- 
ment of 1 -bromo- 1 -nitroalkanes with triphenyl phosphine314 : 

Ph,P 
C,HlsCHBr(N02) __f CliI115CN 

The same reagent also transforms N-bromoamides to nitriles. 
Orthocarboxylic esters, orthocarbonates and acetals are cleaved 

by acetyl cyanide in moderate yie1ds3l5. An example is shown below : 
(EtO),CH + CH3COCN (EtO),CHCN + AcOEt 

Another nitrile synthesis using acyl cyanides is their addition to 
carbon-nitrogen double bonds, which proceeds smoothly at  room 
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t empera t~re~ '~*~1 '  : 

R3COCN + R1CH=biR2 + R'CH-NR2-COR3 
I 20" 

CN 

Esters of cyanoformic acid may be pyrolysed at  700-800" to give 
nitri1es3l8 : 

ROCOCN - RCN + CO, 

By this method acetonitrile, phenylacetonitrile and malononitrile 
gave been synthesized. 

VI. P R E P A R A T I O N  OF NITRILES U S I N G  M O L E C U L E S  O R  
M O L E C U L A R  F R A G M E N T S  WITH C Y A N 0  G R O U P S  

I n  order to give a more complete picture of the methods of nitrile 
synthesis, it is necessary to mention a number of reactions which 
introduce the nitrile group together with a part of the final molecule. 
Some of these reactions, such as the alkylation of nitriles319 or 
cyan~ethylat ion~'~ are described elsewhere. 

The condensation of active methylene compounds with activating 
nitrile groups with carbonyl or related compounds provides a 
simple route to cyanoethylenes : 

R1 CN R1 CN 

X = COOR2, COOH, CN, Ar 

The reaction is base catalysed3". Common catalysts are sodium 
ethoxide322, sodium amide323, pyridine3Z4, piperidine3Z5 or its 
acetate326 and ammonium a~etate326.3~'. I n  some cases the primary 
condensation products may undergo a further reaction with a 
second mole of the starting nitrile, as shown 

CN 
I 

PhC=C-C--NHz 
PhNEt, I I1 

PhCOCOPh + 2 CHz(CN)2 __f C=O C(CN)2 
I 
Ph 

If pyridine is used instead of diethylaniline, benzil and malononitrile 
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give the mono condensation product329: 

NC CN 

'c' 
pyridine 

PhCOCOPh + CH,(CN), ___f PhC-CPh 

Another complication which may arise is the Michael addition of a 
second mole of the active methylene compound, e.g. malononitrile, 
to the product. In  the following example the condition of the 
equilibrium depends on R330: 

CH(CN), 

C W W ,  

RCH / A -- RCH=C(CN), + CH,(CN), 
\ 

The cleavage and exchange reactions of alkylidene malononitriles 
have been studiedS31. 

Carbonyl compounds can also be condensed with active methylene 
compounds with an activating nitrile group by refluxing in acetic 
anhydride332 : 

C(CN), 0 + CH,(CN), __+ 

Similarly 2,6-dimethyl-y-pyrone condenses with ma10nonitrile33~. 
Other functional groups also undergo a condensation with 

nitriles. Thus the above-mentioned dicyanomethylenecyclo- 
heptatriene is obtained from ethoxytropylium fluoroborate and 
mal~nonitri le~~". The cyclic acetal of fluorenone with tetrachloro- 
pyrocatechol reacts with malononitrile in refluxing butanol to give 
flu~renylidenemalononitrile~~~. Coumarin diethyl acetal and malono- 
nitrile in refluxing ethanol yield the corresponding condensation 
p r o d ~ c t ~ 3 ~  : 

The following example shows the condensation of an amidine with 
malononitrile in the presence of sodium e t h ~ x i d e ~ ~ '  : 

NaOEt 
PhCONHCH,C=NH + CI-I,(CN), __j PhCONHCH,C=C(CN), 

I 
NH, 

I 
NH, 
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The Wittig reaction can be applied to the synthesis of monocyano- 
ethylenes from aldehydes338, as in the example below330 : 

c1 
NaOH - / 

\ 
Ph3P + CICH,CN - Ph3P 

CH,CN 
ArCHO 

Ph3P=CHCN - k C H = C H C N  

While monocyanophosphoranes can still be reacted with aldehydes, 
the introduction of a second cyano group stabilizes the ylid to such 
an extent that it does not undergo the Wittig reaction340. 

The use of halogenoacetonitriles has been reported for the 
Reformatsky reacti0n~~1. 

The formation of a dicyanocyclopropane in the reaction of 
bromomalononitrile with tetramethylethylene was thought to 
proceed via d i c y a n ~ c a r b e n e ~ ~ ~ .  A more detailed investigation 
showed that the bromomalononitrile adds in the first step to the 
olefinic bond, and a subsequent dehydrobroinination yields the 
cyc10propane~~~ : 

- HBr 
Me2C=CMe2 + BrCI-I(CN), __f hk2CBr-C(Me2)CH(CN)2 c_f 

Me$- CMez 

‘CGN) * 
Dibromomalononitrile undergoes a similar reaction3“. 

The base-catalysed condensation of activated olefins with halo- 
methanes bearing electron-withdrawing substituents is a general 
synthesis of polyfunctional cyclopropanes. No base is required in the 
reaction between alkylidene malononitriles and bromomalono- 
ni trile345 : 

\ I  
C(CN), 

The thermal decomposition of dicyanodiazomethane affords 
dicyanocarbene which attacks aromatic compounds with the 
Formation of norcaradiene derivatives346 : 

While in the above example the addition product is sufficiently 
stable to permit isolation, the reaction of cyanonitrene, generated 
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by the decomposition of cyanogen azide, yields N-cyanoa~epine3~~ : 

R = I-I, Me, COaMe, CI, F, CF3, CCls 

The reaction of thermally generated cyanonitrene with cyclo- 
octatetraene gives a stable !,4-adduct and a labile 172-adduct34*: 

The formation of four-membered rings containing cyano groups 
may be achieved by 2 + 2 cycloadditions of a,&unsaturated 
nitriles to electron-rich olefins. Thus tetracyanoethylene (TCNE) 
adds to vinyl ethers and similar compound~34~: 

X = RO, RS, R'(R*CO)N, PhS0,NR 

Similarly tetramethoxyethylene adds TCNE to give the corresponding 
four-membered ring35o. 

By photodimerization of solid fumarodinitrile, cis,trans,cis- 1,2,3,4- 
te tracy anocyclobu t ane is obt a i ~ ~ e d ~ ~ l .  

If a normal Diels-Alder 2 + 4 cycloaddition is not possible, 
TCNE will react with a diene to give the 2 + 2 cycloaddition 

0 + TCNE 
(NC), (NCh cf( 

The carbonyl group in acetyl cyanide undergoes photocyclo- 
addition to 01ef ins~~~ : 

)( + CH,COCN 

CN 

Cycloadditions leading to five-membered cyano-substituted rings 
are the reactions of the highly reactive tetracyanoethylene oxide 
(TCNEO) with aromatic compounds. Benzene is attacked at 
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Olefins add TCNEO to give the corresponding tetracyanotetra- 
hydrofurans. Pyridine does not undergo 3 + 2-cycloaddition but 
instead gives the nitrogen ylid354: 

The addition of dicyanoacetylene to the 'bent' cr-bond of 
bicyclo[2.1 .O]pentane may also be considered as a 3 + 2 addition35j: 

F I &m + m C C H 2 C N  YN a + 8 204 

CN 
I 
CN 

Quite recently a new convenient synthesis of dicyanoacetylcne has 
been reported. Here also many references concerning the cyclo- 
addition reactions of dicyanoacetylene may be The 
Diels-Alder reaction of a$-unsaturated nitriles has found many 
appli~ations~5~. Tetracyanoethylcne, with its highly electron- 
deficient double bond, exhibits a remarkable reactivity358. The 
addition reactions of fumaronitrile, maleonitrile, acrylonitrile and 
TCNE to a variety of cyclic dienes have been investigated3j9. 

By addition of acrylonitrile to cyclopentadiene the endo product 
is obtained360: 

__+ 

CHCN 
I 

CN 

The corresponding reaction with methacrylonitrile, however, is 
reported to give mainly the e~o-nitrile~~'. The stereochemistry of the 
addition of 1,2-bis( trifluoromethyl) fumaronitrile to electron-rich 
allenes has been 

Several methods may be used to link two nitrile-containing 
moieties. The  electrolytic hydrodimerization of acrylonitrile and 
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related compounds has become an industrially important pro~ess36~ : 

2 CH2=CHCN + 2 e- + 2 H20 __f NC(CH,),CN + 2 OH- 

Cyanoalkyl radicals formed by the decomposition of azo-bis- 
(alkyl) nitriles combine to give the corresponding vicinal din it rile^^^ : 

R1 CN C N  R1 R’ CN CNR1 
I /  - - N z  \ I  I /  

/ \ 
__f c-c 

\ I  

/ \ 
C-N=N-C 

R R R R 

Carbon-to-carbon coupling has been found to occur to a certain 
extent during the electrolysis of cyanoacetic 
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1. INTRODUCTION 

The present chapter will be concerned with tlic basicity and complex 
formation of the cyano group in organic compounds. Primarily we 
shall discuss mononitriles R C r N ,  although a few references will be 
made to dinitriles. T h e  complexes of polynitriles like tetracyano- 
ethylene are discussed in  Chapter 10. 

The  relatively few studies of the hydrogen bonding to isonitriles 
RN-C have been included. However, the broad field of isonitrile 
complexes of metal salts has been covered by Malatestal and will 
not be treated in this chapter. Moreover, the coordination chemistry 
of the cyanide ion ( C r N ) -  is outside the scope of this review. 

The  coordination ability of the nitriles is fundamentally related 
to the electronic structure of the cyano group (Chapter 1) .  I n  the 
cyano group the nitrogen and carbon atoms are approximately 
diagonally (sp) hybridized. The  bonding therefore consists of a 0- 
bond and further of two n-bonds at right angles to each other, 
giving a linear arrangement R-C=N. 'The large bond moment2 
( - 3 . 5 ~ )  is mainly caused by the lone-pair orbital ccntred on the 
nitrogen atom and directed along the CN axis. Furthermore, the 
7r-orbitals arc displaced towards the nitrogen, and the charge 
distribution may therefore bc represented as in  1, in  which tlic 
dashed line represents the direction of the lonc-pair orbital. 

6 +  5- 
R-CEN - - - 

(1) 

The lone-pair electrons arc mainly responsible for thc coordination 
of the cyano group. Thus, protonation occurs a t  the nitrogen atom, 
and hydrogen bonding and complex formation to Lewis acids 
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generally take place through the lone pair. However, weak complex 
formation involving thc C=N n--ei'ectrons can occur. The  large 
dipole moment of the cyano group can lead to dipole-dipole interac- 
tions in  the pure nitriles (self-association) or from nitriles to other 
molecules with polar groups. Furthermore, association may take 
place as a result of interaction between the partial positive charge 
on the carbon atom and lone-pair electrons on other molecules. 
Therefore, the coordination chemistry of the nitriles is a very broad 
field and it is essential for understanding the reactions of the cyano 
group. Many chemical reactions proceed through complexes as 
intermediates and the solvent properties of the nitriles are certainly 
connected with their coordination ability. 

Most of the studies concerned with the basicity and complexes of 
the cyano group include only acetonitrile, and often the conclusions 
drawn from various types of measurements are in confusing dis- 
agreement. Very few systematic studies of large series of nitriles 
have been presented. Therefore the influence of structural factors 
on the basicity of various nitriles is a t  present uncertain. The 
fundamental concepts regarding complexes of ethers, also valid 
for the nitriles, have been excellently discussed by Searles and 
Tamres in an  earlier volume of this series3. All of this background 
material will not be repeatcd in this chapter, and we will aim at  a 
description of the experimental material relevant to the under- 
standing of the basicity and complexing ability of the cyano group. 
The literature has been surveyed to the end of 1967. Emphasis has 
been placed on recent developments which have clarified contro- 
versial problems in this field, and no extensive compilation of data 
has been attempted. 

I I .  BASICBBY O F  T H E  C Y A N 0  GROUP 

A. Basicity Constants 

The position of many weak organic bases on the Hammett H,, 
scale" has been a controversial subject since the introduction of this 
useful extension of the familiar pH c o n c ~ p t ~ , ~ .  The problems involved 
in the various experimental approaches (kinetic, cryoscopic, 
titrimetric, conductometric, distribution and indicator methods) 
have been discussed by ArnettG. 

From titration studies of acetonitrile wit11 perchloric acid in 
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glacial acetic acid and the use of indicators, a pK, value around 
-4-2 was reported7. T h e  value of -4.32 was obtained for pro- 
pionitrile titrated with sulphuric acid in formic acid*, when con- 
verted to the present Ho scale9. However, a pk’, of -4 is a t  the limit 
of the working range for acid-base titrations in  acetic acidG. 
Furthermore, the apparent change in  acidity with added nitrile 
may not bc caused by protonation, but by a medium effectlo. 

Much lower pK, values were deducted from the old cryoscopic 
data of Hantzschll, since acetonitrile was only half protonated in 
ca. lOOyo sulphuric acid. These results were confirmed by the 
conductonietric studies12 of acetonitrile and benzonitrile in  100 yo 
sulphuric acid. From thcse data i t  can be inferred that acetonitrile 
and benzonitrile are half protonated in 99.6 and 99.8 yo sulphuric 
acid, respcctively. From the fundamental equation (1) and the H, 
values for sulphuric acid9, the pK, value - 10.1 was calculated for 
acetonitrile and - 10.4 for benzonitrilcG. 

The  Raman13 and proton magnetic resonancelo studies of Deno 
and coworkers definitely confirm the cryoscopic and conductometric 
results. The  slow increase in the C-N stretching fi-equency in  
solutions fioni 0 to 80% sulphuric acid was iiiterpretcd as due to 
hydrogen-bonded species 

(M~C=K . . . r-r30 + and M ~ C = N  . . . I-IOSO~I-I) 

only (section 1II.A).  T h e  proton magnetic resonance studieslO 
reveal that  acetonitrile and  propionitrile are half protonated in 
100 yo and 98 yo sulphuric acid, respectively, while chloroacetonitrile 
requires 30% olcum for half protonation (pK,- -12.8). These 
results agree with the expected inductive effects of the alkyl groups 
on the basicity. By this method the direct ratio between the pro- 
tonated and unprotonated species can be estimated. It is therefore 
a n  advantage using these spectroscopic methods, since distinction 
can be made between ‘real’ protonated and hydrogen-bonded 
species. However, the high nitrile concentrations required and the 
inaccurate estimation of band areas make a precise pK, detcrmina- 
tion impossible fi-om such spectroscopic results. 

In  spite of the experimental uncertainty and the fact that  the 
pKa values might not be true thermodynamic values1o, the work of 
Deno and coworkers settles the basicity of simple, aliphatic nitriles 
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towards the proton and demonstrates lower basicity than, for ex- 
ample, for ketones3, ethers5 and alcoholsl3. 

The dissociation of a Rrernsted-Lowry acid in different solvents is 
determined by the basicity of the solvent, but the dielectric constant 
and the solvation ability for the anionic species present are also 
important. Experimental and theoretical approaches to the study 
of ionic reactions in acetonitrile have recently been discussed by 
Coetzeel4. 

I t  has been known for a long time that organic acids dissociate to 
a smaller extent in acetonitrile than in water, indicating a smaller 
basicity of the former solvent15. Among the common mineral acids, 
which are strong in water, only perchloric acid is extensively disso- 
ciated in acetonitrile16 or benzonitrilel'. The  other acids are weak 
in acetonitrile as inferred from the dissociation constants's (pK, 
equal to 5.5 for hydrobromic, 7-25 for sulphuric, 8.9 for nitric and 
hydrochloric acids). Benzonitrile was also found to behave as a 
differential solvent towards the hydrogen halides, the acid strength 
increasing in the order HC1 < HBI- < HI19. 

Coetzee and McGuire have proposed to use the difference in the 
dissociation constants of the protonated form of Hammett bases in 
an organic solvent and in water as a semiquantitative measure of 
the solvent basicity relative to waterz0. They found that the dissocia- 
tion constant for tlie conjugated acid of 4-chloro-2-nitro-N-methyl- 
aniline was about lo5 times lower in acetonitrile than in water, 
reflecting the lower proton affinity of the nitrile. The weaker 
basicity of the nitriles relative to acetone, also found by other 
methods, was demonstrated. 

B. Nitrilium Salts 

I n  analogy with other Lewis bases like the ethers, the nitriles 
should react with protonic acids H-Y or with Lewis acids of the 
type R-Y, with the transfer of a cation to the nitrogen of the 
nitrile, and with formation of a nitrilium salt. Such salts have in 
fact been isolated, and evidence for coordination of metal atoms is 
also available. Due to the electronic structure of the cyano group, 
however, this part of the nitrile chemistry is quite complicated 
compared with, for example, the oxonium salt chemistry of the ether 
linkage3. This is particularly demonstrated by the reactions between 
nitriles and the hydrogen halides. Thcsc systems give complicated 
conductance-concentration relationships in solutionzl*zz and reaction 
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products of varying composition (RCN-nHX or 2RCN-nHX) as 
well as cyclic products may be formed23 (see Chapter 6 ) .  Hydrogen 
chloride is a very important catalyst in many organic reactions 
involving the cyano group, and these and other aspects of the 
nitrile-hydrogen halide chemistry have been extensively covered in 
two reviews by Zil'berman23**4. 

1. T h e  I :2 nitrile-hydrogen halide compounds 

The simplest nitrilium salt should have the structure 
[ RC=NH] +X- 

where X is a halogen. Salts of this composition have not been 
isolated and are evidently very unstable. Instead, products con- 
taining two hydrogen halide molecules are obtained. These were 
formerly believed to have structures 2*j and 320, but later work was 
interpreted in terms of structure 4z7. 

(2) 

The infrared spectra have definitely shown that the solid 1:2 
compounds between acetonitrile and hydrogen bromide and 
hydrogen iodide have structure 4z8. The same structure was also 
found for the corresponding methyl thiocyanate-hydrogen bromide 
reaction productz9. This conclusion has recently been verified by 
x-ray30 and neutron diffraction studies31 of MeC=N*2HCl and 
MeC =N.2HBr. 

Infrared spectra of hydrogen chloride solutions in acetonitrile 
have some evidence for HC1,- ions, corresponding to the nitrilium 
salt 332. T h e  importance of 4 as an  intermediate in  acid-catalysed 
reactions has been stressed by Zil'berman33. 

The first step in the reaction between nitriles and hydrogen 
halides is most probably the formation of a hydrogen bonded 
'outer' complex R C r N :  - * * HX. From this starting point, Janz 
and Danyluk19*z1 have interpreted the formation of thc compounds 
3 and 4 in terms of the Mulliken charge-transfer theory. These 
compounds also account for the increase in conductivity with time 
observed for these ~ y ~ t e m ~ ~ ~ * 2 ~ * ~ 2 * ~ ~ .  However, a quantitative 
rationalization of the conductance-concentration plot is difficult 
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because of the variety of ionic species formed, at least in more 
concentrated hydrogen halide s0lutions2~. The hydrohalogenation 
products described here are fundamentally different from the low 
melting compounds reported by Murray and Schneiders5 (see 
section 1II.B. 1 .d). 

2. N-substituted nitrilium salts 

Although nitrilium salts certainly were intermediates in the 
reactions of nitriles with diazonium salts3G-37, it was left to hIeerwein38 
and Klages2' and their collaborators to isolate and characterize 
these interesting compounds. The N-substituted nitrilium salts have 
the formula 5 where R1 is alkyl or aryl, R2 is alkyl, aryl or acyl and 

[R 1 -C=X-R2]+X- 

(5) 

X- is an anion, such as tetrafluoroborate or hexachloroantimonate. 
T h e  formula indicates that the positive charge is not localized on 
either the carbon or the nitrogen atom. 

Reactions of preparative importance leading to N-substituted 
nitrilium salts may be classified as follows: 

(a) The reaction between an  aliphatic or aromatic nitrile and a 
trialkyloxonium salt of complex halogen ac idP,  exemplified by the 
reaction (2). The reaction proceeds quickly by gentle heating and 
evaporation of the ether. 

PIICEN f [Et30]'A1CI4- [PhC%'?Et]"AlCI,- 1- Et20 (2) 

Tetrafluoroborate and liexachloroantimonate salts can also be 
prepared by this method. 

(b) N-alkyl nitrilium salts can be prepared from alkyl halides 
and nitrile-metal halide complexes38. The simplest member of the 
alkylated series (N-methylacetonitrilium hexachloroantimonate) was 
synthesized by this method (reaction 3) 39. 

MeC=N:SbCI, + MeCl+ [MeC~NMe]+SbCI,-  (3) 

With primary alkyl halides the reaction is slow, the ionization of 
the alkyl halide being the rate-determining The rate of the 
reaction therefore increases in the order primary < secondary < 
tertiary alkyl chlorides. I n  the last case a diluting solvent may be 
necessary. The  alkyl halides react less readily with the nitrile 
adducts of tin tetrachloride, iron trichloride and aluminium 
trichloride than with thc antimony pentachloride 
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(c) The  reaction between iminochlorides R'C(C1) =NR2 and 
electrophilic metal salts like antimony pentachloride or aluminium 
trichloride is very useful. N-Aryl nitrilium salts which cannot be 
prepared by reactions (2) and (3) are obtained by this pracedure 
(reaction 4)27.38.  

R1--C=NR2 + MC1, -% [R'-C=~-R2]+MCl;+I 
I (4) c1 

(M = metal) 

The compounds are easily synthesized by mixing the components 
in a suitable solvent, avoiding excess of the metal halide. T h e  yield 
may amount to 80%. 

(d) A fourth method of great interest is the reaction between 
aliphatic and aromatic nitriles ar.d aryldiazonium fluoroborates 
(reaction 5 ) 3 8 .  This procedure is limited to the diazonium salts 

(5) 

which are decomposed a t  relatively low temperatures. At  higher 
temperatures ( >50-60") the nitrilium salts react with another 
nitrile molecule and more complicated products are formed. 

The N-acylation of nitriles in the presence of an electrophilic 
metal halide has been demonstrated. For example, N-benzoyl 
benzonitrilium trichlorozincate was obtained in good yield (reaction 
6 )  38. 

R'CzN + [R'N=N]'BF,- __* [R'C=NR']+BF,- + N2 

PhC : ZnC12 + PhCOCI - [ PhC = NCOPh]+ZnCI,- (6) 

I n  most cases, the N-acyl nitrilium salts react with another nitrile 
molecule, and Meerwein used this reaction in an elegant route 
leading to q u i n a ~ o l i n e s ~ ~ .  

The electronic structure of the nitrilium ion may be represented 
by the resonance forms 6 and 7. I t  reacts in general according to 

(6) (7) 

the carbonium ion structure 6, and therefore readily adds nucleo- 
philic agents like OH-, water, alcohols, etc. These reactions have 
been used to establish the constitution of the salts27*38 this being 
confirmed by infrared spectroscopy". 

3. + 
Rl-C=N-R2 R1-hy-R2 

3. Unsubstituted nitrilium salts 

The simple nitrilium salts [RC'GNH]-+S- (X- = C1-, Br-, I-) 
have not been isolated, but products containing two molecules of 
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hydrogen lialidcs are formed. Since the synthesis of N-substituted 
nitrilium salts with complex anions was straightforward, Klages and 
collaborator~l~ tried to prepare an N-€3-containing salt from the 
reaction between hydrogen chloride and the benzonitrile-antimony 
pentachloride adduct. However, two moleculcs of hydrogen chloride 
reacted according to cquation (7). The  structure of this salt is 

PhCkSV:SbCI, + 2 HCI __f PhC=NH, f SbC1,- (7) 

analogous to 4, the 1 : 2 nitrile-hydrogen halide adducts. However, 
when the benzonitrile-tin tetrachloride adduct was used, only one 
moleculc of hydrogen chloride reacted, giving thc benzonitrilium 
hexachlorostannate (8) 17. With p-nitrobenzonitrile, thc hexachloro- 
antimonate and not the hexachlorostannate could be prepared, 
while both salts were obtained with acetonitrile. 

[ a ,  1 

[I'hC =-KH]+ SnCIG'- 

(8 )  

The reaction temperature determines which of the salts is formed. 
At very low temperature there is no reaction between the nitrilc- 
metal halide adduct and the hydrogen chloride, a t  intermediate 
temperatures the nitrilium salt may be formed, and at  highcr 
temperatures two molecules of hydrogen chloride are added directly. 
When the intermediate tempcrature range is narrow, no nitrilium 
salt is obtainedl'. Since the unsubstituted nitrilium salt has a higher 
hydrogcn chloride vapour pressure than 4 a disproportionation 
occurs easily, especially a t  the higher temperatures1' (equation 8). 

2 [RCGXH]+SbCI[ __f SbC1,- + R C d : S b C &  (8) 

4. Solvation of metal ions by nitriles 

The high solubility of many metal salts in nitriles is partly caused 
by the ability of the metal cation to coordinatc nitrile molecules in 
the first coordination sphere. A striking example is silvcr nitrate, 
which is soluble in acetonitrile to a n  extent of 0.4. mole fraction at 
room temperature42. I t  was reported that the solubility of silvcr 
halides in different solvents, including acetonitrile, parallels the 
relative solvati1:g ability €or silver ions, as determined by electro- 
chemical m c thod s 43. 
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For some metal salts the interactions lead to non-ionic complexes, 
as in the adducts between acetonitrile and tin tetrachloride44 or 
zinc dichloride4j. In  these compounds, there are covalent bonds 
between the chlorine atoms and the central metal atom, and they 
are classified as molecular complexes. The coordination ability of 
the metal may also be utilized by nitrile molecules only, leading to 
ionic structures which may be considered as metallonitrilium 
salts. The type of complexes formed depends both on the cation 
and the anion of the salt. The ionic compounds being favoured for 
typical metals of Groups I and 11, and for complex anions with 
low coordinating ability like the tetrafluoroborate and perchlorate. 

I t  was found that when alkali or alkaline 
earth salts were dissolved in acetonitrile, the infrared46 and Raman4' 
spectra of the nitrile changed in the same way as when it is engaged 
in hydrogen bonding or halogen charge-transfer interactions (see 
section 1II.A). I n  acetonitrile solutions of, for example, lithium 
perchlorate, the C r N  and C-C stretching frequencies were split 
into two components. One peak remained at  the same position as 
in the free solvent, the other was shifted to higher wave numbers. 
The shift was independent of the salt concentration, and was 
identical for two salts with different anions46. These observations 
strongly suggest that the new bands were due to acetonitrile 
molecules bonded to the cations through the nitrogen atom, while 
the unshifted bands correspond to acetonitrile molecules not engaged 
in solvation. I t  was reported that in 0 . 9 9 ~  lithium perchlorate 
solutions, one lithium ion coordinated approximately two molecules 
of the do no^-4'. 

a. Alkali metal ions. 

The magnitude of the C r N  shift increased in the order 

Na+ < Li+ < Mg2+ 

indicating stronger interaction with increasing charge density of the 
cation47. However, silver(1) and copper(1) ions gave a larger shift 
than sodium. This probably means that covalent as well as ion- 
dipole forces are important in the interaction between the nitrile 
and these ions. The heat of formation for the lithium and magnesium 
solvates with acetonitrile and acrylonitrile have been reported4s. 

Hathaway and coworker~4~~50 have demon- 
strated that transition metal ions can be completely coordinated by 
acetonitrile molecules only. Wickenden and Krause prcpared 
Ni( MeCN),( ClO,) ,, Ni( MeCN) 4 (  CIO,), and Ni( MeCN) 6( clod) 251. 

I n  the first and second complexes the perchlorate groups enter the 

b. Heazy metal ions. 
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coordination sphere of nickel(11) as bidentate and monodentate 
ligands, respectively. The  metal atom is octahedrally coordinated in 
each case. Proton magnetic resonance studies of Co(ClO4), and 
Ni(C1O4), in acetonitrile, however, could be interpreted in terms 
of a single species M(MeCN),2+ over a wide range of concentrations 
and te1nperaturesj2. T h e  electronic spectrum of Mn( ClO,), in 
acetonitrile was consistent with the formation of the octahedral 
solvated species Mn(MeCN),2+ 53. 

Janz and  collaborator^^^*^^ made a detailed study of the infrared 
and Raman spectra of silver nitrate in acetonitrile, covering the 
complete range of silver nitrate solubility. The spectra of the solid 
adducts AgNO,.MeCN and AgN03.2MeCN 42 facilitated the 
interpretation in terms of the formation of 1 : 1 and 1 : 2 complexes 
in. equilibrium (equations 9 and 10). 

Agf + McCEN (McC=N)Ag+ (9) 

(McC=N)Ag+ + M e k N  (McC=N)2Ag+ ( ‘0) 

At a mole fraction 0.33 of silver nitrate all three species were 
detected, and cooling displaced both equilibria to the right. 
Decreasing silver ion concentration favoured the formation of the 
1 :2 complex. I t  was pointed outd2 that the chemical shift observed 
in the proton magnetic resonance spectra of these solutions55 might 
be also rationalized in terms of the two equilibria (9 and 10). The 
formation constants for these complexes in water solution have 
been determined by polarographic methods56. In other solvents, an 
additional 1 : 3 complex (MeC=N),Ag+ was suggested and corre- 
sponding data for copper(1) reported5,. It should be emphasized 
that the infrared measurements as well as viscosity studies5’ give 
the number of donor molecules directly attached to the metal ion, 
while certain types of electrochemical methods58 give the total 
solvation number as distinct from the number in the primary 
solvation sphere. 

A cation is reduced a t  a potential which among other factors 
depends upon the solvation energy of the ion. Increased solvation 
leads to a more ‘difficult’ reduction of the ion corresponding to a 
higher negative potential. Polarographic methods should therefore 
be well suited to study the rclativc sohation ability of various 
nitriles and to compare the nitriles with other solvents. 

I t  appears that most cations give more negative half-wave 
potentials in water than in acetonitrile, in agreement with the rcl- 
ati\ie p1-otoll affinities of these Exceptions arc silver ( I )  
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and copper(r) which are firmly bonded to the nitriles by specific 
interactions62. 

Coetzee and coworkerss3 studied the reduction of various cations 
relative to the rubidium ion in several nitrilesG3. Variations in the 
half-wave potentials for a series of nitriles were quite small. However, 
i t  was clcarly demonstrated that benzonitrile has a lower solvation 
ability towards metal ions than propionitrile, indicating a lower 
electron availability in the former compared to the latter case. 

111. WEAK COMPLEXES 

The nitriles form a variety of weak complexes for which the heat 
of formation is less than 10 kcal/mole with other organic and 
inorganic molecules. Such complexes cannot generally be isolated 
except a t  low  temperature^^^, but thcir formation can be studied by 
a variety of optical and other physical methods when the complex C 
is in equilibrium with the components A and B (equation 11). 

A + B + C  (1 1) 

These complexes have almost invariably been studied in solution, 
but since solvation effects influence the equilibrium (1 l),  vapour- 
phase studies should be very valuable. A large number of these 
weak complexes are reported to have 1 : 1 stoichiometry. I n  this 
case the formation constant (K,) can be calculated from equation (12) 

K -  rc1 
O - [A - C][B - C] 

if the equilibrium concentration of the complex [C] can be dcter- 
mined, as often done by spectrophotometric methods. The heat 
and entropy of formation can be calculated from the temperature 
dependence of the K ,  values, although the recent development in 
calorimetric measurements promise a higher accuracy obtained by 
this more direct method. For many weak nitrile complexes neither 
the formation constant nor the heat of formation have been deter- 
mined, but thc strcngth of interaction has been estimated from 
spectral perturbations in the ultraviolct, visible or infi-ared regions, 
proton magnetic resonance chemical shifts, etc. 

A. infrared and Raman Shifts 

Among the physical methods applied to the studies of hydrogen 
bonding, charge-transfer complexes and strong coordination 
complexes with the nitriles, infrared spectroscopy plays a dominating 
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role- Therefore, i t  Seems appropriate, to describe briefly the infrared 
spectra of the nitriles and the origin of the frequency shifts. 

The vibrational spectra Of acetonitrile has been studied in great 
details5sGc and normal coordinate calculations67*68 carried out. 
P r o p i ~ n i t r i l c ~ ~ * ~ ~ ,  benzonitrile71, succinonitrile72~73 and malono- 
n i t ~ - i l e ~ ~  and higher homologues75 have bands around 2250 cm-1, 
which to a very good approximation can be considered a ‘true’ 
C=N stretching frequency. I t  was first observed by Russian workers 
that this absorption was shifkd to higher frequencies when ace- 
tonitrile formed complexes with some metal halides76 and upon 
hydrogen bonding to phenol and tricizloroacetic acid77. Complex 
formation from electronegative atoms linkcd by a double bond 
X=Y7s (e.g. C=O, C=S, P=O, As=O) invariably leads to a 
red shift of the X=Y stretching frequency and correspondingly to 
a weaker X=Y bond. The ‘blue shifts’ observed for the nitriles (and 
partly in is on it rile^^^) have been a controversial topic, and several 
explanations have been proposed, including kinematic coupling80, 
changing hybridizations1 and bond electron repulsion82. Normal 
coordinate analysis of acetonitrile adducts reveals that the C=N 
force constant increases significantly upon coordination to boron 
trifluoride and metal halides, whereas the kinematic coupling is less 
significant83. A recent molecular-orbital calculation by PurceIls4 
indicates that coordination by the lone-pair electrons results in 
stronger o-bonding and slightly weakened r-bonding in acetonitrile. 
For methyl isonitrilc the .rr-bonding is considerably more destabilized 
in  agreement with the fact that the N-C stretching frequency can 
be bIue-shifted or red-shifted on c o o r d i n a t i ~ n ~ ~ .  

For acetonitrile the bands a t  919 cm-l and 380 cm-l (liquid), 
assigned mainly to the C-C stretching and the C-C=N bcnding 
modes, respectively, rise in frequency on coordination from the 
nitrogen. This observation has bcen extensivcly used for diagnostic 
purposes. The combination band65 at 2293 cm-l in Fermi resonance 
with the CEN strctching band is also blue-shifted upon interac- 
tion45*sss The threefold axis of acetonitrile is retained on coordina- 
tion45, and  a linear66 or near linearG” arrangement C-c-N: * * A 
appears from x-ray dataa7. 

In Some instances the C=N stretching frequency of the nitriles 
decreased on coordination8s-”, and in these cases it was suggested 
that the n-electrons of the C=N triple bond interacted with the 
Lewis acid. Enhanced C EN stretching band intensity in the infrareds2 
and Raman33 is obser\icd when nitriles form hydrogen bonds, or on 
complex formation to the halogenss5 and to metal halides“. 
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B. Hydrogen Bonding 

Various attempts have been made to describe hydrogen bonding 
in terms of the charge-transfer theoryg4 (see section 1II.C). However, 
so far it has not been possible to interpret the various experimental 
data related to hydrogen bonding coherently from the charge- 
transfer viewpoint. We shall therefore describe empirically the 
hydrogen bonding of the nitriles as  based upon the methods of 
observation. 

1. Intermolecular hydrogen bonding 

Due to the strongly directional character of the lone-pair electrons 
on the sp hybridized nitrogen atom, a nitrile should be a good 
hydrogen-bonding baseg5. However, the nitriles were not included 
among the ‘well-recognized hydrogen-bonding compounds’ in 
Pimentel and McClellan’s book”. The cyano group is certainly a 
poor rr-electron donor, resulting in weak intermolecular hydrogen 
bonding in, for example, o-cyanophenol (see section III.B.2). System- 
atic studies of intermolecular hydrogen bonding with nitriles in later 
years have shown that the heat of formation for the acetonitrile 
complex with a ‘standard’ acid like phenol is only slightly lower 
than for acetone or t e t r a h y d r o f ~ r a n ~ ~ , ~ ~ .  

The interaction between a nitrile RC=N and a Br~nsted-Lowry 
acid H-Y leading to a hydrogen-bonded complex (9) represented 
by equation (13) is the simplest type of interaction in these systems. 

R - k N :  + 13-Y R--=N: * * * H-Y (13) 

Spectroscopic methods are well suited for the study of such equilibria. 
When the hydrogen-bonded complex is formed, characteristic shifts 
in the spectra of both the electron donor (the base) and the electron 
acceptor (the acid) take place. These shifts can be utilized for an 
estimation of the strength of interaction between the donor and the 
acceptor, and may be correlated with other properties of the complex. 

The most conspicuous changes 
in the infrared spectrum of the complex relative to those of the 
components are the shift to lower frequencies and the broadening 
of the H-Y stretching band. Furthermore, an increase of the C=N 
stretching frequency is observed, indicating that the complex is 
formed via the nitrogen lone-pair electrons, and not via the 

(9) 

a. lnfrared and ultraviolet studies. 
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n-electrons of the triple bond. The existence of an isosbestic point is a 
strong indication that a simple equilibrium is involved". 

'I'he results of many hydrogen-bonding studies with nitriles are 
reported in terms of the difference AvY-= between the Y-H 
stretching frequency in the free acceptor and in the complex 
( A ~ Y - H  = %--n(free) - vy-n(bonded)). These shifts are valuable 
as one criterion of the hydrogen-bonding ability of the base. I n  
some cases the v,-,(bonded) has been determined in a two- 
component system, with the nitrile as a solvent. However, this 
technique is not reliable, as first pointed out by TsubomuraDD and 
later demonstrated by several other investigators100-102. In  the 
acetonitrile-phenol system in carbon tetrachloride, yo-=( bonded) 
decreases from 3460 cm-I for a very dilute solution to 3405 cm-l in 
pure acetonitrilelo1. I t  was shown that t-butyl cyanide and cyclohexyl 
cyanide gave smaller shifts Avo-= than acetonitrile when measured 
in binary systems, contrary to what was expected from the inductive 
effects. At lower nitrile concentrations in carbon tetrachloride, the 
relative shifts change and a t  infinite dilution the sequence of the 

Mitra studied frequency shifts Avo-, for various nitriles with 
phenol in carbon tetrachloride100. I n  a systematic investigation 
Allerhand and Schleyer'o3 measured the frequency shifts Avo-= of 
phenol and methanol with nitriles RC=N in order to clarify the 
variation with the substituent R. For 46 saturated and unsaturated 
nitriles the shift with phenol varied between 174 cm-l (cyclohexyl 
cyanide) to 62 cm-1 (trichloroacetonitrile) , and between 85 (cyclo- 
hexyl cyanidc) and 5 1 cm-1 (chloroacetonitrile) with methanol, at 
nitrile concentrations of 0.04~. White and Thompson104 also 
determined the frequency shift and the formation constants for 
several phenol-nitrile complexes in carbon tetrachloride. A linear 
correlation between Avo-= and the logarithm of the formation 
constant was found. 

Other molecules than phenol and methanol which have been 
studied as acceptors are pyrrole, indoleg7 and n-amyl 
The interactions between nitriles and sterically hindered phenols 
have been studied by various authors and will be described in 
section V.C. 

The interactions between acetylenes and nitriles in two-component 
systems (equation 14) (R2 = H106, Phlo7 and n-C5H11108), have been 

values is as expectedlol. 

~1 S=K : + I{-CEC-R2 R'-CGN : . . . I-I-CEC-K2 (14) 
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demonstrated by the decreased C-H stretching and increased C-H 
bending frequencies. Several authors have reported lower H-Y 
stretching frequencies for molecules dissolved in acetonitrile com- 
pared to inert solvents or to vapour phase10+114. The Avo-, shifts 
of methan01-d~'~ and D,0116 in various nitriles, reported by Gordy 
and Stanford, are tabulated in Arnett's review6. A double minimum 
potential for the 0-H vibration of the hydrogen-bonded proton 
was verified by studies in the overtone region117.11'3. 

I n  some studies the heat of formation (AH")  for hydrogen-bonded 
nitrile complexes in carbon tetrachloride solution has been deter- 
mined by infrared technique. The  heats of formation for complexes 
between acrylonitrile and somc hydroxylic compounds were 
r e p ~ r t e d l l ~ ~ l ~ ~ .  From the formation constants at room temperature 
and at 60", AH" = -4-2 f 0-8 kcal/mole was reported for the 
acetonitrile-phenol system121. T h e  value AH" = - 3.9 kcal/mole 
was obtained by MitralOO for the same complex and he also reported 
a linear correlation between Avo-n and -AH" for the phenol 
complexes with a few nitriles. I n  the acrylonitrile-phenol system 
AH" = -3.6 kcal/molc was reported. The AH" values for methanol 
and pyrrole with acetonitrile were -2.3 and - 1-9 kcal/mole, 
respectivelyloO. Fritzscheg' made an extensive study of several donors, 
including acetonitrile, with phenol and indole dissolved in carbon 
tetrachloride. This study allows a comparison of the hydrogen- 
bonding ability for different groups of donors, obtained under the 
same experimental conditions. For acetonitrile-phenol AH" was 
-4.30 f 0.35 kcal/mole, as compared to -4.70 f 0.30 kcal/mole 
for acetone and -5.00 f 0.20 kcal/mole for p-dioxan. The heat of 
formation for the acetonitrile-phenol complex determined by infrared 
spectroscopy agrees reasonably wcll with the calorimetric valueg8. 

The first step in the reaction between nitriles and hydrogen 
chloride is probably the formation of the hydrogen-bonded complex 
RCzzN: - - - HC1 (section II.R.l). Dilute solutions of acetonitrile 
(0.1-0.4~) and of hydrogen chloride (0.02-0.1~) in carbon 
tetrachloride revealed the infrared charactcristics of an equilibrium 
between the free molecules and the complex1223. The  heat of forma- 
tion was estimated to be -7.8 kcal/mole from Sokolov's method122b. 

At low concentrations of hydrogen fluoride in acetonitrile, the 
hydrogen-bonded complex was the predominant species even without 
an  inert solvent. The ion HF,- was formed, however, in more 
concentrated solutions123. Infrared and Raman studies of acetic 
acid in acetonitrile were interpreted in terms of a 1 : l  complexl24. 
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T h e  spectra of water in acetonitrile recorded in the 0-H 
stretching region111 and from 14.000-700 cm-1109 have been 
reported. Later the interaction between water and the nitrile in 
carbon tetrachloride was investigated in more dctai11Z5. At low 
nitrile concentration a 1 : 1 complex (10) was formed. The spectrum 
consisted of a sharp band a t  3690 cm-l, assigned to the free 0-H 
stretching group, and a broad band a t  3615 cm-1, assigncd to the 
bonded 0-H group. I n  more concentrated solutions evidence was 
found for a 2 : 1 complex (11). Here the water symmetry is retained 
and the symnietric and asymmetric 0-H stretching modes give 
two equally broad bands a t  3640 and 3545 cm-l lZ5. 

T h e  aliphatic nitriles display their n-rr*-transition in thc high 
frequency ultraviolet region and perturbations of this band on 
hydrogen bonding has therefore not been studied. Thc ultraviolet 
bands of phenol are red-shifted when hydrogen bonds are formed to 
bases. Thesc ultraviolet shifts have bcen employed to determine the 
formation constant and heat of formation for hydrogen-bonded 
a~etonitrile12G.1~7. 

Isonitriles RN=C form relatively strong hydrogen bonds and 
thesc molecules represent the first known example of hydrogen 
bonding to a carbon aton1103*12*-13~. The infrared shifts of 
phenol and methanol are larger for isonitriles than for the corrc- 
sponding nitriles1O3. The  formation constant for the 1 : 1 complex 
1ietwe.cn benzyl isocyanide and n-amyl alcohol appears larscr than 
that for benzyl cyanide129. When aniline interacts with benzyl 
isocyanidc both the hydrogens of the amino group may be involved, 
resulting in 1 : 2 s t~ichiornetryl~~.  With phcnylacetylene, the interest- 
ing arrangement C-H * * -:C-N was demonstrated. 

b. Nuclear magtietic resonance studies. Several proton magnetic 
resonance studies involving hydrogen bonding to nitriles have been 
made. These investigations include particularly a ~ e t o n i t r i k l ~ ~ - l ~ ~ ,  
but propionitrile141, chloroacetonitrile, i s o b u t y r ~ n i t r i l e ~ ~ ~ ,  cyclohexyl 
~yanidc142-1"~ benzyl cyanide130 and methyl thiocyanate14" have 
also bcen studied. Among the isonitriles, methyl isocyanidel", 
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cyclohexyl i ~ o c y a n i d e l ~ ~  and benzyl isocyanidel30 were compared 
with the corresponding nitriles. The acceptors included chloro- 
form134.135*141-143, phenyla~etylene'~~, dirnethylaminel3', water131*133, 
methanol13G, trifluorocthan011~0, t-butyl and phen01138*13~. 
Much of this work has recently been reviewed by Laszlo145. 

It was shown by I5N and 13C resonances that the hydrogen bonding 
occurs to the nitrogen in nitriles and to the carbon in isonitriles136. 
The  hydrogen-bonded shift of the acceptor may be correlated with 
other criteria for the strength of hydrogen bonding. These shifts, 
however, reported for identical systems, deviate considerably 
because of different experimental procedures. Moreover, a correc- 
tion for the C=N anisotropy effect should be added to the measured 
shiftP5. For exarr,ple in the cyclohexyl cyanide-chloroform complex 
the shift was measured to be 0.78 p.p.m. and the correction calculated 
to be 060  ~ . p . m . l ~ ~ .  The shifts and the corrections are therefore of 
the same magnitude for these weak complexes. Epley and Dragog8 
found that a correction of 1 p.p.m. was necessary for the acetonitrile- 
phenol complex if the linear correlation between the hydrogen 
bonded shift and the heat of formation observed for a variety of 
donors is valid also for the nitrile. Various workers have found 
linear relationships between the hydrogen-bonded shifts and the 
infrared shift h ~ ~ - ~ ~ ~ ~ . ~ ~ ~ . ~ ~ ~ , ~ ~ ~ .  

Unfortunately, hydrogen-bonded shifts for large series of nitriles 
have not been reported, but for acetonitrile, isobutyronitrile and 
chloroacetonitrile with t-butyl alcoh01~~2 the shifts (1.7, 1.7 and 
1.9 p.p.m.) do not agree with the sequence of the infrared shifts Avo-,  
for the corresponding phenol complexes (1 59, 166 and 1 17 cm-*) lo3. 

The  proton magnetic resonance dilution shift technique was used 
to determine the formation constants and heats of formation for a 
few complexes. With the present technique the experimental 
uncertainties in the formation constants seem quite large and only 
very different bases could be distinguished1.12. From the heats of 
formation, cyclohexyl cyanide is a stronger base than cyclohexyl 
isocyanide towards chlorofornil"2, but methyl isocyanidc is stronger 
than acetonitrile towards methanol136. However, the heat of forma- 
tion for the acetonitrile-methanol system ( -0.8 kcal/mole)136 does 
not agree with the value obtained from infrared work (-2.3 
kcal/mole) loo. 

From the difference in the heat of mixing 
between n-butyl alcohol-acetonitrile and acetonitrile-hexane, both 
extrapolated to infinite dilution, a heat of formation for the former 

c. Calorirnetric studies. 
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complex equal to -2.5 kcal/mole was calculatedl4'~. This value was 
lower than for acetone and n-butyl ether. 

Recently, Dragog8 and Arnett147 with collaborators have studied 
hydrogen bonding calorimetrically in a three-component system, 
claiming an  accuracy superior to the spectrophotometric methods. 
The valueg8 AH" = -4.65 f 0-06 kcal/mole for the acetonitrile- 
phenol complex should be considered the most accurate reported 
for this system, and further studies of the hydrogen-bonding 
properties of the nitriles by this method would be very desirable. 

d. Miscellaneous studies. The solid reaction products between 
nitriles and hydrogen halides of 1:2 composition are salts (see 
section 1I.B. 1). However, freezing-point diagrams of binary mixtures 
of hydrogen chloride with acetonitrile, propionitrile and butyro- 
nitrile reveal low-melting 1 : 1 molecular compounds, (e.g. 
MeCENSHC1, m.p. -97.2")35. The structures are interpreted as 
binary hydrogen-bonded adducts in which the covalent bond in 
hydrogen chloride is retained. These nitriles also form complexes 
RC=N-nHCl (n = 5 and 7) and 2RCrN-3HCl.  Murray and 
Schneider suggested a structure for the 1 : 5  compounds in which 
one HC1 molecule is bonded to the nitrogen lone-pair electrons and 
the other four molecules are situated in a plane vertical to the 
molecular axis and bonded by the velectrons of the C-N triple 
bond (12)35. 

d 

0 
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I 

I 
I 

R 
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When the viscosity, density and dielectric constant for acetonitrile 
mixtures with water and methanol are plotted versus the mole 
fraction of the nitrile, largc deviations from linearity are observed14*. 
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Surprisingly, the molar polarization p 1 o t ~ 1 ~ ~ * ~ ~ ~  for these systems 
are linear, possibly because the partial molar volume of both 
components vary only slightly with the concentration. I n  an  early 
work, dielectric data for various binary mixtures of nitrilcs with 
phenols indicated 1 : 1 interactions150, later interpreted as hydrogen- 
bonded complexes' jl. T h e  dipole moment for the acetonitrile- 
chloroform complex in carbon tetrachloride was larger than the 
sum of the dipole moments for the interacting molecules152 as a 
result of the mutual polarization. 

I n  liquid hydrogen cyanide the strong hydrogen bonds result in 
a polymer chain (HCN), 153 persisting in the vapour phasel". 
From dielectric measurements the intermolecular hydrogen bond 
energy has been estimated to be 4.6 kcal/mole in the liquid, for 
the reaction (1 5 )  155. 

An azeotropic mixture has been reported for acetonitrile and 
water15G*157, but not for the acetonitrile-chloroform 
Several thermodynamic and physical parameters like heat of mixing, 
partial pressure, density, viscocity, surface tension and index of 
refraction are reported for acetonitrile-waterlz18*159, acetonitrile- 
ethan011~~ and acetonitrilc-carboxylic acids1GO. SolubilitylG1*1G2 and 
distributionlG3 measurements are reported for various nitrite systems. 
Electrochemical methods1G4 and light scatteringlG5 were used to 
study nitriles with hydroxylic compounds. 

2. Intramolecular hydrogen bonding 

Intramolecular hydrogen bonds have been reported in o-cyano- 
pheno1103*1GG-1G8, 2-cyanoethan01'~~*'68, o-cyaiioanilinelG9 and in 
certain cyanohydrins168. I n  these nitriles the geometry prevents the 
formation of intramolecular hydrogen bonds from the 0-H or 
N-H groups to the lone-pair orbital of the nitrogen. Instead weaker 
interactions take place with the r-electrons of the triple bond. I n  
the two preferred conformations of 2-cyanoethanol (trans and 
gauche) only the latter can form intramolecular hydrogen bonds. 
l h e  gauche conformer is 0.14 kcal/mole more stable than the t r a m  
form, hydrogen-bond interaction contributing to most of this 
difference170. I n  2-cyanopropanol and 2-cyanobutanol no intra- 
molecular hydrogen bonding was observedlo3. 
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3. Adsorbed species 

T h e  interaction between a solid surface and adsorbed gases or 
liquids has been extensively studied by infrared171 and vapour 
pressure172 measurements. Acetonitrile adsorbed on hydroxylated 
silica surface shifts the 0-H stretching frequency by 305 cm-1 
indicating hydrogen bondingl73. Significant shifts to higher fre- 
quencies of the C=N stretching band for hydrogen cyanide, 
acetonitrile and acrylonitrile adsorbed on silica and zeolite surfaces, 
revealed interaction from the nitrogen atom174. Infrared spectra of 
chloroacetonitrile and methyl thiocyanate adsorbed on aluminium 
chloride gave similar results17j. Isomerization of methyl thiocyanate 
to methylisothiocyanate was observed. 

C. Charge-Transfer Complexes 

T h e  description of donor-acceptor complexes which ha? been 
generally adopted was presented by Mullikenl76 and is applicable 
to a variety of chemical interactions. This theory is a generalization 
of the familiar Brsnsted-Lowry and Lewis acid-base definitions to 
include the weak intermolecular forces arising from a small displace- 
ment of electronic charge from the donor (base) to the acceptor 
(acid). The quantum-mechanical description of the donor-acccptor 
interaction is covered by Briegleb177. I n  this description the ground 
state wave function (yK) of the complex between an electron donor 
D and an acceptor A can be written as in equation (16) ; yo(D, A) 
and yl(D+A-) represent the two extreme forms, called the ‘no-bondy 

and the ‘dative’ wave functions, respectively. In  the former the 
electrons remain in the donor molecule, in the latter an  electron 
from an  occupied orbital of the donor is transferred to an unoccupied 
orbital of the acceptor. In a weak complex a2 is much larger than b2.  
The wave function for the excited state is given in equation (17) in 

which a* N a, b* N b and a*2 >> b*2. Thus in the ground state 
the no-bond structure (D, A), and in the excited state the dative 
structure (Dj-A-) make the dominating contribution to thc rcspec- 
tivc wave functions. The complcx can be brought from the ground 
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state (yN) to the excited state (yE) through the absorption of a 
proper light quantum hv, and this transition gives rise to a spectral 
band characteristic of the complex, called the 'charge-transfer' 
band. The addition compounds are called donor-acceptor or charge- 
transfer complexes, and they have been extensively studied in the 
last two d e ~ a d e s l ~ ~ - l ~ ~ .  

Ordinary aliphatic and aromatic nitriles act as so-called n-donors 
through the lone-pair electrons on the nitrogen. In  addition, the 
nitriles have the inherent ability to act as so-called 77-donors through 
the 77-electrons of the C-N triple bond, although such interactions 
have not been reported except in the special case of hydrogen 
bonding (see section III.B.2). 

The acceptors are usually classified177 as a-acceptors (the halogens, 
interhalogens and the pseudohalogen iodine cyanide) and r- 
acceptors which are molecules with a r-electron system with high 
electron affinity (trinitrobenzene, chloranil and quinones) . There- 
fore, polynitriles like tetracyanoethylene do not act as donors, but 
as acceptors and this is discussed in Chapter 10. 

1. Ultraviolet and visible studies 

Only charge-transfer complexes between nitriles and the halogens 
have been studied. Undoubtedly because of the weak forces involved, 
this field has not been extensively investigated. The nitrile-halogen 
interactions have mostly been inferred from spectral perturbations 
in the visible region. Iodine, bromine and the interhalogens iodine 
monochloride and iodine monobromide, when dissolved in inert solv- 
ents, have adsorption bands in the region 520-400 mp. Upon com- 
plex formation these bands are displaced to shorter wavelengths18°-1B2. 
The degree of the blue shifts may serve as a measure for the streggth 
of the interaction183, and the small shift~18~-186 observed with 
the nitriles indicate that they form quite weak complexes with the 
halogens. The formation constants have been calculated from the 
visible absorbance using the Benesi-Hildebrand equationls7 or one 
of its many modifications177, and the available  result^'^^-^^^ are 
listed in Table 1. Compared to other well-known iodine complexes 
such as those with t r ime th~ lamine l~~  (AH" = -12-1), diethyl 
sulphide194 ( A H "  = -7.82) or diethyl etherlg5 (AH" = 4.2 kcal/ 
mole) the nitriles form very weak complexes as apparent from the 
values in Table 1. According to the Mulliken the position 
and intensity of the charge-transfer band can be correlated with 
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intrinsic properties of the donor and the acceptor. For the nitrile- 
halogen complexes, however, no charge-transfer band has been 
reported, except an uncertain tail below 230 m p  for the 
acrylonitrile-iodine complex18G. The nitriles have very high ioniza- 
tion potentials10G; 12-39, 11-85, 9.95 and 10.75 ev for acetonitrile, 
propionitrile, benzonitrile and acrylonitrile, respectivcly, and the 
position of the charge-transfer band should be a t  higher frequencies 
than for donors with lower ionization potentials183. Various 
empirica1197*1gg and theoreticallgg relationships between the ioniza- 
tion potential and the energy of the charge-transfer transition have 
been proposed, and from these correlations the charge-transfer 
band should be situatcd in the accessible ultraviolet region. How- 
ever, the low formation constants make the detection difficult. 

Popov and coworkers188~200 reported that for iodine monochloride, 
iodine monobromide or iodine solutions in pure acetonitrile, the 
electrical conductance increased with time, and the visible absorp- 
tion spectra ~ h a i i g e d 1 8 ~ * ’ ~ 5 * ~ ~ ~ .  The effect was most pronounced for 
the interhalogen complexes and a passage from an ‘outer’ to an 
‘inner’ complex (equation 18) was proposedl7G. 

MeC=N: . * . I-X [MeCsSIIfX- McC=NI+ + X- (18) 

2. Infrared and Raman studies 

When nitriles interacted with iodine monochloride in carbon 
tetrachloride solution, the C=N stretching frequencies were shifted 
8 to 14 cm-l 85.  The formation constants were calculated from the 
infrared spectra. Fumaronitrile, having two cyano groups, can form 
1 : 1 as well as 1 : 2 complexes with iodine monochloride202. 

Person and coworkers studied perturbations in the infrared 
spectra of the acceptors on complex formation. The stretching 
frequencies in iodine m o n o ~ h l o r i d e ~ ~ ~ ~ 2 0 ~ ~  iodine monobromide205 
and iodine cyanide20G were shifted to lower frequencies. The  
infrared-inactive 1-1 frequency becomes active on complex forma- 
tion and was recently observed at  205 cm-l in iodine complexes 
with a ~ e t o n i t r i l e ~ ~ ~ .  I n  spite of the yellow-brown colours of these 
complexes, Klaboe208 obtained Raman spectra of the solutions by 
helium-neon laser excitation. 

3. x-Ray crystallographic studies 

At low temperatures a 2 : 1 acetonitrile-bromine adduct was 
prepared and the crystal structure determinedG4. The bromine 



3. Basicity, Hydrogen Bonding and Complex Formation 147 

forms a bridge between two acetonitrile molecules in an approxi- 
mately linear arrangement as found in other weak do'hor-halogen 
complexes209. The  interatomic distances revealG4 a stretching of the 
Br-Br bond and a shortening of the C=N bond relative to the 
free molecules, in agreement with the spectroscopic observations. 

The cyanogen halides X - C s N  (X = Cl2l0, Br211, 1 2 1 2 )  crystai- 
lize in infinite chains, with weak intermolecular C=N: * - - X 
bonding. Similar linear arrangements have bcen observed for the 
halogeno cyanoacetylenes X-C=C-C=N ( X  = C1, Br313, 1214)  

and a Raman band215 was observed at  79 cm-l in the solid iodo 
compound, interpreted as an intermolecular vibrational mode. 

D. Dipole-Dipole Association 

Because of the high bond moments of the cyano group2 the 
nitriles are self-associated and they interact with other molecules 
having polar groups by dipole-dipole forces. Various methods have 
been used to study these phenomena. 

I .  Heteroassociation 

Thompson and coworkersS3*216--219 found that the position, and 
particularly the intensity, of the C z N  stretching vibration of 
nitri1.e~ varied with solvent polarity, which in part might be 
attributed to dipole-dipole interaction. Ritchie and his colleagues 
studied the areas of the infrared C r N  stretching band for aceto- 
nitrile220 and benzonitriles22' with increasing amounts of polar 
molecules like dimethyl sulphoxide, dimethyl formamide and 
acetonc dissolved in carbon tetrachloride. They intcrpreted the 
data in terms of complex formation. The formation constants were 
independent of the substituent on the benzene ring for various 
benzonitrile-dimethyl sulphoxide systems (Table 2). Therefore, 

TABLE 2. Dissociation constants of dipole-dipolc complexes220. 

Constituents of complex Kdiss (AI) 

Bcnzonitrilc Dimethyl sulphoxidc 1.1 
p-Chlorobenzonitrile Dimethyl sulphoxide 1.1 
p-Nitrobenzonitrile Dimethyl sulphoxide 1.1 
m-Nitrobenzonitrile Dimcthyl sulphoxide 1.1 
p-hisonitrilc Dimethyl sulphoxide 0.85 
Acetonitrile Dirncthyl sulphoxide 0-85 
Bcnzonitrile Dimcthyl formarnide 1-6 
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interactions involving the n-electrons of the benzene ring or dipolar 
effects involving the entire molecules could be eliminated and the 
complex formation was ascribed to specific interactions between 
dipoles of the cyano and the sulphoxide groups. 

This interaction has been further studied from variations in the 
frequency and intensity of the sulphoxide S=O stretching fre- 
quencyZz2. A 1 : 1 p-chlorobenzonitrile-dimethyl sulphoxide complex 
was verified cryoscopicallyZZ3 and a geometry with antiparallel 
alignment of the C=N and the S=O dipoles was suggested220. 
The equilibrium constants for the conversion between cis- and 
tmns-4-t-butylcyclohexyl cyanide in dimethyl sulphoxide as com- 
pared to tetrahydrofuran were studied224*225. It was suggestedzz0 
that complex formation with the sulphoxide group stabilizes the 
trans relative to the cis isomer. Taft and his students226 observed an 
increased electron shielding in the fluorine atom when p-fluoro- 
benzonitrile was dissolved in dimethyl sulphoxide or dioxan, as 
compared to an inert solvent. Evidently the electron-withdrawing 
effect of the cyano group decreased in the polar solvents, probably 
as  a result of electron donation from the lone-pair electrons of the 
solvent molecules to the positively charged carbon atom. 

2. Self-association 

The nitriles have considerably higher boiling points, viscosities 
and heats of vaporization than the corresponding hydrocarbons, 
strongly suggesting association. Since t-butyl cyanide with no 
hydrogens on the E-carbon atom has nearly the same boiling point 
elevation compared to the hydrocarbon as the n-butyl and s-butyl 
cyanides, this association cannot be caused by hydrogen bonding2Z7. 
However, in cyano compounds with acidic hydrogens, such as 
succinonitrile and glutaronitrile, hydrogen bonding may contribute 
to the association161.162. 

SaumzZ7 interpreted the viscosity data for several aliphatic 
nitriles in terms of 96% dimers at  30" for acetonitrile, gradually 
reduced to 56 :/o for n-heptyl cyanide, and suggested the presence 
of dipole-dipole interaction. Later work on the liquid nitriles by 
dielectric meth0dsZ2~*~2~ indicates a lower proportion of dimers. The 
second virial coefficient for acetonitrile vap0ur2~0 was measured and 
the heat of dimerization calculated (5.2 kcal/mole) , but dielectric 
polarization data231 gave a lower value (3.8 kcal/mole). 

Antiparallel dipole pairs were proposed from measurements of 
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the second virial coefficients230 and from infrared intensity data”. 
The dielectric work229 was best interpreted in terms of this model 
(13). Murray and Schneider3j favoured a skewed configuration (14) 

6- 6 f  
: NUr C -?A c 

6+ 6- 

since the mutual repulsions of the high charge densities at the C=N 
triple bond should make the antiparallel configuration unfavourable. 
This assumption is supported by nuclear magnetic resonance 
studies226. 

E. Various Interactions 

Dinitrogen tetroxide forms molecular complexes with various 
organic bases and it is reportedZ32 that molecules with lone-pair 
electrons (n-donors) generally form 2 : 1 complexes, but the aromatic 
molecules (n-donors) form 1 : 1 complexes. Melting-point curves for 
acetonitrile and benzyl cyanide with dinitrogen tetroxide reveal 
2 : 1 complexes, but benzonitrile gives a 1 : 1 complex, indicating a 
wcomplex from the aromatic ring in this casez32. The vapour 
pressure curves show relatively small negative deviations from 
Raoult’s law and it was concludedz33 that dipole-dipole interactions 
play a larger role in these complexes than the donor-acceptor 
contribution. 

The so-called clathrates are non-stoichiometric compounds in 
which small molecules can be encaged in certain compounds234. 
Powell and coworkers have studied the hydroquinone-acetonitrile 
compound by an x-ray crystallographic technique235. The dielectric 
relaxation time23G*237 of this compound was 3 x lo7 times larger than 
for hydroquinone-methanol. Although the type of interactions are 
uncertain, the infrared spectrum of the acetonitrile-hydroquinone 
clathrate indicates that the former molecules are encaged without 
any specific bonding to thc cyano 

Various very weak interactions of uncertain origin have been 
reported between nitriles and aromatic molecules. The presence of 
an added ultraviolet absorption around 290 m p  in mixtures of 
p-xylene with propionitrile was interpreted as a result of complexa- 
tion in which the nitrile was tentatively classified as an electron 
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From the highly temperature-dependent chemical 
shifts a complex formation between acetonitrile and toluene was 
po~tu la ted~~o,  ascribed to hydrogen bonding from the methyl 
hydrogens to the benzene ring241. Since the same effect was observed 
for propionitrile, the assumption of hydrogen bonding was 
q ~ e s t i o n e d ~ ~ 2 .  The heat of mixing for nitriles in benzene243 and 

indicated complexation. An incongruent melting 
point was observed for acetonitrile-benzene, revealing a 1 : 2 com- 
plex, but the freezing point curves for substituted benzenes gave 
no indication of c omplexes246. 

IV. N 0 N-I0  N I ZE D C O  O R DI N AT1 0 N COMPLEXES 

The nitriles react with many compounds which can act as Lewis 
acids to form non-ionic addition compounds through the lone-pair 
electrons of the cyano group. Particularly, the chemistry of the 
coordination compounds between nitriles and metal salts is a very 
broad field. A considerable number of complexes between com- 
pounds of Group I11 elements and acetonitrile are reported and 
have been treated among other coordination compounds in several 
re~iews2~’-~~1. However, with organometallic compounds of alkali 
metals (e.g. butyllithium) chemical reactions occur252*253. The 
organometallic compounds of the alkaline earth elements, exempli- 
fied by the Grignard reagents also react with the nitriles, but 
molecular complexes have been p r o p o ~ e d ~ ~ 4 * ~ 5 5  as intermediates. 
A few complexes between acetonitrile and alkaline earth halides have 
been reported256.257. 

A. Coordination Complexes with Group 111 Elements 

1. With boron cornpounds 

a. Boron halides and organoboron compounds. The coordination 
compounds of nitriles and boron halides were reviewed258 in 1965 
and only some recent work will be commented on. 

The boron trihalides are planar molecules and act as strong 
Lewis acids whereby they assumc tetrahedral structurezsg. It is 
well established that thc acid strengths of boron halides decrease iii 
the order BI, > BBr, > BCl, > BF,, and this sequence is also 
verified for the BX, complexes with acctonitrilc from calorimetric 
studies260*261, proton262 and 19F 263 chemical shifts, iilfrared studies2G4 
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and normal coordinate analysisa2 (Table 3) .  The relative stabilities 
of the addition compounds between boron trifluoride and benzo- 
nitrile, o-, m- and p-toluonitrile and 2,4,6-trimethylbenzonitrile 
have been determined by vapour pressure measurements265. Boron 
isothiocyanate B(NCS) , forms an addition compound with aceto- 
nitrile, characterized by infrared spectroscopy266. 

TABLE 3. Thermodynamic and spectral data for some BX, acetonitrile complexes. 

- A H 0  Ba vex Avb 
(kcal/mole) Reference (Hz) Reference (ern-]) (ern-') Reference 

BF3 26.5 260 161.8 262 2359 111 44 
nCl, 33.8 260 182.8 262 2357 109 44 
BBr, 39.4 26 1 189.9 262 2320 72 264 
BH, 25 270 

a The proton chcmical shifts of CH,CN.BX, relative to tetramethylsilane in nitro- 
benzene solution (0.01ri). 

Av = V C ~ S  (complex) - v e x  (acetonitrile). 

Triphenylboron forms molecular addition compounds267 with 
isonitriles to the carbon atom (15). 

(15) 

Infrared bands in the region 2225-2275 cm-l were assigned to 
the N-C stretching frequency in the complexes. With trialkylboron, 
howcver, a cyclization reaction to piperazine derivatives takes 
place2G8. 

b. Boron h3,dride.s. T h e  boron hydrides are electron-deficient 
molecules and interact with Lewis bases like nitriles and is on it rile^^^^. 
The simplest boron hydride (diborane) reacts reversibly with 
acetonitrile and propionitrile to form the complex RCN : BH, which 
decomposes above 20" to trialkylborazine270. A large number of' 
reaction products between the higher boron hydrides and nitriles 
have been described; those formed from decaborane have been 
reviewed by Hawthorne271 and the crystal structures in general by 
Lipscomb272. Dccaborane (B10H14) reacts with acetonitrile to form 
a solid crystalline compound 2MeCN~BloH12 in which two hydro- 
gens arc substituted with acetonitrile m0lecules2~~. The llB nuclear 
magnetic resonance spectra of this compound and the corresponding 
propionitrile and ethyl isonitrile derivatives have been studied2'" 

R-NEC : BPh, 
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and the various peaks assigned to non-equivalent substituent 
positions in the molecule. 

The complex MeCN : B9H,, has been prepared275 and the crystal 
structure reveals a linear arrangement BNCC27G. In  the compound 
3MeCN.B2,Hl, only two acetonitrile molecules are coordinated to 
boron, the third being a molecule of cry~tallization2~~. I n  this molecule 
a B,, icosahedron shares three boron atoms with a B,, icosahedral 
fragment and is the first known example of two icosahedra sharing 
a face. 5 

A compound 2EtNC-B,,H12 has been prepared in which the 
N=C stretching frequency is 113 cm-l higher than for ethyl 
isonitrile itself278. In this complex the ethyl isonitrile molecule is 
more tightly bonded to the boron through the lone pair than the 
propionitrile molecule in the corresponding nitrile complex. 

2. With aluminium and gallium compounds 

Complexes between aluminium chloride and acetonitrile have 
been inferred from phase s t ~ d i e s 2 ~ ~ .  These include A1Cl3.2MeCN, 
2A1C13-3MeCN and AlC1,mMeCN. 

Unlike the organoboron molecules R,B, which apparently do not 
interact with nitrilePo, the organoaluminium compounds R,Al 
form 1 : 1 adducts. Thus an equimolar mixture of triphcnylaluminium 
and benzonitrile in benzene solution gave a complex P h C S N  : AlPh, 
studied by proton magnetic resonance281. The adduct had an 
infrared band at  2260 cm-1 characteristic for the C=N group282, 
but by heating the solid adduct, a further reaction gave a crystalline 
product Ph2C = NAlPh, with a band at  1660 cm-1 attributed to 
the C=N linkage282.283. 

Wade and coworkers studied complexes formed between tri- 
methylaluminium, triethylaluminium, triphenylaluminium and hen- 
zonitrileZ83, acetonitrile and t-butyl ~ y a n i d e 2 ~ ~ .  I n  each case 1 : 1 
adducts were formed and the C r N  stretching hands had higher 
frequencies than in the free nitrilcs. When heated (1 10-240") 
addition to the triple bond and dimerization occurred. 

Alkylaluminium chlorides R,~tAlC13-,,t (R = Et or Me and 
m = 1, 2) also form stable 1 : 1 complexes with nitriles, and several 

The heat of formation for benzonitrilc adducts were studied calori- 
metrically and correlated with the increase of the C r N  stretching 
frequency. 

of these were investigatcd by Pasynkiewicz and coworkers- " 8 5 . 2 8 6 .  
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No adducts between gallium trihalides and nitriles have been 
characterized. A complex between trimethylgallium and aceto- 
nitrile was rcported287. Recently, the organogallium adducts with 
nitriles R-C=N:GaR, were studied in more detail, and a blue- 
shifted CEN stretching frequency was observed288. Unlike the 
trialkylaluminium c 0 m p l e x e s ~ ~ 3 - ~ ~ ~ ,  no migration of alkyl groups 
from gallium to the nitrile carbon was observed. Under reduced 
pressure these adducts dissociate into the components. 

Indirect evidence from conductometric measurements on methyl 
chlorosilanes in acetonitrile was interpreted in terms of complex 
formation289. 

B. Coordination Complexes of Heavy Meta l  Salts 

The non-ionized molecular complexes formed between nitriles 
and the metal compounds, which have a tendency to additional 
covalent bond formation, have been studied extensively in later 
years, particularly by inorganic chemists. An excellent condensed 
survey of the properties, stoichiometry and structure of alkyl 
cyanides with metal halides has been given by Walton2js in 1965, 
and some aryl cyanide complexes were also discussed. The complex- 
ing ability of silicon, germanium and tin tetrahalides towards 
acetonitrile has been summarized2jl, and very recently the complexes 
of Group V pentahalides with this nitrile290-291 have been included in 
monographs. Since Walton's article gives an adequate survey of 
this field, we will limit this chapter to some new developments and 
we will not try to cover the specialized, though interesting, work 
which has been reported lately. 

Tile 1 : l  compound, prepared as a white powder on adding dry 
acetonitrile to a chloroform solution of antimony pentachloride in 
molecular ratios a t  O", was found to be monomeric and undis- 
sociated in benzene The dipole moment of 7 . 8 ~  was 
consistent with an octahedral model with a nitrogen-antimony 
coordinate bond. However, lvhcn antimony pentachloride was 
dissolved in acetonitrile, a very high electrical conductivity was 
observed, increasing with time293*2"". The solid cornpound obtained 
by evaporating the solvent was formulated as the ionic salt 
[SbCl,( MeCN) ,]+SbCl,-. This structure was consistent with 
spectroscopic measurements, although a molecular 1 : 1 complex in 
benzene solution was not excluded2". Recently, the crystal structure 
has been determined, revealing a molecular 1 : 1 complex with the 
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five chlorine atoms and the nitrogen end of the nitrile bonded to the 
antimony in a somewhat distorted octahedron2gG. 

1 .  Far infrared studies 

Recently there has been a considerable interest in the low frequency 
infrared spectra of molecular complexes, because of the potentialities 
of this technique to study metal-ligand vibrations, stereochemistry 
of the complexes, etc.297*Z98. A disagreement concerning the assign- 
ments of the bands below 500 cm-1 in the spectrum of the 1 : 2 
adducts between tin tetrahalides and n i t r i l e ~ 2 ” - ~ ~ ~  has been solved. 
Farano and Grasselli302 showed that the bands around 400 cm-l 
were independent of the halogens, a n d  therefore ligand vibrations 
(C-C=N bending modes), shifted to higher wave numbers on 
complexation. Bands in the 300-370 cm-l region, present in the 
tin tetrachloride adducts but missing in the corresponding tin 
tetrabromide and tin tetraiodide complexes, were assigned as 
Sn-C1 stretching modes. The  complex SnC1,.2RC=N showed 
two bands in the 140-265 cni-l region which could not be ligand 
vibrations, and they were assigned to the asymmetric and symmetric 
Sn-N stretching frequencies, as proposed by Beattie and Rule30°. 

Far infrared spectra of other nitrile-metal halide complexes are 
r e p ~ r t e d ~ ~ ~ , ~ ~ ~ ,  as well as the spectra of acetonitrile and acrylonitrile 
adducts of chromium, molybdenum and tungsten hexacarbonyls305. 

2. Chelates 

The complexes between the Group IV halides and dinitriles 
N=C-(CH,),-C=N have been extensively studied in later 
years. These metals prefer the usual coordination number six258. 
Therefore coordination to the same metal atom from both ends of 
the dinitrile molecule might take place, giving monomeric 1 : 1 
chelate compounds. Because of the steric requirements connected 
with the linear C-CEN - M arrangement these bonds should 
only be expected for n > 2. However, chelates are not formed from 
such dinitriles and Group IV tetrahalide~s8*3~~, nor in the ionic 
compounds such as copper (I) perchlorate307. 

The short-chained dinitriles might also give chelates, employing 
the n-elcctron systems of the cyano groups. This possibility was 
ruled out, since an increase in the C-N stretching frequency was 
invariably found. However, Jain and R i v e ~ t 8 ~ * 3 ~ ~  recently prepared 
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1 : 1 complexes between aminonitriles R,N(CH,),C-N and 
titanium, tin and zirconium tetrahalides. From molecular weight 
and conductivity data these complexes were shown to be mono- 
meric, non-ionic compounds. Moreover, for diethylaminoacetonitrile 
(n = 1) a decrease in the C=N frequency from 40 to 100 cm-1 was 
observed, indicating that chelation to the triple bond had taken 
place. For n = 2 both types of chelates were formed, one with 
normal coordination from the lone pair of the cyano group, and 
one in which chelation takes place through the triple bond. When 
n = 3 the normal chelates were formed. 

T h e  first example of a cyano group involved in n-bonding to 
transition metals was a compound prepared from dialkylcyanamides 
(R,N-CrN) and nickel tetracarbonylgO. It has also been shown 
that succinonitrile may coordinate to manganese through its C=N 
triple bonds. For the compounds Mn(CO),(NCCH,CH,CN)X 
(X = C1, Br, I) the structure 16 was inferred from infrared and 
proton magnetic resonance studiesD1. 

X 

I Mn I '  

The complexes between titanium and tin tetrahalides with alkyl 
thiocyanates (RSCN and NCS (CH,) ,SCN) are interesting because 
in these adducts the sulphur instead of the nitrogen seems to be 
preferred for coordination309. 
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3. Conformations of dinitriles in coordination complexes  

It is well known that s~ccinonitrile7~* 73 and 2-halogeno pro- 
pionitriles70-310 exist as mixtures of trans and gauche conformations 
in the vapour and the liquid, but crystallize in the gauche form. 
Kubota and co~orkers~06 demonstrated that polymeric structures 
arise when tin tetrachloride or titanium tetrachloride coordinate 
with dinitriles, the bidentate ligands forming bridges. Succinonitrile 
assumes trans conformation in these coordination compounds as well 
as with silver311 and copper312 salts. A series of complexes with the 
general formula Cu[NC( CH,) ,,CN] ,NO, have been studied by 
x-ray crystallographic and infrared spectroscopic technique, and 
found to cxist in gauche313 ( n  = 2) and gauche-gauche314 (n  = 3) 
conformations. The gauche-gauche conformation was further established 
for silver(1) salts, but in tin(Iv) and titanium(1v) the brans-trans 
conformation prevailed315. Thus infrared spectral studies of coordina- 
tion complexes can be very valuable in assigning infrared frequencies 
to the possible conformations in the dinitriles, since the coordinate 
bonds to metal atoms can stabilize a conformer which is not ordinarily 
present in the crystalline dinitrile itself. 

V. DONOR STRENGTH O F  T H E  C Y A N 0  GROUP 

The cyano group appears to be a weakcr donor than functional 0x0 
groups like C=09’, S=0316, P=0316s317 or the ether linkage3, 
regarding hydrogen bonding to phenol; it is much weaker on 
protonation5 and on complex formation to iodine. I n  contrast, the 
heat of complex formation to boron trifluoride is larger for aceto- 
nitrile260 than for diethyl ether318. This demonstrates the necessity 
of specifying the basicity in terms of the reference acid. 

Schneidergs originally predictcd that the cyano group should 
form stronger hydrogen bonds than the amines, because the sp lone- 
pair dipole is larger than the sp3 dipole. When proton magnetic 
resonance measurements indicated the contrary, it was proposed141 
that the difference was caused by the approximately 4 cv higher 
ionization potentials of the nitriles relative to the amines. Berkeley 
and Hannal42 reported that the heats of formation for the N- 
methylpyrrolidine-chloroform and the cyclohexyl cyanide-chloro- 
form systems are -3.9 and -2.6 kcal/mole respectively. They 
interpreted the hydrogen bond in terms of a n  electrostatic attractive 
energy and a quantum-mechanical overlap repulsion energy. Their 



3. Basicity, Hydrogen Bonding and Complex Formation 157 

calculations resulted in  a longer hydrogen-bond length for the 
nitriles compared to the amines, closely corresponding to the 
observed differences in the hydrogen-bond energies. 

A. Inductive Effects 

The  relative basicities of the nitriles towards Lewis acids appear 
to be quite similar. Howevcr, some significant variations are found, 
particularly when electron-withdrawing substituents are present. 
A meaningful correlation between the inductive effects of the 
substituents R and the basicity of the nitriles RC-N is diKicult, 
due  to the lack of basicity constants and heats of formation for 
hydrogen-bonded or charge-transfer complexes. There are many 
investigations in which acetonitrile and other organic bases have 
been studied, but very few systematic studies of the various nitriles 
are  available. Since small differences in basicity are  involved, the 
da ta  should be obtained by the same experimental method and 
preferably in  the same laboratory. 

A few comprehensive studies have been made of variations in the 
0-EI stretching fi-equency of phenol hydrogen bonded to nitriles. 
Allerhand and S c h l e y ~ r ~ ~ ~  obtained linear correlations between the 
Taft  a*-constants of the substituents R for a large number of 
aliphatic nitriles RC-N and the shifts The  same conclusion 
was reached by White and Thompson104. A linear relationship 
between the heat of formation and tlie fi-equcncy shifts A Y ~ - , ~  may 
be valid98 a t  least for a series of related donors319. Therefore, the 
inductive effects seem to influence the hydrogen-bonding ability 
of the nitriles as expected. 

For the charge-transfer complexes between iodine, iodine mono- 
chloride and iodine monobromide with some nitriles, a linear 
relationship189 was proposed between o* and tlie logarithms of the 
formation constants for each acceptor, respectively. A linear correla- 
tion between o* and the heat of formation for the halogen complexes 
should therefore be valid320. Qualitatively, the effects of electro- 
negative groups in reducing the complex formation constants to 
iodine monochloridc8j and to tin tetrachloride321 have been demon- 
strated. 

B. Conjugation Effects 

The cffects of conjugation on the basicity of the cyano group is 
not clear, and both positive and negative resonancc effects may be 



158 Just Grundnes and Peter Klaboc 

present. Very few thermodynamic functions for the hydrogen bond 
or charge-transfer complexes with aromatic nitriles are known. 
Therefore, the donor properties of the aromatic and aliphatic 
nitriles cannot be directly compared. Spectral parameters may give 
some indications, however. Smaller shifts in the 0-H frequencies 
of phenol and methanol hydrogen bonded to benzonitrile and 
acrylonitrile compared to those with acetonitrile and propionitrile 
are reportedl03, indicating stronger interaction with the saturated, 
aliphatic compounds. The spectral shift for benzonitrile-phenol, 
however, is larger than predicted from the Taft cr*-plot valid for 
aliphatic nitriles. This indicates a positive resonance eRect, although 
not large enough to compensate for the negative inductive effect 
of the phenyl group. For acrylonitrile the shift was smaller than 
predicted from the a*-plot, which points to a negative resonance 
effect in this molecule. The results are consistent with the data 
for charge-transfer studies between these donors and the 
halogens184-186,189, I n  dimethyl cyanamidelD2 the strong interaction 
with the halogens definitely establishes con-jugation between the 
lone-pair electrons on the amine nitrogen and the nitrile group. 

Substituents with a positive resonance effect such as the methoxy 
group increase the donor strength of b e n z ~ n i t r i l e ~ ~ ~ .  The formation 
constants for the reaction between n-amyl alcohol and p-alkyl- 
benzonitriles RC,H,C=N did not increase monotonically in the 
following sequence when R = H, Me, Et, i-Pry t-Bu, and a 
Baker-Nathan order for the substituents was indicatedlo5. 

C. Steric Effects 

Due to their linear C-C=N arrangement, the nitriles will as a 
rule not be subject to steric hindrance regarding complexation. When 
the acceptor atom is strongly sterically screened, steric factors may 
prevent the close proximity of the donor and the acceptor necessary 
for the formation of a stable complex. Several workers have studied 
the hydrogen bonding between sterically hindered phenols and 
acetonitrile. 

With two methyl or isopropyl groups as ortho substituents in 
phenol, the formation constants are slightly smaller than for the 
phenol complexl04. However, the infi-ared spectra of 2,6-di-t- 
b u t y l p h e n 0 1 1 0 ~ * ~ ~ ~ . ~ ~ ~  and 2,6-di-t-butyl-4-methylphenol (ionol) 3 2 4 ~ 3 2 5  

in solutions of acetonitrile revealed the free 0--H strctching band 
around 3630 cm-1. Only in the pure nitrile solutions did a very weak, 
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broad band around 3500 cm-1 indicate the existence of a complex. 
Therefore in these systems only a small fraction of the donor 
molecules penetrate the potential barrier created by the bulky 
groups, Large substituents on the nitrile (e.g. in t-butyl cyanide) 
have small effects1o4 on the hydrogen bonding to phcnol. 

Although steric hindrance can prevent the formation of oxonium 
salts by the addition of tertiary alkyl chloride (t-butyl chloride) to 
metal halide etherates, the corresponding nitrilium salt can easily 
be prepared38. 
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The approaches for detection and determination of the nitrile groxp 
which are discussed in this chapter are as follows : chemical methods, 
separation techniques, electrochemical approaches, optical absorp- 
tion, mass spectrometry and nuclear magnetic resonance. There is 
no preferred approach; one must adapt the sample and situation to 
the method which best suits the case. 

1. QUALITATIVE CHEMICAL METHODS 

A. Hydrolysis 

Nitriles hydrolyse readily in both alkaline and acid media1S2. The 

\ 

OH 

0 0 

+ NX, 
H,O 11 H,O // 

R k X  --+ RCNII, 4 RC 
\ OH- on - 

0- 

detection of ammonia by its odour on treatment of the nitrile with 
sodium hydroxide is one method of detection3. However, it is not 
specific for nitriles since amides also yield ammonia, as seen in the 
above equations. Both amides and nitriles also yield carboxylic 
acids, so the drawbacks of the hydrolytic approach are obvious, 
especially since alnides and nitriles often occur together, each being 
derivable from the other. 

I n  some cases the hydrolysis can be stopped at the amide stage 
and the amide isolated and identified'm4s5. The procedure does not 
have too general a utility but can be applied when the amide 
precipitates. 

Method4: 0.5 g sample is dissolved in a mixture of 2 N  sodium 
hydroxide and 5 ml of ethanol. 1 ml of 30% hydrogen peroxide is 
added, and the mixture is gently heated and well shaken. A 
vigorous evolution of oxygen takes place, and the amide, if insoluble, 
begins to precipitate in 10 to 30 min. 

I1 
0 

RCN + 2 HZO2 + KCNH2 + 0, f H2O 
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The more general hydrolytic detection method is acid or base 
hydrolysis all the way to the acid. The acid is isolated and identified 
by its own chemical and physical properties or through its p -  
bromophenacyl esterl.2.5. Infrared identification of the acid is 
faster, but it is often not too discriminating between close homo- 
logues. :<-Ray diffraction patterns on the sodium, or other salts, are 
usually more definitive. 

About 25 ml of 75% sulphuric acid 
and 1 g of sodium chloride are heated to 150-160 Oc under reflux 
and 5 g of the nitrile are added in 0.5 ml portions, with vigorous 
shaking after each addition. The mixture is heated at 160 Oc with 
stirring for 30 minutes, and at 190" for another 30 minutes. It is 
then cooled and poured on 100 g of crushed ice and the precipitate, 
if any, is collected, treated with a slight excess of 10% sodium 
hydroxide and the insoluble amide filtered. The filtrate is acidified 
and the acid is recrystallized. 

The authors of this chapter suggest that if the carboxylic acid 
does not precipitate, the acidic hydrolysis medium should be 
extracted with benzene, diethyl ether or pctroleum ether. T h e  free 
acid which is partially extracted can then be separated from the 
solvent by distillation, and addition of alcoholic sodium hydroxide 
will sometimes result in the precipitation of the sodium salt of the 
acid. Care should be taken to wash the organic layer fairly free of 
sulphuric acid before precipitation in order to avoid contamination 
of the product with sodium sulphate. However, if infrared absorption 
or x-ray diffraction are used to identify the sodium carboxylate, 
any sodium sulphate which is present can be readily distinguished. 
I t  is more important to avoid a large excess of NaOH since it may be 
precipitated in the organic phase. The  excess sodium hydroxide 
may be removed by washing the prccipitated sodium salts with a 
50-50 alcohol-benzene mixture, if the solubility of the carboxylate 
in this mixture is low. 

1 g of the sample is treated with 
5 ml 30-40% NaOH and heated under reflux. T h e  odour of 
ammonia suggests a nitrile or primary amide. After sufficient time, 
usually -$-Z h, the mixture is cooled, acidified and the free acid is 
isolated as above. 

Revira and Palfray6 used potassium hydroxide hydrolysis in a 
glycerine or diethylene glycol solvent. The higher boiling point of 
these solvellts improve the results compared to those i n  water. 

Acid Hydrolysis Method2: 

Alkaline Hydrolysis Method': 
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B. Reduction 

Nitriles can be reduced to the corresponding amines, which can 
be isolated and identified directly or by making a solid derivative. 

Catalytic reductive hydrogenation has the advantage of avoiding 
other reagents in the system, but it can be unwieldy for analytical 
purposes. Sodium and alcohol as a reducing system is commonly 
used7'*. Lithium aluminium hydride has also been used9. The 
reduction was found to be quantitative for a few nitriles. Most 
nitriles did reduce to some degree but did not proceed to completion. 
The qualitative application was not followed up. 

Method: Reduction of Nitriles to  Amines and Conversion to Substituted 
PhenyZthioureaslo. In  a dry flask, fitted with a reflux condenser, 
20 ml of absolute ethanol and 1 g of an aliphatic nitrile or 2 g of 
an aromatic nitrile are placed. 1.5 g of finely cut sodium slices are 
added as rapidly as possible without causing the reaction to become 
too vigorous. When the reduction is complete (10-15 min), the 
mixture is cooled to 20 OC, and 10 ml of concentrated hydrochloric 
acid is added dropwise, with vigorous shaking of the mixture. 
The acidity of the reaction mixture is checked with litmus paper. 
About 20 ml of ethanol and water are distilled off, the mixture is 
cooled and 15 ml of 40 yo sodium hydroxide solution is added drop 
by drop, with shaking. The  reaction is vigorous, and care must be 
exercised to avoid adding the alkali too fast. At the end of the 
addition, the mixture is heated until the distillation of the aniine is 
complete. Distillation is stopped when the remaining mixture 
becomes very viscous. 

To the distillate 0.5 ml of phenyl isothiocyanate is added, and 
the mixture is shaken vigorously for 3-5 min. T h e  precipitated 
phenyl thiourea derivative is collected, washed with a little cold 
50 yo ethanol and recrystallized. 

If the phenyl thiourea is not a suitable derivative for particular 
amines or if more data are needed, the amine may be extracted or 
distilled from the reduction medium and identified. IVeutral 
equivalent, infrared, mass spectral or nuclear magnetic rcsoxmcc 
spectral determination of the amine can be used. s-Ray diftraction 
patterns of its chloroplatinate derivative'l can also be used. 
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C. Formation of Iminoalkylmercaptoacetic Acid Hydrochloride 

corresponding iminoalkylmercaptoacetic acid hydrochlorides7*12. 
Nitriles react with mercaptoacetic (thioglycolic) acid to form the 

NHeHCI 
// 
\ 

KC=X + HSCH,COOH + HCI d RC 

SCH,COOH 

il/lethod7: 0-5 g of nitrile is mixed with 1.0 g of thioglycolic acid 
and 7 ml of absolute ether in a test tube. The mixture is saturated 
with dry hydrogen chloride a t  an  ice-salt temperature, the tube is 
stoppered and kept in the ice bath until crystals separate out. They 
may form after one hour for aliphatic nitriles, or may take as  long 
as 24 h with aromatic nitriles. The  crystals are collected, washed with 
absolute ether and dried in  a vacuum desiccator. 

These derivatives often do not give real melting points but 
decomposition points. Since this is not desirable, a neutral equivalent 
can be determined. I n  addition, infrared or x-ray (patterns) com- 
parison with derivatives of known nitriles provide excellent identi- 
fication information. If the derivative does not compare with any 
of the known derivatives, its nuclear magnetic resonance spectra 
may be of help in  deducing its identity. 

D. Reaction with Grignard Reagent 

Nitriles add Grignard reagent; on hydrolysis the addition com- 
pound forms a ketone which can be identified by any of the standard 
means7*12*13. 'The use of the reaction as an analytic method is not 

R 
H,O \ 

R G S V  + R'MgX ---+ RC=NMgX ----+ C=O + NII,X + h4gX2 
HX / 

lil 
I 
R' 

recommended, since so many compounds react with Grignard 
reagents. While the nitrile is one of the few to give a carbonyl 
compound, the reaction with the other reactive components in the 
sample generally consumes so much reagent that little, if any, is left 
for reaction with the nitrile. This test is excellent on an isolated, 
rather pure nitrile. 

The ketone is identified by formation of its 2,4-dinitrophenyl- 
hydrazone, oxime or semicarbazone. 
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E. Reaction with Phloroglucinol 

The Hoesch reaction is also used to identify nitriles. The nitrile 
reacts with ph10rogluclnol~~J~ to obtain the alkyl trihydroxyphenyl 
ketone which is usually a solid. 

F. Test with Hydroxylamine Hydrochloride 

Nitriles normally do not give the hydroxamic acid test. However, 
under the following conditions, they do. 

Meth0dl5.l~ : 30 mg of sample is dissolved in 2 ml of 1~ hydroxyl- 
amine hydrochloride in propylene glycol. 1 ml of 1~ potassium 
hydroxide in propylene glycol is  also added, and the mixture is 
boiled for two minutes, and then cooled. 0-5-1-0 ml of 5 yo ferric 
chloride solution is added. A red to violet colour indicates nitriles. 

Anilides can also give positive tests by the above method and hence 
can interfere. Interference from many other carboxylic acid deriva- 
tives such as esters, anhydrides and acid halides should also be 
suspected. 

G. Spot Tests 

When nitriles are fused with fluorescein chloride17, a symmetrical 
dialkyl rhodamine which exhibits a yellow to yellow-green fluor- 
escence is formed. Amides and primary amines generally interfere. 
During the tcst the nitrile is probably hydrolysed to the amide. 
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Another spot test approach involves pyrolysis of nitriles in the 
presence of sulphur, resulting in the production of thiocyanic acid's. 
This acid produces a red stain on a filter paper moistened with 1 yo 
acidified ferric chloride. Both aromatic and aliphatic nitriles give 
positive tests. However, false positive tests can be given by other 
nitrogen-containing organic materials. 

H. N-(Dipheny1methyl)amide Derivativeslg 

Aliphatic and aromatic nitriles react with benzhydrol ( Ph2CHOH) 
in acetic acid to form the corresponding N- (diphenylmethyl) amide 
derivatives. Thc authors19 used the melting point of the derivatives 

0 
/ 
\ 

RCN + Ph,CHOH RC 

NHCI-IPh, 

to identify the nitriles, but x-ray diffraction can also be used. 
1.0 to 2.0 ml of nitrile is mixed with 1 g of benzhydrol 

and 4 ml of acetic acid. 0-5 ml of concentrated sulphuric acid is 
added, the mixture is heated for 30 min at 60 Oc and then allowed 
to stand at  room temperature for several hours. The mixture is 
poured into 15 ml of ice water and the precipitate formed is filtered 
off, washed with water and rccrystallized from ethanol. 

Metlzodlg: 

II. QUANTITATIVE CHEMICAL METHODS 

The quantitative chemical methods for determining nitriles revolve 
mainly around the hydrolysis reaction. Attempts have been made 
also to use the reduction reaction to the amine, but only limited 
success has been obtained. 

A. Hydrolytic Methods 

As discussed in section I.A, nitriles can be hydrolysed by strong 
acid or alkalis. However, the concentration of acids or base must 
usually be so high that the analysis cannot be performed by titration 
of the excess acid or base. The hydrolysis can be carried out with 
strong caustic, and the ammonia formed can be then mcasured 
quantitatively by Kjcldahl digestion. Siggia, Hanna and Serencha20 
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used this approach in some of their kinetic work. Amides will 
interfere, since they will react quantitatively by the same method. 
The direct hydrolysis approach should not bc considered general 
since some nitriles do not hydrolyse quantitatively to acid and 
ammonia, probably due to side reactions. 

Methodz0 : A sample containing approximately 1.6 mequiv. 
is placed in a Kjeldahl distillation flask along with 200 ml 
of water and 10 nil of tetrahydrofuran, and 10 ml of 50% 
aqueous sodium hydroxide solution is added. The mixture is heated 
electrically just enough to obtain smooth boiling, and nitrogen is 
passed through the system at a rate of about 2 bubbles per second. 
The distillate is received in 100 ml of 4 yo boric acid solution which 
has been adjusted to p H  4.00. After the distiilation is complete, the 
boric acid is titrated back to p H  4.00 using 0 . 0 4 ~  hydrochloric 
acid. 

By measuring the rate of evolution of ammonia, Siggia, Hanna 
and Serencha were able to determine mixtures of nitrilcs. Successful 
results were obtained with acetonitrile, butyronitrile, valeronitrilc, 
benzonitrile, p-anisonitrile and binary mixtures of these nitriles. 

Whitehurst and Johnsonz1 broadened the hydrolytic approach by 
first hydrolysing the nitrile to the amidc using hydrogen peroxide, 

0 

+ HZO + 0, 
// 

\ 
RC=S + H,O, __f RC 

NH, 

and then hydrolysing the amidc with potassiuni hydroxide. However, 
the hydrogen peroxide also oxidizes aldehydes to the acids, and 
since this approach measures base consumed, acid amides and 
esters will interfere. A separate analysis can be applied to correct 
for these groups. Benzonitrile, acrylonitrile, ethylene cyanohydrin 
and 3-methylpropionitrile gave high results. Acetonitrile, propio- 
nitrile, butyronitrilc and succinonitrile were analysed successfully. 

Method for Relatively Pure NitriZeP : To two zlkali resistant 
flasks 50 ml of 1~ potassium hydroxide and 100 ml of 3 yo hydrogen 
peroxide are added. One solution is used as  a blank. A sample 
containing 6 to 10 mequiv. of nitrile is added to the other 
solution and the samples are allowed to stand at  room temperature 
for 5 min. A few glass beads are then added (boiling chips cause 
caustic consumption). The  flasks arc then heated and the solution 
distilled until a volume of approximately 10 ml remains. The  flasks 
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are cooled and the distillation systems are washed with about 100 ml 
of distilled water. 50 ml of 0 . 5 ~  sulfuric acid is added to each flask. 
The contents arc titrated with 0 . 5 ~  sulphuric acid to the dis- 
appearance of the pink colour of phenolphthalein indicator. The 
blank is subtracted from the sample titration. 

This method 
is the samc as  above except for the use of 25 ml of 0 . 2 ~  potassium 
hydroxide, 20 ml of pcroxide and 200 ml of sample. Another 
diffcrence is that the end titration uses 0.1 N sulphuric acid. 

This method was used down to 5 p.p.m. concentration levels of 
ni trile. 

Mitchcll and  Hawkins22 describcd a hydrolytic method whereby 
they introduce a known quantity of watcr, then hydrolyse the nitrile 
and determine the excess watcr with Karl Fischer reagent. Success- 
fully used were the following nitriles : acetonitrile, propionitrile, 
butyronitrile, valeronitrile, adiponitrile, sebaconitrilc, phenyl- 
acetonitrile, In-toluonitrile, p-toluonitrile, p-chlorobcnzonitrilc and 
p-naphthonitrile. o-Toluonitrile, a-naphthonitrile, methyleneamino- 
acetonitrile and cyanogcn gave low results. Amides appear to inter- 
fere only slightly. Apparently this hydrolysis of nitriles proceeds 
only to the amide stage and no further. 

T o  a sample containing up to 10 mequiv. of nitrile, 
20 ml of hydrolysis reagent is added. ‘The hydrolysis reagent 
consists of 300 g of dry boron trifluoride gas and 6.5 ml of water 
dissolved in 500 in1 of glacial acetic acid. The mixture is kept at 
80 f 2 O c  for 2 h, cooled spontaneously to room temperature and 
then coolcd further with chopped icc while 15 ml of dry pyridine 
are added. T h e  solution is then titrated with Karl Fischer reagent. 

M e f f i o d  for Lozu Concentration o f  Nitriles in Water2I : 

Method22:  

B. Reduction Methods 

Reduction of nitriles to the corresponding amines has not led to 
very general quantitative chemical methods. Only two approaches 
have reported any success, and these arc limited. Siggia and Stah123 
used lithium aluminium hydride and successfully dctcrmined 
benzonitrilc, butyronitrile, N-capronitrile and p-chlorobenzonitrile. 
However, low results were obtained with acctonitrile, acrylonitrile, 
succinonitrile, adiponitrilc, phenylacetonitrile, %butenonitrile, y- 
plienoxybutyronitrile, lactonitrile, m-nitrobenzonitrile and l-naph- 
thonitrile. 

Hubel-24 used catalytic hydrogenation of the nitrile to thc amine 
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(in a non-aqueous solvent) followed by titration of the amine. 
Glacial acetic acid is used as solvent and platinum oxide as catalyst. 
Good results were obtained with aceto-, benzo-, adipo- and succino- 
nitriles. However, Siggia and D’Andrea2j, using a similar approach, 
had succcss with only benzonitrile using palladium on charcoal as 
catalyst. Evidently, the catalyst is critical in the feasibility of this 
method. It is advisable to check the method and available catalyst 
for each nitrile on which it is attempted. Amides do not generally 
interfere. 

Hydride Method23 : An exactly weighed sample containing 
approximately 0.0006 moles of nitriles is placed in a Kjeldahl flask 
and 5 ml of lithium aluminium hydride reagent are added. The 
lithium aluminum hydride reagent consists of 10 g of fresh, dry 
hydride, refluxed with 500 ml of anhydrous ethyl ether for several 
hours. The insoluble portions of the reagent settle rapidly on cooling 
and clear solution can be pipetted from the supernatant liquid. The  
solution, If protected from atmospheric moisture, is usable for about 
on? month. 

The sample is allowed to react with the reagent for 15 min at 
room temperature, and the flask is attached to a Kjeldahl distillation 
apparatus. Water is added dropwise to the reaction mixture until 
the excess hydride is decomposed. 10 ml of 6~ sodium hydroxide 
are then added and the amine is steam distilled into a receiver 
containing 50 ml of 0 . 0 2 N  sulphuric acid. About 50 ml of distillate 
are collected and the excess acid is titrated with 0 . 0 2 ~  sodium 
hydroxide to the green end-point of methyl purple indicator. 

I n  the cases where high-boiling amincs, which do not steam distil 
very well in the above aqueous system, are obtained, ethylene 
glycol is added. After the excess hydride reagent is decomposed, 
the flask is washed with water followed by 6~ sodium hydroxide 
and 25 ml of ethylene glycol. I n  this case, the regular Kjeldahl 
distillation apparatus is not used, but instead an arrangement which 
permits constant addition of ethylene glycol to prevent sodium 
hydroxide from splashing into the receiverz3. 

Thc solution is evaporated rapidly almost to dryness, and 25 ml 
portions of ethylene glycol are added slowly so that boiling does not 
stop. The addition of ethylene glycol is continued until 100 ml have 
been distilled. The distillate is titrated potentiometrically with 
0 . 0 2 ~  sulphuric acid. 

10 ml of glacial acetic acid and 100 mg 
of catalyst are placed in an hydrogenation apparatus and the 

Hydrogenation Method24 : 
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catalyst is saturated with hydrogen. A sample of about 0.5 to 1.0 
mmoles of nitrile is introduced as a solution in glacial acetic acid. 
The hydrogenation is carried out until hydrogen is no longer 
consumed. The solution obtained is titrated with 0 . 1 ~  perchloric 
acid in glacial acetic acid either potentiometrically or with Napthol 
benzein or crystal violet indicators. 

H ~ b e r ~ ~  used a specific hydrogenation apparatus, which consists 
merely of a reaction vessel equipped with a dropping funnel arrange- 
ment for the introduction of solutions. This reaction vessel is attached 
to a gas burette for monitoring the hydrogen absorption. Other 
hydrogenation apparatus can be used equally well and modifications 
to the method can be applied. 

C. Colorimetric Methods 

There appear to be no general colorimetric rnethods for the 
nitriles as a class. However, there are colorimetric tests for specific 
types of nitriles or for specific, individual compounds. Szewczvk26 
determined cc-aminonitriles by a complex reaction involving bromine 
and a benzidine-pyridine reagent. Ashworth and Schupp27 used the 
Janovsky reaction to determine phenylacetonitrile colorirnetrically. 

111. SEPARATION TECHNIQUES 

A. Distillation 

Since many nitriles have sufficient vapour pressure, conventional 
distillation provides one method of separation. However, there are 
also some rather unconventional distillation approaches which 
have been used. Meissner2* described a method for separating 
nitriles from water effluents or fi-om complex mixtures using a 
‘cascade distillation’. The method involves successive distillation 
from solutions at different pH to remove specific fractions. 

Valentine29 describes an ‘extractive’ distillation to separate 
m-dicyanobenzene from m-diaminomethylbenzene. In this case, 
glycerol or l,Z,&hexanetriol is added for a codisti1,lation. m-Cyano- 
benzylamine was also separated from 7n-diaminomethylbenzene by 
a similar process. 

h4aslan and Robertson30 used a combination of extraction and 
extractive distillation to separate acrylonitrile, acetonitrile and 
propionitrile from each other when present in an aqueous solution. 

c 
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Concentration of components, though not complete separation, is 
achieved by extraction. The extracts are then subjected to distillation 
in a column into which water is introduced a t  the top. Resolution 
of the acetonitrile occurs a t  this stage while the acrylonitrile and 
propionitrile are concentrated. The latter two are then separated 
by fractional distillation. 

B. Extraction 

A method was described3I by which 10; molecular weight 
nitriles, obtained by cracking of high molecular weight nitriles, were 
separated by using extraction with aqueous solutions of alcohols, 
phenols, amines or carboxylic acids. Specific alcohols used were 
methanol, pentanol, cyclohexanol and ally1 alcohol. Specific amines 
were aniline, ethylamine, diethylamine, allylamine, diallylamine, 
benzylamine, pyridine and cyclohexylamine. Acids used werc 
acetic, acrylic, valeric and caproic. 

Ralston and used similar extractions on cracked high 
molecular weight nitriles, except that they extracted the resulting 
hydrocarbon-nitrile system with aqueous aliphatic alcohol solutions. 

C. Liquid Chromatography 

cracked stearonitrile and obtained a mixture of aliphatic 
nitriles and aliphatic hydrocarbons which he resolved on a silica 
gel adsorbent. 

Acetonitrile was separated from C, hydrocarbons using synthetic 
zeolites. At 20 O c  and 4-5 atmospheres pressure, using the sodium 
form of the zeolite, 80-90 yo recovery was 

D. Gas Chromatography 

Since many nitriles are volatile, gas chromatography provides a 
convenient way for their detection and determination. Caution 
should be exercised in the frequent cases where nitriles are acconi- 
panied by amides. Primary amides can dehydrate in the injcction 
ports or on the columns, to form the corresponding nitriles and more 
nitrile than was present originally in the sample will be detected. 
I n  addition, nitriles can hydrolyse in the heated equipment if water 
is present in the sample; this would yield low results. 

The gas chromatographic literature consists almost exclusively 
of operating parameters. This is summarized in Table 1. 
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IV. ELECTRQC H E M  lCAb APPROACHES 

T h e  electrochemistry of cyano compounds is varied and interesting. 
One review on the electrochemical reduction of nitriles has been 
published". It appears that all types of nitriles can be reduced 
electrochemically under the proper conditions. Among the factors 
which determine the products of electrolysis are: the type of cyano 
compound involved, the nature of the solvent employed and the 
nature of the electrode used. By way of illustration, acetonitrile is 
a well-known solvent for polarographic and related electrochemical 
studies. Very negative potentials may be attained using tetraalkyl- 
ammonium salts as  supporting electrolytes. In general, saturated 
aliphatic nitriles are regarded as being electroinactive under 
polarographic conditions, but several instances will be cited later 
where zcetoiiitrile has been electrochemically reduced to ethylamine 
in aqueous media using electrodes other than mercury. 

A. Aromatic Nitriles 

The subject of the reduction of aromatic nitriles is in a state of 
some confusion but Manousek and ZurnanjO have proved by wave 
height studies, controlled potential coulometry and U.V. spectra 
that p-acylbenzonitriles, p-RCOC6H,CN, where R is H or CH3, 
undergo reduction at  mercury cathodes to the corresponding 
benzylamines in 0 - 1 ~  H,SO,. Polarographic reduction occurred at 
- 0 . 7 0 ~  versus SCE and one well-defined wave was observed. The 
reduction scheme was written as in equation ( 1) , i.e. it was proposed 

that protoilation occurrcd at the nitrogen of the cyano group. The 
wave height was limited by the rate of protonation and a decrease 
in wave height was found at pH values greater than 1.5. Compounds 
of the type XC,H,CN, where X =p-COO-, p-SO,NH, and 
1n-SO2NII,, were studied using the same techniques but in neutral 
solution. Thc existence of free cyanide ion in solution after con- 
trolled potential electrolysis was established by anodic polarography 
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and chemical tests. This, together with the polarographic and 
controlled potcntial coulometric determination of the number of 
electrons involved in thc reduction, leads to equation (2) for the 
electrochemical reaction : 

XC6H4CX + 2e- + H+ XC6H5 + CN- (2) 

The work of Manousek and Zuman is in accord with earlier 
observations on the clectrochcmical reduction of aromatic nitriles 
which were carried out using the classical technique of constant 
current electrolysis. I n  this case, the current is held more or less 
constant by manual adjustment of the voltage applied to the cell. 
Since there is no external control of the potential of the working 
electrode, this technique is neither very selective nor very efficient. 
I t  seems likely that in most cases where this technique is applied 
in aqueous solutions, hydrogen is also evolved a t  the electrode and 
may have an influence on the products of electrolysis. The  earliest 
report is that of Ahrensj', who isolated benzylamine from the 
electrochemical reduction of benzonitrilc in acid solution at  a lead 
electrode. Similar results were obtained by OguraJz, not only in 
sulphuric acid, but in solutions of sodium hydroxide and of 
ammonium sulphate. T h e  yield, based on product, varicd from 24 % 
in 2-5 yo H,SO, to 49.5 yo in 7.5 yo (NHq)oS04. p-Methylbenzonitrile 
produced a 57% yield of the corresponding amine in the latter 
electrolyte. Lead amalgam, zinc amalgam, mercury and platinum 
electrodes were also employed with no increase in yield. 0h tas3  and 
S a ~ a ~ ~  reported the reduction of benzonitrilc in hydrochloric acid 
solution at palladium-plated platinum, and ?Ti-Pd alloy (5 yo Ni) 
electrodes, respectively. The product yield in the latter case was 96 %. 
A plausible explanation for the high yield was provided by Ohta, 
who suggested that intermediate aldimines may be formed in the 
course of the elcctrochemical rcduction, and reaction of these with 
the primary amine to produce secondary arnine (a side-product) 
would be suppressed by the presence of HCI, which would bitid the 
primary aminc as the amine hydrochloride. 

Further evidence for the generality of the reduction of nitriles 
with aromatic character to amines is obtained from the work of 
Matukawa", who isolated 2-methyl-4~-aniino-5-aminomethyl- 
pyrimidine from the elcctrochemical reduction of the corresponding 
5-cyano compound at a palladium-coatcd platinum elcctrode in 
hydrochloric acid solution. T h e  results of Manousek and Zuman 
are also analogous to the results of a number of inL7estigations for 
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the polarographic reduction of 2- and 4-cyanopyridine. Laviron56 
and Volke, Ihb icek  and  Santavy5’ found a four-electron irreversible 
polarographic reduction in acid solution and a two-electron irrevers- 
ible reduction in basic solution. Volke and  Holubek58 later reinvesti- 
gated the reduction of 4-cyanopyridine in alkaline solution and 
confirmed the production of cyanide ion and a two-electron process 
in solutions buffered at pH 10-1 1. 2-Cyanopyridine undergoes 
alkaline hydrolysis a t  very high p H  and Laviron56 determined a 
rate constant of 0.70 x l/mole s by following the disappearance 
of the polarographic reducticn wave of 2-cyano-pyridine. Jarvie, 
Osteryoung and J a n + ’  dcveloped a polarographic method of analysis 
for 2-cyanopyridine. Both the half-wave potential and the diffusion 
current were functions of pH. For best results, i t  was recommended 
that the pH be controlled in the region of 5-6. Very good accuracy 
and prccision were reported. Unfortunately, vcry acidic supporting 
elcctrolytes wcre not investigatcd, but  i t  is possible that greater 
sensitivity could be attained in more acidic solutions. 

The polarographic reduction behaviour of aromatic nitriles in 
non-aqueous solvents is vcry different from that obscrved in aqueous 
solutions. Scvast’yanova and Toniilov stated earlier that  aromatic 
nitriles are not reduced a t  the dropping mercury electrodeGo (DME) 

but latcr reported61 that  benzonitrile in  N,N-dimethylformamide 
(DMF) with 0.05iu tetrabutylammonium iodide as the supporting 
electrolyte reduced at the DME in a one-electron step which was 
indcpendent of any added proton donor (H,O). No dimeric or 
polymeric products were found and 2,3-dihydrobenzonitrile was 
identified. The process is described in equations (3)-(4). An extensive 

study on the polarography of aromatic nitrilcs in DMF is found 
in the work of Riegcr and co\vorkcrsG2, who used d.c. polarography, 
triangular \vavc polarography (cyclic vollammetry) and clcctron 
spin rcsoiiancc to examinc the elcctrolytic gencration of riitrilc 
radicals. Polarographic data arc shown in ‘Table 2. Benzonitrile 
was reduccd revcrsibly to tlic radical anion. Cyclic voltammetry 
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TABLE 2. Polarographic data for reduction of nitriless2. 

First wave Second wave 
Compound qa (4 nb Eka (v) nb 

Benzoni trile 
Phthalonitrile 
Isophthalonitrile 
Terephthaloni trile 

Pyromellitonitrile 
4-Toluonitrile 
4-Aminobenzonitrile 
4Fluorobenzoni trile 
4Cyanopyridine 
4Nitrobenzonitrile 
3,5-Dinitrobcnzoni trile 
4Cyanobenzoic acid 
Tetracyanoquinodimethane 
Tetracyanoethylene 
.Tetramethylammonium 1,1,2,3,3- 

pentacyanopropenide 
Sodium 1,1,3,3-tctracyano-2- 

dimethylaminopropenide 
4-Chlorobenzoni trile 
4-Anisoni trile 
Bcnzoylacetonitrilc 
Benzoyl cyanide 
Sodium 1,1,3,3-tetracyano-2- 

ethoxypropenide 

-2.74 
-2.12 
-2.17 
- 1.97 

- 1 -02 
-2.75 
-3.12 
-2-69 
-2.03 
- 1.25 
-0.96 
- 1.91 
-0.19d.9 
-0.17d.o 

- 1.76 

-2.75d 
-2.4d.c 
-2.95d 
-2.0gd 
-1.45d.e 

-2.25d.e 
~~ 

a Potentials measured in volts versus Ag-AgCIO, electrode. 
Estimated number of electrons in the reduction as obtaincd from qualitative obser- 

Two waves poorly separated. 
Because of drift in the potential of the ..Zg-AgCIO, refcrencc clcctrode, thcse potentials 

Wave obscured by maximum. 
f Thrcc-electron wave at -2.1 v. 
g Polarogram run in acetonitrile. 

vations rather than careful measurerncnts. 

may be inconsistent with the othcr polarographic data. 

Third one-electron wave at -2.75 v. 
Third wave at  -2.75 v obscured by maximum. 

did not indicate that the reduction was complicated by chemical 
kinetic factors. Evidence for reaction (4) might be obtained by this 
technique by addition of water to the electrolyte. A second polaro- 
graphic wave observed in a number of cases was attributed most 
frequently to further reduction of the radical anion to the dianion. 
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This was the case for phthalonitrile and the experimental evidence 
supported the following reaction scheme (equations 5-8) : 

In  the case of 4-aminobenzonitrile, the following sequence of 
reactions was given (equations 9-1 1) : 

NHz 

Evidence for the formation of the radical anion was found for most 
of the compounds studied. As shown above, those compounds 
having a second reduction wave display very complicated behaviour, 
depending on the fate of the dianion. 
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€5. Aliphatic Nitriles 

Saturated aliphatic nitriles have been reduced to the corre- 
sponding amines using classical constant current electrolysis. Ohtas3 
reduced the following cyano compounds at  a palladium-plated 
platinum electrode in aqueous hydrochloric acid CH3CN, 
NCCH,CN, NC( CH,) 2CN, NC(CH,),CN, NCCH,CH,OH and 
NCCH,COOH. Product yields of the amine varied from a low of 
30 yo for the reduction of ethylcne cyanohydrin to 100 yo for aceto- 
nitrile. Sawa obtained a 96% product yield of ethylamine hydro- 
chloride under similar conditions at a I%-Pd cathodes4. Some fatty 
acid amines, including dodecyl-, hexadecyl- and octadecyl-, have 
been prepared from the fatty acid nitriles by reduction a t  a copper 
cathode in methanol saturated with ammonium chloride and 
containing a catalyst such as Raney nickelG"G4. Yields of up to 
85 yo were found at  a currcnt density of 5-0 A/dm2. Eenzyl cyanide 
is reduced as an  aliphatic nitrile according to the work of Kawamura 
and Suzuki6s. A Ni-Pd cathode at a current density of 2 A/dm2 was 
used in a catholyte of acetic acid, hydrochloride acid and water. 

'Unsaturated aliphatic nitriles in which the double bond is not 
in conjugation with the cyano group have been reported to be 
inactive under polarographic conditionsGG. They do not seem to 
have been studied under other electrochemical conditions. O n  the 
other hand, the electrochemistry of conjugated unsaturated nitriles 
has received considerable attention. I n  almost all cases the double 
bond is reduced rather than the cyano group. The  polarographic 
reduction of acrylonitrile and related compounds has been studied 
by a number of workers since the first report by Bird and HaleG7. 
They devised a method for the determination of acrylonitrile in 
water, butadiene and air. A well-defined polarographic wave at 
E4 = -2.05 v versus SCE was found in 0 . 0 2 ~  tetramethylammonium 
iodide supporting electrolyte. Propionitrile, P-chloropropionitrile, 
ethylene cyanohydrin and cyanoacetamide did not interfere. The 
diffusion current constant (id/C) was 8.54 puA/mm SpillaneG8 
described a similar method for the determination of mcthacrylo- 
nitrile in the presence of unsaturated aldehydes, saturated nitriles 
and water. I n  0 . 1 ~  (CH,),NBr as the supporting electrolyte, the 
half-wave potential was - 2-07 v versus SCE. u.,P-Unsaturated 
aldehydes did not interfere since their reduction is at more negative 
potentials than that of the nitrile wave. A precision of about 3 %  
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was reported. Oxygen was not removed from the solution prior to 
reduction and the diffusion current was proportional to concentra- 
tion, but did show some time dependence. Clearly, acrylonitrile 
cannot be distinguished from methacrylonitrile polarographically. 
Strause and DyerG9 extended the work of Bird and Hale to the 
analysis of acrylonitrile in thc presence of potassium persulphate, 
hydrogen cyanide, formaldehyde and other products resulting from 
the persulphate-initiated attack of oxygen on acrylonitrile. A 
calibration technique was used because of interferences. Solutions 
of acrylonitrile from 5 x to 1 x mM were analysed. Daves 
and Hamner7° introduced a separation step for the determination 
of acrylonitrile by the method of Bird and Hale. i\zeotropic distilla- 
tion of acrylonitrile with methanol was effective for a large variety 
of water samples containing large numbers of interferences. The 
reduction behaviour is little affected by adding ethyl alcohol to 
the solvent. Platonova71 reported a half-wave potential of -2-05 v 
in alcohol-water solvents using 0.0 1 it1 tetraethylammonium chloride 
supporting electrolyte. The reduction was described as a two- 
electron irreversible process. The difftision current was proportional 
to concentration over the range 0.3 to 12.04.m~. 

Claver and M ~ r p h y 7 ~  determined residual acrylonitrile in 
styrene-acrylonitrile copolymer by polarography in DMF con- 
taining 5 yo water and 0 . 1 ~  tetrabutylammonium iodide. The 
half-wave potential was - 1 *63 v versus a mercury pool reference 
electrode. 30 to 200 p.p.m. of acrylonitrile were determined with 
an  accuracy of 3.6%. Crompton and B ~ c k l c y ~ ~  extended the limit 
of detection in this solvent system to two p.p.m. Murphy and co- 
workers74 studied the reduction of acrylonitrile in anhydrous DMF 
and concluded that condensation reactions were taking placc. A 
more extensive studyGO*~1*75 included a comparison of the polaro- 
graphic and linear sweep voltammetric (oscillopolarographic) 
behaviour of a number of q%unsaturated nitriles at  mercury 
electrodes in aqueous solutions, dry D M F  and DMF with added 
water. I n  aqueous solutions and in  DMF when the concentration 
of acrylonitrile was less than about 0*7mar, the reduction yielded 
a single two-electron wave. However, in DMF, as the concentration 
of acrylonitrile is increased, the limiting current begins to decrease. 
Further, the limiting current in DMF may lie increased upon 
addition of water. Apparently, the product of electrochemical 
reduction depends to a large extent on the proton donor properties 
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of the solvent. Sevast’yanova and Tomilov proposed the following 
scheme for the reaction (equations 12-13) : 

RCH=CHCN + 2 e- d RCf3CHCN2- (12) 
RCHCHCN2- 3- 2 H+ + RCH,CH,CN (13) 

where reduction to the dianion is the rate-determining step. This 
conclusion is in agreement with the work of Lasarov, Trifonov and 
Vitanov76 on acrylonitrile in DMF using polarography, microcou- 
lometry and chronopotentiometry. These workers appear to have 
extended their current-voltage curves to more negative potentials 
beyond the reduction wave for acrylonitrile than others, and ob- 
served that in more concentrated solutions, the acrylonitrile wave 
began to split into two waves, both of which were irreversible. T h e  
limiting current for the first wave was diffusion controlled and pro- 
portional to the nitrile concentration, while that for the second wave 
was kinetically controlled and not linearly dependent on the con- 
centration. The height of the first wave was nearly independent of 
any added water but the second wave showed a non-linear rise which 
seemed to approach a limiting value in  the region of 1 to 10 yo water 
added. On the basis of i.r. spectra of the electrolysis solutions, it 
was proposed that, in the absence of water, polymerization took place 
through reaction of the diaiiion with a molecule of acrylonitrile. I n  
the presence of water, the product evidently depends on the relative 
amounts of unreacted nitrile and water. Lasarov and coworkers 
suggested that protonation occurred according to equation (13), but 
at high concentrations of acrylonitrile, hydrodimerization, i.e. coup- 
ling a t  the ,6 position and acquisition of hydrogen a t  the c( position 
(equation 14), was proposed by 

RCHCHCP? + RCH=CI-ICI’; + 2 I?+ RCHCI3,CN (14) 
I 

RCHCN,CN 

Sevast’yanova and TomilovGo. 13aizer77.78 and Baizer and Andcr- 
S O ~ ~ ~ ~ * O  have studied the electrolysis of concentrated solutions of 
acrylonitrile in aqueous tetramethylammonium p-toluenesulphonate 
at lead and mercury cathodes. Adiponitrile was produced in nearly 
100% yield and a t  nearly 100% current efficiency if the solution 
pH was controlled. If the Concentration of acrylonitrile was below 
10 yo, or the supporting electrolyte contained alkali metal cations, 
increasing amounts of propionitrile appeared as product. Using the 
same supporting electrolyte in aqueous DiMF, Wiemann and 
Bouguerra81 reported hydrodimcrization of crotononitrile to b,P’- 
dime thyladiponitrile. 
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T h e  electrochemical reduction mechanism of cc,@-unsaturated 
nitriles is changed if a n  electron-acceptor group is present in 
conjugation with the double bond. In  aqueous solution, cinnamo- 
nitrile and v i n y l a c r y l ~ n i t r i le~~.~~~~~~~~ show a single polarographic 
wave, but in anhydrous DMF, two one-electron steps are 
o b s e r ~ e d ~ ~ * ~ l ” ~ .  The reduction proceeds through a stable anion 
radical. The  product formcd in the presence of water depends on 
the stability and rate of protonation of the intermediate ion radical 
formed. Electrolysis of cinnamonitrile at a mercury cathode in 
anhydrous DMF and i.r. spectra of the resulting solutions produced 
evidence for the dimeric 2,3-diphenyladiponitrileY while vinyl- 
acrylonitrile showed polymerization under the same conditions. As 
water was added, the latter compound showed a decreasing tendency 
to form higher polymers and a dimer, probably 2,2‘-dicyano- 
bicyclobutane, formed. Kaabak, Tomilov and Varshavskiis3 used 
classical constant current electrolysis to reduce vinylacrylonitrile at 
lead-, zinc-, tin- and mercury-plated graphite electrodes. The ratio 
of the products obtained, i.e. 3- and 4-pentenonitriles and 
the above dimer, did not depend to any significant extent on the 
nature of the cathode or the current density. A complex mechanism 
is presented to explain the products produced, and i t  is interesting 
that adsorption of vinylaciylonitrile is proposed as the first step in 
the process. This is the first suggestion that surface adsorption may 
play a role in the mechanism of the electrochemical reduction of 
nitriles, despite the clear evidence obtained by Franklin and 
Sotherna4 for the adsorption of propio-, aceto-, butyro-, capro-, 
isocapro- and phenylacetonitriles on platinized platinum electrodes 
in aqueous acid solutions. The Freundlich adsorption isotherm was 
obeyed. Further evidence for the presence of free radical ions in the 
reduction of unsaturated nitriles is found in the work of Bargain on 
some a-ethylenic nitrilesa5. 

Tomilov, Kaabak and Varshavskiia6 also examined the constant 
current reduction of vinylaceto-, methacrylo- and crotononitriles in 
0 . 7 ~  NaOH at Cu, Sn, Zn and graphite cathodes. At the latter 
three electrodes, reduction of the double bond occurred with the 
formation of monomeric and dimeric products. At the copper 
cathode, some primary and secondary amine was formed in addition 
to reduction of the double bond. Similar electrolyses of neutral 
potassium phosphate solutions of 1 ,Pdicyano- 1 -butenes7 yielded 
principally adiponitrile, but as  the rate of product formation 
depended on thc concentration of starting material, the process was 
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not practical as a preparative method. A dimer was also obtained 
in low yield. The  same technique applied to or,@-unsaturated nitriles 
in alkaline solution at a tin cathodea8 produced organotin com- 
pounds. Tetra (/3-cyanoethyl) tin and tetra (P-cyanopropyl) tin were 
obtained from acrylonitrile and mcthacrylonitrile, respectively. 

C. Polycyanocarbons 

The electrochemical. reduction of polycyanocarbons has been 
little studied. Peover89 reported a one-electron reversible reduction 
of tetracyanoethylene, tetracyanobenzene and tetracyanoquino- 
dimethane in acetonitrile using d.c. and a.c. polarography. Comment 
was made about second waves but these were not studied. Table 2 
shows results obtained in DMF for a number of cyanohydrocarbons. 
Unfortunately, some of these compounds are reduced to the anion 
radical when dissolved in DMFGZ and further work is needed. 

D. Miscellaneous 

Although not involving the direct electroreduction of a cyano 
compound, the work of Zumaii and Santavy should be men- 
t i ~ n e d ~ O * ~ l .  Equilibrium constants for the formation of cyano- 
hydrins in alkaline solution (equation 15) were determined. 

(15) 
I 
I 

Reaction ( 15) was studied for 24 aldehydes by following the decrease in 
height of the polarographic wave due to reduction of the aldehyde. 

0- OH 

.ArCHO + CN- Arc H + H+ ArCH 

CN 

I 

I 
(3.1' 

V. ULTRAVIOLET ABSORPTION 

Saturated aliphatic nitriles have been little studied. They show only 
a weak characteristic absorption in the near ultraviolct region"-"". 
Schurz and coworkers94 reported the wavelength of maximum 
absorption at  approximately 270 mp. Cutler95 examined the vacuum 
ultraviolet spectra of aceto- and propionitriles from 1000 to 1800 A. 
A Rydberg series was found for MeCN having a series limit corre- 
sponding to an ionization potcntial of 11.96 ev. The first member 
of the series occurred at  1292 K. The electronic transition was 
assigned to excitation of a rr electron in the triple bond. 
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An ultraviolet study has been made which supports the possi- 
bility of weak donor-acccptor complexes between aromatic hydro- 
carbons and polar organic solvents including propionitrile”. Using 
p-xylene as the donor and n-heptane as the solvent, the formation 
constants for the complcx were 0.071 f 0.002, 0.063 f 0.002 and 
0.061 f 0-002 l/mole a t  25 OC, for wavelengths of 229, 229.5 and 
230 mp, respectively. The chargc-transfer absorption bands of 
aromatic hydrocarbons with polycyano compounds occur at longer 
wavelengths. Wallenfels and FrLedrichg7 studied complexes of 
pyrene with several polycyano compounds and provided the fol- 
lowing wavelengths (mp) of maximum absorption of the charge- 
transfer complexes in CH,Cl,, unless otherwise stated : 1,2,4,5- 
tetracyanobenzcne (495 m p  in CHCI, and 460 m p  in CH,CN), 
tetracyano-m-xylene (439 mp), pentacyanotoluene (533, 41 1 mp), 
hexacyanobenzene (637, 450 mp),  tetracyanoethylene (724, 495 
mp) , 2,3-dicyanobenzoquinone (7 18, 478 mp) and tetracyanobenzo- 
quinone ( I  129, 6 17, 485 mp).  Peom+” found that the energy of the 
longest wavelength of maximum absorption of the complexes of a 
number of polycyano compounds with hexamethylbenzene or pyrene 
was linear with the polarographic half-wave potentials of the acceptor 
rnoleculcs. An interesting feature in the region between 220 and 
270my was observed by Almangess for compounds of the type 
(Rl)(RZ)C(CN)CH(CN), where R’ = Ph and R2 = H or Ph. The 
molar extinction coefficient increased with the polarity of thc solvent 
and with dilution for a given solvent. The possibility of this being 
due to a tautomeric equilibrium was discounted when further 
study involving i.r. spectrometry and some acid-base chemistry 
revealed that the compounds ionized according to equation (1 6). The 

R~R~CCI-I (CN) ,  T--- R ~ R ~ C C ( C N ) ,  - + I?+ (16) 

CN I -” AN 1 
extinction coefficient of the anion is much larger than that of the 
unionized molecule in the spectral region of interest, and accounts 
for the observed behaviour. Boyd’OO has studied the reversible 
protor-ation of cyanocarbon acids in solutions of strong acids 
(HC10, and H,SO,), and devised an acidity scale, H-, for the 
protonation of anions (cquation 17) similar to the Hammett acidity 
function for uncharged bascs : 

(17) 

Since either the free anion or the protonated form or both absorb 

H- = pKa + log (C&H*) 
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TABLE 3. Ionization constants of cyanocarbon acids at 25 O C .  

l.max(mp) for longest 
wavelength band 

Cyanocarbon acid HCIO, H2s04 anion form 
PK, Free Protonated 

I-(Tricyanovinyl) phenyl- 
dicyanomethane 

Methyl dicyanoacetate 
Hexacyanoheptatriene 
C yanoform 
Tricyanovinyl alcohol 
Bis(tricyanoviny1)amine 
Tetracyanopropene 
Pen tacyanopropene 
Hexacy anoisobutylene 

0.60 

-2.78 
-3.55 
-5.13 
-5.3 
-5.07 

<--8 
< -8.5 

pKl <-8-5 
PK2 (2.5) 

-2.93 
-3.90 
-5.00 
-5.0 
- 5.98 

607 

235 
645 
210 
295 
467 
344 
395 
370 
336 

332 

€200 
347 

<200 
275 
366 
? 
? 
? 
370 

in the ultraviolet-visible region, these acids serve as their own 
indicators in the determination of their acid strengths. Values for 
pK, determined in this fashion are shown in Table 3, where the 
stronger acids were determined relative to methyl dicyanoacetate, 
which in turn was relative top- (tricyanovinyl) phenyldicyanomethane. 

Heilman and coworkers101*102 examined a number of unsaturated 
aliphatic nitriles. The effect of substitution on wavelength in 96% 
ethanol can be seen from the data shown in Table 4 for compounds 

TABLE 4. Ultraviolet spectra of unsaturated nitriles of the type R2R3C=CR1CN. 

H H 
Me H 
H H 
Et  H 
Me H 
H Me 
H Me 
t-Bu H 
H H 
Me H 
Me Me 
Me Et 
H Mc 

H 
H 

Me 
Me 
Et 
Pr 
H 
t-Bu 
Am 
M e  
Et 

'GH13 

'G"13 

203 6100 
203 8900 
206 5100 
208 10,600-1 2,500 
208 10,400-9950 

210-212 
213 
203 8500 
206 9300 
209 13,800 
215 12,500 
218 15,400 
213 

11,500-11,800 (B, y isomer, no maximum) 
6300-9700 (8, y isomer, no maximum) 

11,600-14,000 (B, y isomer, no maximum) 
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TABLE 5. Rules for substitutent effects on the ultraviolet 
absorption of unsaturated nitriles. 
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~ 

Type of substitution AIP (mp) I n  tensity 

Mono, R, 
Mono R, 

a With reference to CH,=CHCN. 

of the type R2R3C=CR1CN. Table 5 shows the empirical rules 
deducedloZ for the effect of substitution. These results were inter- 
preted in terms of hyperconjugation and inductive effects. The work 
included also one unsaturated cyclic nitrile not shown in Table 4: 
1-cyanocyclohexenc (Amax = 208 mp, E = 12,500). Wheeler'O3 ex- 
tended the work to include a number of unsaturated cyclic nitriles 
either by direct laboratory examination of the compounds or from 
literature data. His findings are summarized in Table 6. These 
wavelength shifts, as measured from the wavelength of maximum 
absorption for the unsubstituted compound (203 m p )  are somewhat 
larger than would be predicted by the substitution rules given in 
Table 5. This has been interpreted by Wheeler as being due to 
ring strain in the cyclic compounds. The U.V. absorption spectra of 
a series of nitriles RCH=CHCN, (R = CH3(CH2),, n = 1-8) 
were examined by Castille and RuppollOA. As expected, the trans 
isomers produced more intense bands than the cis isomers except 
for 1 -pentene. 

A number of studies of K band shifts of aromatic compounds 
have included the cyano group105-108. Bloorl08 has interpreted the 
K band spectrum as due to intramolccular charge transfer, which 
in the cyano case involvcs chargc transfer from the hydrocarbon to 

TABLE 6. Substitution effects on the ultraviolet spectra of 
unsaturated cyclic nitriles. 

Type of substitution 4llax(mA 

a,,4 Six-membered ring 

/3,p Five-membered ring 2 10 

2 10-2 12 

2 16-225 

222-224 

,4$ Six-membered ring 216 

a,/? Five-membered ring 

a,,4,P Five-membered ring 
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the substituent. Good agreement between calculated (MO) and 
observed K band transition energies was achieved. In  further 
worklO~, a linear relationship between the polarographic half-wave 
potential and the energy of the lowest unoccupied molecular 
orbital was found. 

VI. lNFRARED ABSORPTION 

The infrared absorption of the cyano group has been known for 
many years. Bellllo, who reported that aryl and alkyl cyanides 
absorbed at 4-5 and 4.4 p, respectively, refers to the fact that Coblentz 
obtained the spectra of aceto- and benzonitrile as early as 1905. 
However, Kitson and Griffithlll performed the first extensive study 
which included saturated and unsaturated aliphatic nitriles and 
aromatic nitriles. Bellamy112 summarized the frequency ranges for 
the C=N stretching vibration as follows : saturated alkyl nitriles 
2260-2240 cm-’, aryl nitriles 2240-2220 cm-’, aY/3-unsaturated 
alkyl nitriles 2235-22 15 cm-l, isocyanates 2275-2240 cm-l. Later, 
Besnainou, Thomas and Bratoz113, also summarizing experimental 
work in the literature, agreed with Bellamy’s frequency range for 
saturated nitriles, but pointed out that alkyl substitution on the ,9 
carbon lowered the frequency as much as 16 cm-l from 2250 cm-l. 
Their range for aromatic nitriles was 2240-2221 cm-l. Their 
findings also showed that unsaturated non-aromatic groups shifted 
the frequency to lower wavenumbers. There are several situations, 
however, where the nitrile band has been shifted to frequencies 
lower than those indicated by any of the above ranges. Baldwin1l4 
has studied the i.r., U.V. and n.m.r. spectra of 4-aminospiro[A3- 
cyclohexene- 1,9’-fluorene]-3-~arbonitrile (1) and 4-amino- 1’-oxo- 
3’,4‘-dihydrospiro[ A3-cyclohexenc- 1 ,2’( 1’H) -naphthalene] -3-carbo- 
nitrile (2) and summarized the literature information on other 

v 

NH2 

0.1 
,9-amino-ccy/3-unsaturated nitriles. The cyano group stretching 
fi-equency for seventeen compounds is shifted 17-50 cm-l below 
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the lowest frequency listed earlier for a,@-unsaturated nitriles 
(22 15 cm-l) . Earlier workers, referenced by Baldwin, had considered 
the enamine form as the true structure for a number of the compounds 
listed. This author considered the abnormally large frequency shifts 
to be due to the existence of compounds B and 2 in the enamine 
tautomeric form. This permits a number of charge-separated 
resonance forms to be written (equation 18) : 

- + 
Il,X-C=C-CkGi 1- H,N-C--C=C=N <-+ 

- + - . I I  
-k 

I I  
H,N=C-C=C=N HJX=C-C-W (18) 

I I  I 1  
Baldwin also cites similar frequency shifts (5-46 cm-l) for 8- 
hydroxy- and /3-alkoxy-a,,Y-unsaturated nitriles and similar but 
somewhat smaller shifts (5-15 cm-l) for nitroacetonitrile anions for 
which analogous resonance forms can be written. Supporting 
evidence from other i.r. bands and the U.V. and n.m.r. spectra are 
presented to reinforce the arguments for the enamine structure. 
a-Aminonitrile hydrochlorides also show absorption bands at  
frequencies lower than 22 15 cm-l. Kazitsyna, Lokshin and Glush- 
kovalls examined the spectra of the hydrochlorides of compounds 

R2 
\ I  

RI-C-NH HN-G-R' 

Compound 
number n R1 R2 

3a 
3b 
3c 
3d 
3e 
3f 

3h 
3g 

Ph 
Cyclohexylidene 

Me 
H 
Me 

C yclohexylidcne 
Me 
H 

Me 
Cyclohexylidene 

Me 
Ph 
Ph 

Cyclohexylidene 
Et 
i-Pr 

of the type 3. The cyano group stretching frequencies were respec- 
tively: 3a, 2210-2215; 3b, 2207; 3c, 2203; 3d, 2215; 3e, 2211; 
3f, 2206; 3g, 2207 ; and 3h, 22 13 cm-l. The  stretching fiequency of 
the cyano group is also shifted to lower wavenumbers for carbanions. 
Yukhnovskil'G obtained the spectra of a-naphthylace tonitrile, 
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j3-naphthylacetonitrile and phenylacetonitrile in hexamethylphos- 
phortriamide. The respective bands were at  9113, 2106 and 2102 
cm-l. The order of frequencies was explained on the basis of increas- 
ing tendency of the aryl group to conjugate with the bridge carbon 
atom and therefore produce less conjugation with the cyano group. 

The nitrile band intensity is described by Besnainou and co- 
w o r k e r ~ ' ~ ~  as relatively strong for saturated nitriles, enhanced for 
nitriles containing unsaturated non-aromatic groups and very strong 
for aromatic nitriles. The intensity is quenched when oxygen 
containing groups are introduced111*112. Cross and Rolfe117 measured 
molar extinction coefficients for a few aliphatic nitriles and benzo- 
nitrile in CHCI,. Skinner and Thompsonlls measured integrated 
band intensities for a number of alkyl cyanides and substituted 
benzonitrlles. Flettlls compared peak extinction coefiicients and 
band area intensities for a number of functional groups, including 
twenty nitriles, and recommended use of the total area under the 
band. A number of factors act to affect the band intensity and/or 
frequency of the carbon-nitrogen stretching frequency in nitriles. 
In  many cases, the band intensity is more subject to change than 
is the band frequency. This is particularly true for substitution 
effects in both aliphatic and aromatic nitriles. A detailed discussion 
of the large amount of work available is beyond the scope of this 
presentation but Table 7 provides a summary of some of the work 

TABLE 7. Factors affecting the frcqucncy and/or intensity of nitrilc band absorption. 

Factor Comments References 

1. Hydrogen bonding 

2. Salt effects 

3. Lewis acid-base 
interactions and 
charge- transfer 
complcses 

4. Solvent effects 

5. Substitution effects 

6. Stcric effects 

A number of proton donors with accto-, propio- and 125, 126 

Adsorption on surfaces containing hydrosyl groups 
Principally perchlorate salts. RCN bonded to the 

Band shifts to higher frequencies. Typical Lcwis 

other nitriles 
127 
128-130 

131-137 
cation. YCX shifts to higher frequcncics 

acids: SnCI4, BF3, ICI 

Frequency shifts to lower frequencies but only 138-146 
slightly. Intensity is very solvcnt dependent 

Substituted benzonitriles-Hammett op 147-156 
correlations. 

Aliphatic nitrilcs 
Other nitriles and miscclIaneous 
Polycyclic aromatic nitriles 
Other nitriles 

157-1 GO 
1 G 1-1 64 
165, 166 
167 
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that has been reported and includes hydrogen bonding, solvent 
effects, substitution effects, salt effects and others. 

A few specific analyses based on the nitrile band absorption 
have been presented. Dinsmore and Smithl2O determined the nitrile 
content of buna-N rubber using the band at 2237 cm-l. Nelson and 
coworkers determined nitriles in high molecuiar weight fatty 
aminesI2l. The band at  2247 cm-I was used and results were inter- 
preted in terms of the total fatty acid nitrile present. The reaction 
mixture obtained in amide synthesis was analysed for nitrile content 
spectrophotometrically at 2250 cm-l 122. Potassium bromide pellet 
techniques were used to determine the nitrile groups in polyacrylo- 
nitrile123 and in cyanoethyl cellulosel24. 

VII. MASS SPECTROMETRY 

Aliphatic nitriles have received most of the attention in mass 
spectrometric studies of cyano compounds. Interpretation of tlic 
spectra is complicated by the presence of isobaric carbon-hydrogen 
and carbon-nitrogen ions and by complex fragmentation processes. 
Nevertheless, the technique is a useful tool for the identification of 
cyano compounds and for molecular weight determination, 
but structure determinations are considerably more difficult. 
McLafferty168 reported the first extensive study of the mass spectrom- 
etry of saturated aliphatic nitriles. Spectral correlations for eighteen 
compounds were presented. Ninety-degree sector type instruments 
were used with inlet temperatures usually at  200 O c  and ionizing 
voltages of 75 ev. The molecular ion is the base peak for acetonitrile 
and is strong for propionitrile, but in all aliphatic nitriles higher 
than propionitrile this peak was weak or missing. Some tendency 
for the molecular ion intensity to increase with molecular wcight 
for nitriles higher than propionitrile was observed but the peaks 
were still weak. Molecular weight determination is aided by the 
presencc of pressure-dependent M + 1 peaks. I n  most cases, signifi- 
cant peaks also exist for M - 1 ions, although the intensity falls 
off with increasing molecular weight. Although it might be reasoned 
that the M - 1 ion arises from loss of an c/. hydrogcn, it was shown 
by high resolution mass spectrometry and deuterium labelling that 
all positions in the alkyl  chain of n-hexyl cyanide contribute to the 
peak for this cornpoundlG3. Evidence was also obtained that the 
formation of the M - 1 ion in the spectrum of isohexyl cyanide 
cannot be accounted for solely by the loss of a c(2) hydrogen atom 
from the molecular ion. 
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I n  contrast to other electronegative groups, aliphatic nitriles do 
not show significant peaks due to alpha bond cleavage, as the peaks 
due to the ions, CnHBn+l, and CN+ are very weak. The peak a t  
m/e 41 is intense for all nitriles and is the most abundant peak in 
the spectra of straight-chain nitriles from n-butyro- to n-undecano- 
nitrile. McLaffertyl68 suggested that the contribution to this peak 
from C3H,+ was not significant and proposed that the C,H,N+ ion 
arose from beta cleavage and a hydrogen atom rearrangement 
according to equation (19) : 

There is now considerable evidence that the hydrocarbon ion does 
contribute significantly to the peak intensity at m/e 41. Using high 
resolution mass spectrometry, found that the C,H,+ ion 
contributed 6% of the intensity of the peak for the nitrile of n- 
butane. Carpenter and coworkers'69 examined the intensity of the 
same peak in the spectrum of n-hexyl cyanide and found a 40% 
contribution from C,H3N+ and a 60 yo one from C,H,+. The forma- 
tion o f  the former ion via a McLafferty rearrangement (equation 19) 
is still in some doubt, since studies of the deuterated analogues of 
n-hexyl cyanide were inconclusive in providing prooP6g. Further, 
experiments a t  12 ev failed to show enhancement of the nz/e 41 peak 
which would be expected if indecd the fragmentation proceeded by 
this rearrangement. 

Two other prominent peaks in the mass spectra of both branched 
and straight chain nitriles occur at  nz/e 55 and 54. Beugelmans and 
coworkersl71 reported the intensity ratio of C,H,+/C,H,N+ as  
2.9411 for isohexyl cyanide, while the ratio is 5.6511 for n-hexyl 
cyanidelss. R0P70 has suggested that the mechanism for the produc- 
tion of the mle 55 ion from the molecular ion may involve seven- 
or eight-membered rings in the case of branched-chain nitriles. It 
was not possible to confirm a mechanism from studies of deuterated 
n-hexyl cyanide, but a weak metastable peak at  m/e 53 showed that 
the peak at m/e 54 was due in part to the loss of hydrogen fi-om 
nz/e 55 species169. 

Loss of ethylene and ethyl radical is characteristic of aliphatic 
nitriles and is a complex process, as shown by the data in Table 8 
for the M - 28 peak of deuterium substituted n-hexyl cyanide*Gg. 
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TABLE 8. Origin of the M - 28 peak in the mas:; spectrum of 
n-hcxyl cyanidea. 

Compound 
6 4 7  

199 

Percentage of carbon atoms 
eliminated as ethylene 1 

2,2-d, 
3,3-d, 
4,4-d, 
5,5-d2 
6,6-d, 
7,7,7-d, 

a Isotropic purities were calculated from the spectra of the 
corresponding alkyl ethers which were synthesized from 
the deutcratcd aIkyI bromidcs used in the preparation of 
the dcuterated n-hexyl cyanides. 

It is clear from Table 8 that C(,) and C(3), and C(s), and C(G)  
and C(,) all contribute to the loss of ethylene. This can be bcst 
explained by postulating cyclic intermediates in the fragmentation 
process. The preferred scheme by these authors is depicted in 
equation (20) : 

m/’e 8 3  

t I 

d 
m/e 82 

While it was not possible to ascertain quantitatively the origin of 
the m / e  82 peak, it was concluded that loss of hydrogen from the 
precursor of inass 53 was the most important route. Other cyclic 
intcrrncdiates were proposed to explain peaks at m/e 96, 68 and 29, 
and it was concluded that such intermediates arc characteristic of 
the fragmentation processes of nitriles. Obviously, high resolution 
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instrumentation is necessary for structure studies on aliphatic 
nitriles, and it is discouraging to note the observation of Carpenter 
and coworkers that the mass spectra are dependent upon the 
particular instrument used169. 

The mass spectra of a few other types of nitriles have been 
reported. Griffin and Peterson172 obtained the spectra of the cis and 
trans isomers of tricyanocyclopropane. Both isomers produced a 
parent peak at  m[e 117 and  the major fragments were interpreted 
according to cyclopropyl structures. Beynon and coworkersl73 
studied a series of oxygen- and nitrogen-containing compounds in 
order to examine ion-molecule reactions occurring in the mass 
spectrometer. Adiponitrile was among the compounds included. 
As might be expected, M + 1 peaks were observed, but in addition 
a peak a t  m/e 149 was seen for adiponitrile. This was attributed to 
the addition of CH3CN to the parent ion. The mass spectrum of 
dicyanoheptafulvene has been reported by Kitahara and Kato174. 
Mass spectrometry was used for the identification of the yvn and 
anti forms of N-fluoroiminonitriles by Logothetis and Sausenl75. 
Dibeler, Reese and Franklin176 have made probable assignments 
for the principal peaks in the mass spectrum of dicyanodiacetylene. 
The base peak corresponds to the parent ion. The mass spectra of 
methyl, ethyl, ethyl isopropyl, ethyl isopropyl-d,, ethyl s-butyl, 
ethyl isobutyl, ethyl n-butyl and methyl n-butyl cyanoacetates 
were studied by Bowie and c o ~ o r k e r s l ~ ~  using high resolution 
instrumentation. The  spectra showed low abundance molecular 
ions and lacked the M - 1 and M + 1 peaks characteristic of the 
alkyl nitriles. In  contrast, significant M + 2 peaks were observed. 
Important fragmentation paths involved loss of CO, or HCO, from 
the ester group and corresponding alkyl migrations of a methyl or 
ethyl group. Williams and coworkers178 have reported thc only 
work on a,$-unsaturated nitriles except for the work on dicyano- 
heptafulvene. For compounds of the type 

R C N  
\ / 'c=c' 
/ \  x r3 

ions corresponding to RCN+ were observed 

R = 0 , , 

in the spectra for 

Q , and (o>- 
\ c1 
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and X = CO,Et, C02H, C0,Bu-t and CN. This is reputed to be 
the first report of ion formation involving bond formation between 
1,2-groups attached to double bonded carbon atoms. Another 
important fragmentation process for compounds containing the 
ester group involved an alkoxyl or hydroxyl group migration 
according to equation (2 1). 

1' [ H-CSC=C=O R) ,CN 1' + 

R'O 
R'0 

R2 
\ 

./ 
R10 

H-C+ + RCC=C=O (21) 

There seem to be no published reports on the mass spectrometry 
of aromatic nitriles, although Beynonl79 states that the -CN group 
is always found in the spectra of such compounds and parent peaks 
can usually be observed. 

VIII. NUCLEAR MAGNETIC RESONANCE 

Negita and Bray180 determined the I4N resonance frequencies, 
coupling constants and asymmetry parameters for trichloroaceto- 
nitrile, 4-cyanopyridine7 2-cyanopyridine and benzonitrile. These 
are given in Table 9. 

Schmidt, Brown and Williamsl8la carried out 14N n.m.r. studies 
on compounds containing the -CN group. The  only organonitrile 
studied was CH,CN; the other compounds were inorganic cyanides, 
thiocyanatcs and cyanates. The chemical shift for thc 14N resonance 
in CH3CN when run as a liquid was 1500 f 40 milligauss with a 

T A n m  9. PI7.m.r. pararncters for nitrilcs. 

Coupling Asymmetry 
Compound Resonance frequency (Hz) constant (Hz) parameters (%) 

~ ~~ 

Trichloroacetoni trile 3.0337 and 3.0444 4-05? 1 0.53 

2-Cyanopyridinc 2.8978 and 3.0396 3-9583 7-16 
Uenzonitrile 2.8098 and 3.0183 3.8854 10.73 

4-Cyanop yridinc 2.9073 and 2.9353 3.895 1 1-44 
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line width of 240 f 30 milligauss. The  relative shift* ( A H / i .  x 106) 
was 140. 14N n.m.r. studies of nitriles was also carried out by 
Witanowski181b who reports the 14N chemical shifts for a series of 
RCN compounds. He  reports l4IV shifts to lower fields as the electro- 
negativity of R increases. T h e  effect is reversed for RNC. 

Cross and Harrisonla2 studied the long-range shielding of steroidal 
angular protons by cyano groups. This was accomplished by deter- 
mining the methyl proton resonance shifts. This study is more 
oriented to the effect of the cyano group on the molecular configura- 
tion rather than on any properties of the cyano group itself. 

Jacquesy and coworkersl83 determined the efYect of the substituents 
on the 19-methyl group of 5cc-cholestane. Nitrile substituents are  
considered. 

Lippmaa, Olivson and P a ~ t 1 ~ ~  studied the 13C chemical shifts of 
nitriles among other compounds. These chemical shift data include 
all data  recorded prior to 1965. 

Cyarioacrylic acids were investigated by FIamelin185. The com- 
pounds were of the type R1R2C=C(CN)COOEt, ivhere R1 was 
p-methoxyphenyl, methyl, hydrogen, chloro or  nitro and R2 was 
methyl or ethyl. 

Cyanophenanthrencs were investigated as part of a study by 
Bartle and Smith1E6 using proton n.m.r. Coupling constants and 
chemical shifts are given. 

I9F n.m.r. was used to determine the electronic properties of p,p- 
dicyano- and q9,p-tricyanovinyl groups on fluorobenzenes. 'The 
tricyanovinyl group is more strongly electron-withdrawing than a 
nitro group and the dicyanovinyl group is comparable to a nitro 
group. 19F n.m.r. chemical shifts were used to determine the extent 
of complexing and interaction. 

The  conformation of cyanoethylated a-methylcyclohexanones187 
was investigated with n.m.r. The  cheinical shifts for the different 
conformations of the methyl group are recordcd. 

Chcmical shifts and coupling constants wcre obtained for the 
thrcc stereoisomers of 2,4,6-tricyanoheptane's8. The  purpose of this 
study was to shed light on the tacticity of polyacrylonitrilc by looking 
at  these two-unit model compounds. 
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T h e  cyano group is rccognizcd as a powerful electron-withdrawing 
substituent. The purpose of this chapter is to quantitatively compare 
the cyano group to other well-known, strong electron-withdrawing 
groups (such as a nitro or trifluoromethyl) and to review and 
critically evaluate the changes in physical and chemical properties 
of a molecule that result from substitution of one or more cyano 
groups. 

1. S IZE AND SHAPE 

T h e  size and shape of the cyano group make it unique relative to other 
substituents. The  cyano group is effcctivcly a rod surroundcd bya cy- 
lindrical cloud of mclectrons which can interact with an adjacent 
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r-system regardless of rotatory orientation (see Figure 1, data for bond 
lengths and Van der Waal radii obtained from standard reference 
works1). I t  has a strong dipole, oricnted with the negative end towards 
the nitrogen. I n  contrast, the nitro group is triangular with negative 
charge on the two oxygens which, if revolving, spreads the effective 
charge over a hemispherical area. I t  can interact with an adjacent 
r-system only when it is properly oriented; if forced to rotate, 
resonance interaction is lost. A trifluoromethyl group closely approxi- 
mates a hemisphere with high charge density spread over the surface; 
it cannot interact effectively with a r-system although it does show 
some apparent resonance effects. 

I n  substitution on an organic residue, the width (or diameter) 
of the group is an important factor; in this regard, the cyano group 
is much smaller than nitro or trifluoromethyl and about the same 
size as chloro or bromo groups. 

An obvious consequence of the rod-like shapc of a cyano group 
is that most organic molecules can be polysubstituted by cyano 
groups without steric interfcrence, so that interktion with an adjacent 
r-system is not disturbed. One piece of experimental evidence in 
support of this argument is the U.V. spectra of some nitro and cyano 
ortho-substitutcd benzenes (Table 1). The ortho-mcthyl and ortho-cyano 
substituents on benzonitrile show a normal auxochromic effect with 

TABLE 1. U.V. spectra of cyano- and nitro-substituted 
benzenesa. 

Compound 
L a ,  
(mpu) log E Reference 

C,H,CN 22 1 4-08 4 

o-NCCGH~CH, 228 4.02 5 

o-CGH~(CX), 236 4.0 1 4 

C,H,NO, 26 1 3.92 6 

O-C,H~(NO~)~ N o  maximumb 7 

269 2.92 
276 2.90 

276 3-15 
2 84 3*!6 

280 3-23 
290 3.3 1 

O-O~NCGH,CH, 259 3.72 6 

over 2 10 

a ,411 spectra measured in methanol or ethanol. 
a The broad absorption with no maximum observed for o- 

dinitrobenzene was interpreted as evidence that both nitro 
groups are forced out of the plane of the ring. 
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an increase in intensity of absorption. I n  contrast, an ortho-methyl 
substituent in nitrobenzene shows a slight hypsochromic shift with 
decreased absorption, and an ortho-nitro group so drastically distorts 
the interaction of the nitro groups with the ring that no well-defined 
absorption is observed. 

The  existence of stable percyano compounds such as hexacyano- 
benzenc and tetracyanoethylene with no significant distortion of the 
basic carbon skeleton3 is further testimony to the small steric 
requirements of the cyano group. I n  contrast, pernitro analogues 
are unknown or highly unstable. Even in hexabromobenzene the 
bromines are alternately bent 12" out of the plane of the ring3, 
apparently to relieve steric interactions. However, this comparison 
is dangerous until more experimental data are available. The 
benzene ring is assumed planar in hexabromobenzene, whereas 
Littke and Wallenfels2 do not give any information on the spatial 
position of the nitrile groups in hexacyanobenzene. 

The small radius of the cyano group was also considered as a 
possible explanation for the absence of an appreciable enthalpy 
change in the axial-equatorial interconversion of the cyano group 
in 4-t-butylcyclohexanecarbonitrile8. An apparent anomalous slow 
rate of platinum-catalysed exchange reaction between meta aromatic 
ring protons in benzonitriles and deuterium oxide was attributed 
to unusual geometry of a nitrile group compared to other sub- 
stituents9. In  this case, the small radius was not critical, but the 
long length of the cyano group was thought to cause a steric problem 
in the bonding of the aromatic system to the catalyst surface, essential 
for meta exchange. 

II. ELECTRICAL CHARACTER 

Nitriles have high dipole moments which lead to strong dipole- 
dipole interaction and strong molecular associations. The electron 
distribution for a nitrile group, which leads to a strongly polar force 
field, is two n-orbitals directed at right angles to each other and 
centred mainly in the region betwcen the C and N atoms, and a 
lone pair centred on the nitrogen atom. Thus the cyano group 
outwardly appears as a cylinder of v-electrons capped on the end 
by an  unshared pair of electrons. The lone pair is probably best 
represented by a digonally hybridized sp orbital directed 180" 
along the axis of the C--N bond; it is no doubt largely responsible 
for the high dipole moment of nitriles, and is an excellent donor 
site for complexing with Lewis acids. 
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A. Dipole Moments 

Dipole moments of a series of nitriles are given in Table ‘2 and 
contrasted with some other common substituents. I n  general, the 
cyano group shows larger electrical effects than any other common 
substituent. The  bond moment of 3.6 D assigned to C=N for calcula- 
tion of moments of molecules is also noted to be the largest for any 
group. The  charge distribution and molecular structure of a series 

TABLE 2. Dipole moments of RX. 

Group momenta (D) of RX 
G r o u p X  R = CH, R = P h  R = vinyl 

CN 3.94 4.39 3.88 
c1 1-87 1-70 1.44 

CF3 2.35 2.86 2.45 
NO, 3.50 4.2 1 3 - 4 4  

a Data from compilations in references 10 and 11. Unless 
indicated otherwise, data are in gas phase. Solution dipole 
moments are usually slightly lower. 

In  benzene solution. 

of saturated and unsaturated nitriles have been discussed relative 
to a comparison of calculated and measured dipole rnomentsl2. The 
main conclusion, which is clearly supported by measurements in 
aromatic systems (Table 3), is that the nitrile group can show 
significant resonance interaction (mesomeric effects) with an  
unsaturated system. Thcsc resonance interactions are easily formu- 
lated in valence-bond terms; the structures 1 for a n  aromatic 
system are a good example. Also, the more electronegative character 
of nitrogen relative to carbon probably leads to a significant 

( 1 4  (W (IC) 

contribution of form lb, as in all nitriles, and helps enhance the 
dipole moment. 

The  data in Table 3 show the strong resonance interaction of 
both cyano and nitro groups with an electron-rich r-system, since 
the dipole moments are considerably enhanced over the predicted 
value. (Note that the resonance intcraction for a trifluoromethyl 
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T A n m  3. Dipole moments and resonance interactions. 

2 15 

Dipole moment ( D ) ~  

Compound Measured Calculated A 

1-15 5.2 6.35 

~~ ~ ~~~ 

Data from references 13 and 14. 

group is surprisingly large although no classical resonance interac- 
tions are possible15.) The nitro group appears to be slightly better 
than the cyano group at  resonance electron withdrawal. However, 
ortho-methyl substituents prevent the nitro group from achieving 
coplanarity with the ring, and resonance interaction is lost in 
aminonitrodurene. Because of its size and shape, the cyano group 
is predicted to still show a resonance-enhanced dipole moment in a 
compound such as aminocyanodurene. Data in Table 4 provide 
experimental support for this prediction. The difference in dipole 
moments of the fluorobenzene derivatives for pairs 1 and 2 relative 

TABLE 4. Dipole moments of fluorobenzcnc 
derivativesl6. 

Dipole moment 
Compound (D) 

1. CGF,NO, 1.94 
CGF5CN 2.34 

2. p-HC6F4N0, 3.28 
p-HCGF4CN 3.62 

3. j-FCGI-I,N02 2.69 
p-FC6H4CN 2.67 
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to pair 3 is best explained as steric inhibition of resonance of the 
nitro group by ortho-fluorines, whereas the cyano group shows no 
such effect. 

B. Complexes 

As pointed out above, the unshared pair of‘ electrons and the 
electronegative character of nitrogen make nitriles excellent donor 
compounds. Stable 1 : 1 molecular addition complexes are formed 
between aliphatic nitriles and a variety of good acceptor molecules 
such as boron halides17-19 (see Chapter 3 ) .  x-Ray analysis1* has 
shown that the acetonitrile-boron trifluoride complex has the linear 
structure expected from complexing on the unshared electron pair 
protruding from the nitrogen. The bond lengths in the complexed 
acetonitrile are not changed significantly. With stronger acceptor 

f t 7 

molecules, the .rr-electrons on the nitrile can also donate; thus 
complexes such as  CH3CN-5HC1 can be detected by freezing-point 
studieP. A consequence of the high complexing ability of cyano 
groups is that nitriles often strongly associate in sol~tion’~, and 
solvent interactions may be large. Such interactions can change the 
electronic and steric character of the organic molecule to which 
the CN is attached and alter chemical reactivity. For example, the 
19F nuclear magnetic resonance chemical shift in p-fluorobenzonitrile 
changed up to 13 p.p.m. (downficld) when the compound was 
complexed with a series of boron reagents2oa. Again the existence 
of 1 : 1 complexes was demonstrated, and the relative shift was shown 
to provide a quantitative measure of acceptor strength of the boron 
complexing agent. A similar type complexing (called specific 
solvation) of nitriles with dimethyl sulphoxide was shown to be of 
importance in the equilibrium of cis- and trans-4-t-butylcyclohexyl- 
carbonitrile and on the relative rates of borohydride reduction of 
cyclohexanone and dihydroisophorone2°”. 

H,C-C=N . . * BF, 

1 - 4 4 A  1.13 A 1.64A 

C.  Theoretical Culculotions 

The simple orbital picture given above for a cyano group is 
adequate to explain qualitatively the chcmical and physical proper- 
ties of cyanocarbons. A more quantitative picture should be derived 
by molecular-orbital calculations, but no detailed calculation on 
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cyanocarbons has been published. G- and 7r-bonding effects in the 
coordination of the cyano group has been discussed, and a series of 
LCAO-MO calculations on both free and coordinated cyano groups, 
including CN-, NCN-z, OCN-, ClCN, CH,CN, HCN and CH,NC, 
were correlated with Lewis-base properties and nuclear quadrupole 
resonance data2'. 

Qualitative theoretical calculations were used to investigate the 
factors that stabilize the bis( thiocarbonyl) or lY2-dithiete nuclei of 
the substituted [C,S,] system 222. The results qualitatively agreed 

x)r: X xx! X 

(2) 

with experimental observations on the stability and chemical 
reactivity of the system. 

X =  CN, CF,, N(CH,), 

111. SUBSTITUENT EFFECTS 

The most common method of quantitatively evaluating the elec- 
tronic effects of a group is by substituent constants. These are 
determined experimentally through pK, measurements or kinetic 
rate studies on a probe group, such as carboxyl, ammonium or 
hydroxyl, that is sufficiently remote from the substituent to have 
no significant steric effect23. Recently, 19F nuclear magnetic resonance 
of fluorobenzenes has provided a useful technique for measuring 
substituent parameters, particularly for examining the effects on the 
molecule in an undisturbed ground statez4 and for studying solvent 
or complexing intera~tions~0"*2~. 

A copious amount of work has been reported on substituent 
effects, and a variety of schemes have been proposed to classify the 
effects and assign substituent parametersZ3. For simplicity, we 
restrict our discussion to the standard G parameters as first proposed 
by H a m m ~ ! t t ~ ~ ~  and the inductive and resonance parameters, gI 
and G ~ ,  as defined by TaftZ3. 

A. The Cyano Group 

The inductive effect of a group is determined directly by pK, 
measurements on saturated aliphatic systems or indirectly by analysis 
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of the substituent parameters in aromatic sy~tems2~'. The extent of 
resonance interaction of a substituent varies with the electron supply 
or demand in the remainder of the molecule, and is most easily 
determined from the difference between the urn and un values 
measured in aromatic systems. More extensive analysis can be used 
to calculate uR, the resonance parameter. Pertinent pK, rate data, 
and I g F  n.m.r. chemical shifts used to measure the electronic effect 
of the cyano group are given in Tables 5 and 6 .  These data clearly 
show the strong electron-withdrawing effect of the cyano group as 
compared with other common substituents. Substituent parameters 
calculated from the pK, of anilinium ions and I9F measurements on 
fluorobenzenes are given in Table 7, together with comparison data for 
other substituents. The cyano group is clearly almost as powerful an 

TABLE 6. Electronic effects of cyanocarbon substituents : 19F n.m.r. chemical shift 
measurements on substituted fluorobenzenes and substituent p a r a r n e t ~ r s ~ ~ . ~ ~ . ~ ~ .  

6 in solvent in p.p.m.a 

CCI, or 
Substituen t CFCI, Benzene CH,CN Methanol oI OR 

CN meta -2.69 -2.75 -2.68 -3.10 0.47 
para -9.07 -9.05 -9.90 -10.25 0.22 

para -9-45 -9.20 -10.35 -10.35 0.20 
NO, meta -3.45 -3.40 -3.33 -3.53 0.56 

CH, meta 1.18 1.10 1.13 1.23 -0.08 

CH,CN nzefa -1.1 - - 0.24 

CH(CX)2 in el^^^ - -3.29 -2.85 -3.13 0.55 

C(CN), tnefa - 6.46 -6.33 -5.04 -5.38 0.98 

para 5.40 5.40 5.55 -0.14 

para 1.20 - - 1-35 -0.08 

para - -2.30 -2.27 -2.41 -0.03 

para -6.71 -5.80 -5.80 -5.84 -0.02 
CH=CH, mefa 0.65 0.60 0.30 0.58 0.01 

CH=CHCN mefa -1.31 - - - 0.27 

CI-I=CHCN meta - 1.28 - - - 0.27 

para 1.40 - - 1-30 -0.03 

cis para -4.98 - - - 0.10 

trans para -4.58 - - - 0.09 
CH=C(CN), meta - -2.27 -2.37 -2.56 0.41 

para - - 10.93 - 10.95 - 11.25 0.29 

para - -13.19 -12.71 -12.48 0.3 1 
C (CN)=C (CN), met a - -4.12 -3.62 -3.80 0.67 

a At infinite dilution relative to fluorobenzene. 
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TABLE 7. Substituent pa ra rne te r~~~ .  

Group Methoda o,,, 0 D  01 (JR 

CN 

CH=C(CN), 

C=C(CN), 
I 

C(CN), 
NO, 

CN 

C Fz 

S0,CF3 

c1 

A 
B 
F 

A 
F 

A 
I: 

F 

A 
13 
F 

A3I 
F31 

A 
F 

A 
F 

0.65 
0.56 
0.58 

0.55 
0.45 

0-77 
0.83 

0-97 

0.70 
0.7 1 
0.67 

0.49 
0.44 

1 .oo 
0.90 

0.37 
0.36 

1.02 
0.66 
0.69 

1.20 
0.70 

1.70 
0.98 

0-96 

1.17 
0.78 
0.77 

0.62 
0.49 

1.65 
1.06 

0-23 
0.26 

0.53 0.41 
0.52 0.08 
0.47 0.22 

0.43 0.75 
0.41 0.29 

0.60 1-08 
0.67 0.31 

0.98 -0.02 

0.55 0.6 1 
0.68 0.14 
0.56 0.20 

0.44 0.18 
0.39 0.10 

0.84 0.73 
0.75 0.3 1 

0.45 -0.20 
0.44 -0.18 

a Method F, from 19F chcmical shift measurements in benzene; Method 
A, from pK, of anilinium or N,N-dimcthylanilinium ions; Method B, from 
p K ,  of benzoic acids. 

electron-withdrawing substituent as the nitro group, both by inductive 
and resonance mechanisms as  judged by the high positive value of cr. 
I n  fact, i t  appears to be the most powerful electron-withdrawing 
substituent of thc groups composed of one or two atoms". This 
result is in accord with the qualitative molecular-orbital picture of 
electron density distribution as discussed in section 11. The large, 
highly directional dipole of the cyano group has particular con- 
sequence in  transmission of substituent effects. 

This question is discussed in the following section on cyano- 
carbons. However, the relative changes in crI and crIt values for 
cyano conipared with nitro, as determined by different methods, must 

* The nitroso group (NO) appears to withdraw elcctrons morc strongly by resonance 
intcractions but is inductively weaker than a cyano group". Thc halogens, which are 
highly elcctroncgative and inductively strong clcctron-withdrawing groups (but electron- 
donating by rcsonancc bccause of the unshared electron pair), arc not as effective as 
cynno groups. 
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originate from the different type of charge distribution in the two 
groups. 

The reduced steric requirements of cyano relative to nitro is also 
shown by pK, data of phenols given in Table 8. Methyl groups 
ortho to the interacting substituent prevent resonance interaction 

TABLE 8. Stcric cffects in pK,’s. 

Compound Mcasured Calculated Reference 

8,25 7.40 36 

CH3 

2-49 1.16 37 

of nitro with a p-hydroxy or a p-ammonium group, while the 
cyano group gives the expected resonance enhancement of pK, 
(inductive effect of the methyl groups is taken into account). 

B. Cyanocarbon Groups 

An accumulation of cyano groups leads to molecules with unusual 
properties, both physical and chemical (sec Chapter 9). A qualita- 
tive estimation of the electronic effects of cyano substitution on 

carbon has been made33 by the comparison of C-CN to 

=N--, =C(CN), to =O (carbonyl oxygcn) and -C(CK)3 
to F. 

\ 

// 
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However, quantitative determination of changes in electronic 
properties of various groups when highly substituted by cyano 
groups has been measured by substituent effect studies30. 

For a methyl group, the electronic changes that occur when the 
hydrogens are systematically replaced by cyano groups have been 
measured by 19F n.m.r. chemical shifts in fluorotoluenes (see 

bH 

1.0 0 

0.9 - 

0.7 - 

0.6- 

0.5- 

0.4 - 
0.3 - 

0 1 2 3 
n 

1.0 

0.9 
P - 

0.7 - 

0.6- 

0.5- 

0.4 - 
0.3 - 

0.2 - 
0.1 - 

n 
FIGURE 2. Inductive effect of methyl or vinyl groups vcrsus cyano substitution. 

Table 6). As expected, the strong inductive withdrawal by three 
cyano substituents drastically changes the electronic properties of 
the methyl group. Inductively, the tricyanomethyl group, C (CN) 3, 
is one of the strongest electron-withdrawing groups that has been 
r e p ~ r t e d ~ ~ . ~ ~ .  The inductive withdrawal by a methyl group increases 
linearly with cyano substitution (Figure 2).  Overall, the inductive 
effect appears larger than predicted. This fact is most clearly shown 
for the tricyanomethyl group, which is predicted to have a (rl value 
of 0.5-0.7 (calculated by using cI of 0.47 for the cyano group and 
a transmission factor of 0.3-0.5 per carbon) instead of approximately 
1.0. This enhanced inductive effect is suggested to result from a 
through-space interaction; the dipoles of the cyano groups on the 
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tetrahedral carbon of the methyl group are oriented in a different 
direction and should have more through-space effect than a cyano 
group directly on the aromatic ring. This conclusion is supported 
by abnormal solvent effects for the percyano substituted groups. 
Normally, more polar solvents such as acetonitrile or hydrogen- 
bonding solvents like methanol enhance the downfield shifts induced 
by strong neutral clectron-withdrawing groups (note nitro and 
cyano in Table 6)) but for tricyanomcthyl and tricyanovinyl groups 
the largest downfield shifts are for the less polar solvcnts. I n  methanol 
or a ~ e t o n i t r i l e ~ ~ ~ ,  the shift is upficld relative to that in benzene or 
CFCI,. A dampening of the transmittance of through-space effect by 
hydrogen bonding or dipole-dipole interactions must occur. If the 
transmittance ofcharge effcct were mainly through the molecule, then 
interaction with polar solvents, particularly on the negativc end of the 
dipole on nitrogen, should enhance the clcctron-withdrawing effccts. 

The resonance effect for the tricyanomethyl group varies fi-om 
small negative to positive values dcpending on thc solvent used for 
the chemical shift measurement. The dicyanomcthyl and 
cyanomethyl groups show increasing - R effccts, approaching that 
for the methyl group *. Variations in the resonancc effects, par- 
ticularly for the tricyanomethyl group, must result from spccific 
solvent interactions. No mutual interactions of the nitro or cyaiio 
type are possible. Small +R  cffects could arise by hyperconjugation 
interactions involving cyanide ion such as in 3 (in analogy to fluoridc 

-C(CS), 
X ~ C ( C N 3  - - ?=o - CN 

(3) 

ion hyperconjugation proposed for the CF, group31), by a T- 

inductive mechanism3*, or by some sort of p-T interaction31 (using 
$-electrons of CN). I n  any case, the resonance effccts arc minor. 
I n  fact, the negligible resonance cffects for C(CN), are argued as  
strong evidence against the proposal that the +I< effect of a CF, 
group results by a n-inductive mechanism. However, the differciices 
in resonance effects of CF, and C(CN), may result from grossly 
different charge distribution in F and CN; in other words, the 
differences may be a simple consequence of diffuse versus highly 

* The American convention as defined by Taft is used throughout this discussion. A 
ncgative value means electron-donating and positive means electron-withdraiving, in 
contrast to the English school which employs the reverse convention. 
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oriented dipoles. This problem merits more study. A final point is 
,that a gradual regular change in --R for dicyanometliyl and mono- 
cyanomethyl groups can be used to argue against any significant 
contribution from hyperconjugation interaction of the acidic proton 
as in 4. However, this effect may only be observed by using an 
electron-poor probe group X. 

H H+ 

X - ( y ( C N ) ?  - - X ~ C ( C N 2  - *- %OH+ - C ( C "  

(4 1 
A large change in the electronic properties of a vinyl group also 

results from cyano substitutions. The tricyanovinyl group withdraws 
electrons much more strongly than nitro fiom both the nzeta and 
para positions (on% and o, values given in Table 7 are largerj ; its 
overall effect is almost as strong as that of the SO,CF, group (which 
is reported to be the strongest neutral electron-withdrawing group 
known39). The relative extei-it to which resonance interactions and 
inductive effects contribute to the overall electron withdrawal is 
estimated from the inductive and resonance parameters oI and on. 
T h e  inductive effect is enhanced slightly) but most of the increase 
in electron-withdrawing power of the tricyanovinyl group over cyano 
or nitro groups appears to come from very large rcsonancc interac- 
tions. A major contribution by a charge-separated resonance form 5 

,C" 

'CN 
c-c- - 

(5) 

is expected since the negative charge is strongly stabilized by the 
two cyano groups cc to it. Indeed, hydrocyanocarbons are highly 
acidic and sometimes can only be isolated as an aniondo. T h e  
6,p-dicyanovinyl group is also strongly electron-withdrawing ; it 
does not appear to be as strong inductively as a nitro group but 
again shows strong resonance interaction. The tricyanovinyl group 
shows an enhanced resonance effect over the dicyanovinyl group 
which is difficult to explain by a classical resonance picture. 
Apparently the cc-cyano group interacts with the 77-ethylenic system 
by an inductive mechanism or through orbital overlap to provide 
an  additional stabilizatior, for form 5. The stabilizing effect of 
cyano groups on quinomethanes (e.g. tetracyanoq~inodimethane4~) 
may be related to this enhancement of the resonance effect. 
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A similar question has arisen over the relatively large intensity 
of absorption for 2,6-dimethyl-4-( 1 , 1,2,2-tetracyanomethyI) aniline 
(Amax 264 m p ,  E 11,700) 42. In  this case, no-bond resonance structures 
can be drawn (direct interactions with the NH, group analogous to 
those in 3 for a C(CN), group), but some better explanation is 
needed. 

Even one 8-cyano group significantly changes the electron- 
withdrawing power of the vinyl group. Again an almost linear corre- 
lation is found for the oI value of the vinyl group with the extent of 
cyano substitution (see Figure 2). However, the effect is not as 
marked as with the methyl group, probably because of the greater 
distance of the /I-cyano substituents. The  /I,p-dicyanovinyl group 
does appear to be significantly weaker inductively. 

The negligible difference in electronic properties between the 
cis and trans forms of the P-cyanovinyl group (Table 6) was not 
expected. The size of cyano is such that even in the cis conformation, 
the vinyl group can obtain coplanarity with the ring (the coplanar 
configuration is shown possible on models and substantiated by 
study of ultraviolet spectrad3). Consequently, the resonance interac- 
tion is expected to remain essentially unchanged, as is found when 
judged by the oR values. However, the field effect through space of 
the cyano group in thc cis form (6) is expected to bc drastically different 
from that of the cyano group in the trans configuration (7) , but instead 
the inductive effect is found to be the same (oI of 0.27 for both). A 
possible explanation is that the negative end of the nitrile dipole is 
oriented towards the ring in the cis form and fortuitously cancels 
out enhanced field effect from the close proximity. An interesting 

225 

H 
I 

‘X 

(6) 

point is that the U.V. spectra of the cis and trans forms are also 
almost identical. 

The effect of cyano groups on stabilizing the cyclopcntadienide 
system has been clearly shown by W c b ~ t e r ~ ~ .  The available electron 
density of tetracyanocycloperitadienide as a subztituent can be 
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T A B L E  9. Acidities of tetracyanocyclopentndienide derivatives relative to benzene 
anaIogues44. 

PKa (HzO) PKa (H,O) 

NC czi 

NC+ 

CN 

4- 1 PhC0,H 4.2 

+ 
2.0 PhNH, 4.6 

estimated from pK, measurements given in Table 9. Inductively, 
the tetracyanocyclopentadienide system is slightly more electro- 
negative than a benzene ring (note pK, of the acid corresponding 
to benzoic acid and oD value of 0.12 from pKa of the phenol derivative). 
This means that the negative charge on the cyclopentadienide 
system is completely distributed on the cyano groups; additional 
charge density, if available, such as from an NH, substituent, can 
also be distributed on the cyano groups. 

IV. REACTIVITY 

The chemical properties of cyanocarbon derivatives have already 
been reviewed comprehensively (sce Chapter 9). Our purpose in 
this section is to explain some of the major effects of cyano substitu- 
tion on chemical reactivity using the electronic pictures developed 
in the previous sections. 

A. Hydrocarbons 

The most impressive chemical property of polycyanocarbons is 
that they are often strong acids and form very stable salts. A negative 
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charge is stabilized by a cyano group both inductively ar?d, when 
alpha to the chargc, by resonance interactions : 

Several cyano groups adjacent to the negative charge provide a 
cumulative effect that leads to highly stablc anions and even 
dianions. These anions are useful synthetic intermediates (see 
Chapter 9, section XI). However, from a physical point of view 
they provide an interesting new class of anions in which the negative 
charge is highly delocalized over the molecular surface. 

B 0 y d 4 ~ * ~ j  carried out an extensive study of cyanocarbon acids 
and salts, and developed quantitative correlations of structure with 
acidity and the Hammett-type acidity scale H- for cyanocarbon 
anions. The effect of cyano groups on acidity is clearly illustrated 
by the data in Table 10. The acidity of hydrogen increases by large 
increments (several orders of magnitude) with each additional 
cc-cyano group. The effect on the acidity of thc cyanohydrocarbon 

TABLE 10. Effect of cyano groups on acidity. 

Compound Acidity (pK,) Reference 

CH4 -58; chemically very inert; 49 
CH,CN 

CH,(CN), 11.2 50 
CHBr(CN), -5 50 

CH(CN), -5.1 40,45 

-25; slightly acidic; reacts only with very 
strong bases in aprotic systcrns 

CH,NO, 10.2 50 

CH,(N02), 3.37 51 

CHCI(NO,), 3.80 51 

C H,CO,CH, Hydrogens chemically inert 
CH,(CN) CO,CpH, >9 50 
CHBr( CN) CO,C,HB -6 40,45 
CH (CN) ,CO,CH, -2.9 40,45 

n 
0 

2 

15 46 
1 9.78 

4 -9 

0.81 to 2.40 (4 isomers) 
-6.1 to -7.2 (2 isomers) (CXh 
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is much more striking than in substituent effect studies because the 
cyano groups are at the site of reaction instead of at a remote 
location in the molecule. The stronger electron-withdrawing effect 
of the nitro over the cyano group is clearly shown by the more 
acidic character of the nitromethanes. Again the small cylindrical 
cyano group has a distinct advantage in that steric interactions are 
at a minimum even when..the cyano is attached to a highly substi- 
tuted reaction site (compare pK, of halomethanes in Table 10). 

Webster has studied the acidity of a series of polycyanocyclo- 
pentadienes46. Again the pK, decreases by increments of 5 to 6 
( lo6 in terms of ionization constants!) with substitution of each 
additional cyano; in this series the cyano group is not alpha to the 
ionizable hydrogen but in the unsaturated system. I n  the extreme 
cases, tetracyanocyclopentadienide salt is only protonated by 
extremely strong acids such as perchloric in acetonitrile, and the 
conjugate acid of pentacyanocyclopentadienide salt (where a 
cyano group is alpha to the proton) is too strong to be prepared with 
available reagents. As pointed out in section III.B, the four cyano 
groups in tetracyanocyclopentadienide completely delocalize the 
negative charge, so that the cyclopentadienide ring is about 
equivalent in reactivity to a normal benzene ring. 

B. Olefins 

Polycyanoolefins are highly electrophilic becausc the electron 
density of the rr-bond is delocalized into the cyano substituents. As 
a result, these olefins are abnormal compared to hydrocarbon 
olefins in that they 

(a) are highly reactive to attack by nucleophiles, 
(b) cycloadd to electron-rich olefins and dienes, 
(c) interact with rr-bases to form stable charge-transfer or r- 

complexes, 
(d) add an electron to form stable ion radicals. 
The first two topics are adequately covered in Chapter 9. T h e  

subjcct of charge-transfer complexes has recently been reviewcd4', 
and molecular complexes of polycyano compounds arc discussed in 
Chapter 10. Charge-transfer complexes are proposed as inter- 
mediates in some chcmical reactions of cyanocarbons. The strength 
of the complex is depcndent on both the structure of the cyano- 
carbon and the .r;-basc; the relative acceptor strength is rcadily 
detcrmined from thc energy of thc charge-transfer absorption 
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in the ultraviolet spectra. I n  similar structural types, the acceptor 
strength is proportional to the number of cyano substituents on the 
n-system. Another question of interest is the extent of charge transfer 
or ionization in the complex. The current opinions, based on both 
experimental data and theoretical calculations, are that ionization 
is negligible48, particularly of aromatic .rr-bases with cyanocarbons, 
and that stabilization is the result of frontier orbital interactions. 

The 19F n.m.r. chemical shifts in fluoro (tricyanovinyl) benzenes 

TABLE 11. Effect of m-complexing with N,N-dimethyl-p-toluidine (DMT) on lgI: 
chemical shifts30. 

-6 of FC,H4C(CN)=C(CN), 
Estimated percentage relative to PhF (p.p.m.) 

System (%I of rr-complexes niela kara 

D MT/CCI,F 80- 100 

50-100 
(98:2) 

(50:48:2) 

(25 : 73:2) 

(98:2) 

DR/IT/C H,C N/C C I,F 

DMT/CH,CN/CCI$ 30-80 

Dioxane/CCI3F 0 

3.17 11-96 

3.63 12.81 

3.67 12.87 

3.65 11.86 

are a good probe to determine changes in electron density in the T- 

acid as a result of n-complexing, particularly since the 19F shift is 
very sensitive to changes in the .rr-~ystem~~. Any ionization in com- 
Flexing should cause a large shift upfield relative to uncomplexed 
form; however, the shifts were in the range noted for solvent effects 
(Table 11 and compare also with data in Table 6). This result 
supports the other evidence that no significant ionization occurs in 
the complex. 

The high electron afinity that makes tetracyanoethylene (TCNE) 
among the strongest of T-acids can be rationalized by simple molecu- 
lar-orbital calculations that suggest that the lowest vacant n-orbital 
of the molecule has bonding characteristics (see Chapter 10 and 
reference 52). A direct consequence is that TCNE is easily reduced 
to a stable ion radical,63 TCNET, and a variety of other stable 
polycyanocarbon ion radicals are easily ~ r e p a r e d ~ ~ l ~ ~ .  T h e  complete 
delocalization of the odd electron into the cyano groups is clearly 
shown by e.p.r. s t u d i e ~ ~ " ~ ~ * ~ ' .  
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C. Aromatic Derivatives 

In  electrophilic aromatic substitution reactions, +R substituents 
are metn-directing, whereas - R substituents direct ortho-para. Cyano, 
like nitro, is a typical +R substituent and gives chiefly meta orienta- 
tion in typical electrophilic reactions such as nitration and chlorina- 
tion. Of course, both groups strongly deactivate the aromatic ring 
towards electrophilic substitution because the combination of +I 
and +R effects destabilize intermediates or transition states formed 

TABLE 12. Isomer distributions in the chlorination and nitration of monosubstituted 
benzenes58. 

Chlorination Nitration 
Substituent 

group 0- m- I- d I f  0- m- P- O d P f  

Nitro 17.6 80.9 1-5 5.9 6.4 93.2 0.3 11.0 
Cyano 23.2 73.9 2.9 4.0 17.1 80.7 2.0 4.3 
Trifluoro- 15.7 80-2 4.1 1.9 

Bromo 39.7 3.4 56.9 0.35 36.5 1.2 62.4 0.3 
Chloro 36.4 1.3 62.3 0.29 29.6 0.9 69.5 0.21 
Fluoro 8.7 91.3 0.05 

- - - - 
methyl 

by attack of the Xf reagent. Polycyanoaromatic derivatives are 
unreactive to electrophilic substitution. 

Some isomer distribution data are given in Table 12 for several 
+R groups and, for comparison, some -R groups (halogens). 
For +R groups, cyano appears to give the largest amount of ortho 
substitution. However, the ortho-para ratio is higher for a nitro than 
a cyano group. These results can be rationalized in terms of the smaller 
steric size of the cyano group and more effective dipole interaction of 
the nitro group (due to geometry) which positions the X+ reagent 
for ortho substitution. I n  the halogens, the largest group surprisingly 
gives the largest amount of ortho substitution. 

Another important reaction of cyano-substituted aromatic deriva- 
tives is nucleophilic substitution59. Strong electron-withdrawing 
substituents such as cyano, nitro, carboxy, or sulphonyl groups 
activate substituents such as halogens, alkoxy, or thioalkyl to 
replacement by nucleophilic reagents such as alkoxides, amines, 
azide or thiocyanate. Because a large negative charge develops 
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in the transition state (note that the rate of substitution is propor- 
tional to the 0- parameter of the group), nitro is a slightly better 
activating group than cyano. Both of these groups can accept elec- 
trons by resonance and activate the ortho and para positions much 
more strongly than the meta. Many important activating groups, 
nitro in particular, must be coplanar with the ring to exert their 
maximum activating effect. Ortho substituents sterically prevent 
nitro groups from becoming coplanar and can decrease the rate of 
reacgion as much as lo3. However, cyano groups do not show 
appreciable steric effect on rate60 because the resonance interaction 
is not disturbed by ortho substituents. 

Polycyanobenzene derivatives are particularly reactive towards 
nucleophilic displacemente1. As examples, the halides in 1 -halo- 
2,4,6-tricyanobenzenes are displaced extremely easily61. Note, 
however, that more drastic conditions are required for the dicyano 
derivative compared with the tricyano compound"'". 

Br 

'%fN CN 

Er 

morpholine 

2 5" 
- 

CN 

CN 
morpholine 

I 
CN 

F 

I 
CN 

CN CN 

V. SPECTRAL PROPERTIES 

A. Effect of Cyano Substitution on Infrared and Ultraviolet Spectra 

The effect of cyano groups on infrared absorptions is that normally 
resulting from substitution by strong electron-withdrawing groups. 
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I n  an  unsaturated system, the nitrile can conjugate to give the 
expected shifts (frequency decrease of about 30 cm-l). However, 
direct comparisons are difficult because of practical problems, such 
as loss of absorption due to symmetry, and complexity in spectral 
absorption leading to overlap of absorption, uncertainty in assign- 
ments and splitting. Comparisoc of Raman absorptions should be 
much better. Of course, the nitrile absorption in the region of 2,215 
to 2,275 cm-l responds to structural changes in the rest of the 
molecule and is useful for characterization purposesG2. 

Ultraviolet spectral absorptions of cyano compounds also only 
show the expected effects from an electron-withdrawing substituent 

T A n m  13. Ultraviolet spectra comparison. 

U.V. spectraa 

Compound x 4 l l l IS  & 

PhX CN 

C02C2H6 

X DX 
CN 

CO,C€I, 

X C N- 
CO,CN, 

I 
X 

CN 

CO,CH, 

276 
269 
229 
22 1 
280 
273 
228 

290 
280 
245 
236 

294 
285 
240 

220 
211 

291 
255 
295 
265 

800 
830 

10,400 
12,000 

750 
924 

12,500 

1600 
1600 

24,500 
21,500 

1400 
1670 

19,600 

16,000 
16,500 

10,250 
95,500 
15,000 
50,000 

a Spectra in ethanol or methanol. Unless indicated othcrwisc. data 
from references 4 and 67. 
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and from conjugation with an unsaturated system. Empirically, 
the ultraviolet spectra of nitrile derivatives closely resemble those 
of the corresponding carboalkoxy analogues03 (see Table 13 for 
cornparativc data). This typc of comparison can be used as evidence 
in structure  determination^^^. The U.V. absorption of cyanocarbon 
anions are usually very intense, with lower energy shifts than the 
corresponding unsaturated system. For example, pentacyano- 
propenide ionG4 has A,,, 412 and 393 m p  ( E  22,100 and 22,600) 
comparcd to hesacyanobutadiene65 with A,,, 302 mp ( E  15,300). 
This behaviour is typical in other systems but is much more striking 
in the cyanocarbon series than in unsubstituted hydrocarbons 
because many of the cyanocarbon anions are intensely coloured. 

B. N.m.r. Shielding Effects of the Cyono Group 

Triple bonds such as -C-C- and -C=N have axial symmetry; 
a circulation is induced in the cylindrical shell of rr-electrons by an 
external magnetic field so that a resultant field is developed as shown 
in Figure 3. Nuclei along the axis of the triple bond will be shielded 
whcreas nuclei in the area above and below the bond will be 

I ,- Y 

Where X IS N or C -R 

FIGURE 3. Ring currents in nitriles and acctylenes. 
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TABLE 14. N.m.r. chemical shift data for nitriles and acetylenes. 

Compound G(p.p.m.)Ee*a Compound 6(p.p.m.)66 

HCEN 3.70 H%CR 2.35b 

CH,Ck=N 2.0 H=CCH, 1-8OC 
CH,R 0.9 

C H 2 p - N )  2 3.5 

Na+CH( C=N):! 2.8 

a At infinite dilution in CDCI, for HCN and in acetonitrile for 

Average value for series of unconjugated acctylcnes in solution. 
nitriles. 

C Gas phase, single resonancc for both acctylenic and methyl 
hydrogens. 

deshielded relative to their normal chemical shift. Thus the hydrogen 
in both hydrogen cyanide and acetylene has a chemical shift a t  
much higher field than expected for a hydrogen bonded to an electro- 
negative sp-hybridized carbon (see Table 14). 

The  shift for the methyl hydrogens in acetonitrile is at  6 of 
2.0 p.p.m. A second nitrile group deshields the hydrogen by 
1-5 p.p.m. This shift is suggcsted to result from interaction of the 
hydrogen with the resultant magnetic field of the nitrile in the 
deshielding area rather than fi-om an inductive electron withdrawal. 

The  deshielding effect of cyano groups when oriented parallel 
to the hydrogen is more clearly shown in the cyanocyclopenta- 
dienide system68 where the proton shift is dependent on the number 
of adjacent cyano substituents and not on their overall number 
(Table 15). The proton shift with two, one or no adjacent hydrogens 
occurs roughly 0.5 p.p.m. apart. A similar situation is noted for 
benzenoid systems. 

TABLE 15, N.m.r. chemical shifts for cyclopentadienide protonsc8*69. 

6 in p.p.m.O 

No adjacent One adjacent Two adjacent 
R,N+ salt nitrile nitrile nitriles 

Cyclopentadienide 5.55 

1,2-Dicyano- 5.76 
Cyano- 5.67 

1,3-Dicyano- 
1,2,3-Tricyano- 
1,2,4-Tricyano- 
1,2,3,4-Tetracyano- 

6.08 
6.29 
6.08 
6.27 

6.59 

6.67 
6-77 

a 6 at infinite dilution in acetonitrile relative to internal tetramethylsilane. 
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Another example of this deshielding effect when the proton is 
oriented in the deshielding zone of the nitrile is shown by the 
cis-trans pair of isomers 8 and gCGs. The deshielding effect is again 
approximately 0.5 p.p.m. 

5. Directing and Activating Effects of the Cyano Group 

(8) (9) 

6 (p.p.m.) A to D 7.8-8-0 A to C ca. 8.0 
for n 8 4  
protons E 5-77 E 5.72 

VI. SUMMARY 

T h e  cyano group is a strong electron-withdrawing substituent ; its 
inductive effect can be considerably enhanced by resonance interac- 
tions. Quantitative comparisons show that cyano is slightly weaker 
than a nitro group (both inductively and by resonance interactions) 
but stronger than most other common substituents. 

The cyano group is a unique substituent because it is a rod- 
shaped molecule surrounded by a cylinder of r-electrons. It has 
relatively small steric requirements (between chlorine and bromine) 
and, unlike the nitro group, does not show steric interference to 
resonance interaction from nearby substituents. 

The physical and chemical properties of molecules change as 
expected from substitution by the electronegative cyano group, but 
the highly directional dipole of the latter can produce some unusual 
effects. Because of the size and shape of the cyano group, polycyano 
substitution is easily achieved. The resulting cyanocarbons have 
unique chemical and physical properties that can be understood in 
terms of the cumulative effects derived from the electronic character 
of the cyano group. 
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1. GENERAL CONSIDERATIONS 

This chapter will examine the fundamental factors of nitrile reac- 
tivity as they are demonstrated in the typical nitrile reactions. 
Variation of reactivity with structure and the role of catalysts will 
be major aspects considered. Hopefully, the treatment will provide a 
rational basis for discussion of future developments in nitrile 
chemistry. Descriptive chemistry has been drawn upon for illustrative 
purposes, but a review of the reactions of nitriles is not intended. 
Broad coverage is provided by Migrdichian’s The Chemistry of 
Organic Cyatzogen Compounds (W. A. Benjamin, New York, 1947) and 
P. A. S. Smith’s The Chemistry of Open-Chain Organic Nitrogen Compounds 
(Reinhold, New York, 1965). 

The reactivity of nitriles is fundamentally due to the polarization 
of the C r N  triple bond, which arises from the greater electro- 
negativity of nitrogen compared to carbon, RC=N +-+ RC-+=N-. 
Nucleophilic reagents will attack at  the electrophilic carbon atom 
while the nitrogen atom is a weakly basic site. Interaction with an 
acid A+ enhances the polarization and gives a species having 
increased susceptibility to nucleophilic attack, 

RC=N+A t-f RC+=NA 

Although the preponderance of nitrile reactions are acid- or base- 
catalysed additions of nucleophiles at  the nitrile carbon atom, 
examples of alkylation at  the nitrogen atom by cationic species are 
also important. Reactions of radical character are rare, although 
important . 

Although it is common to think in terms of propionitrile or 
benzonitrile and to describe nitrile reactions 2s they are observed 
with these rather ordinary members of the class, it is practically and 
theoretically important to appreciate that the nitriles offer a very 
broad spectrum of reactivity, with the group R in RC=N ranging 
from dialkylamino to perfluoroalkyl. The range of substituted 
benzonitriles which has been considered in some reactivity studies 
represents only a small part of this spectrum. Often it is instructive 
to examine the reactions of an  extreme member of the class, where 
intermediates may havc longer lifetimes or where reactions may be 
much more rapid than with the conventional members. Similarly, 
the reactions observed for particular nitriles may suggest new 
versions to try with the less familiar relatives. An important aspect 
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of the study of nitrile reactions is an appreciation of the influence of 
substituents on nitrile reactivity. 

The combined inductive and mesomeric effects of the substituent 
R have a major influence on the C=N polarization. Propionitrile 
shows slightly lower reactivity than acetonitrile in various nucleo- 
philic addition reactions, as would be expected from the slightly 
greater electron-releasing inductive effect of the ethyl compared to 
the methyl group. Electronegative substituents (as in l), however, 
can markedly enhance the nucleophilicity of the nitrile carbon atom 
and the reactivity. Usually such substituents will also reduce the 
electron density a t  the nitrogen atom’ and somewhat reduce the 
effectiveness of acid catalysts. I n  the cyanates, cyanamides (2) and 
cyanogen halides, the R group is both electron-attracting inductively 
and electron-donating by a mesomeric effect. Experience shows that 
the inductive effect is dominant in the reactivity of these nitriles 
toward nucleophiles. 

X+CtC=iv 
I 

(1) (2) 

For the most part, our knowledge of nitrile reactivity has been 
developed with the aid of analogies to carbonyl compounds, a 
relatively small number of kinetic studies on limited classes of 
nitriles, and a liberal amount of extrapolation, all occasionally 
checked against a century of more or less reliable experience. 
Experimental work correlating reactivity with structure over a 
wide range is rare. Although a generally satisfactory qualitative 
understanding has emerged, it would be gratifying to have a 
correlation between nitrile reactivity and some fundamental 
physical property. The following interesting approaches are under 
consideration. 

Promise of new insight into the electronic state of the C=N 
bond in RC=N as it is influenced by the nature of R is offered 
through 14N nuclear quadrupole resonance spectroscopy. An induc- 
tively electron-releasing or -attracting substituent influences the 
polarity of the T- and o-components of the C=N bond in the same 
sense but not necessarily to the same extent. The difference is 
reflected in the quadrupole coupling constant. Conjugative and 
hyperconjugative effects which disturb the cylindrical symmetry of 
the triple bond can also be discerned by this technique and appear 
to be substantial. Although quadrupole resonance spectroscopy 

9 
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examines the fundamental nitrile structure, the electronic interac- 
tions involved are poorly understood at prescnt, and it is not yet 
possible to correlate the spectroscopic data with reactivity2. 

The 14N n.m.r. chemical shifts for a substantial series of nitriles 
have been reported3. Values ranging fiom 149 p.p.m. (relative to 
nitrate ion) for Et,NCN to 83 p.p.m. for 3-cyanopyridine oxide 
were observed. The general trend in the observed shifts is clearly 
in the direction of lower field with increasingly electronegative 
substituents, although the effects of the phenyl and vinyl groups 
are anomalously large for correlation with any reactivity series. 
Although deshielding of the nitrogen nucleus may not be easily 
related to the electron density at the carbon atom, which is of 
primary interest, this work holds considerable promise. 

Work on the 13C resonance in nitrile groups may prove to give 
direct evidence of the ground state electron distribution, but very 
little has been done in this area. Extensive work on carbonyl 
compounds, however, has given excellent results and appears to 
point the way4. 

The infrared stretching frequency of the C=N bond is sensitive 
to electronic perturbations which alter the bond order. Electro- 
negative substituents inductively reduce the polarization and so 
tend to raise the frequency of the absorption band. However, 
mesomeric electron donation from an adjacent unsaturated centre 
has an opposite effect which is considerably greater5BG. The latter 
effect is much less a fa-ctor in chemical reactivity toward nucleophiles, 
and consequently no broad correlation of reactivity with frequency 
has been possible. The position of the absorption band is also 
affected by the force constant of the adjacent bond to the group R. 
Consequently when R is hydrogen or a hcteroatom, a substantial 
additional shift in the resonance frequency may be superimposed 
on any effect due to the C=N polarity'. 

A fhther proposal has been to correlate reactivity with the 
intensity of the nitrile absorption band8. This is a measure of the 
change in dipole moment during vibration and thus of the polar 
properties of the band'. It was in fact found that for a series of 
benzonitriles the absorption of the C-PIT band becomes wcaker as 
electronegative substituents are introduced, and a fairly satisfactory 
linear correlation between the logarithm of the absorbance and the 
respective Hammett cr constants was established. Alternatively, 
correlation of a* constants with the square root of the absorption 
intensity has been recommended!'. This approach does not appear 
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promising for extension to other nitrile classes, unless special treat- 
ment can be given to those nitriles in which mesomeric and electro- 
meric effects lead to exceptionally high absorbance. The extremely 
weak absorption of a-oxygenated aliphatic nitriles also seems to be 
out of line compared with the intensity of a-halogenated nitriles, 
and other puzzling relationships have been noted. 

II. INTERACTION O F  NITRILES WITH ACIDS 

A. Halogen Acids; Formation of lmidyi Halides 

Acid catalysis is of major importance in reactions of nitriles, and 
accordingly the interactions of nitriles with strong acids have 
received much attention. The compounds formed with the hydrogen 
halides have been of particular interest because of their probable 
involvement as intermediates in many widely used reactions. The 
nature of the nitrile--hydrogen halide compounds and their role 
in various reactions of nitriles with nucleophiles were discussed in 
1962 in an excellent reviewlo by Zil'berman, who has been a major 
contributor to this subject. 

The special nature of the nitrile-hydrogen halide compounds 
stems from the substantial nucleophilicity of the halide ions com- 
pared to the anions of the oxy acids. Addition of a proton to the 
weakly basic nitrogen atom is followed or perhaps accompanied by 
coordination of a halide ion a t  the electrophilic carbon. The imidyl 
halide formed (3) is usually sufficiently basic to accept a second 
proton to form a salt (equation 1). This representation is tG some 

+ + 
R b N H  N H  NII, 

(1) 
/ . - -  Hf // 

R C N S .  [ +I ] ,-"-t;KC 7 RC 
c1 

\ 
c1 

\ 
RC=KH 

(3) 

extent an oversimplication of matters which perhaps are not fully 
agreed upon in detaillo. While the existence of imidyl halide salts 
is now firmly established11J2 it is important to note that in the 
reversible reaction (1) the formation of 3 is frequently slow and is 
favoured by high hydrogen halide concentration. Several authors 
have described intermediate compositions which are undoubtedly 
mixtures of the compounds in this sequence. 

The weak basicity of the simple nitriles is n jriori attributable to 
either the lone pair of e!ectrons on nitrogen or to the 7r-electrons 
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of the triple bond. The fact that complexes of nitriles with Lewis 
acids invariably are found to be bound through the lone pair13 is 
good evidence against the r-base concept. Nevertheless, electromeric 
enhancement of the n-electron availability in dialkylcyanamides and 
presumably in 4-methoxybenzonitrile, for example, markedly 
accelerates the formation of the imidyl chloride salt. Strongly 
electronegative substituents reduce the nitrile basicity while favouring 
bonding to the nucleophilic halide ion. This can lead to imidyl 
halides of low basicity. 

I n  addition to the simple imidyl halide salts, some nitriles are 
known to form dimeric products with hydrogen halides. A particu- 
larly clear case is that of dimethylcyanamide which reacts very 
rapidly with added hydrogcn chloride at  room temperature to give 
the crystalline compound 5. When this is heated above loo", 
hydrogen dhloride is rapidly evolved, and 6 is produced in essentially 
quantitative yield. This dimerization probably proceeds by dis- 

+ -  
NI3"CI 

-1-IC 

1000 
/ Y L  + 

HCI 
Me,NC 

HCI 
Mc2NCN + Me,NC 

\ < 50" \ 

+ 

Me& CN= C c1- 
\ 

placement of chloride ion from 5 by the nucleophilic chloroform- 
amidine base (4). An important difference between the monomeric 
and dimeric structures 5 and 6 is the stability of the conjugate base 
of the latter against elimination of hydrogen chloride. Whereas 5 
merely reverts to dimethylcyanamide when treated with basic 
reagents, 6 undergoes displacement of chloride to give a variety of 
product s1 4. 

T h e  simple aliphatic imidyl chloride hydrochlorides show 
analogous behaviour15. However, the a-halogenated monomeric 
compounds are stable only at low temperature, addition of hydrogen 
halide to the nitrile a t  room temperature leading directly to the 
dimer (7)16. The N-(a-haloalky1idene)amidines (7) in general are 
weakly basic, and their salts tend to release hydrogen halide in uactto, 
which accounts for much of the lack of agreement regarding their 
compo~itionl~. 
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Hydrogen cyanide forms similar complex hydrohalides which 
deserve special mention. T h e  only definite compounds which have 
been obtained under the usual reaction conditions are the sesqui- 
hydrohalides, 2HCN.3HX (X = C1 or Br). These compounds have 

i- 

C1- [NHz~CH--NH-CHX,]fX- 

been shown to release hydrogen chloride in uacuo to give 2HCNeHX. 
They are now firmly established as mcmbcrs of the imidyl halide 
dimer classll. The scsquihydrohalidcs are modified, however, to the 
extent of incorporating a third hydrohalide molecule by aadition 
to the C=N bond to form a dihalomcthyl group (8 ) .  Monomeric 
formimidyl chloride has recently been prepared as the hexachloro- 
antimonate salt by addition of hydrogen chloride to the HCN.SbC1, 
complexl7 (section 1II.A). 

Intramolecular dimerization of imidyl halides has become a 
useful route to a variety of hetcrocyclic systems. Usually a 1,2- or 
1,3-dicyano compound is treated with hydrogen halide in an inert 
mediumls, but in some cases the reaction takes place rapidly in 
concentratcd aqueous acidlg (reaction 2). 

NHZ 

I t  is probable that nitrile-hydrohalidc interaction will intervene 
in many reactions where both components arc prcseiit. I n  some such 
cases it has been demonstrated that allowance of time for the 
formation of an imidyl chloride intermediatc permits much improved 
yields2'',?'. 

B. O x y  Acids 

Anhydrous sulphuric and phosphoric acids form crystalline 1 : 1 
coniplcxcs with hydrogen cyanidez2", and presumably other nitriles 
react analogously. The suggestion??" that these compounds are of the 
typc 9 is unlikcly because sulphuric acid catalyses the trimerization 
of sonic aromatic nitrilcs. l l i i s  fact is ~ O T C  in line with the nitrilium 
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salt formulation 10, but an imidyl sulphate or phosphate structure 
11 is also possible*2b, The sulphate and the phosphate anions are 

/ /O 
HC 

\ 
\ 

NHS0,H 

(9) (10) 

relatively poor nucleophiles compared to 

+ 
NH, 

OS0,- 
(11) 

the halide ions, but the 

// 

\ 
RC 

covalent imidyl structure provides an easy explanation of the ability 
of nitriles to catalyse phosphorylation reactionsz3 (for example 
reaction 3). Probably 10 and 11 are in equilibrium in solution. 

2 PhCH,OP(O)(OH), 0 NH 0 
I1 

I 
(PhCH,OP-),O (3) 

II // + PhCH,OPOC + 
OH 

M e 2 N k N  [ r,H\,,e.j -_ 

Me,NCONH, 

Aromatic nitriles react with cold sulphur trioxide to give diaryl- 
oxathiadiazine dioxides (12) 24 .  These compounds have been found 

Ar 

(12) 

Ar 

w a o %  

very useful in the synthesis of s-triazines, triazoles and oxadiazolesz5. 
Acetonitrile reacts differently giving a product of unknown structure, 
3(CH3CN).2SO, 26. 

C. Carboxylic Acids 

The reaction of nitriles with carboxylic acidsz7 is frequently 
cited as a synthesis for imidcs. I n  special cases i t  is effective, but 
the generality is greatly exaggerated. With thc simple nitriles and 
acids little reaction can be observed below 200°, and an equilibrium 
is then reached in which very little imide is present2*. Equilibrium 
is reached fairly rapidly, however, and this has been shown to permit 
nitrile-carboxylic acid interchange to 0ccur2~Jo (rcaction 4.). O n  
the other hand, dimethylcyanamide and cyanoacetic acid react 
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exothermically at room temperature to give N-cyanoacety1-N"'- 
dimethylurm in good yield31 (reaction 5 ) .  
PhCH,CN + MeC0,H PhCHzCONHCOMe PhCH,CO,H + MeCN 

(4) 

MezNCN + NCCH,CO,H ___z Me2NCONHCOCH,CN (5) 

The relatively few examples of this reaction which have been 
investigated show that: (a )  the reaction is strongly promoted if it 
occurs intramolecularly to form a 5-ring imide, (6) it is favoured 
by increased acid strength and ( c )  electrophilic nitriles have greater 
reactivity. I t  has also been shown that mineral acids catalyse the 
reaction so that the weak carboxylic acids can be used at much 
lower t e n i p e r a t u r e ~ ~ ~ * ~ ~ - ~ ~ .  The reaction must proceed by coordina- 
tion of a carboxylate anion at the electrophilic carbon of the proto- 
nated nitrile to give an isoimide (13) which rearranges to the 
imide. Analogous isoimidcs which are obtained by addition of acids 
to carbodiimides, isomcrize rapidly to irnidess3. At 200" the reverse 
reaction must be comparable in rate. 

25" 

N H  

L .- R~CONHCOR~ H +  / 
\ 

(13) 

An example of the combined effect of acid catalysis and favourable 
ge0metry3~" is shown by the facile hydrolysis of 3-cyano-3,3-diphenyl- 
propionic acid (14). Rather than impede the reaction as expected, 
the two phenyl groups in this molecule bring the functional groups 
into juxtaposition; hydrolysis to the diacid is complete within 
minutes. The monophenyl compound hydrolyses much more slowly 
to the carboxamide, while 4-cyano-4,4-diphenylglutaric acid is 
very resistant34b. 

R 1 ~ N  + R2COz- e. R'C 

OCOR2 

(14) 

Of much greater interest than the irnide formation itself, is 
the intermediate occurrence of the isoimide 13, a highly reactive 
specics, rarely represented in a stable co~npound:~~. Such a rnoleculc 
is potentially useful as a n  acylating agent, and considerable interest 
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in this possibility has been evident. The reactivity of cyanamides 
towards carboxylic acids has  been studied recently, and has given 
a clear picture of thc pattern for other nitriles. 

Just as cyanamide is able to bring about phosphorylation through 
the intermediacy of an  imidyl phosphate (section II.B), so it can  
be used successfully to activate an amino acid [or peptide synthesis36 
(reaction 6). Undoubtedly a 'high energy carboxylate' analogous to 

85" 

THY 
NH,CH,CO,Et + BzOCONHCPhMcC02H + NH2CN + 

BzOCONHCPhMcCONHC13zC02Et + NH,CONH, (6) 

13 is an  intermediate. When cyanamide is heated with various 
carboxylic acids at 100-150", mixtures of the ureide 16 and the 
amide 17 are obtained, the ratio of 17 to 16 increasing as the 
molecular weight increases in the aliphatic series. T h e  product 
distribution under different conditions and with differing acid 
strength indicates the reaction sequence shown3' (reaction 7). 

N H  
/ RC0,H 

RCOZH + NH2CN - RC0,-C __f (RCO),O + NH,CONH, 

(7) 

More recently38 the question of the intermediate occurrence of 
an  anhydride in this process has been examined, since direct rear- 
rangement of the 0-acylpseudourea 15 to 16 would not be surprising. 
A 2: 1 mixture of chloroacetic acid and dimethylcyanamide in 
CD,CN was held at  48" and examined at  intervals by n.m.r. It was 
shown that the gradual loss of dimethylcyanamide was accompanied 
by corresponding appearance of dimethylurea and chloroacetic 
anhydride (IS), while no intermediate compound reached a 
detectable concentration. Slower changes followed (reaction 8), 
and corresponding n.ni.r. resonances have been observed. At room 

1 \ 
(15) NH2 

RCONH, + [HOCN] RCOKEICONH, 

(17) (16) 

M e 2 N ~ N  h.Ic,i\;CONH , Me21YCONI-I 
I + __f + ---+ I +  

'2 ClCH,CO,H (ClCH,CO),O ClCH,CO 

(18) 
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temperature the yield of 18 was 72 yo in three days. With acetic acid, 
a maximum yield of about 10 yo acetic anhydride was obtained by 
heating at  60" for two hours. 

When cyanamide and a carboxylic acid are heated in an alcoholic 
solvent, ester formation is preferred to acylation of the urea. Yields 
are 3-15 times as high as those obtained under the same conditions 
in the absence of cyanamide31. 

In these cases, the carboxylic acid itself acts as a catalyst, the 
stronger acids being more reactive. 1 2  is not surprising then that 
hydrogen chloride can catalyse the reactions of weak acids. Imidyl 
chloride hydrochlorides react slowly at 0" with carboxylic acids to 
give both the anhydride and the chloride of the original a ~ i d ~ ~ * ~ ~ * ~ ~  
(reaction 9). The acyl chloride may arise by reorganization of 19 or 

I 

R2C0,H \ NH,Cl + -  OCOR2 
\ 

R2C0,H 

(19) 

R'C + (R2CO),0 

OH 
\ 

by reaction of hydrogen chloride with the anhydride. The amide 
recovered is derived solely from the original nitrile. Acid-catalysed 
acetolysis of hydrogen cyanide must take the same course41. I t  is 
noteworthy that in the presence of 0.1 M hydrochloric or sulphuric 
acid the latter reaction is about 106 times as fast as  hydration in an 
aqueous system. The difference must be primarily due to greater 
effective acidity of the mineral acid in acetic acid compared to water. 

111. NITRILE-METAL COMPLEXES 

The nucleophilic reactivity of nitriles demonstrated by their forma- 
tion of salts with proton acids is also reflected in  a very wide variety 
of metal complexes. These are formed by donation of the non- 
bonding electrons of the nitrogen atom, and their stability is influ- 
enced by the electronegativity of substituents in the nitrile. In 
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essentially all complexes investigated, the R-C-N-metal system is 
linear. Formation of the donor-acceptor bond increases the 
frequency of the C e N  stretching band substantially, a feature which 
is considered diagnostic for such ~ t r u c t u r e s ~ ~ * ~ ~ .  Distortion of the 
C r N  bond by the positive charge on the nitrogen atom causes 
enhanced electrophilicity at the carbon atom and underlies the 
wide use of electrophilic metal compounds, particularly metal 
halides, as catalysts in nitrile reactions. Interest in these complexes 
has been increasing also because of the use of the simple nitriles as 
aprotic solvents in synthetic inorganic chemistry. T h e  inorganic 
and physicochemical aspects of the metal halide complexes have 
been reviewed by Walton13. 

A. Complexes with Electrophilic Meta l  Halides 

Nitrile complexes with halides of boron, aluminium, antimony, 
tin and the transition metals have been studied extensively. In 
descriptions of the organic chemistry of these species, they are 
usually represented as simple donor-acceptor pairs, for example 
R C N  -*AlC13. However, in most cases they have probably more 
complicated structures, frequently dimeric and often with more than 
one nitrile ligand on the metal atom. The  reactivity of the nitrile 
may well be influenced by steric factors within the coordination 
sphere, and interaction with other ligands may play an unexpected 
role. While impedance to reaction from such causes could be 
important, facilitation of reaction might also arise from beneficial 
orientation of a cocomplexed reactant. 

Nitrile complexes with the strongly electrophilic metal halides 
rcact with alkyl chlorides to give nitrilium salts (2Q)22b343944. There 

+ \  L I 
SbCI, 

appears to be no appreciable steric factor in these reactions, and 
tertiary chlorides react extremely rapidly. Secondary chlorides are 
much slower and primary are very sluggish, although all give 
excellent yields with CII,CN.SbCl,. The reaction rate also depends 
on thc metal used, thc complex reactivity dccrcasing in the order: 
SbC1, > FeCI, > AICl, > SnCl.,. The detailcd mcchanism of these 
reactions has not been studied. Evidcntly high S,l-type halide 
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reactivity is acceierating ; possibly a four-centre concerted reorgani- 
zation occurs as indicated in equation ( 10). 

In rare cases, it is also possible to add hydrogen chloride to the 
nitrile complex to give the unsubstituted nitrilium salt (e.g. 21). 

250 + HCI 

50' 
[Ph-'-+I2SnCI4 + 2 HCI + [PhCkSVH],SnC162- __f 

(22) 

At 50" the salt 21 reacts with a second equivalent ofhydrogen chloride 
to give the imidyl chloride hexachlorostannate (22). More commonly 
hydrogen chloride does not react at all or gives the imidyl chloride 
directly4 5 *  58 .  

Acyl chlorides usually react with nitrile-metal halide complexes 
at about 150" to give salts containing two nitrile residues per acyl 
group, regardless of the reactant ratio ~ s e d ~ ~ ~ ~ ~ - ~ ~ .  The product 
oxonium salts (23) owe their stability to the substantial resonance 
energy of this heterocyclic system. This reaction involves nuclco- 

PhCN-+AICI, 
PhCh' + [PhC&COR] 

RCOCI AIClr- 

Ph 
I 
c 

I1 I 
I o'/ 

/ %  
N N  

AIEI, C' CR 

Ph 

Ph 
I 

philic attack of a nitrile at  the electrophilic carbon atom in the 
nitrilium salt, a step frequently observed in the reactions of such 
nitrile complexes. One may speculate that such interaction is 
facilitated by the gcornetry around the complexed metal atom. 

The oxonium salts (23) have proven to be useful intermediates 
for the synthesis of several classes of  heterocycle^^^. One such case 
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is conversion to an oxadiazolc by reaction with hydroxylaniirie 
(reaction 12). Scrambling of the original nitrile group and acyl 
chloride radicals takes place in reaction (1 1) through reversible ring 
opening of unsymmetrically substituted oxonium salts43. 

A recent investigation49 of the ability of phenyl cyanate to form 
nitrile-metal halide complexes is probably also indicative of the 
reactivity of thiocyanatcs and disubstitutcd cyanamides. Complexes 
which were obtaincd in mcthylene dichloride solution with AICl, 
and SnCl, exhibited typical C=N absorption. However, their 
infrared spectra were abnormal in other respects and suggestive of 
dimeric structures. Reaction of thc stannic chloride complex, 
possibly 24, with t-butyl chloride and subsequent hydrolysis gave 
the pseudourea 26 in 70% yield. The imidyl chloride complex 
25 is a logical intermediate. I t  appears that the potential electro- 

,Bu-t 

PhOC=N PhOC=N 

h' ' bSnC14 - PhOC-NHBu-t : I  1-BuCI r;! 
II 
NC0,Ph 

k. p c 1 3  \\ 
PhOC+Cl P h O  C- CI 

(2 4) (25)  (26) 

meric effect of the aryloxy group does not stabilize the nitrilium 
ion. The  cation is suficiently electrophilic to compcte with SbCl, or 
AlCl, for a chloride ion. 

Nitrilium salts can also be prepared by alkylation of nitriles with 
the triethyloxonium ion (reaction 13), and by arylation with 
diazonium salts43 (reaction 14). Probably the most frcquently used 
synthesis, however, is that shown in reaction ( 15). Reaction ( 14.) takes 

(13) 

RCGS + PhX2+BF4- [RC=iKPh]+BF4- + K2 (14) 

('5) 

RC=V + Et30+AIC14- d [RCEKEt]+AICI,- + Et,O 

C1 

+ SbCI, - P LII'C~SI12]LSbCI,- 
/ 

\ 
IIW 

S R 2  

place satisfactorily at  low temperature with simple aliphatic nitriles 
and phenylacetonitrile. However, with aromatic nitriles the N-aryl 
nitrilium salt undergoes nuclcophilic attack by a second nitrile 
moleculc to give a dimeric intermediate which cyclizes to a quinazo- 
h e 5 o  (reaction 16) by way of an intramolecular Houben-Hoesch 
rcaction (sec scction 1II.B). If  the Ar-aryl group is blocked in both 
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o-positions, the N-arylated dinier salt (27) 

25 3 

can be isolated*. The 

(16) 

nitriliun.1 salt may of course be generated by any of the routes above 
for use in this quinazoline synthesis. Its formation is favoured by 
electron-releasing substituents in the nitrile reactant, as would be 
expected. Alkyl thiocyanates and disuhstituted cyanamides gave 
excellent yielcls, while mono- and trichloroacetonitrile and ethyl 
cyanoacetate reacted very sluggishly50. Aryl cyanates, which by 
several tests are less nucleophilic than aromatic nitriles, gave lower 
yield s5I. 

Nitrilium salts have been used in many interesting ways in recent 
years. Reactions can occur a t  either the nitrile carbon, as in the 
quinazoline synthesis above, or a t  the nitrogen atom, although the 
former is much more common. An e ~ a m p l e " ~  of the latter type is 
illustrated in reaction ( 17). 

[PhCI_YCH,OCH,]+SbCI6- PhCN + [C5H51"\'CH,0CH3]~-SbC16- (17) 

Several unusual complexes are formed by PtCI, with aliphatic 
nitriles in the presence of amines or ammonia. The  compound 
Pt(MeCN) ,(NH,) ,Cl,.H,O has been shown to have structure 28 
containing acetamidine ligands, evidently synthesized within the 
coordination spheres2. 

pyridine 

(28) 

A variety of aliphatic nitriles react with phosphorus penta- 
chloride at  room temperature to give excellent yiclds of N-chloro- 
vinylpliosphoroimidic trichlorides of varying ~ o r n p l e x i t y ~ ~ .  The 
reaction is believed to proceed from a complex of the nitrile with the 

* The order of events in this case casts doubt on the need to postulate the dimeric 
complcs 24 as a precursor of 26 in the discussion above. 
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electrophilic species PC1,+. Some typical reactions of the product 
from chloroacetonitrile (29) are indicated below : 

PCl, + PCI, + 
ClCH,CN __f C1CH2C~NPC1,*PCI,- d C1,P c1 

-HCI [ \ / c=c PC1,- 

CCl~CCl~N=PCl, 

MCOPCI, 
29 C1, P-C =C-N=PCl, 

B. The Gattermann and Hooben-Hoesch Syntheses 

In these fundamentally identical reactions (reaction 18), hydrogen 
cyanide or a nitrile is activated by interaction with hydrogen chloride 
and (usually) an electrophilic metal halide to give an  electrophilic 
species which will attack an electron-rich aromatic system. The 
process is comparable to the Friedel-Crafts acylation reaction, and 
superficially the reagent appears to be an imidyl chloride. The 
aldimine or ketimine salt produced is normally hydrolysed to a 
carbonyl compound without isolation. The history and practice of 
both the aldehyde synthesis (Gattermann reaction)64 and the ketone 
synthesis (Houben-Hoesch reaction) have been reviewed 
recently. 

OH OH OH 

4- RCN 

0" i n  Et,O eOl3 (18) 
R C = ~ H ?  RC=O 

Despite high interest in these reactions and much critical study, 
thcir detailed mechanisms remain speculative. Nevertheless, it is 
undoubtedly true that the active electrophile is a nitrilium ion, 
probably in equilibrium with the imidyl chloride. Either 1 :2 or 2 :  1 
nitrile-metal complexes would be admissible possibilities. The most 
effective spccies appears to vary with the nitrile, the metal halide 
and the reactant ratio used. 

Zil'bcrmanzo~56 has made a major advance in this field by 
finding that maximum yields are obtained iri the Houben-Hocsch 
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reaction if the RCN-ZnCl,-HCI reagent is mixed in ether and allowed 
to age a t  0" for several hours before the aromatic reactant is added. 
Furthermore, there is an optimum duration for the ageing process, 
before or after which the yields are greatly reduced. Obviously the 
complex-forming and reorganization stages are slow, and it is an 
unstable complex which is most reactive. It is clear from this work 
that past reported yields in many cases probably can be greatly 
improved. By first preparing the imidyl chloride salt it was even 
possible in some cases to obtain improved yields of ketimine without 
the use of the metal halide catalyst. 

Experiments with SnC1, and TiC1, as catalysts gave very poor 
yields in the reaction of benzonitrile with resorcinol; A1C1, gave a 
moderate yield, but ZnC1, was far better5'. This variation is pre- 
sumably related to the complicated effect of the metal on the 
nitrilium ion-imidyl chloride equilibrium5* (section 1II.A). 

Correlations of the yields in the Houben-Hoesch reaction are 
subject to  some doubt, but there are sufficient examples to show that 
the effcctiveness of various types of nitriles, RC=N, increases with 
the electronegativity of the group R. 

C. Metal Carbonyl Complexes 

Nitriles can displace carbon monoxide from various metal 
carbonyls to give several types of complexes. Chromium, tungsten 
and molybdenum hexacarbonyls react with excess acetonitrile a t  
80" to give trisacetonitriletricarbonyls which have substantial 
stability and can be used in the preparation of other complex 
corn pound^^^. Complexes with fewer nitrile ligands are obtained 
a t  lower temperature by photochemical reactionG0. The  complex 30 
rcacts with acrylonitrile at room temperaturc to give 31, which 
cannot bc obtained directly; di- and triacrylonitrile complexes can 
be prepared similarly. The infrared and n.m.r. spectra of 31 and 
the dinitrile complex unequivocally show the linear -C=N -* W 
structure60*G1. The C=C bond is not involved, and 31 will react 
with cyclopentadiene to give a Diels-Alder adduct (reaction 19) 

(19) 

T h e  triacrylonitrile complex, however, is bonded through the 
n-electrons of the C-C function in more common fashion. A 
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complex (CH,=CHCN),Mo(CO), has also been reported, which is 
considered to be a polymer containing bidentate acrylonitrile 
ligands as bridges6,. 

Dialkylcyanamides which are not sterically impeded react with 
boiling nickel carbonyl to give air-sensitive complexes of the compo- 
sition [ (R,NCN)Ni(CO)] 2. Thermal decomposition in high vacuum 
regenerates the starting dialkylcyanamide, showing that this structure 
is not chemically altered. Spectroscopic and other physical properties 
of these complexes support the structure 32 in which zero-valent 
nickel is bonded to the amino nitrogen through its lone-pair elec- 
trons, and to the nitrile group through its m-electrons. Addition of a 
halocarbon to a solution of the complex causes a spectral shift to 
the high C=N absorption frequency of a linear nitrile-metal 
complex 63. 

N co NR? 

C Ni Ni C 
Ill\ / \ / I  

R,N N 
I /  \co/ ‘111 

(32) 
Acetonitrile reacts with decaborane on heating to give a bis- 

nitrilium saltG4 (equation 20). This reaction has also been used to 

2 MeCN + I3loH14 __f (MebN),B10H122- +- H2 (20) 

prepare polymeric products from din it rile^^^. The ease of reaction 
is dependent on the basicity of the nitrile; cyanogen does not react, 
malononitrile is sluggish and diethylcyanamide will displace 
acetonitrile. I n  satisfying analogy to strong proton acids, iron 
carbonyls have been shown to catalyse trimerization of PhC”cG. 

+ 

IV. HYDRATION O F  NITRILES 

Hydrolysis of nitriles in either alkaline or acidic media has long 
been an  important synthetic route to carboxylic acids. Under the 
conditions commonly employed, hydrolysis of the intermediate amide 
is much faster than the initial hydration of the nitrile (equation 21). 

RCN + H,O + RCONH, + RCO,H + NH, (21) 

However, several effective procedures have been developed for 
interrupting the process at the amide stage. Examples of amide and 
acid syntheses and pertinent bibliographies have been compiledG7. 
This discussion will be primarily concerned with the hydration 
process. 

H 2 0  
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A. Base Catalysis 

Base-catalysed hydration of nitriles has proven to be mechanisti- 
cally straightforward. The  sodium hydroxide-catalysed reaction 
obeys the bimolecular rate law very closely over a wide range of 
alkali concentrationGs. This is in accord with the mechanism 
suggested by analogy with ester hydrolysis (Scheme 1). 

N- 
slow // 

\ 
R C r N  + 01-1- IZC 

OH 
N- NH 

+ OH- 
// 

\ 
+ r5,o ._ RC 

// 

\ 
RC 

OH 0 H 
K H  NI-I, 

/ 
___f RC 

// 
RC 

0 1-1 
\ 

SCIIFXE 1. 

Wiberg has studied the hydroxide-catalysed hydration of a 
limited series of benzonitriles'j9 and shown that the substitucnt 
effects are in line with the expected accelerating influence of electron- 
attracting R groups. His data  fit the Hammett correlation satis- 
factorily, with a p-value quite comparable to that for alkaline 
hydrolysis of benzoate esters70. A particular point of interest was 
the high negative entropy of activation in these reactions ( -  13 to 
-17 e.u.). A comparable value was derived from the data for 
propionitrile68. Rates of alkaline hydrolysis, and hence of hydration 
to the amidc, have also been reportcd for the following aliphatic 
nitriles which gave the reactivity order : succinonitrile (relative rate 
constant, 2-62) , acrylonitrile (1 -39) , adiponitrile (1 * 18) , acetonitrile 
( 0 ~ 9 4 5 ) ~  methacrylonitrile (0.362). Energies of activation were 
found to increase in the inverse order sufficiently (33.6 to 47.5 
kcal/molc) to explain the relative rates71. 

T h e  relative rates of propionitrile and  propionamide hydrolysis 
have been shown to be about 1 : 10 over a wide range of alkalinityG8. 
This relationship is not general, howcvcr, a s  has sometimes been 
assumed. For example, the Hammett p-value is 2.3 1 for alkali- 
catalysed hydration of bcnzonitriles and  1.06 for hydrolysis of 
bcnzamides70. Conseclucntly these correlation lines must intersect 
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at some high a-value. The equivalent of the necessary high U-values 
are readily attained in electronegatively substituted aliphatic 
nitriles, cyanopyridines, etc. An illustration is found in the observa- 
tion that hydration of 2-cyano- 1 , 10-phenanthroline is 15 times as 
fast as hydrolysis of 2-carbamido- 1 , 10-phenanthroline in 1 -OM 
sodium hydroxide72. 

As these considerations suggest, synthesis of amides by hydroxide- 
catalysed hydration of nitriles is most successful with mild bases and 
with relatively reactive nitriles. Although nicotinonitrile is con- 
verted to the acid by aqueous sodium or potassium hydroxide, a n  
80 yo yield of nicotinamide is obtained by heating with concentrated 
aqueous ammonia at 110" 73. Shorter reaction time is sufficient if 
a basic quaternary ammonium ion-exchange resin is used74. 
Magnesium oxide is also reported to be effective for the same reac- 
t i ~ n ~ ~ .  Nicotinonitrile is a relatively reactive compound from other 
evidence, however. It is noteworthy that these reports of its hydration 
do not contain examples with other nitriles and no generality is 
claimed. 

Study of the reactivity of a variety of nitriles with aqueous 
aniincs has yielded pertinent i n f ~ r m a t i o n ~ ~ , ~ ~ .  Simple aliphatic or 
aromatic nitriles do not rcact a t  a significant rate with aqueous 
primary or secondary amines a t  lOO", and only very slow reaction 
(to give N-substituted amides and the carboxylic acids) takes place 
at 150". If the nitrile is strongly activated by electronegative 
substituents, however, as in malononitrile, cyanoacetic esters or 
cyanoacetamides, reactions t a L  place readily a t  100" 77*78. Since 
the products of these reactions are usually N-substituted amides, 
it is not certain that base-catalysed hydration is in fact the initial 
step. If this is the case, tertiary amines would be expected to serve 
as hydration catalysts. Succinonitrile and 3-methoxycarbonyl- 
propionitrile rcact slowly with aqueous aniines at loo", the small 
activating effects of thc P-substituents perhaps being reinforced by 
formation of cyclic interrnediatcs77*78. (Coxlipare section 1I.C.) 

B. Acid Catalysis 

The mechanism of acid-catalysed hydration of nitriles has been 
studied intensively. The kinetic data of ICrieble41*79 and Winklerso 
and their associates have provided the basic description of the 
variation of rates of hydration of simple nitriles as a function of acid 
coiiccntration arid reaction tcmpcrature. Specific effects of the acid 
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anion were disclosed as well as some substituent effects on nitrile 
reactivity. Nevertheless, a comprehensive analysis of the reaction 
mechanism did not emerge until the work. of KilpatrickB1 on the 
acid-catalysed conversion of cyanamide to urea. It is instructive to 
consider first the complexities of the hydration of cyanamide and 
then to relate the conclusions to other nitriles. 

All observations on nitrile hydration in dilute acid are in accord 
with the steps of Scheme 2. Although inspection suggests that 

+ + + 
(a) R k i  + H,O [RC=NH R-NH] + H,O 

NH 
+ // 

(b) RC=NH + H,O RC 

NH N H  
// + + II,O RC + H,O 

// 
( c )  R C  

\ +  \ \ .  

OH, ’OH 

‘OH 
SCHEME 2. 

step (b) would in all probability be rate-determining, Hammett 
found that the rate of hydration of cyanamide in 0.5-5w nitric acid 
is approximately proportional to the H, acidity function. By the 
Zucker-Hammett hypothesis, this implied a mechanism which 
did not include water in the rate-determining step. The slow step 
was instead conceived as isomerization of the conjugate acid 
NH,CN-H+ to a more active species which reacted rapidly with 
waterBe3. Kilpatrick’s subsequent work, however, showed that hydro- 
halic acids cause strong retardation of hydration a t  high concentra- 
tion, while in trichloroacetic acid and in acetate or dichloroacetate 
buffers hydration is more rapid than anticipated from the hydrogen 
ion concentration. Clearly the unimolccular postulate was untenable, 
and the complex data also were not satisfied by considering step (b) 
alone as rate-determining. In particular, the apparent base catalysis 
by carboxylate anions required explanation. An unconventional 
proposal that the rate-determining step was (c), in which deprotona- 
tion of the hydrated cation competes with more rapid ejection of 
the water moleculesl, has not been entirely accepted because proton 
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cxchange reactions at  oxygen or nitrogen are normally very fast82b.c. 
Bunnett has discussed this question in the &ght of his empirical w- 
criterion of mechanism8". Values of w for HN0,-catalysed hydra- 
tion (+0-8 to + 1.5) were indicative of a reaction in which the 
rate-determing stcp is nucleophilic attack by water on the conjugate 
acid of the substrate, thus step (b). Recently, howcver, it has been 
shown that the nitrate ion causes a large salt eEect which could lead 
to unusually low w-values. Perchloric acid gives a more accurate 
picture, and with this a high w-value ( +8.0) was obtained, implying 
that water acts at  least in part as a proton-transfer agent in the 
rate-determining stepa3. Possibly the best interpretation at  this time 
is a concerted process in which nucleophilic attack by water (step b) 
is coupled with deprotonation by a second water molecule or other 
base (step c). 

The retarding effect of increasing hydrochloric acid concen- 
tration causes a maximum in the hydration rate of cyanamide at 
about 1 . 7 ~  acid. This is due to formation at high acid strengths of 
the imidyl chloride 33, which is exceptionally stable due to amidine 
resonance. At low acidity this is overcompensated by a substantial 

N H 2 C E N  + 2 HCI e. Cl-C: ct- 
[ 

NH2 

(33) 

positive electrolyte effect. The retardation is very marked; in 3N 
hydrochloric acid thc hydration rate at 30" is one-tenth that in 3~ 
nitric acida'. 

Other nitriles have been studied in less depth, but counterparts 
of several features of the cyanamide hydration process have been 
observedsl. At hydrochloric or hydrobromic acid concentrations 
above about 4 ~ ,  several common nitriles give higher reaction rates 
than are observed with sulphuric acid. In these concentrated 
solutions, the nitrile is to some extent converted to the protonated 
imidyl halide (equation 1, section 1I.A). Unlike 33, these species 
are not stabilized by resonance and hydrolyse at  higher rates than 
the nitrilium salts (Scheme 2) so that the composite rate is abnor- 
mally high. This change in mechanism is in agreement with a 
progressive decrease in the apparent activation energy of the 
reaction as thc acid conccntration is increased. A smaller but similar 
effect occurs in sulphuric acid, but other complications in such 
systems makc the cause obscure. The hydration of propionitrile in 
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1 0 ~  hydrochloric acid is about twenty times as fast as in 1 0 ~  
sulphuric acid; hydrogen cyanide and lactonitrile show still greater 
effects. Carboxylate anions could also act as nucleophiles in this 
sensesZC and in SO doing would give isoimide structures (15, section 
1I.C). As discussed earlier, these would be high-energy carboxylates 
and could be responsible for part of the specific catalytic activity 
of carboxylic acids. 

Acceleration of the rate of hydrolysis of a nitrilc by conversion 
to an imidyl chloride deserves further comment. In  dilute acid, the 
reactive species is clearly the mesomeric cation 34. If this were well 
represented by 34b, coordination with chloride ion would compcte 
with hydrolysis and be decelerating. If, as is much more reasonable, 
the cation is close to 34a, conversion to 35 and 36 produces an 
increase in the effective concentration of species susceptible to 
hydrolysis. T h e  carbon atom of the functional group must be more 
electrophilic in 36 than in the hybrid cation 34. 

+. N H hHn 

\ 
c1 

\ c1 
(34a) (34b) (35) (36) 

An interesting case has been reported of concerted general acid 
catalysis by metal ions in nitrile hydration by hydroxide The 
second order rate constant for the reaction of the Niz+ complex of 
the cyanophenanthroline 37 with hydroxide ion to give the amide 
is lo7 times greater than that for 37 itself. Activation enthalpies for 
the two cases arc essentially equal, the entire rate difference being 
attributable to the exceptionally large positive entropy of activation 
in the metal ion-catalysed reaction. I t  is proposed that the Niz+ 
cation is appropriately situated in the complex to bond to the devel- 
oping imino anion in the transitioll state (38). This interaction could 
result in reduced solvation and the vcry favourable entropy change. 
The presence of the metal also facilitates attack by ethoxide ion to 
give thc imidate. 
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As the discussion above suggests, the rate of nitrile hydration in 
concentrated acids can substantially exceed the rate of further 
hydrolysis of the product amide. Practice has anticipated theory to 
some extent, and concentrated sulphuric, hydrochloric and phos- 
phoric acids have long been used in practical amide syntheses67. 
A particularly important illustration is the conversion of acrylonitrile 
to acrylamide, which is carried out industrially by heating the 
nitrile briefly with an equimolar amount of sulphuric acid mono- 
hydrate a t  about 100" 8 4  (reaction 22). The reaction product, 
acrylamide sulphate (39) , can be processed to yield acrylamide 

CH,=CHCN + HzS04 + HzO + CH2=CHCONH,*HzS04 (22) 

itself or may be reacted with an alcohol or with additional water to 
an give an acrylate or acrylic acid. 

Additional special techniques which have been recommended for 
the hydration of nitriles without hydrolysis of the product amide 
include the use of boron trifluoride in aqueous acetic a ~ i d s ~ * * ~ ,  and 
of polyphosphoric acids6.57. In many cases, complex salts formed 
by reaction of nitriles with anhydrous acids will undergo easy 
hydrolysis when water is added. 

(39) 

C. Addition of Hydrogen Peroxide 

The Radziszewski reaction, in which a nitrile is converted to an 
amide by reaction with hydrogen peroxide in weakly basic solution 
(reaction 23) , is very closely related to hydroxide-catalysed hydration. 
I t  has been shown by Wiberg6g*8a that the reaction rates for several 

N- N H  NH, 
H,O, / ---+ RC + 0, 

// 

\ 
---+ RC 

slow / 
\ 

RCN $- 130,- --+ RC 

0-OH 0-OH 

(40) (23) 

substituted benzonitriles obey the Hammctt correlation as required 
by the mechanism shown ( p  = 1-66). The reaction is over 10.' times 
as fast as that with hydroxyl ion, the difference being related to 
much more favourable entropy of activation in the hydropcroxide 
addition step ; enthalpies of activation were found to be approxi- 
mately the same for the two cases. The exccptioilal nucleophilicity 
of the hydroperoxide anion in this reaction has been attributed to 
participation of the proton on oxygen in a cyclic transition state 
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(41), in which the developing negative charge on nitrogen is partially 
‘solvated’ intramolecularly. This suggestion72 is closely related to 

R-C=N 
f -,H 
-0-0 

(41) 

the explanation for facilitation of the hydroxide-catalysed hydration 
of 2-cyano- 1,lO-phenanthroline by complexed metal ions (see 
section 1V.B). 

Various modifications of the Radziszewski reaction have been 
recommendeds7. Yields of amidcs are frequently excellent. 

Utilization of the transient peroxyimidic acid intermediate (40) 
of the Radziszewski reaction as an  oxidizing reagent is an important 
concept introduced by Paynesg. This species proves to be a highly 
reactive clectrophilic oxidant toward any available reducing agent. 
It will efficiently epoxidize an olefin, convert pyridine to its N-oxide, 
and oxidize aniline to azoxybenzene. In  the absence of such sub- 
strates, oxidation of hydrogen peroxide itself produces oxygen and 
the carboxamide. Optimum conditions for the epoxidatiou process 
have been published”. As a general procedure, 50-90 yo aqueous 
hydrogen peroxide is added gradually to an excess of both the olefin 
and acetonitrile in methanol, while the pH is held a t  7.5-8.0 by 
concurrent addition of alkali. Acetonitrile is die most practical 
reagent, although reactions with benzonitrile are faster. Alterna- 
tively phosphate buffer, which inhibits reaction of 40 with hydrogen 
peroxide, can be used to obviate the need for close control of the 
alkalinity of the reaction mixture91. Trichloroacetonitrilc and iso- 
propylidenemalononitrile92, highly activated reactants in many 
instances, were found to react rapidly even a t  pH 5-6. The peroxy- 
imidic acids should find many synthetic applications. Their advantage 
over peroxides lies in their applicability under alkaline  condition^^^^^^. 

V. NUCLEOPHILIC ADDITION OF HYQROXY,  AMINO 
AND SULPHYDRYL COMPOUNDS 

A. Addition of Alcohols and Phenols 

Addition of an alcohol or phenol to the C=N bond gives an 
alkyl or aryl ester of the related imiclic acid (an ‘imidate’, formerly 
called a n  ‘imino cther’). The corresponding thioimidates are also 
known, but are of much less interest because of the poor availability 
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of the sulphydryl compounds. Following rather intense activity 
around 1900, interest in the imidates has been low until recent years. 
A review of their chemistry by Roger and Neilson appeared in 
196 1 94 and has been supplemented by 2il’berman”J. 

1. The Pinner synthesis of imidates 

The classic procedure for the prcpamtion of alkyl imidate salts 
is the Pinner synthesisg5 (reaction 24). Although numerous modifica- 
tions in reactant ratio, choice of solvents and mode of operation 

-00 [*lc<132] c1- (24) 

RIC=N + R20H f HCI ____f 

ether, etc. 

0112 

have been advanced, very little significant improvement has been 
made on Pinner’s basic proccdure. Reaction of equivalent amounts 
of the three components commonly gives yields in excess of 90% 
within 24 hours. 

The reaction is almost completely general with respect to the 
nitrile reactant, limited only by steric factors and by the great ease 
with which the alkyl imidate hydrochlorides from strongly electro- 
negatively substituted nitriles undergo the ‘Pinner cleavage’ 
(reaction 25), in some cases under the synthesis conditions. I n  
practice, the alcohol component is usually methanol or ethanol 

$NH2C1j ,NH? 
R’C,f, ---+ R’CB -I- R‘CI (25) 

0 -R‘ 0 

because in the subsequent reactions of greatest interest this group 
is usually lost. However, benzyl alcohol and secondary alcohols can 
be used successfully. Recently it has been shown that strongly 
acidic alcohols, such as 2,2,2-trichloroethano1”6 and the 2-nitro- 
alkanolse7 give stable imidate hydrochlorides with trichloroaccto- 
nitrile. I n  these compounds, the electron-attracting substituents 
oppose displacement of the protonated trichloroacetimidyl group, 
which is an exceptionally good leaving group9‘j. The  Pinner synthesis 
is usually also satisfactory with simple phenols. I t  commonly 
competes with the Houben-Hoesch reaction despite the use of a 
metal halide catalyst in the latter process, and in some cases the 
imidate has been formed exclusively. Aryl imidate hydrochlorides 
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do not undergo the Pinner cleavage on heating and may be prepared 
normally from the highly activated nitriles. 

Hydrogen chloride is used almost exclusively in the Pinner 
synthesis. Although hydrogen bromide and iodide have been 
recommended98 to increase the speed of the reaction, this is rarely a 
significant problem. O n  the other hand, the imidate hydrobromides 
and hydroiodides have lower thermal stabilitiesg7. 

Although there has been almost no study of the mechanism of 
the Pinner reaction, it seems quite safe to assume that it proceeds 
analogously to the solvolysis of nitriles in water or carboxylic acids. 
As in those cases, perhaps the clearest data come from a study of the 
alcoholysis of cyanamidesl. Solvolysis of cyanamide in methanol 
containing 0 . 1 ~  hydrogen chloride (reaction 26) is 150 times as 
fast as in water (reaction 27), probably largely because of the greater 
nucleophilic reactivity of the alcohol compared to water. Sur- 
prisingly the bimolecular rate constant drops off with increasing 

+ 
NH, 

-n+ 
NH,CN + H,O + HCI - NH,C - NH,COhTH, (27) 

\ 
\ 
OH 

acid concentration even 2t this low level. Evidently, as in the 
hydration reaction (section IV.B), formation of chloroformamidine 
hydrochloride impedes solvolysis. A maximum rate must occur at 
some still lower hydrogen chloride concentration. I n  the practical 
synthesis of 0-alkylpseudoureas from ethanol and higher alcohols by 
reaction (26) ,  separation of crystalline chloroformamidine hydro- 
chloride usually can be observed in the early stage of the reaction. 

If the parallel with hydration holds for alcoholysis of nitriles in 
general, it may be expected that intermediate imidyl chloride 
formation will normally enhance the rate of conversion to imidate. 
Thus hydrogen halides should be better catalysts than the oxy acids. 
There is no experimental basis, however, upon which to judge the 
relative importance in the reaction of the imidyl halide versus the 
nitrilium cation. 

Alkyl thiocyanatesgD give dialkyl iminothiocarbonates in the 
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Pinner synthesis (reaction 28) , but alkyl cyanates are decomposed 

RSCN + EtOH + HCI + C=NH,CI- (28) 

to the alkyl chloride and cyanic acid which reacts with the alcohol 
to form a carbarnateloo. Aryl cyanates give unstable alkyl aryl 
iminocarbonates which decompose easily to the aryl carbamatc 
(reaction 29) and will react with additional alcohol to give methyl 
orthocarbonatelOl (reaction 30). This reactivity is imprcssive in 

(29) 

RS 
\ +  

/ 
EtO 

PhOCONN, + MeCl 

PhO \ +  C-==NH,CI- / 
PhOCN + MeOH + HCl- 

McOH \ / 
MCO 

view of the stability of 0-methylpseudourea hydrochloridelo2. 
Although the cyanates and cyanamides have somewhat comparable 
reactivity, reactions of the latter lead to amidine structures which 
are strongly stabilized by resonance. 

A variation on the Pinner synthesis consists of initial preparation 
of the imidyl chloride followed by reaction of this with an 
a l ~ o h o l ~ ~ . ~ ~ . ~ ~ .  Frequently excellent yields are obtained in this way, 
although normally there is no advantage over the conventional 
procedure. However, as  pointed out earlier (section IJ..A), the 
‘imidyl halides’ are somewhat unpredictable in composition, and 
unexpected results may occur. For example, the dimeric imidyl 
chloride salt from chloroacetonitrile reacts with ethanol to give a 
high yield of chloroacetamidinc103 (reaction 3 1). This kind of 

f 
C1 NH2Cl- 

I li 
CICH2C=-S-CCI-I,CI + 3 Et0I-I d 

4- 
NH,Cl- 

+ ClCH,CO,Et + Et,O + HCl (31) 
/ 
\ 

ClCII,C 

m2 
anomaly is particularly likely to he encountered with the more 
reactive nitriles. 
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2. Base-catalysed addition of alcohols 

Base-catalysed alcoholysis of nitriles (reaction 32), originally 
discovered by NePo4, is a very simple and efficient method for the 
conversion of many nitriles to imidates. I t  has only rarely been 
applied until recently, however, because it is unsuited for use with 

N H  
R20- // 

(32) RIC=N + R 2 0 H  -= RIC 
\ 
'OR2 

the simple nitriles. The reaction was reintroduced in 1960 with a 
study of its scope, suitable procedures and new illustrations of its 
utilitylo5. 

T h e  equilibrium conversion of nitrile to imidate in methanol at 
25" in the presence of a catalytic amount of sodium methoxide is 
low with the simple nitriles, but as shown in Table 1, the reaction 

TABLE 1. Base-catalysed convcrsion of nitrilcs to methyl 
imidates (1.051 in methanol at 25O). 

Nitrile Equilibrium conversion (%) 

MeCN 
PhCH,CN 
Et,NCI-I,CN 
Me,COCH2CN 
CICH,CN 
(EtO),CHCN 
PhCN 
4-C1C,H4CN 
3-NO,C,H4CN 
J-C,H,NCN 
MeiNCN 

2 
12 
22 
91 
93 
95 
20 
45 
86 
71 

100 

is strongly promoted by electronegative substituents and gives high 
conversions with many interesting nitriles. I n  most cases, the equi- 
librium is reached in 15-100 minutes, and the solution of the 
imidate base can often be used directly for a subsequent reaction 
without separation of residual unreacted nitrile. The  fact that 
reaction (32) is reversible accounts for the instability of some imidate 
bases toward alkali. Autocatalysis of dissociation during storage can 
be appreciable in those cases where the equilibrium is unfavourable. 
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The mechanism of reaction (32) appears to be straightforward. 
Those aspects of the kinetics which have been examined*05*106 are 
in generai accord with other base-catalysed addition reactions of 
nitriles. I t  is worth noting that the data on base-catalysed imidate 
formation probably offers the broadest comparison available of 
nitrile reactivity versus structure. 

This base-catalysed imidate synthesis neatly compliments the 
Pinner reaction, each being well suited to those cases for which the 
other is least useful. For the large intermediate group of nitriles 
which react well by either method, the less familiar basic procedure 
frequently offers advantage. 

I n  recent years, there has been particular interest in this technique 
for use with c y a n o g ~ n ~ ~ ~ * ~ ~ ~ ,  tri~hloroacetonitrile~~~~~9 and per- 
fluoroaliphatic nitrilesllO. In these cases, alkali carbonates or 
cyanides or tertiary amines are satisfactory catalysts. Trichloro- 
acetonitrile has been used successfully with a variety of complex 
primary and secondary alcohols, and even with tertiary alcohols. 
Trifluoroacetonitrile does not add tertiary alcohols because of 
competing alkoxide-catalysed trimerization, which could well 
involve a related mechanism (reaction 33). 

YN- R O H k  HNH 
CFaCN + RO- ___f CF3C 7 CF,C 

‘OR ‘OR 

The imidates obtained from tlicsc \-cry activc nitrilcs react 
extremely rapidly with acids, including carboxylic acids and 
hydrogen fluoride, in the sense of the Pinner cleavage (reaction 25), 
and their study has provided an insight into the detailed mechanism 
of this reactiong6. 

3. lmidates as activated nitriles 

Imidates can be expected to lie more reactive than nitriles in 
acid-catalysed reactions (the cyanamide deri\;atives are probably 
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a unique exception) for the same reason that imidyl chlorides are 
much more reactive than the corresponding nitriles (section 1V.B). 
The carbon atom of the functional group in a protonated imidate 
cation is highly electrophilic, and an alkoxide is a sufficiently good 
leaving group to permit nucleophilic displacement reactions. With 
nitrogen nucleophiles in particular, amidine resonance in the 
reaction product provides much of the driving force for displacement 
of the alkoxide (reaction 34). This type of imidate reaction gives 

- I -  
NH, R1 R1 + 

NH + RIC y -  .- \ +  HN-C-NH, I 4 [;N-L,,,] (34) 
\ 

/ 
+ R 2 0 H  

/ OR2 
'\ 

OK2 

the same product as  would be expected from the nitrile. I n  practice 
it is frequently found that substantial advantage can be gained in this 
way. A few examples are given below. 

[ 11 The two-step conversion of a nitrile to an ester by reaction (35) 
takes place within minutcs at room temperature105. 

NH 
HCI 

H a 0  
d CICH,CO,Me + NH,CI (35) 

N a O M e  // 

\ 
CICH,CN + MeOH CICI-I,C 

OMc 

[2] Amidines are obtained very readily by reaction of imidate 
hydrochlorides with alcoholic ammonia 9 5  or by reaction of imidate 
bases with ammonium salts105, whereas acid-catalysed addition of 
ammonia to a nitrile is a slow, high-temperature process (section 
V.B) . 

[3] A limited number of s-triazines can be obtained by strong 
acid-catalysed trimerization of nitriles; imidates, in general, tri- 
merize readily at  ordinary temperature in the presence of acid 
catalysts1" (reaction 36). 

B. Addition of Ammonia and Amines 

U-nsubstituted amidincs are usually prepared by reaction of an 
imidatc salt with ammonia (equation 37) or by the equivalent 
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reaction of an imidate base with an ammonium salt. For large scale 
usage, however, a single step synthesis from the nitrile is desirable. 
Two broadly useful solutions to this need are discussed below. 

+ 

+ R20H (37) 

NH2 
R ' C ~  + NH, - 

'OR' 

1. Synthesis of amidinium salts 

Nitriles react with ammonia or amines as  with other nucleophiles 
to establish an equilibrium (equation 38) in which the conversion 
to amidine is favoured by electron-attracting substituents in the 
nitrile. Very strongly activated nitriles such as trichloroaceto- 
nitrile112 or t r i f luor~acetoni t r i le~~~ will add ammonia and amines a t  
low temperature rapidly and essentially quantitatively. Such 
amidines will themselves react with additional nitrile to give 
unstable imidylamidines (reaction 39). Hydrogen cyanide, with its 

(38) 

NH 
// 
\ 

P . h N  + NH, + R C  

ATH, 

100 II I 
I&O 

iW NH, 

2 CC1,CN + NH, + CCI,C-N=C-CCl, (39) 

uniquely unhindered functional group, reacts readily with primary 
amines to give substituted formamidine~1~4-116 (reaction 40) and in 
a somewhat more complicated way with secondary alicyclic amines 

NH NR 
IiCN + RNH2 __* I-IC, // __+ I-rc, // + mi, (40) 

NHR NHR 

(reaction 41). In this case the products exhibit salt-like properties 
in strongly solvating media such as phenol but are covalent under 
usual conditions116. These reactions also take place very rapidly 
in aqueous amine solutions, in which case hydrolysis to the N -  
substituted amide immediately ensuesll'. (Compare section 1V.A.) 
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With most nitriles, ammonia and amines cause very little con- 
version to amidine under any conditions investigatedlla. This 
failure probably has two causes: (a) the equilibrium is itself 
unfavpurable, particularly at the high temperatures which have 
sometimes been used, and ( b )  the activation energy must be very 
high and the rate of reaction very slow with the simple nitriles. 
When liberated from their salts, the free amidines are moderately 
stable a t  ordinary temperatures; acetamidine, for example, can be 
distilled at 90" at low pressure without appreciable dccomp~si t ion~~.  
If, however, the reaction can be carried out in such a way that the 
amidine is stabilized as an  amidinium salt, higher temperatures can 
be employed to accelerate the addition reaction. Such a technique 
has long been known for the conversion of cyanamides to guanidine 
salts119 and for the synthesis of N-arylbenzamidines120 and consists 
simply of the fusion of a n  ammonium salt with the nitrile (reaction 
42). 

X- (42) R'CN + R2R3NH*HX 

Oxley and Short and their collaborators*18 studied nearly all the 
variables in this general scheme and found it to be particularly 
useful for the synthesis of N-substituted amidines from aromatic 
nitriles. Optimum conditions include the use of sufficiently high 
temperatures (180-250") to obtain a melt and a large molar cxcess 
of the salt. The  anion present is quite critical, and best results are 
obtained with benzenesulphonates or thiocyanates. Ammonium 
thiocyanatc gives moderately good yields of the unsubstituted 
amidines, but recovery of the product in useful form is usually 
awkward. An exception is the preparation of p-chlorobenzamidine 
thiocyanate in 90 yo isolated yieldlZ1. Thiourea is an equivalent 
reagent for this purpose due to its isomerization to ammonium 
thiocyanate at the reaction temperature. 

A major breakthrough was achieved in 1961 with the discovery 
that unsubstituted amidine salts can be prepared in high yield from 
a wide variety of aliphatic and aromatic nitriles by reaction with 
ammonium chloride or bromide in the presence of ammonia 
under pressure a t  125-150" I2l. There arc no significant side reactions 
in this amidine synthesis, provided the nitrile is not degraded by 
amrnonia at  150". Consideration of the factors involved in maximiz- 
ing the amidine yield is instructive. The  problem is to achieve an 
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adequate reaction rate FA the slow step (reaction 43a) at a tempera- 
ture where the equilibrium concentration of amidine salt is high. 
This prohibits use of temperatures much above 150”. A high 
ammonia concentration is needed to promote the forward reaction 

and to act as a solvent when no other is used. Too much is dis- 
advantageous, however, because it necessitates an increase in the 
salt content to ensure protonation of the amidine product (reaction 
43b). Practical reactant ratios are: 1 *O mole nitrile/l-2-20 moles 
NH3/1-4 moles NH,X. To reduce the working pressure at the re- 
action temperature it is advantageous to use methanol as a solvent. 
This has essentially no effect on the yield or reaction rate. Equilibrium 
conversions with ammonium chloride and ammonium bromide are 
essentially the same, but reactions with the latter are substantially 
faster. The expected activating eFfect of electronegative substituents 
is observed in faster reactions at lower temperatures. 

Acid catalysis cannot be a significant factor in these reactions in 
which free ammonia is present. However, some contribution to the 
success of the salt fusion process may come from the slightly acidic 
character of the ammonium salts. Something approaching a 
concerted reaction may be involved (equation 44). 

Hydroxylamine is an exceptionally nucleophilic amino compound 
and reacts readily with all types of nitriles to give amidoximes 
(equation 4.5). The reaction can be carried out in an aqueous 
system, but better yields arc usually obtained with solutions of free 

NOH 
// 

\ 
K=N + NHzOH - RC 

NH, 

(45) 

hydroxylamine in ethanol or butano1122. The reaction rate reflects 
the activating influence of clcctronegative substituents in the 
nitrile’23. 

Monomeric imidyl halides do not react with ammonia or amines 
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to give amidines. Instead the original nitrile is regenerated (reaction 
46). 

-t 
NI-I,CI-- 

4- 2 NH, d RCEN + 2 NH,CI 
// 

\ 
RC 

c1 

1. Reaction of nitriles with sodamide 

For many applications, amidines are used in the free base form, 
frequently with alkoxide present. For such purposes a particularly 
attractive amidine synthesis is available in the reaction of a nitrile 
with sodium or potassium amide in liquid ammonia, ether or 
benzene (reaction 47) 124-126. 'The suitability of this reaction for use 
with both aliphatic and aromatic nitriles is well established12'j 

despite earlier doubts, yet it has seen remarkably little use. It is in 
fact met most frequently as  a side reaction in alkylation or acylation 
of nitriles by the sodamide p r o c e d ~ r e ' ~ ~ , ~ ~ ~ .  

The  sodium salt of the amidinc can be converted to the free 
base by addition of water, but isolation in this form can be dis- 
couraging. Thus low yields of recovered long-chain aliphatic 
amidines have been reportedl3'j, although yields of derived pyrimi- 
dines (42) in the 45-55?; range have been obtained by direct 
reaction of the crude potassium salts with diethyl malonatcls8. 

FH1- ' K' + CH,(CO,Et)? ---+ llop+yR 
N H-. 

OH 
RCT. I 

(42) 

I. 
In  a variation of this amidine synthesis, magnesium derivatives 

of secondary amines have becn found to give good yields in reactions 
with several aliphatic and aromatic nitriles and with diethyl- 
cyanamide129. Very recently sodium hydrazidc has also becn used 
s ~ ~ c c e s s f ~ ~ l l y ~ ~ ~  to prepare amidrazones (reaction 48). These com- 
pounds in turn form bis(diethyla1umino) derivatives (43) which 

10 
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also add to nitrile groups (reaction 49). Related reactions of indus- 
trial importance include the dimerization of cyanamide to cyano- 

N H  

s 

(43) 

B' N 1-1 
2 oo 

R'C/ + 2 Et3A1 R'Ck. .AlEtz 4- 2 C2Ho 

'K1IXH2 I 
I-INAlEt, 

N 132 NH2 

43 + R2CGN I 70' i n  b e n z e n e  RIC=N-N=h  I (49) 

guanidine (reaction 50) and the reaction of the latter with nitriles 
to form diamino-s-triazines (reaction 5 1) .  

2.1120 

NHS 

I (50) X H 2 C = ~ C X  
PH 9 

H*O 
NH2CX -I- friHCX 

C. Addition of Sulphydryl Compounds 

Addition of hydrogen sulphide to the C-N bond provides a 
dependable route to thioamides (reaction 52). The reaction has 
commonly been carried out by heating the nitrile with excess 

hydrogen sulphide in alcoholic solution under pressurc with an 
alkali hydrosulphide scrving as catalyst131. Amincs also catalyse the 
addition, and improved techniques using triethylamine in pyridine 
at room temperature132 or diethylamine in excess nitrile or in 
dimethylformamide at 60" 133 have been recommended. Under such 
conditions good yields are often obtained in a few hours. This very 
clean reaction, for which Kindler proposed the now self-evident 
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mechanism (reaction 52)) was used by Kindler133 with a series of 
substituted benzonitriles in a very early investigation of the effects of 
substituents on reaction rates. Kindler's data were used by Hammett 
to conipute a p-value of 2.14 for the addition of hydrogen sulphide 
to benzonitriles in alkaline solution at 60". 

The very reactive ethyl cyanateloo reacts slowly with hydrogen 
sulphide in the absence of a catalyst, but in all other cases reported, 
including aryl cyan ate^'^^, a base has been needed. Addition of 
hydrogencsulphide to cyanamide in water at  pH 8-9 is an  indus- 
trially important method for the synthesis of thiourea (reaction 53)137. 

(53) 

Hydrogen sulphide is occasionally used as a catalyst in reactions 
of nitriles with amines. It may be presumed that thioamide inter- 
mediates are involved which undergo displacement of HS- by the 
aminel38 (reaction 54). Simple nitriles do not react appreciably with 
aqucous amines a t  100-150") but if hydrogen sulphide is present 

S 
II 

NH,CN f H,S __f NH,CNH, 

NHCHZCHZNHZ 
I 

CH, 

CH, 
I 

RCHoCN -I- 1 

NHCHZCHZNHZ 

H?S 

1200- (54) 

reaction occurs readily to give N-substituted amides. T h e  steps of 
reaction (55) are prcsumably involved 7G. Similarly, in an anhydrous 
system, hydrogen cyanide gives AT-substituted thioamides undcr mild 

(55) 

s r-l XI-IR2 NHR2 
/ 

__f 1<1c 
R'CS -+ 1-12S l<2KH2 ---+ "o/ld __f R'C / 

% II,O B 
A' H 

conditions*39. Catalysis of the trimerization of benzonitrile by 
hydrogen sulphide in thc presence of ammonia at 250" undoubtedly 
has a related explanation1". 

Thiophenols and alkanethiols have been successfully added to 
cyanates135 without catalysis, although basic catalysts are required 
with other nitrile~l3~. The rcaction is reversible, as is the base- 
catalysed addition of alcohols, but the equilibrium lies wcll on thc 
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thioimidate side. The 0,s-disubstituted iminothiocarbonates (44) 
obtained from aryl cyanates decompose very easily under alkaline 
conditions to give thiocyanates135 (reaction 56). I n  most such cases 

__f C=NH ___f + (56) 

PhOCN PhO \ PhOH 
\ 
/ 

+ 
4-t-BuC6H,SH 4-t-BuC,H4S' 

(44) 

the intermediate adduct 44 is not isolable, and the thiocyanate is 
obtained directly. 

Under conditions resembling the Pinner synthesis, nitriles will 
react with thioamides to give diimidyl sulphide salts (e.g. 45) of 
widely varying stability. Thioamides can be prepared conveniently 
by carrying out the reaction with excess thioacetamide in hot 
dimethylformamide and evaporating the acetonitrile Formed in the 
equilibration141 (reaction 57). In  many cases, isomerization to an 
N-thioacylamidine is observed142 (reaction 58). On the other hand, 
cyanamide reacts with thiourea, or abstracts hydrogen sulphide 

NH, NH, ,-t 
HCI [ 11 11 1 

RCN + McCSNH, ==z2 RC-S-CMe- 
DhIF 

2 C1- q==z? RCSNH, + MeCN 

(45) (57) 
NH, 

+ 2 HCI (58) 
/ 

2 ci-  --+ R ~ C  
\\ 

'N-CSR~ 

from thioamides to form 46, a very stable c0rnpound~4~. A related 
HCI 

NH,CN + RCSNH, __f RCN + NH,CSNH, 

HCI 
NI-I,CN + iYH,CSNH, + 

(46) 

reaction of aryl cyanates14* is indicated in reaction (59). 
S 

r . r p  II 
ROCN + H,S20, + ROCSI-I, + H,S04 (59) 

VI. NUCLEOPHILIC ADDITION OF CARBANIONS 

A. The Grignard Reaction 

Reaction of a nitrile with a Grignard reagent is a widely applicable 
synthetic route to ke t imine~ '~~~ '4~  which by easy hydrolysis give 
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ketones (reaction 60). A detailed review by Kharasch and Rein- 
r n ~ t l i ~ ~ ~  (1954) summarizes extensive earlier studies of this modifica- 

NMgX NH 0 
CH,OH // Ir,o II 
---+ RlC, - R1CR2 (60) 

// 
KWN +- R2MgX __f RIG, 

\ 
R2 ‘RZ 

tion of the Grignard reaction and provides a valuable assessment of 
its scope and limitations as well as illustrative procedures. 

Investigations of the reactivities of various substrates toward 
PhMgBr have shown nitriles to be relatively ~nreactive’4~. Conse- 
quently long reaction times and relatively high temperatures are 
frequently required, although excellent yields are common in 
uncomplicated cases. The familiar favourable effect of an electro- 
negative substituent is evident in the exothermic addition of MeMgI 
to 2-cyanoquinoline. 

I n  the last decade, new insight into the nature of the Grignard 
reagent has led to refined kinetic studies and intensive investigation 
of the detailed mechanisms of both the nitrile and the carbonyl 
addition reactions. The emerging theory is substantially identical for 
these two cases, and the reader is referred to Eicher’s discussion of 
the reactions of organometallic reagents with carbonyl C O ~ ~ O U ~ ~ S ~ ~ ~  

for a review of current concepts regarding the reagent solution. 
Attempts to extend the results of study of a particular Grignard 

reaction to other cases have frequently been disappointing. The 
solvent, substrate, reactant concentrations and the temperature all 
appear to influence the nature of the reactive organomagnesiuni 
species and the detailed mechanism. Appreciation for the influence 
of these factors has been due in large part to the recent work of 
Becker and his ass0ciates*4~-~~~. For the present purposes, it is 
sufficient to note that the complexity of even the normal addition 
reaction is such that small changes in conditions may cause large 
effects. 

Insofar as the nitrile reactant is concerned, however, there has 
been little change in the mechanistic picture since the proposal of 
Swain in 1947l“. Subsequent developments have been consistent 
with his concept of initial equilibration of the basic nitrile with 
the organomagnesium reagent, a Lewis acid (reaction 61). Forma- 
tion of the complex 47 is expected to result in enhanced electrophilic 
character at  the nitrile carbon atom and in weakening of the 
K-mg bond* in the reagent (an ate-complex effect, in Wittig’s 

* The symbol R-mg deriotcs thcorganometallic bond under discussion,whilc avoiding 
definition of the remaining unknown and probably complex structure of the reagentr5‘. 
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t e r m i n ~ l o g y l ~ ~ ) .  Intramolecular bond reorganization in 47 gives 48 
in what may be termed an assisted four-centre reaction'". I n  some 

R'CN $- R'-tng + R'C=N d R ! ,  
"/C=Nmg (61) 

R--mg +& R- 
(47)  (48) 

cases good evidence indicates that a dimeric magnesium complex is 
involved in a six-centre transition statel". 

The dependence of the rate of the Grignard .addition reaction on 
the structures of both the nitrile and the organic ligand transferred 
was investigated under carefully controllcd conditions. Data  for 
the initial second order rates of a series of p-substituted benzonitriles 
with Et,Mg gave an excellent Hammett correlation ( p  = +1.57). 
This result is in agreement with qualirative comparisons reported 
in earlier studies with conventional Grignard reagent~l4~, and 
confirms the expected rate enhancement by substituents which 
tend to increase the electrophilic character of the nitrile carbon 
atom. 

In a complimentary studyL52, the initial reaction rates were 
measured for the addition of p-substituted phenylmagnesiuni bro- 
mides to  benzonitrile. A satisfactory linear correlation was found 
between these rates and the Taft GO inductive effect constants of 
the substituents. The p value ( -2.85) obtaincd is consistent with 
the concept of an attacking carbanion activated by inductively 
electron-releasing groups. 

The choice of' solvent is a matter of practical significance151. 
Strongly basic solvents compete with the nitrile in formation of an 
organomagnesium complex. In  a less predictable way, the solvent 
may also influence the nature of the reagent and its reactivity through 
precipitation of MgX? or modification of the ionic character of the 
organometallic bond. The substrate itself can bc a similar source of 
complications through substituents which may be present. 

Whcn the Grignard addition reaction is used with aliphatic 
nitriles a serious complication analogous to the enolization of 
ketones in these conditions arises due to the acidity of a-hydrogen 
atoms. Acid-base interaction causcs liberation of hydrocarbon and 
formation of the nitrile ani0n*4~ (reaction 62). This in turn leads to 
dinierization and trimerization of the nitrile15c*157 (see section 
V1.B). Under comparable conditions the yield of ketonc with 

- - 
R1CH2CN + Iiz-mg -+ [ R C l H - h Y  ++ KICH=G=N]mgt + R2H (62)  
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PhMgBr increases from 35 yo for PhCH,CN to 90 yo for n-BuCH,CN 
as the acidity of the nitrile decreases. With MeMgSr the ketone 
yields are much lower, less than 40% with PrCN. This difference 
is due to the increased basicity of the reagent and is still more serious 
with ethyl, isopropyl and t-butyl reagents which give virtually no 
ketone with MeCN by the normal addition procedure. If, however, 
the Grignard reagent is added to excess MeCN (inverse addition), 
n-alkyl methyl ketones are obtained in 20-40 yo yields’56. This 
result may have its explanation in the marked difference in solvent 
polarity prevailing in the two cases, and in the effect tXat this 
would have on the nature of the complex reagent. The ionization 
reaction is plausibly represented as occurring by an assisted six- 
centre transition state (49) competitive with the four-centre addition 
process. 

(49) 

I n  cases where the cyano group is substituted for hydrogen in a 
strongly acidic hydrocarbon, interaction with a Grignard reagent 
can result in ‘reductive displacement’ of the cyano group. The 
mechanism is indicated in reaction (63). Typical examples with 
Ph,CCN and disubstituted malononitriles in the older literature 

N-mg 
I I,O 

-5 R2CN + R1-mg - + R1F1 (63 )  
// 

RlCN + R2-mg RlC; 

‘,P 

were explained in substantially these terms by K h a r a s ~ h ~ ~ ~ .  
Equilibria of this nature are probably common, although rarely 
identified. A later example is the reaction of Ph,CHCN with 
Eth4gBr15* (reaction 64). Carbonation of the reaction mixture 
produces 50 jn 55 yo yield. 

Ph,CHCN nig N-mg 

A 
/ / /  

\ 
+ -  t Ph,C---C 7 

Et 2 Et-nlg 
CO,H 

(64) 
1 .  c:o, / 

\ 2 .  I4,C) \ 
+ 1:tcx ___j I%& 

/mg 
1’1 1 c; 
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No instance has been reported of reduction of the cyano group 
to an aldimine by the Grignard reagent, as further analogy to ketone 
reactivity15’ might predict. 

Nitriles in which the cyano group is weakly bonded to the a-carbon 
react with Grignard reagents in a coupling process (reaction 65). 
These include many a-aminonitriles, ketone cyanohydrins and acyl 
cyanides. 

R 1 k N  + R2-mg __f R1K2 + mgf(CN)- (65) 

The mechanism of this reaction of cr-aminonitriles has been 
studied recently’”. If the amino group bears a hydrogen atom, it is 
metallated by the reagent. Dissociation of the cyanide ion, assisted by 
the neighbouring metal, then leads to an iminc which adds addi- 
tional reagent to give the ‘coupling’ product (reaction 66). Yields 
are 40-75% with PhMgBr and nearly quantitative with PhLi. If 

the amino group is disubstituted, the Grignard reagent can still 
coordinate with this basic centre and promote dissociation of the 
cyano group as before (reaction 67). Triisopropylamine has thus 

been obtained in 54 7; yield by reaction of a-diisopropylamino- 
propionitrile with MeMgC1lGO. Lithium reagents have much less 
tendency to form such complexes and instead add normally to the 
nitrile group. N-acyl-or-aminonitriles which are not sufficiently basic 
to form complexes with Grignard reagents undergo normal addition 
with both types of reagents. In sonic cases, nuclcophilic displacement 
of the cyano group can proceed by an addition-elimination 
mechanism146 (reaction 68). 

R 

+ R--mg - 
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The ketimine complexes formed in the normal Grignard reaction 
rarely react further to give carbinamine derivatives. However, 
alkoxyacetonitriles, highly activated substrates, have given excellent 
yields of tertiary amineslG1 (reaction 69). This may be an example of 

EtOCH,CN CHZ-C H= C H, 
I (I.I,O) + EtOCH,C-N(lMgBr), __t 
I 

+ 
2 C H,=C H C I-IzMgBr CH,CH=CH, 

C HZ- C H=CH, 
I 
I 

EtOCH2CNH2 (69) 

the abnormal reactivity of the ally1 reagent since these nitrileslG2 and 
dirnethoxya~ctonitrile1~~ react normally with a variety of other 
Grignard reagents. 

Similar but less efficient double addition has also been observed 
with cyanogen, the reactions of which can be controlled to give a 
variety of products108. Addition of cyanogen to excess reagent 
solution a t  about room temperature results in an  unsymmetrical 1 : 2 
adduct (52) which can be hydrolysed to give a glycinonitrile (53). 
Acid hydrolysis gives the ketone 54. If the reaction is conducted a t  

CII~-CH=CH, 

CN CN 

(54) 

CN 
I H,O 

(CN), + R-mg + RC=N-mg __z KCN f 

NH, 

(53) 
6-330/, 

mg+ (CN)- 

RC=hT-mg H,O 

RC=N-mg 
I __j RCOCOR 

(55) (56) 

-70°, the symmetrical 1 : 2 adduct 55 is obtained, and hydrolysis 
gives the diketone 56. With excess cyanogen, reaction stops at the 
1 : 1 adduct (51), which decomposes on hydrolysis to give the nitrile 
57. Diethylzinc also reacts in this manner, giving propionitrile. 
Comparable behaviour with aryl cyanates has been reported 
recentlylo2. 
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Alkyl- and aryllithium reagents16* closely resemble Grignard 
reagents in their reactions but exhibit subtle differences. Addition 
reactions with C=N and C=O bonds are frequently comparable 
to Grignard additions, but the lithium reagents are generally more 
reactive by virtue both of their greater ionic character and the small 
size of the lithium atom. Benzonitriles containing f-methoxy or 
p-dimethylamino groups rapidly give good yields of ketimine with 
MeLi, although Grignard reagents do not react r c a d i l ~ l ~ ~ ,  and PhLi 
reacts zt least 100 times faster than PhMgBr with PhCN in ether at 
25" I d 7 .  However, the greater basicity of both the lithium reagents 
and the product ketimine salts can cause more complex reactions 
(see section VII). 

Although the Reformatsky reactionlG6 was first applied to nitriles 
in 190 1 concurrently167 with the application ofthe Grignard reagents, 
only very recently has it received further c o n s i d e r a t i ~ n ~ ~ ~ ~ ~ ~ ~ .  I t  
seems probable that Kagan's worklG9 will lead to greater interest in 
view of the. excellent yields he has achieved (reaction 70). Ethyl 

K 1-1 
RCK 1. Zn, bcnzenc, 78' 1) + - I:CCMc,CO,Et + RCOCMe,CO,Et (70) 

a-bromopropionate gave nearly its good results as those indicated, 
and substantial yields (22-67 yo) were also obtained with ethyl 
bronioacetate. 

licceiitly reactions of organoaluminium reagents with nitriles 
have been Benzonitrile forms 1 : 1 complexes with 
several trialkyl- and triarylaluminium compounds, and these 
isomerize a t  130-200" to ketimine derivatives (reaction 7 1).  Similar 

C-N-AIEt, (71) 

coniplexes with aliphatic nitriles tend to eliminate hydrocarbon on 
heating and form polymeric products. 

Mc,CRrCO~Et 2. 14' 7 5 4 3 %  

PI1 
A \  

/ 
PllCN + Et,:\l - > [PhC=S --r .\lEt,], d 

Et 

B. Base-Catalysed Dimerization and Trimerization of Nitriles 

Those nitriles having an a-methylene group are sufliciently acidic 
to give carbanions which will react in the manner of the organo- 
metallic reagents discussed abovc. Thus ,fI-aminoacrylonitrile~~7~ 
are obtained in accordance with reaction (72), and from them 
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8-ketonitriles are obtained by acid hydrolysis. Such reactions can 
usually be carried to high conversion if steric factors or competitive 

+ - II H 2 0  1 
RCH,CN N- NHZ ,R 

[REHCN +--+ RCH-C=N] RCH,CCHCN + RCHzC=C (72) 

CN 
I \ 

R 

reactions do not interfere. Conversely, nitrile dimerization is a more 
or less serious side reaction in Grignard reactionsl57, in base- 
catalysed amidine synthescs and in alkylation and acylation of 
nitriles. Depending on the conditions used, the dimer may also react 
further to give trimeric pyridine or pyrimidine derivatives. 

The concurrent, competitive reactions of addition of the reagent 
at the cyano group versus proton abstraction can be controlled to 
some extent. As the metal ion is varied for any organic ligand, the 
ionic character, the basicity of the anion and the tendency toward 
proton abstraction increase in the order: Mg < Li < Na < KITz. 
Less polar reaction media inhibit ionization of the reagents and 
favour the four-centre addition mechanism’54. 

Reynolds (1951) has summarized the earlier work in this field 
and has rcported improved procedures and preferred basic 
catalystsl73. I n  general, good yields of nitrile dimers can be obtained 
by reactions in ethyl ether, and trimers are obtained in boiling 
dibutyl ether. Only pyrimidine trimers (‘cyanalkiiies’’7Q) are obtained 
from the simple aliphatic nitriles, but phenylacetonitrile and probably 
other relativcly acidic nitriles can be converted to pyridine deriva- 
tives by a proper choice of catalyst. Reaction (73) occurs when the 

CHZPh 

89 % 

theorctical amount of base is used. Reaction (74) occurs with a 1 : 1 
ratio of‘ nitrile to diisopropylaminoniagnesiunl bromide catalyst 
(DIPAM). There is no obvious explanation for selective formation 
of different products in these two cases. Possibly equilibration 
produces the more acidic diaminopyridine when excess base is 
present. 

Malononitrile trinierizes exothermically at room temperature in 
the presence of a ~ n r n o n i a l ~ ~ * ~ ~ ~ .  The product has been assigned the 
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DIPAM 
3PhCHBCN 

in BuZO 

P h C b W  

Ph Ph 
NH, NH, 

(74 ) 

structure 58 on the basis of considerable physical evidence177. A 
different trimer, suggested to be 59, is obtained under more vigorous 

I I  
(:K NH? 

(58) (59) 

basic conditions. Presumably dimerization is an  intermediate step 
in these reactions and takes place exceptionally easily. The  dimer 
itself (60) was not prepared until recently178. 

H,K CN 
\ /  1. 24 h, boiling Et,O 

2. HCl / \  
CH,(CN), + [CH(CN).J-Na+ f C = C  

x c c H2' 'CN 

(60)  

T h ~ r p e l ' ~  first demonstrated that base-catalysed nitrile dimeriza- 
tion could be applied intramolecularly to give cyclic B-ketonitriles. 
Subsequently Ziegler171*180 refined the procedure and adapted it to 
the synthesis of large rings. Sodium and lithium N-alkylanilides were 
found to be exceptionally good reagents for such reactions. 

If benzonitrile is heated with metallic sodium, the salt 61 can 
be obtained in 85 yo yield's1. The mechanism is indicated in reaction 
(75)'". Anker and Cook'82 reasoned that the high temperature was 
required only for the initial formation of PhNa and found that nearly 
quantitative yields of analogous alkyltriphenyldihydrotriazines 
could be obtained by using a variety of alkyllithium reagents at  
room temperature. Phenyllithium, less basic than the sodium 
compound, reacted similarly but also gave a low yield of ketimine, 
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-> 
Na, benzene PhCN 

PhCN 80" NaCN 1- PhNa d 

/ N N a  

\ 
Ph 

PhCN 
Ph,C=N-CPh=N-CPh="a __* Ph,C=N-C 

(61) 

while PhCH,Li or Ph,CHNa produced pyrazolines instead (reaction 
76). Analogous reactions are involved in the trimerization of 

N i Z l  XI I 
t I'hC-CIIPh, II PhC-C(Na)Ph, II PhCN 

PhCK + Ph2CHNa - 
N-NH NH NNa 

II  II 

'CPh/ 
PhC 

benzonitrile by sodium hydridcls3, metal a m i d e ~ ~ ~ ~ * l ~ ~ ,  Grignard 
reagents160*182 and diethyl~inc'~~. 

An example of a-methylene reactivity in the ketimine anion has 
recently been reported by Becker's Reaction of Et,Mg 
with excess PhCN in tetrahydrofuran gave a mixture of 63 and 64. 
Although 63 might be formed by addition of two molecules of 

E t  r\' 14 NH Nmg 

f --+ PhC=X-rng + I'IiC-CI-I-mg + PhC-CH-CPIi 
P h C r N  I I1 II II 

Et,h.ig I I 
CH3 

(6 2 8) (62b) / 16% T3 H20 

I 
NH Ph 
II 

Ph phqj gj% P ~ I C - C H - C = ~ - C = N ~ ~ ~  PhCOCI ICOPh 
I 

CII, 
I I 

CII, CH3 Ph 
(63) (64) 

PhCN to 62a followcd by cy~l izat ionl~~,  this path would be expected 
to give an s-triazine derivative. The common pathway via (6%) to 
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both 63 and 64 seems more plausible. When the reaction was run 
in ethyl ether, however, the amidine 65 was obtained in addition 
to some 63, showing the occurrence of the alternative process. 
Amidines of this type are also obtained when alkali meta: phosphides 

Et Ph N H  
I I H2.O // 

\ 
62a + PhCN PhC=N-C=Nmg PhC 

N=CPhEt 
18% 
(65) 

are used as basic catalysts185. 
There are numerous examples of base-catalysed codimerization 

of unlike nitriles. In those cases where only one reactant has an 
cc-methylene group and the other has a more electrophilic CGN 
group, the reaction is highly specifiP7. Good control is also achieved 
when one nitrile is appreciably more acidic188 (reaction 77). 

CN hTH, 
I NaOEt I 

PhCH,CK + CH, d PhCH,C-C(CK)CO,Et 
I 

(77) 

C0,Et 

Another example has been recently illustrated with aryl cyanates'ol 
(reaction 78). Adducts such as 66 usually dissociate in the basic 

NH 
PhOCN NaOEt II + + PhOC-CH(CO,Et), -+ PhOH + (EtO,C),CHCN (78) 

CH,( CO,Et), c30" 
(66) 

system to give a new nitrile. If, however, a tertiary amine catalyst 
is used, 66 can be isolated or converted at  higher temperature to a 
pyrimidine. Further unusual examples are the nuclcophilic addition 
of a benzylidenephosphorane (67) to benzonitrilclsg (reaction 79) 
and the analogous reaction with dimethylsulphonium methylidelgo. 

x- 
cther II i IiOH 

PhC=N + MeEtPhP=CHPh A PhC-CHPMcEtPh f 
H?,O,MeOH I 12 h 

(67) Ph 

PhCOCH,Ph + MeEtPhP-*O (79) 
78"/b 
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VII. LINEAR POLYMERIZATION O F  NITRILES 

A high polymer having the backbone 

[-?"-I, 
might be expected to display novel properties as an organic semi- 
conductor by virtue of its extended conjugation and the lone-pair 
electrons on the nitrogen atoms. During the past decade some 
progress toward such materials has been reported. Although the 
accomplishment is impressive when measured against the inherent 
difficulties, it must be admitted that the literature in this field tends 
toward extravagent claims. 

The  most attractive proposition for the synthesis of the 
desired polymers is linear polymerization of nitriles, n RC-N --t 

(-RC=N-),. I t  is clear that strong acids or bases catalyse dimeri- 
zation and trimcrization reactions in this sense; the difficulty is to 
prevent cyclization of the linear trimer to a resonance-stabilized 
s-triazine or pyrimidine ring system. Moreover, if higher polymers 
can be produced in a n  indirect way, a question remains concerning 
their possible reversion to the aromatic trimers. 

I n  1961 Kargin and his coworkerslgl reported experiments in 
which they attempted to take advantage of the greater basicity of 
the linear polymeric nitrile structure ( a  pobnmidine) compared to 
the monomer or trimer to provide a driving force for high polymer 
formation. Nitrile complexes with metal halides were found to 
trimerize on heating at 200-250°, and the trimers were more 
slowly converted, in turn, to complexes of higher polymers. The 
organic products were recovered by decomposing the metal com- 
plexes in water. They were soluble in concentrated sulphuric acid, 
in which viscosity measurements indicated polymers of 20-30 units. 
Infrared spectra supported the linear polymer structure. Comparable 
results were obtained with benzonitrile, capronitrile and propioni- 
trile, and substantially faster reactions occurred when 1-6 yo HPO, 
was present to provide a proton source. It seems probable that the 
aliphatic nitrile polymers would contain the 

(-C=N-C=C--) 
I 

XH, 

group to some extent (the trimers observed as intermediates were 
aminopyrimidines) . A triphenyl-s-triazine-TiCI, complex polym- 
erized similarly. 

12' R2 
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Subsequently, polymerization of acetonitrile under similar condi- 
tions by 0ikawalg2 has been considered to give comparable linear 
polymers, and study of their physical properties has shown similarities 
to poIya~etylene'~3. However, the reported analytical data for the 
products are very unsatisfactory; the average composition, CloHloN,O, 
(theory C1,Hl,N,) , indicates drastic loss of nitrogen by elimination 
of ammonia (which was indeed observed) and hydrolysis or hydra- 
tion in the metal removal procedure. Either type of degradation 
would be compatible with the enamine structure above. 

Rc.$ated workle4 is claimed to have given linear polycyanamide. 
Urea was heated with zinc chloride at 350-500") presumably to 
produce cyanamide as a metal complex which polymerized in the 
manner discussed above (reaction SO). However, the reported 

' I,, (80) 

properties of the product are remarkably like those of melamine, 
or a hydrolysis or deamination product, which would reasonably 
be expected from such a reaction. 

In  acrylonitrile and syndiotactic methacrylonitrile polymers, the 
cyano groups can be so ordered that linear polymerization appears 
easy, while cyclic trimerization would be sterically excluded. 
TabataI95 has been able to polymerize acrylonitrile and methacrylo- 
nitrile in the solid state (-196") with ionizing radiation to give 
products believed to have the ladder structure 68. I t  has been 

. [ ';TH2 XI-I, 
ZnClz 

NH,CONH, -+ NH2C=N.ZnCI2 + -C=N--C=N- 

(6 8) 

suggested that the vinyl polymer backbone is formed initially, 
followcd by ionic polymerization of the C=N groups, which is 
probably facilitated by favourable orientation in the crystal. If 
acrylonitrile dissolved in ethylene is irradiated with y-rays at - 78") 
ionic polymerization gives an ethylenc-free polymer in which C=N 
groups predominate over C=N, and a substantially open linear 
structure is probablele6. 

When polyacrylonitrile is treated with alkaline reagents or is 
heated, yellow to red colouration results. This is probably caused by 
development to a greater or lesser extent of the structure 68'". 
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Polymerization of cyanogen under various conditions produces a 
black solid known as paracyanogen. Its physical properties and 
stability have led to the suggestion that it has the planar conjugated 
structure 69'". Recently PeskalSs has described the preparation of 

"XNyJJ 
\" N/ 

(69) 

cyanogen oligomers in low-temperature reactions initiated by 
butyllithium, lithium naphthalene and lithium benzophenone. 'The 
black solids obtained were lithium salts which dissolved in polar 
organic solvents. The butyllithium product approximated to a trimer 
and was suggested to have the structure 70, consistent with the 

BU IT N N-Id+ 
\c/ \/ \ f l  

C 
I I I 
CN CN CN 2 

infrared spectrum. A dihydro-s-triazinc structure is excluded by the 
colour. The  other initiators apparently reacted as lithium atoms ; 
the naphthalene or benzophenone was substantially recovered, and 
a dibasic salt (71) was obtained. Some question may well be raised 
concerning the non-involvement of the second cyano group. 

Polymerization of hydrogen cyanide in the presence of a base 
gives a brown-black solid which has becn known as azulmic acid. 
Its composition is somewhat variable but tends to approach that of 
the 'double ladder' structure 76. The complex polymerization process 
is believed to proceed through the stages shown in rcaction (81)200*201.  
The backbone polymer 74 is formed by base-catalysed polymeriza- 
tion of the dimer 72. 'Lacing-up' of the favourably juxtaposed 
cyano groups of the trans conformation of 74 to 75 and 76 is com- 
parable to the examples already discussed and leads to a very 
compact rod structure. Side reactions in the earlier stages give 
diaminomaleonitrile202, purines and pyrimidineszO1. There is currently 
much interest in the possibility of prebiotic synthcsis of such bio- 
logically important molecules from hydrogen cyanide and 
arnrn0nia~'J3*~0~. 

Deichcrt and 'robin subjected several iiitrilcs to a 20,000-volt, 
60-cycle elcctric discharge and obtained dark, acetone-soluble 
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NC-c NC-C- A HCEX __f HC-CS __+ 

NH NH2 
I 
I 
CN 

II CX- 

(74) 
(72) (73) 

r -1 

(81) 

S C  

74 __+ 

,c: 

(75) (76) 

polymers of low molecular weight205. The infrared spectra of these 
materials wcre intcrprcted as indicative of 1,2-polynierization of the 
C=N groups to a 

structure. With acrylonitrile there was also evidence for the 
(-C=C=N-) unit in the polymcr. Involvcment of the C-N 
group in this manner might be initiated by exceptional stretching 
of the polar bond in the intense electric field. 

VIII. ELECTROPHILIC ADDITION O F  CARBONIUM IONS 

Alkylation of nitriles by Et,O.BF, was discussed in section 1II.A 
as one route to nitrilium salts, and some other examples of nitrile 
nucleophilicity were noted there. Among them N-acylation of 
nitrile-metal halide complexes was considered. However, Bredereck 
has recently shown that dimethylcyanamide, which is relatively 
basic, can be N-acylated without such activationzoo. Depending on 
the x y l  chloride used, imidyl chloride adducts (77) or pyrylium 
salts (78) can be obtaincd. Other reactions in which the weakly 

hICZKCN M c 2 S  yvR 

hlc,."C t- + -  YOA+ c1- 
RCOCl xY 

S l I C ?  

(78)  

%COR 

(77j 

basic nitrogen atom is attacked by electrophilic species have been 
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longer known, but occur under conditions which lead directly to 
amides. Two basic reaction types which can be distinguished are 
discussed here. Nitrile reactivity of this kind has previously been 
surveyed by Zil’berman ( 1960)207. 

A. N-Alkylation with Olefins and Alcohols 

Probably the earliest report of N-alkylation by an olefin is that 
of WielandZ08 who obtained N-cyclohexylformamide after reaction 
of hydrogen cyanide with cyclohexene in the presence of hydrogen 
chloride and AlCl,, in an  attempt to accomplish a reaction analogous 
to the Gattermann aldehyde synthesis (reaction 82). Subsequently, 

this was extended in Germany to other nitrilcs and olefins, and a 
variety of strong acids were used209. Concurrent development is 
disclosed in a duPont patent2*0 covering substantially the same 
ground and including the use of alcohols as substitutes for olefins. 
Independent discovery of the general reaction by Ritter and his 
coworkers, however, led to an extensive series of papers2I1 which 
have become the primary references on this subject. 

Olefins are protonated in concentrated sulphuric acid to give 
carbonium ions which will react if a nitrile is present to give an 
N-alkylnitrilium ion. Subsequent hydrolysis gives the amide 
(reaction 83). Covalent structures are probably in equilibrium with 

\ / 2:s%4 \ RCN c=c __3 [ 
\ 

(59) 
/ \  / 

\ 

H Z 0  
HS0,- d RCONH 

I 
(80) 

the ionic species 79 and 8 0 2 l 2 .  This synthesis of N-substituted amides 
has proven to be widely usef~112~~. Although highest yields are 
obtained with 1 , 1-disubstituted olefins, very succcssful reactions 
have been carried out with trialkylethylenes211, terminal linear 
alkenes212 ;,md h a l o a l k e n e ~ 2 1 ~ * ~ ~ ~ .  Moreover, benzylic alcohols and 
glycols216 and a wide variety of secondary and tertiary alcohols and 
diols which also give carbonium ions under the reaction conditions, 
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can be substituted for the olefin reactant. This has permitted such 
syntheses211e21s as shown in reaction (84). 

__+ 

Mc2C(OH)CHzCH2Ch.i~,0H + M ~ C N  

80% 

I t  is difficult to discern from the published work how the structure 
of the nitrile influences the success of these reactions. Good results 
have been achieved with a rather wide variety of nitriles211*212*217, 
however, and probably in many instances low yields could be 
improvcd by closer study. With HCN, CHC1,CN and CCl,CN, 
amidation of camphene can be carried out without Wagner rear- 
rangement by operating at low temperatures; with acetonitrile and 
benzonitrile the isobornyl derivative cannot be avoided. This 
distinction has been attributed to slower reactions with the latter 
nitriles218". However, these would not normally be expected to be 
less reactive than the less basic halogenated nitriles toward a 
carbonium ion. Possibly thc more basic nitriles are made less reactive 
by protonation in the reaction mixturc. 

Mesityl oxide and diacetone alcohol both react with MeCN or 
PhCN in 96% sulphuric acid to givc S1218b. Acetone gives the same 
product, initially undergoing acid-catalysed dimerization (reaction 
85). This reaction is broadly applicable to ketoncs which readily 

0 13 
I RCN 

2 CH,COCII, + (CH,),C--CH,COCH, + RCONHC(CH,)2CH2COCI-13 
(81) (85) 

self-condcnse in acid media and has also been demonstrated with 
diethyl benzalmalonate prcpared in situ. 

The applicability of the reaction to simple, commercially impor- 
tant raw matcrials has made it attractivc for exploitation industrially. 
I t  provides a route to N-t-butylacrylamide and N-isopropylacryl- 
amide, for cxample, which are of interest in polymers. Hydrolysis 
of the AT-alkylamides offers a route to secondary and tertiary carbin- 
amines based on readily available olefins. Although many such 
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amides resist hydrolysis, those derived from HCN212 or CICN21g 
readily give the free amine. 

Nitriles do not react with trityl perchlorate or with’ dimethyl 
SulPhOxide at ordinary temperatures. However, a solution of all three 
reagents Slowly produces 82 in good yield220. This appears to be a 
general reaction for nitriles and is attributed to participation by the 
solvent (reaction 86). Aryl cyanates react more rapidly than simple 

n R-C=s- CP h R-CEN 
+ 

0 + Ph,C+ Dx‘So+ O’J GH - RC-NHCPh, + CIT,--S=CI-I, 

S 
I I  

I I  ‘SJ& 0 
/ +  (82) 

CH;’ ‘CH, CH, 

(86) 
aliphatic and aromatic nitriles; curiously, disubstituted cyanamides 
react only if one substituent is aryl. Attempts to extend the reaction 
to other carbonium ions were unsuccessftil, and it is suggested that 
these are too tightly solvated by dimethyl sulphoxide. 

Wieland’s original experiments have been amplified by Cannon221 
who showed that cyclohexyl chloride gave the same results as 
cyclohexene with a variety of nitriles. Diphenylmethyl bromide is 
readily converted by silver sulphate to a carbonium ion which reacts 
with nitriles to give a nitrilium salt from which the N-alkylated 
amide i s  obtained222. 

A further interesting and practical way of generating a reactive 
carbonium ion in the presence of a nitrile is by the reaction of a 
halogen with an  0lefin223~ (reaction 87). In cases where the nitrile 

C1 
R ~ C  H=CH, + R2CN 1 € 1 2 0  + -t C1- + R’CH-CI3,CI d K2C==N-CHR’CI3,CI - t 

c1, (83) 
R ~ C O N H C H R ~ C H ~ C I  (87) 

has no  x-hydrogen, the imidyl halide 83 can be isolated. Several 
variations of both the nitrile and the olefin have been successfL1lly 
used; either bromine or chlorine is suitable. 

An interesting recent development is N-alkylation of the solvent 
acetonitrile by carbonium ions generated by electrochemical oxida- 
tion of alipllatic carboxylic a c i d P ” ,  polymethylben~enes’~~” O r  

alkyl iodides”3”. Such processes may have practical advantages Over 
the usual Ritter reaction conditions when acid-sensitiw groups are 
involved22:3b. 

A some\vllat related reaction is N-alkylation of the a n h s  of 
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certain nitriles in which the a-carbon is highly shieldedzz4 (reaction 
88). Trimethylchlorosilane reacts similarly with acetonitrile in the 

Me& h,le,C 

C=C=.N f M%CHI -> -1 [ AIczCH >- h.le,CH 

\ 

/ 
C-CN f - - f  

Mc,C 

C=C=NCHMez (88) 

56% 

\ 

/ 
MezCH 

presence of sodium to give a 25 yo yield of Me,SiCH=C=NSiMe,ZZ5. 

6. Acid-Catalysed Reactions of Nitriles with Aldehydes 

It has long been knownzz6 that aliphatic aldehydes react with 
nitriles in concentrated sulphuric acid to give N,N’-alkylidcnebis- 
amides (equation 89). However, it was not until interest arose in the 

2 R 1 ~ V  + RzCHO + HzO __f R1CONEICHR2NHCOR1 (89) 

application of the reaction to the synthesis of polyamides that its 
details were i n ~ e s t i g a t e d ~ ~ ~ * ~ ~ * .  The reaction is particularly effective 
with formaldehyde (as trioxan) and proceeds exothermically to 
high yields at  room temperature in 85-98y0 sulphuric acid. Excess 
sulphuric acid is often used as a solvent and diluent, but formic acid, 
phosphoric acid, acetic anhydride, chloroform and other media can 
be used. Hydrogen chloride, boron trifluoride and other acids are 
effective but are less practical than sulphuric acid. Benzonitrile 
reacts considerably more rapidly than McCN or aliphatic dinitriles, 
but the latter give over 90 yo yields in one to four hours. 

There has been very little study of the mechanismfer se, but it is 
accepted on good grounds that AT-alkylation of the nitrile proceeds 
through nucleophilic attack on a cationic species derived from the 
aldehyde. The reactivity of the aldehyde toward such attack is 
enhanced by protonation, in a manner fully analogous to acid 
catalysis of nitrile rcactions as discussed in section I (reaction 90). 
The cation 54 may be immediately hydrated by the water normally 
present in the reaction mixture, or may remain in equilibrium with 
a covalent imidyl sulphate (86) .  In  either case, this initial step will 
be followed by acid-catalysed dissociation of the hydroxyl group, 
leaving a ncw carbonium ion (87) to react with a second nitrile 

H,SO, 



6. Nitrile Reactivity 
295 

R'CONHCHR'OH 

(85) - H X  
R ~ C O X I ~ ~ H R ~  

O Y  

HS&m // 

84 

NCI-IRI-OI I (87) 

R2 C 
'OS03H 

(86) 
+ HZO 

R2CONHCHRi-NdX2 + R2CONHCHR1--NHCOR2 (91) 
(88) 

molecule (reaction 91). Final hydration to the diamide (88) may 
await dilution of the reaction mixture with water. I t  is clear, from 
the reaction rates and from the fact that the condensation also 
occurs in strictly anhydrous systems, that initial hydrolysis to the 
amide is not a step in the main sequence. Amides do, however, 
react with aldehydes to give N-hydroxyalkylamides (85) which 
condense to 88 under acidic conditions22g as well as react with 
nitriles as  indicated in reaction (91). Reactions analogous to (90) and 
(91) also occur when a mixture of nitrile and aldehyde is saturated 
with hydrogen chloride at low temperature. With acetonitrile and 
acetaldehyde an  imidyl chloride salt analogous to 86 can be isolatedlO. 

If the ratio of formaldehyde to nitrile is increased over the 1 : 2 
requirement for metliylenebis( amide) formation, the reaction tends 
to  stop after the first stage, and yields are reduced. At higher 
temperatures, however, 1,3,5-triacylhexahydro-s-triazines (89) are 
produced. These compounds are most efficiently prepared230 by 
reaction of at least 1 : 1 ratios of nitrile to formaldehyde in the presence 
of catalytic amounts of anhydrous sulphuric acid at  80-100" 
(reaction 92). I t  is evident that this reaction involves the same basic 
mechanism as indicated in reactions (90) and (91). Here, however, 

cOCH=CI-I, 
I 

( l IISO,j  CN> (92) 
CII,-C:I~C:S -!- ( I - ~ o ) ~  .=--t c ~ I I , ~ c l . I c o ~ - s ~ ~ - - c o ~ ~ i = c ~ ~ ,  

(89) 
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the final product crystallizes directly from the reaction mixture, 
no hydration step being required. 

A variation of this principle has been utilized recently in the 
amidomethylation of aromatic compounds231 (reaction 93). I n  this 
work an  intermediate imidyl sulphate (90) could be isolated. 

CI-I, N=CMr 
I tI,O 

OS0,H ---+ 

MC 

CII,K=CMe @ I 

HOAC, II,SO, 
+2MeCN 85--900 

Me 
4- PHCHO 

75 % 

In the preparation of aldehydes by the Stephen reaction, a nitrile 
is reduced by stannous chloride in the presence of hydrogen 
chloride. It is recognized that if the product aldimine chlorostannate 
does not separate readily from solution, N,N’-alkylidenebis(amidcs) 
may be obtained instead of the expected aldehyde232*233. Depending 
on the procedure used, this result might be due to either: (a )  N- 
alkylation of unchanged nitrile by the aldimine cation in analogy 
with reaction (go),  followed by the analogue of reaction (91)232, 
or ( b )  reduction of a predimerized species followed by N-alkylation 
of the nitrile (reaction 94) 234*235. 

HCl 

1320 1 -1- 
RC--NH-CHR--K=CR + RCONHCNRNHCOR (94) 

IX. ADDITION O F  FREE RADICALS 
TO T H E  C Y A N 0  GROUP 

A. Fluorination of the Cyano Group 

I n  recent years there has been intense interest in N-F compounds 
as high energy oxidants, and fluorination of inany nitrogen com- 
pounds has becn thoroughly studied230. The products obtained from 
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nitriles depend very much on the reagents and reaction conditions 
employed. Addition to the C=N group and cleavage of the molecu- 
lar skeleton are observed, and usually a large number of products 
form in any reaction. I n  every case these may be adequately 
explained by postulating free-radical intermediates which couple, 
rearrange or react further with fluorine. The best-defined reactions 
are observed with simple hydrogen-free substrates, but considerable 
study has been devoted to acetonitrile as we11237. , 

Vigorous fluorinating agents attack the cyano group, as indicated 
in reaction (95)238. The radical 91 generally reacts immediately to 

6. Nitrile Reactivity 

AgF, 90% CF,CkzX __t CF,CF=:N. + CF3CF2-G: __+ C,F,N=XC,F, (95) 1000 

(91) (92) (93) 

give the nitrene 92 which dimerizes to 93, but with a more controlled 
flow process using fluorine, CF,CF=NF can be a major product239. 
Azo compounds such as 93 can be further fluorinated to C,F,NF, 236 

(90 yo yield). Chlorine monofluoride, a relatively gentle reagent, 
undergoes reaction (96)240. Fluorocarbons and perfluoroalkylamines, 

e.g. (CF,) 2NF, are common products arising from cleavage 
fragments. 

B. Miscellaneous Reactions of Free-Radical Character 

T h e  most important reaction of free-radical nature which nitriles 
undergo is catalytic hydrogenation to amines (Chapter 7). I n  
this case, the normally prohibitively endothermic addition of a 
radical species to the C=N bond is circumvented by concerted 
processes in the adsorbed layer on the metal surface. Aliphatic 
nitriles are not reduced polarographically, and acetonitrile is an 
excellent solvent for use in this technique. O n  the other hand, 
aromatic nitriles and certain polycyanoolefins can be reduced 
electrolytically or by alkali metals to give anion radicals in which a 
small part of the spin density is probably in the cyano group, 
principally on the nitrogen atom241. 

Nitriles are unreactive toward oxygen, and acetonitrile is a 
convenient solvent for ozonization reactions. The cyano group does, 
however, tend to stabilize a n  a-radical and may thus influence 
reactions in the group to which it is attached. The relatively stable 
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radical 94 produced thermally from azoisobutyronitrile has some 
N-radical character and in part dimerizes to the ketenimine 9 5 2 4 2 .  

(94) (95) 

Cycloaddition reactions of nitriles with dienes take place at  
elevated temperatures243 with considerable analogy to the Diels- 
Alder reaction (see Chapter 8).  I t  is notable, however, that only 
those nitriles having strongly electronegative substituents give 
appreciable yields, indicating a major polar factor in the reaction. 
Similarly, nitriles can be trimerized at high pressure and tempera- 
ture, but these reactions are very slow in the absence of an electro- 
philic or nucleophilic catalyst244. 
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I .  INTRODUCTION 

The cyano group of the nitriles is unsaturated. As a con- 
sequence it enters into reaction with a large variety of reagents, 
resulting in partial or  complete loss of unsaturation. Important 
among these reactions is reduction, in which hydrogen is added to 
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the triple bond, and similarly to other carboxylic acid derivatives 
this group yields products of several degrees of reduction (equations 

(1) 
H Z  

RCGN + RCH=NH ----+ RCHO 

(2) 
2 Hz 

RC=N + RCH,NH, + RCH,NHCH,R 

(3) 
3 H2 

R b N  __f RCH, 

The most important reduction products are aldehydes and aminesl-4 
which can be utilized in many organic reactions. 

1-3) : 

I I .  R E D U C T I O N  TO ALDEHYDES 
A. lntroduction 

The conversion of nitriles to aldehydes (equation 1) is a synthetic 
route of considerable importance. An intermediate in this conversion 
is the aldimine which is further hydrolysed to the aldehyde (equation 

R-X + H, __f RCH=NH + RCHO + NH, (4) 

The availability of the nitriles, coupled with their reduction to 
aldimines, led to seeking of methods in which aldimines are used as 
precursors to aldehydes via their hydrolysis. The reduction of 
nitriles to aldehydes has been reviewed in the literature1-4. Two 
principal methods were used: (a) the well-known Stephen method5 
and ( b )  selective hydrogenation3. 

4) : 
H,O 

B. The Stephen Synthesis of Aldehydes 

I n  the Stephen method, dry hydrogen chloride in ether reacts 
with a nitrile to form the corresponding imino chloride salt, and 
the latter intermediate is then reduced. The reduction is performed 
by anhydrous stannous chloride, and on hydrolysis the resulting 
aldiminium chloride yields an aldehyde (equation 5) : 

HCI SnClz HOO 
RCK + RC==SH.HCl + (KC=NH),SnCl,, 4 RC=O (5) 

I 
H 

I 
kI 

I 
Cl 

A similar reduction and a similar intermediate are involved in the 
Sonn-Muller synthesis of aldehydes from aniides6 (equation 6) : 

PCI, SriC12 HZO 
ArCNHPh ArC=iiPh.MCl __f i\rC=NPh - + .4rC=0 (6) 

HC1 I 
H 

I 
H 

I 
c1 

II 
0 
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The Stephen method is satisfactory for the preparation of aromatic 
aldehydes where the yields are generally good7s8. Some modifications 
of this method have been p r o p o ~ e d ~ - ~ ~ .  The Stephen method has 
also been applied to the reduction of some heterocyclic nitriles3 and 
it can also be used for the preparation of a few aliphatic aldehydes. 
However, the yields of aliphatic aldehydes are generally l 0 ~ 2 . 4 .  

Recently, this reaction was investigated for determination of 
optimum reaction conditionsll. Generally, electron-donating sub- 
stituents increased the nucleophilic properties of the nitrilc group 
and facilitated aldimine formation, while electron-attracting ones 
enhanced the rate of the first step. I n  contrast to straight-chain 
aliphatic nitriles, which give amides, nitriles with more than 
seven carbon atoms branched at the vicinity of the nitrile group 
are readily converted, albeit in low yields, to the corresponding 
aldehydes l. 

A modified form of the Stephen reagent has been used in com- 
paring the reduction rates of a number of unsubstituted aliphatic 
and substituted aromatic nitriles'z. The usually prepared reagent is 
not suitable for kinetic studies since it consists of two immiscible 
layers, A homogeneous reagent was prcpared by adding acetyl 
chloride to stannous chloride dihydrate in ether. The reaction is 
neither first nor second order, and the substituent effects are similar 
to those described aboveL1. 

C .  Selective Hydrogenation 

1. Catalytic hydrogenation 

Excellent yields of aromatic aldehydes were obtained, according 
to Backeberg and StaskunI3, from the reduction of nitriles with 
Raney nickel in  the presence of sodium h y p ~ p h o s p h i t e ' ~ , ~ ~  in 
aqueous acetic acid or aqueous acetic acid-pyridine (equation 7) : 

This l vas found as a result of the observation that Raney nickel 
liberates hydrogen from water in the presence of sodium hypo- 
phosphite (which beconles oxidized to the phosphite), while at the 
same time retaining its catalytic activity. This method does not 
give good yields with hindered nitriles such as o-toluonitrile and K- 
naphthonitrile. T h e  latter compounds also give low yields in the 
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Stephen synthesis and these were ascribed to steric and solubility 
factors12. However, by stirring the hindered nitriles with moist 
Raney nickel in formic acid at 75-80', the aldehydes were formed 
in 60-75y0 yield's. The formic acid serves as a hydrogen sourcel6, 
and the Raney nickel catalyses both its decomposition and the 
reduction of the nitrile. Thus the formic acid method supplements 
the sodium hypophosphite reduction. T h e  two methods are com- 
pared in Table 1. 

TAULE 1. Reduction of nitrilcs RCN with Rancy nickel. 

R 

Yield of aldehyde (%) by the 

Formic acid Sodium hypophosphitc 
methodI3 

Ph 

p-MeC,H4 
o-McC~H, 

o-CIC~H, 
p-CICGH, 

a-C10H7 

p-MeOC,H, 

P-C,oH, 
R-C,H1, 
Ph C H=CH 

~~ 

85 
1 oa 

80 
40" 
a5  
a0 
1 5 O  
8 0 U  
20" 
zoa 

72 
65-75 
- 

70-83 
82 

75-85 
60-75 

55 
35-40 

64 

a Isolated as DNP derivative. 

T h e  hydrogenation according to Backeberg and S t a s k ~ n ~ ~ . ~ ~  has 
been used fcr the preparation of sensitive unsaturated aldehydcs 
such as vitamin A aldehyde from the corresponding nitrile". I t  
was also found that excellent yields in the aromatic series werc 
obtained if equal weights of the nitrile and Raney nickel are 
refluxed in 75 yo aqueous formic acidla. 

T h e  preparation of aldehydes such as pyridine aldehydes, 
benzaldehyde and o-substituted benzaldehydes via a catalytic 
hydrogenation of nitrilcs with reduced nickel catalyst in media of 
controlled p H  (2-5), at  which the intermediate imines undergo 
fast hydrolysis, has also been rcportedlg. 

Sincc the main problem in reduction of nitriles to aldehydes is to 
prcvent further reduction of the aldimine intermediate, the use of 
trapping reagents for the intermediate may be advantageous. 
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The partial hydrogenation over Raney nickel (at 1-70 atmos- 
pheres) in the presence of carbonyl reagents such as hydrazine, 
phenylhydrazine, semicarbazide and N, N'-diphenylethylenediamine 
leads to an equilibrium (e.g. equation 8) : 

RCH=NH + H2hTNHPh + RCH-NNHPh + NH, (8) 

The aldehyde derivatives formed in this reaction, i.e. hydrazone, 
azine, phenylhydrazone, semicarbazone and diphenyltetrahydro- 
imidazole, do not undergo further hydrogenation under these 
reaction conditions. Subsequent liberation of the aldehydes from 
their derivatives may present some difficulties, but up to 90 % yields 
are attainable. This method was used as long ago as 1923 by Rupe 
and coworkers20, but not much attention was paid to it a t  that time. 

Pietra and Trincherazl prepared aldehydes by hydrogenation of 
nitriles in neat or ethanolic hydrazine hydrate in the presence of a 
hydrogenation catalyst. T h e  products-the corresponding hydrazone 
and azine-are then hydrolysed to the aldehydes (equation 9). This 

reaction was successful for aromatic aldehydes, even in those cases 
where the Stephen method gave poor results. For example, o- 
tolualdehyde and or-naphthaldehyde are obtained in 78 yo and 69 yo 
yields, respectively, compared to 7-9 yo in the Stephen method. 

Excess of hydrazine should be used to shift the equilibrium to the 
desired direction, but one should consider the fact that hydrazine 
decomposcs under the influence of Raney nickel, and that the rate 
of decomposition is tempcrature dependent. This procedure was 
applied on a small scale only and was not found useful for aliphatic 
aldehydes2z. No discussion of the reaction mechanism was given. 

Other carbonyl derivatives that did not undergo further 
hydrogenation and thus enabled the partial reduction, are the 
semicarbazone and diphenyltetrahydroimida~ole~3-~~. The hydro- 
genation of the nitriles was carried out either a t  atmospheric or at high 
pressure, with Raney nickel catalyst. Special attention was paid to 
the preparation of phenylacetaldehydes from substitutcd benzyl 
cyanides, since these aldehydes are starting materials for the prepara- 
tion of alkaloidsz5. Thus, diphcnylethylenediamine or sernicarbazide 
were used to trap 3,5-dimethoxyphenylacetaldehyde as its tetra- 
hydroimidazolc or semicarbazonc, as an initial step in the synthesis 
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of yohimbane derivatives (equation 10) : 
CII,-CH, 

I 
PhN ‘ NPh 

‘CH’ CIlO 
I C H 2 9 / 0 C H 3  I ,,HI ?o” c 1 y o c H 3  I 
CN 

CH, 
III/Ni 

(Ph NHCH2)Z 
* 

T O “ ”  OCH, OCH, OCH, 

YHO 

While 60 yo yields of the aldehyde were obtained with both deriva- 
tives, the tetrahydroimidazolc derivative is preferable, since i t  was 
hydrolysed very easily in 20 yo hydrochloric acid. Raney cobalt gave 
poor results under the same reaction conditions. This method is 
useful for the preparation of succinic and adipic dialdehydes 
(equation 11) as well as for indole and imidazolc aldehydes26*27. 

CN Rancy Ni/H2 CM=NNHCONH, CHO 
I H,K’NHCOXH, I II,O 1 

(C%)n > (CH2)n 
I m o  

I 
CN 
(n = 2, 3) 

A (CH,)n (11) 
I 

CH=”HCONH, 

Rupe20 hydrogenated benzonitrile and some other aroinatic nitriles 
in alcohol in the presence OF phenylhydrazinc and reduced nickel 
catalyst and obtained mixtures of products20.”. For example, 30 yo 
benzaldehyde (as its phenylhydrazone) was isolated from benzoni- 
trile while the remaining products consisted of amines. The  reaction 
under these conditions failed to yield phenylacetaldehyde from 
benzyl cyanide. This author suggested that the aldimine formed was 
in equilibrium with the phenylhydrazonc. 

The hydrogenation in the presence of phenylhydrazine and Rancy 
nickel instead of the reduced nickel catalyst used before20 was 
studied in detai129*30. The  method and its scope were described for 
aromatic, aliphatic and heterocyclic nitriles”. When optimum 
reaction conditions were applied ( 1-70 atmospheres pressure, 
Raney nickel catalysr. and ethanol as solvent) the phenylhsydrazone 



7. Reduction of the Cyano Group 313 

of the corresponding aldehydes were obtained in good yields, 
together with further hydrogenation by-products-the primary and 
secondary amines. The mechanism depicted in equations (12)-( 14) 
was suggested31, although equation (13) should be formulated as an 
equilibrium process. 

R b N  + H, 4 RCH=NH ( '2)  

RCH-XH f H,NNHPh + RCI-I=NNHPh + NI-I, (13) 

(14) 

When nitriles are catalytically hydrogenated, the uptake of the 
first mole of hydrogen is faster than that of the second 0ne24 and 
Gaiffe31 therefore assumed that the yield of the phenylhydrazone 
would depend on the amount of the phenylhydrazine present. 
Mixtures of nitriles and phenylhydrazine in variable ratios were 
hydrogenated under standard conditions and the yield of the alde- 
hyde could be raised from 50 yo for a nitri1e:phenylhydrazine ratio 
of 1 : 2 to 90 yo for a 1 :4 ratio. This method was applicable for the 
preparation of many aldehydes including phenylacetaldehyde, 
a-naphthaldehyde and pyridine aldehydes. A survey on the addition 
of othcr carbonyl reagents, e.g. p-toluenesulphohydrazide, hydroxyl- 
amine and bisulphite showed that these reagents have no synthetic 
v a l ~ e ~ ~ - ~ ~ .  

RCH=NH + H, + RCH,NH, 

2. Chemical reduction 

The chemical reduction of nitriles was found useful for the prepara- 
tion of aldehydes3I. Reagents such as zinc, iron and chromium 
powders and acids or aluminium powder and base were used. A 
competitive reaction is the hydrolysis of the nitriles under these 
reaction conditions to the corresponding amides and/or carboxylic 
acid salts (equation 15) : 

Z,, /I l+ 
~ l ~ c i I = ~ i ~ l  ----+ RCIIO +~";-; (15) 

o r 0 1 3 -  RCONH, + RCOO€I 

Here again the aldimine which is presumably formed is hydrolysed 
to the aldehyde. Since specific conditions, e.g. controlled pH, must 
be found for each case, this method is only of limited use. 
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I t  was predicted32 and shown33 that Grignard reagents would be 
capable of reducing as well as of adding to IStriles, and that the 
amount of the reduction product increased a t  the expense of the 
addition product with the increase of the branching of the Grignard 
reagent. The  yields, however, were poor32. I n  an attempt to improve 
the reductive properties of this reagent, the reduction of nitriles was 
carried out with the combination Grignard reagent-ferric chlorides3. 
For example, the reduction of trimethylacetonitrile with t-butyl- 
magnesium chloride-ferric chloride mixture gave 20 yo yield of 
trimethylacetaldehyde (equation 16) 34. Treatment of 3-ethyl-3- 

CH3 
I 

I 
CH3 

"-'3 f-BuMgCl I FCCl3 

I 
CH3 20% 

CH3CCN ___3 CH3CCH0 
ether 
28 h 

methylvaleronitrile with this combination gave the corresponding 
aldehyde in 31 and 51 "/o yields with t-butylmagnesium chloride 
and isobutylmagnesium iodide, respectively. Capronitrile could not 
be reduced to the corresponding aldehyde by this method34. 

D. Hydride Reduction 

1. Lithium aluminium hydride 

Hydride reductions would be very useful for the synthesis of 
aldehydes from nitriles if selective reactions that stop at the aldimine 
stage were available. Lithium aluminium hydride usually reduces 
nitriles to primary amines35, probably due to the ease of the reduction 
of the intermediate aldimines. This was observed also in the previous 
aldehyde syntheses. 

The possibility to stop the reduction at  the aldimine stage has 
been realized by: (0) variation of the reaction conditions; ( b )  the 
indirect synthesis and (c) the variation of the reducing hydride 
reagents. 

It was claimed that the controlled reduction of aliphatic nitriles 
by lithium aluminium hydride at  low ternperaturcs provides a 
convenient synthetic route to aldehydes3G. Unfortunatcly, the 
experimental details have not appeared and difficulty has bccn 
expericnccd with this synthesis3'. However, the successfL1 partial 
reductions of specific nitriles with lithium aluminium hydride under 
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controlled conditions had been rep0rted3~-~', as exemplified in 
equations (1 7)-( 19). 

LiAIH,. - 70' 
CF3CX t CF3CH0 

45y0 

( I  7)38 

( 18)30 

CHO 

(19)"O.'" 
LiAIII, / 

\ 
Ph2C ---+ P$C 

CH2CHiVR.Ic2 C H,C J3 NMc, 
\ 

I 
Me 

I 
Mc 

2. Indirect aldehyde synthesis 

An indirect aldehyde synthesis via hydride reduction was 
developed by Claus and M~rgenthau~" ."~ .  In their method, an 
ortho ester is formed by the addition of ethanolic hydrogen chloride 
to the nitrile, and this in turn is reduced by  lithium aluminium 
hydride to the corresponding acetal. The latter can be hydrolysed 
to the aldehyde (equation 20) : 

OEt 
HCI EtOH / LiAIH, 

R k N  - RC=NH*HCI RCOEt - 
\ EtOH 1 

OEt OEt 

OEt 
/ I3 + 

\ 
RCH -t RCHO (20) 

OEt 

In another indirect synthesis, nitriles are reduced to aldehydes in 
high yields by pyrolysis of the p-hydroxy ester formed in the reaction 
of ethyl a-bromoisobutyrate and zinc, followed by borohydride 
reduction44. 

3. Variation of t h e  hydride reagent 

Several variations of the hydride reagent are known. Hesse and 
Schriidel used sodium tricthoxyaluminohydride, prepared via the 
reaction of sodium hydride with aluminium ethoxidc, to successfully 
reduce aromatic nitriles to the aldehydes, but this method was 
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TABLE 2. Formation of aromatic aldehydes in the sodium 
triethoxyaluminohydride reduction of nitriles. 

Nitrile 

Benzonitrile 
o-Toluonitrile 
a-Naphthonitrile 
8-Naphthonitrile 
9-Phenanthrenc nitrile 
Tereph thaloni trile 
Pyridine-3-nitrile 

Aldehyde 

Benzaldchyde 
o-ToluaIdehydc 
a-Xaph thaldehydc 
P-Naph thaldehyde 
9-Phenan thraldeh yde 
Terephthaldehyde 
P yridine-3-aIdeh ydc 

Yield 
(%) 

92 
88 
87 
76 
78 
70 
83 

unsatisfactory for aliphatic nitriles"~~~. The reduction was carried 
out in tetrahydrofuran and the yields of hindered or unhindered 
aromatic aldehydes were similar (Table 2). The reaction mechanism 
can be formulated as follows (equation 21) : 

RCN + [AI(OEt),H]-Na+ __f [RCH=N. * .  AI(OEt),]-Na+ 

1H.O (21) 

RCHO 

Hindered nitrile groups, e.g. in angular positions in steroids", are 
reduced by lithium alumifiium hydride either to the aldehyde or to 
the corresponding amine, depending on the stereochemistry of the 
nitrile group, while lithium triethoxyaluminium hydride reduced 
the nitrile to the aldehyde regardless of the stereochemistry of the 
starting material47 (equations 22 and 23) : 

I.iAIH4 

40% 
> 
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LiAIH(OC2II,)z &’ ---zTG? Co CN 

& __f Aldehyde (23) 

Lo CH=NH 

Zakharkin and Khorlina used diisobutoxyaluminium hydride to 
reduce n-propyl cyanide to butyraldehyde in 93 yo yield4*. 

An efficient reduction procedure which is applicable to both 
aliphatic and aromatic nitriles was developed by Brown and 
 coworker^^^.^^. The hydride reagent was lithium triethoxyalumino- 
hydride, prepared by the reaction of 3 moles of ethanol or 1-5 moles 
of ethyl acetate with 1 mole of lithium aluminium hydride51. 
Aliphatic and aromatic nitriles can be converted to aldehydes by 
this procedure in 70 and 80-90y0 yields, respectively (Table 3).  
A systematic exploration of this reaction with the objective of 
developing a general synthetic procedure was carried The  
relative utility of a number of alkoxy-substituted lithium aluminium 
hydrides as selective reducing agents for nitriles was investigated 
using butyronitrile as a model. Best yields were obtained with 
lithium triethoxy-, tris(n-propoxy)- and tris (n-butoxy) alumino- 
hydrides. 

The first step of the reaction can be formulated as in equation 24: 

H 

(24) 

When aromatic nitriles are reacted with modified lithium aluminium 
hydride, the steric and electronic characteristics of the aryl group 
appear to stabilize the initial imine derivative, as judged by the 
isolation of excellent yields of aldehydes. Branching in the a-position 
of aliphatic nitriles evidently favours the first addition over the second 
( to  yield an amine), resulting in an improved aldehyde yield. Presum- 
ably the rate of nuclcophilic attack a t  the imine carbon is reduced as a 

I 
RC=\! + HAI(OR),- -+ RC=NAI(OR), 
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TABLE 3. Aldehydes from thc reduction of nitriles by lithium 
triethoxyaluminohydnde4g~ 

~ ~~ ~ ~~ 

Yield of aldehyde (%) 

As DNP 
Nitrile derivative By isolation 

n-Butyronitrile 
n-Capronitrile 
Isobutyronitrile 
Trimethylacetonitrile 
Phenylacetonitrilc 
y-Phenoxybutyronitrile 
y-Phenylbutyronitrile 
Cyclohexanecarboni trile 
Cyclopropanecarboni trile 
Cinnamoni trile 
Benzonitrilc 
o-Toluoni trile 
o-Chlorobenzoni trilc 
p-Chlorobenzoni trile 
&-Anisonitrile 
a-Naphthonitrile 
Nicotinonitrile 
Adiponitrilc 

69 
69 55 
81 
81 74 
0 

66 
73 
76 71 
69 
61 
96 76 
87 
87 
92 84 
81 
80 
58 
60 

result of the increased inductive influence of the branched alkyl 
groups and their larger steric requirements. Similarly, it appears 
that an increase in the steric requirements of the substituents 
attached to aluminium also favours a single addition. This inter- 
pretation, however, does not account for the report that sodium 
triethoxyaluminohydride does not reduce aliphatic nit rile^^"^^. This 
indicates that the lithium ion is essential for the selective reduction. 
I t  was therefore suggested50 that the lithium ion becomes coordinated 
to the nitrogen atom of the imine intermediate (equation 25) and 
assists in protecting the double bond from a second addition. Sodium 

I-I Li+ Soh 

R A ="-(OR), (25) 

will be much less prone to form a stable coordination linkage of this 
kind, and therefore sodium triethoxyaluminohydride cannot be 
considered a general reducing agent of nitriles to aldehydes, while 
lithium triethoxyaluminohydride is a reagent of general use for this 
reduction. 
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111. REDUCTION TO ALDlMlNES 

Although most of the reductions described in this chapter proceed 
via the aldimine stage, very few47 intermediate aldimines are 
sufficiently unreactive in the usual reaction conditions to escape 
being either reduced to the amine or hydrolysed to the aldehyde 
(equation 26). 

RCHO I I , ~  

I<C=N 4- I-I., __+ RCH=NH- r (26) 

Only recently a general method for the preparation of aromatic 
aldirnines of the type ArCH=NH by reduction of nitriles was 
described5,. I n  this modification of the Stephen aldehyde synthesis, 
the aldimine hydrochloride-stannic chloride complex is decomposed 
under anhydrous conditions. Several aldimines were prepared and 
characterized by hydrolysis to the corresponding aldehydes. T h e  
yields varied from poor to excellent (Table 4) and it was argued that 

b RCH,NHz 

TABLE 4. Aldimines ArCH=NH from reduction of nitriles5?. 

Yield Yield 
r2r (%I Ar (%I 

the yields are more influenced by steric effects than by electronic 
ones. However, the electronic character of the substituents has an 
influence on the competing polymerization reaction of the aldimines, 
affecting the yields in this indirect way. 

IV. REDUCTION TO AMINES 

A. introduction 

Aniincs are the usual final reduction products of nitriles (equations 
27-29). However, the reduction to primary amines is complicated 
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by the equilibria (equation 28) which lead to secondary amines as 
by-products20*2s, by the von Brown mechanism (equations 28, 29)53. 
This difficulty may be overcome by performing the hydrogenation 
in the presence of noble metal catalysts in an  acidic medium or in 
acetic anhydride., The  primary amine formed (equation 27) is 
removed from these equilibria as its salt or substituted acetamide. 
For reductions over Raney nickel, where an acid cannot be used, 
an  excess of ammonia is added to the reaction mixture, displacing 
the equilibrium (equation 28) to the left and thus avoiding secondary 
amine formation. The  literature concerning reduction of nitriles to 

(27) 

(28) 
112 

RCH,N=CHil __f RCH,NHCII,R (29) 

amines up to 1947 has been reviewed'. The synthetic aspects of 
the reaction have been summarized in several r e v i e ~ s ~ ~ . ~ ~ .  

H2 1% 
R k P J  + RCH=NH + RCH,NH, 

RCH,NH, + RCH=i\;Il a KCH,NHCI-IR RCII,N=CHR + NH, 
I 

NI-r, 

B. Catalytic Hydrogenation 

T h e  catalytic hydrogenation of aliphatic and aromatic nitriles has 
been known for a long time to yicld primary and secondary amines. 
When the reduction is carried out in a neutral solvent such as alcohol 
with platinum or palladium catalysts, useful yields of secondary 
amines may be ~ b t a i n e d ~ ~ - ~ ~ .  RosenmundGo has suggested carrying 
out the hydrogenation in acetic anhydride solvent, in order to trap 
the primary amines as their acetarnide derivatives. Acetic anhydride 
was recommended as solvent for the hydrogenation with platinum 
oxide catalystsG1*G2. The  yield of primary amine is also increased at  
the expense of side-products by using as solvent alcohol containing 
an equivalent of hydrochloric acidG3sG4. Raney nickel and Raney 
cobalt have been found very effective for reductions in alcoholic 
ammonia as solvent (Whitmore procedure) G5-G8 or with an amine 
like methylamine or dimethylamine69 under high pressure. 

The catalytic hydrogenation of nitriles under mild conditions was 
reported by Freifelder70. The reaction is carried out at  low pressure 
(2-3 atmospheres) with rhodium catalyst in ethanolic ammonia. 
For example, the hydrogenation of 3-indoleacetonitrile, using 
10-20 yo ratio of 5 yo rhodium-alumina in 10 yo ethanolic ammonia, 
was complete in two hours, giving a good yield of tryptamine 
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(equation 3 0) : 

The same result was obtained when strong base was used instead of 
ammonia. I-Iowever, reduction in the absence of ammonia gave 
predominantly the secondary bis( 3-indolyl) amine, contaminated 
with some tryptamine. The above procedure is advantageous since 
it requires mild conditions and the yields are good (Table 5). I n  

TABLE 5 .  Hydrogenation products of basic nitriles with rhodium cataly~t'~. 

R( Cl-I.,) nNE-I, RO CH,C H,C H,N H, 

Yield Yield 
R (%) R (%) 

(CH,),N 63.0 CH, 72.0 
1 -Piperidin0 78.0 n-C6HM 90.5 
PhCH,N(CH,) 67.2 Cyclopentyl 69.0 
4-Methyl- 1 -piperazino 67.8 Hexahydrobenzyl 70.0 

Cycloheptyl 75-8 

contrast to reduction with palladium catalyst, which is complicated 
by hydrogenolysis, the rhodium catalyst did not appear to cause 
any hydrogenolysis in the preparation of benzyl amines. At least 
five molar equivalents of ammonia are required to keep the forma- 
tion of secondary amines at a low level. 

Hydrogenation in acetic anhydride, in the presence of Raney 
nickel catalyst and a basic cocatalyst, is very effective for the reduc- 
tion of a variety of nitriles to primary amine~ '~ .  This seems to be the 
method of choice for catalytic hydrogenation to primary amines, 
since only moderate temperatures and low pressures are required, 
and high yields are obtained (see Table 6). With Raney nickel and 
sodium acetate as cocatalyst, hydrogenation of most nitriles is 
complete in 40-60 minutes at 50" and 3-4 atmospheres hydrogen 
pressure. Raney nickel-chromium appears to be as effective as Raney 
nickel, but Rancy cobalt is somewhat less effective (Table 6). 
Sodium acetate is a very mild cocatalyst suitable for most purposes, 
but stronger lmses such as sodium hydroxide aid in a more rapid 
reduction. Caution should be exercised when strong bases are used, 
since the vcry rapid reduction becomes vigorously exothermic. 
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T A B L E  6. Hydrogenation of nitriles RCN in acetic 
anhydride over Raney  catalyst^'^. 

Raney Yield 
R catalyst Cocatalyst (%I 

Ni 
Ni 
Ni 

Ni-Cr 
c o  
Ni 
Ni 
Ni 
N i 

IVi-Cr 
c o  

None 
NaOAc 
NaOAc 
NaOAc 
NaOAc 
NaOAc 
NaOAc 
NaOAc 
NaOH 
NaOAc 
NaOAc 

91 
97 

100 
89 
60 
92 
40 

100 
80 
77 
25 

Catalyst life is affected markedly by the nature of the cocatalyst. 
With sodium acetate, the activity of the Raney catalyst diminishes 
appreciably with each use and is too low to be of practical value 
after three or four cycles, whereas with strong base, recovered 
catalyst is as active as fresh and can be reused repeatedly. With 
some nitriles such as benzonitrile, no base is necessary, but in general 
its presence gives better yields and purer products. This general 
method was developed in order to overcome a crucial step in an 
elegant three-step synthesis of D,L-lysine from c y c l ~ h e x a n o n e ~ ~ - ~ ~  
(equation 31). This step is the catalytic hydrogenation of both 
oxime and nitrile groups. 

AcON NOAc 
NaOC,II, 
C,II,OH 

NOH 
Ac,O 
11:so,+ 

NC(CH,),CCOOEt u , r . - N I - I , C H 2 ( C 1 1 , ) ~ ~ ~ ~ ~ ~ ~ ~ t  (31) 
I 

XI-1,. H C1 
II 
NOH 

The  search for a suitable reducing system was carried out exten- 
sively in a n  effort to find a catalyst-solvent system which would 
permit hydrogenation of ethyl 5-cyano-2-oximinovalerate to lysine 
without the side reactions which apparently were responsible for 
the low yields obtained in earlier work. Although the combination 
of Rancy nickel and acetic anhydride was claimed to be unsatis- 
factory in  Adkin’s classical it was shown recently that use 
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of this system, especially in the presence of sodium acetate or other 
weak bases, enabled hydrogenation of oximes to acetylated amines 
in good yields76. The  use of Raney nickel catalyst and acid anhydride 
solvent, which was not reported previously for the hydrogenation 
of nitriles, proved to be more effective in this reduction than the 
apparently very similar platinum-acetic anhydride system. Thus 
at only 3 atmospheres and 50" in the presence of sodium acetate, 
the hydrogenation was complete in about two hours, and lysine ester 
monohydrochloride was isolated in 92 yo yield, while with a platinum 
catalyst after eight hours the yield was only 57 yo. The  use of strong 
bases such as potassium hydroxide or benzyltrimethylammonium 
hydroxide gave good yields even after fifteen minutes, and had the 
additional advantage that the catalyst could be reused many times. 
T h e  platinum catalyst was completely inactive after a single 
experiment. 

Attempts to synthesize 1,2-primary diamines by hydrogenation of 
cx-aminonitriles (equation 32) were u n ~ u c c e s s f u l ~ ~ ~ ~ ~ .  The difficulty 
in obtaining good yields is due to the small difference bctween the 
rates of hydrogenation and h y d r o g e n o l y s i ~ ~ ~ ~ ~ ~ .  

/ \  
R1 CH,NH, 

/ \  
R1 CN 

Low-pressure reduction, in the presence of platinum oxide, of the 
aminonitrile base or the hydrochloride in alcoholic hydrogen chloride 
results, however, in good yields (Table 7) with minimum hydrogeno- 
lysis of the nitrile groupa1. Moreover, the use of the acid medium 

TABLE 7. 1,2-Dianiines by reduction of 
a-aminoni trilcs R1R2C(NH,)CN81. 

R1 
~ 

Et 
PhCH, 
M e  
Et 
n-Pr 
n-Bu 

Et  
n-Bu 

PhCH, 

H 
H 
Me 
Me 
Me 
h4e 
Me 
Et 
Et 

76 
64 

68 
75 
10 
60 
61 
65 

a2 
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eliminates the acylation and the subsequent required hydrolysis is 
avoided79. This method is not applicable to N-substituted-a-aminoni- 
triles since extensive hydrogenolysis takes place. 

Hydrogenation of nitriles in the presence of primary amines is a 
good method for the preparation of secondary amines (equation 
33)82. This is an argument in favour of the von Brown mechan- 
ism53 which explains the origin of secondary amines in the hydro- 
genation of nitriles (equations 28-29). This also seems to rule out 

RTH2NH,  H, 
RICN + H2 b R'CH=NH f R~CH,NHCHR~ f 

I 
NH2 

R'CH2NHCH,R2 + NH3 (33) 

the mechanism of Mignonac83 which supports the hydrogenolysis 
of the Schiff base formed (equation 34). 

CH,N=C I3 

R R R  

The reductions were carried out with a Raney nickel catalyst in 
ratio of 10-25 yo to the nitrile. The results are summarized in Table 8. 

The aliphatic secondary products formed are compatible with the 
von Brown mechanism, which would predict the formation of a 

TABLE 8. Catalytic hydrogenation of nitriles RICN 
in presence of amines R2NHzs2. 

p-CH30C,H4 P-OCHSCGH, 90 
o-CN,OC,H, o-OCH,CGH, 93 

95 
100 



7. Reduction of the Cyano Group 325 

mixed secondary amine from the added primary amine. The  
authorss2 argue that the small effect that increasing primary amine 
concentration had on the preparation of the secondary amine formed 
indicates that the alkylation reaction occurs on the catalyst in 
competition with the hydrogenation reaction, which is favoured, 
and that the catalyst surface becomes saturated with respect to 
primary amine at an  approximately 1 : 1 mole ratio of amine to 
nitrile. Aromatic nitriles give higher yields of the secondary product 
compared to those of aliphatic nitriles. 

One or both nitrile groups of dinitriles can be reduced according 
to the reaction conditions. For example, adiponitrile was reduced 
to the corresponding mono- and diamir~e*~" by using nickel- 
aluminium oxide, Raney nickel, nickel boride and other nickel 
catalysts . 

Isophthalic dinitrile gave 79 yo yield of the corresponding diamine 
with Raney cobalt in liquid ammonia under 120 atmospheres 

but when the reaction was stopped after uptake of two 
moles of hydrogen, 80 yo yield of 4-cyanobenzylamine was obtaincd85. 

Other hydrogenations with Raney nickel in the presence of 
ammonia or alcoholic ammonia were reported. o-Cyznoacetophenone 
and o-t-butylbenzonitrile are reduced in vapour phase over nickel 
copper-kieselguhr catalyst86a, Potassium hexacyanonickelatc(1) 
K,[Ni( CN),] has been used recently to reduce benzonitrile to 
dibenzylamine86b. 

C. Chemical Reduction 

1. Metal-hydrogen donor reductions 

The reduction of nitriles with sodium and alcohol may lcad in 
some cases to the formation of a m i n e ~ ~ ' - ~ ~  but many dificulties 
ariseg0 and this method cannot be considered as a general one. 
Similar metal-hydrogen donor combinations used in chemical 
reduction to amines were: sodium amalgam and water, chromous 
acetate in suspension in alcohol, tin and hydrochloric acid, zinc 
and hydrochloric acid and coppered magnesium54. None of these 
methods seem to have general application. It is interesting that 
3-indoleacetonitrile and some of its derivatives are reduced with 
ethanolic hydrazine hydrate, i n  the prcsence of lianey alloy, to 
give only tryptaminesg1. Secondary amines were not detectcd in 
this reaction. With sodium and ethanol, nitriles are reduccd to 
aniincs and hydrocarbons (see section V). 
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2. Hydride reduction 

A general reduction method consists of using lithium aluminium 
hydride in ether35.37; it has been used for reduction of simple 
nitriles to amines as well as for the reduction of cyanohydrines to 
8-hydroxy primary amines. Typical results of this reaction (equation 
35) taken from the very first hydride reduction study of nitr i leP 
are summarized in Table 9. T h e  absence of secondary amines in the 

TABLE 9. Lithium aluminium hydride reduction of nitrile+. 

Nitrile Amine 

Benzonitrile Benzylamine 72 
o-Toluonitrile o-Xylylaminc 88 
Sebaconi trile 1,lO-Decanediamine 40 
Mandelonitrile B-Hydroxy-B-phcn ylethy lamine 48 
Lauroni trile TridecyIamine 90 
Triphenylacctonitrile - - 

product is a highly advantageous feature of this method. 
ether H,O 

2 RC=N f Li.41H4 + (KCH,N),LiAI __f 2 RCH,NH, (35) 

Many nitriles are reduced satisfactorily with lithium aluminium 
hydride to primary amines and the reaction has been adcquately 
reviewed37~~~. The action of lithium aluminium hydride on nitriles 
was modified by Nystrom9,, who added to the reaction mixture a 
Lewis acid, aluminium chloride. When equimolar quantities of 
hydride and aluminium chloride are mixed, the first reaction which 
takes place is the formation of aluminium hydride and lithium 
chloride93. Next, this can be followed by a further reaction to form 
aluminium chlorohydride". By using standard reducing solutions 
containing equirnolar amounts of aluminium chloride and lithium 
aluminium hydride, nitriles containing active hydrogen are reduced 
completely without liberation of hydrogcn during one hour. Reduc- 
tion of other nitriles is also facilitated and the yields are improved 
by the use of this 'acidic' hydride. The results are compared in 
Table 10. 

A comprehensive study of the reduction of nitriles in ether and 
tetrahydrofuran was carried out by using two different procedures". 
In  the direct addition the nitrile is added to the hydride 
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solution, while in the reverse addition the hydride is added 
to the nitrile solution. Comparison of these two procedures was 
initiated, since i t  was previously reportedD2*gG that the direct addition 
reductions of n-butyronitrile and of n-valeronitrile by lithium 
aluminium hydride in ether occurred with only limited hydrogen 
evolution, whereas much more gas was evolved when the identical 
reactions were performed in tetrahydrofuran. However, it was 
found9' that in the reverse addition reductions of these nitriles in 
both ether and tetrahydrofuran, considerable amounts of hydrogen 

TABLE 10. Reduction by LiAIH,-NCI, mixture8?. 

LiAlH, 1 : 1 LiAIH,-AlCI, 
Yicld Yicld 

Nitrile Amine (%) ( % I  

Diphenylacctonitrile 2,Z-Diphenylethylamine 61 91 

n-Val eroni tri le n-Pen tylaminc 63 75 

Phenylacetonitrile 2-Phenylethylamine 46 83 
Scbaconitrilc 1,lO-Decancdiamine 58 86 

were evolved. Both modes of addition were investigated with various 
types of nitriles", as well as  with different molar ratios of hydride to 
nitrile. I t  can be seen (Table 11) that in thc direct addition, high 
yields of primary amines are obtained when this ratio is one or 
higher, while little or no hydrogcn is evolved. I t  was then concluded 
that at least one mole of hydride is necessary for optimum reduction. 
This is in line with the proposed scquence of reactions for the 
reduction of nitriles to primary amines (equations 36-39). 

RCHZC=S + AIH,- - > KCH,CH=X,UH,- (36) 

(lICIJ,CH--N),AIH,- 1- AIH4- + 2 RCH2CI-1,6hlH~- (38) 

RC142CH2N.-\lHz- + I3,O + RCHpCII,XH, (39) 

In thc rcvcrse addition, considcrable amounts of hydrogen were 
evolved during the reduction of n-butyronitrile and n-capronitrile, 
and the yicld of primary aminc was much lowcr than in the analogous 
dircct addition reductions. Significant amounts of gas were obtaincd 
only when the nitrile contained an a-hydrogen and the quantities 
of gas were dependent on the relativc amounts of the hydridc present. 
The otlicr reduction products wcre mainly diamines. Thc following 

l iC  I-12C=S + RCH2CI-1-;'\'AIH,- + (KCH ,CH===N),AIH,- (37) 
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TABLE 11. Lithium aIuminium hydride reductions of nitriles RCN in ether and 
tetrahydrof~ran'~. 

R 

n-Bu 
n-Bu 
n-Bu 
n-Bu 
Ph 
Ph 
PhCH, 

n-Bu 
n-Bu 
n-Bu 
n-Bu 

n-C6H11 

n-C5Hll 
c - C ~ H I ~  
o-CH3C6H4 
o-CH3C6H4 
Ph 

Ether (at 34 Oc) THF (at 30-35 Oc) 

Molar ratio Mole % Primary Mole % Primary 
hydride: hydrogen amine, hydrogen amine, 

Addition" nitrile evolved yield (%) evolved yield (%) 

- DA 1.8 3 78.5 - 
DA 1.1 8-8 77.0 45.8 48.7 

28.0 39.8 DA 0.8 
DA 0.5 8.2 39.7 14.0 29.9 
DA 1.1 Trace 85.9 Trace 84.7 
DA 0.78 Trace 58.3 - - 
DA 1.1 61.4 41.0 - - 

36.4 36.0 DA 1-1 
RA 1.1 34.7 33.5 31.9 23.4 
RA 0.8 18.6 39.0 28.0 19.5 
RA 0.5 12.3 33.8 14.9 29.4 
RA 0.28 14.3 0 - - 
RA 1.1 32.5 33.6 25.3 26.9 
FLA 0.5 15-0 24.4 - - 
RA 1.1 Trace 83.6 - - 
RA 0.5 Trace 20.6 - - 
RA 1.1 Trace 67.4 Trace 58.2 

- - 

- - 

a DA: direct addition; M: reverse addition. 

mechanism (equation 40), proposing two competing reactions, 
accommodates these findingsg5. 

AlH4- - RCH,C?- 
RCH2--N ___t RCH-CZN.AlH3 f RCHCH,NH, 

- H Z  I I AlH,- RCHCH,NH, (40) 

+ AM4- 
RCH,CH=NAIH3- ___f RCH,CH,NAIH, f RCH,CH,NH, 

Similar results were obtained when both modes of reduction were 
performed in tetrahydrofuran. 

No evidence is available that a carbon-lithium bond is present 
in the reaction intermediates, since none of the acid expected on 
carbonation could be isolated. Such carbonation of the intermediate 
from the reduction of n-capronitrile was carried out before hydrolysis, 
but only 7-19 % and 20-40 % yields of n-hexylamine were obtained 
in both the reverse and the direct addition, respectively, after 
hydrolysis. 
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While lithium triethoxyaluminohydride reduces nitriles to the 
corresponding  aldehyde^^^.^^ (section II.D.3), lithium trimethoxy- 
aluminohydride in tetrahydrofuran at 0 Oc reduces capronitrile 
and benzonitrile to n-hexylamine and to benzylamine, respec- 
tivelygs. It is noteworthy that no hydrogen is evolved in the reduction 
of capronitrile. Such evolution is considerable with lithium alumin- 
ium hydrideg5 and is believed to be responsible for the decreased 
yields observed in these reductions. On the other hand, lithium 
tris(t-butoxy)aluminohydride does not react with nitriles, either to 
evolve hydrogen or to transfer hydride for reduction98. It was shown95 
that only two of the four hydrides in  lithium aluminium hydride are 
readily available for the reaction, and that the second addition does 
not occur intraniolecularly, but involves a second molecule. It was 
also argued5(’ that the reaction must largely proceed to the formation 
of a linear polymer (equation 41), and that the low availability of 
the remaining hydrides must be largely the result of physical factors. 

7. Reduction of the Cyano Group 

/ H \ 

The reduction with lithium aluminium hydride is accompanied with 
condensation of the nitrile with the formation of 1,3-diamine. 
Reduction with lithium trimethoxyaluminohydride minimizes the 
effect of this side reaction and circumvents the difficulties arising 
from the formation of polymeric intermediates. A comprehensive 
discussion on the reductive properties of the various alkoxyalumino- 
hydrides has been given by Brown and Shoaf5*. 
-4 rather unexpected reaction was the sodium borohydride reduc- 

tion of polyfluoroalkylnitriles to the corresponding amines9”lo0 
since regular nitriles are not reduced by this reagent (equation 42). 

SaBH4/diglyme 
CF3(CF2).CN ____f CF3(CF2),CH,NH, (42) 

Addition of the nitrile to a slurry of sodium borohydride in diglyme 
gave good yields (Table 12) of amincs. Apparently the amine was 
formed via a boron-containing complex, which was detected but not 
identified in gas chromatography of the reaction mixtures. At least 
two niolcs of sodium borohydride per mole of nitrile were employed, 
and the reduction was carried out for one to one-and-a-half hours 
at  reflux temperature of diglyme, or a t  room temperature. 
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TABLE 12. Sodium borohydride reduction of perfluoronitriles in  diglymcU8. 

Reaction time Yield of 
Nitrile Amine (h) amine (%) 

CF,( CF,) ,CN CF,(CF,),CH,NH, 1.5 46 

CFzH(CFz) ,CN CF,H (CF,) ,CH2NH, 1 *5 61.8 
CF,( CF,) 6CX CF3(CF2) ,CH,NH, 1 *o 73 

In contrast to the inertness of regular nitriles towards sodium 
borohydride, nitriles are rapidly converted by diborane"J1 (Table 13) 
and very slowly by di~iamylborane'~~*'03 to the corresponding 
primary amines. 

The  high reactivity of the nitrile group is demonstrated by the 
selective reduction of aliphatic and aromatic oxonitriles to the 
oxoamincs when only onc equivalent of diborane is applied104. 

Brown argues101*103 that the differences between the reduction 
ability of borohydride and diborane can be rationalized as follows: 
diborane is a Lewis acid which functions best as a reducing agent 
in attacking groups at positions of high electron dcnsity, whereas 
borohydride is a Lewis base which prefers to attack functional 
groups at  positions of low electron density. Since the nitrile group 
is relatively insensitive to attack by nucleophilic reagents, its relative 
inertness toward attack by borohydride ion is not unexpected. At 
thc same timc, the nitrilic nitrogen atom is relatively basic, as shown 
by the formation of addition compounds of moderate stability with 
boron trifluoride. Presumably, the rapid reduction of nitriles by 
diborane involvcs an  initial attack of the reagent a t  this relatively 
hasic position. It should be mentioned, however, that nitriles 
undergo nucleophilic reaction at  the carbon atom of the nitrile 
(see Chapter 6) and moreover that the reduction by lithium 
aluminium hydride should proceed by a nuclcophilic mcchanism. 

TAIKE 13. I<eduction of nitriles by diborane'"'. 

YicId 
Sitri Ic Aniinc ( % I  

I,i-NitrobenzoiiitriIc ,,~-Nitrobenzylamine.HCI 88 
Adiponitrile 1 .G-Diaminohcxanc.2I-iC1 85 
nenzonitrile Iknzy laniine 83  
Phenylacetonitrile 2-Phenylethylaniine 84 
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The above explanation is therefore acceptable only if the boro- 
hydride is considered a weaker nuclcophile than those known to 
attack cyano groups. 

The behaviour of nitriles towards the different hydride reagents 
is summarized in Table 14. 

I n  an  indirect route to primary amines, the adduct of a nitrile and 
Grignard reagent is reduced by lithium aluminium liydride (equation 
43) 105. 

Et Et \ LiAIH, \ 
E t b N  + PhMgBr - + C = N M g B r - - - - +  CHNH, (43) 

/ 
PI1 

/ 
P h  

V. REDUCTION TO HYDROCARBONS 

Only one of the known reduction methods of nitriles to hydrocarbons 
is a real rcduction to a methyl group with the preservation of the 
orioinal carbon skeleton. A second method is making use of the 
nitrile group as a n  intermediate for the formation of aromatic 
hydrocarbon, but complete reduction is not involved. I n  other 
formal reductions of nitriles, a reductive cleavage (decyanation) 
takes place, with the formation of a hydrocarbon with a lowcr 
numbcr of carbon atoms than the starting material. 

a. 

A. Reduction of Nittile to  Methyl Group 

Kindler and Luhrs carried out the catalytic rcduction of nitriles 
to thc corresponding niethyl derivatives (equation 44)Io6. It is 
interesting that simple terpenes such as A'-p-menthene, linionene or 

RCX + 3 13, + IICH, + NH, (44) 

a-phcllandrcne can be used as hydrogen donors, provided that the 
temperature is high enough (120-1 70"). The ability of the tcrpenes 
to undergo dehydrogenation and hydrogenation reactions under 
thcse conditions may make them the source of the active hydrogen 
required for the reduction of the nitriles. They are thercfore carricrs 
or mcdiators of hydrogen, being reduced during the reaction, while 
helping in the reduction of the nitrile function. Seven terpenes have 
been investigated in this respect1°7, and comparison of their ability 
as well as the reaction conditions required was made by using thc 
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I 



7. Reduction of the Cyan0 Group 333 

reduction of 2,4-dimethoxybenzyl cyanide to 2,4-dimethoxyethyl- 
benzene as a model (equation 45)106. 

CH&N CH2CH, 

( y C H 3 -  @c"' (45 1 

OCH, OCH, 

The  most effective among the terpenes is A'-p-menthene which is 
in turn reduced to p-menthane. This reaction can be used not 
only in nitrile reduction. Indeed, double bonds are saturated, 
and amines, halogen compounds and carbonates are also rapidly 
hydrogenated. The reduction of nitriles is therefore limited to 
nitriles which do not contain these reducible groups. The reaction 
which can be formulated as in equation (46) is very important for 
preparative and analytical purposes. The reaction conditions are 

2 H  2 H  2 H  
RCN __f [RCH=NH __f RCH2NH2] + RCH, + NH, (46) 

summarized in Table 15. 

6. Reductive Recyanation and Ring Cfosure 

Anthracene and anthracene derivatives can be formed from 
o-bcnzylbenzonitriles via a hydrogcnation and ring closure10'3. This 
is really a combination of two reactions: (a) the partial reduction 
of nitriles to aldehydes by the method of Pietra and Trinchera2laZ2 
and ( b )  the Bradsher and Vingiello synthesis of anthracene deriva- 
tives from aldehydeslog via a carbonium ion intermediate (equation 
4.7). 

Pol yiiuclear 

~ C I - I ~ A ~  x2u,.lrzo+ Ni [ a c H z A r  ] __ * aromatic 
CI r=N- hydrocarbon 

T (47) 

This reaction 
(Table 16). It 

CHJw Ck1,hr 1 
+C-011 [ajro 13 I I 

was applied to a few Z-(aryImethyl) benzonitriles 
is carried out by the partial hydrogenation with 
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TABLE 15. Reduction of nitriles to hydrocarbons. 

Nitrile 
Reaction 

Hydrocarbon product time (min) Yield 

A. Alz$hat ic-A romal ic n itrilesa 

Pheny lacctonitrile 
3,4-Dimethoxyphenylacetonitrile 
3,4-Dimethoxycinnamonitrilc 
a$-Diphenylacrylonitrile 
a,/?-Bis(4-methoxyphenyl) 

a-Phenyl-/3-p-tolylacryloni trile 
a-Phenyl-/3-(3,4-methylendioxy- 

phenyl) acrylonitrilc 
1,4-Diphenyl-l -cyanobutadiene 
2,5-Diphenylvaleroni trile 

acrylonitrile 

Benzoni trile 
4-Methylbenzoni trilc 
3,4-Dirncthosybenzoni trile 
3,4,5-Trimethosybenzoni trile 
3,4-Methylenedioxy-5- 

methoxybenzonitrile 
2-Chlorobenzoni trile 
4-Chlorobenzonitrilc 
1 -Cyanonaphthalene 
2-Cyanonaph thalene 
9-Cyanophenanthrene 

Ethylbenzene 
3,4-Dimethoxyphenylethane 
1 -(3,4-Dimethoxyphenyl)propane 
1,2-Diphenylpropane 
1,2-Bis(4-rncthoxyphenyl)propane 

2-Phenyl- 1 -p-tolyIpropane 
2-Phenyl-l-(3,4-mcthylenc- 

dioxypheny1)propane 
2,5Diphenylpentane 
2,5-Diphenylpen tane 

B. Aromatic Nifrilesc 

Toluene 
fl-xylene 
3,4-Dirnethoxytolucne 
3,4,5-Trimethosytoluene 
3,4-Methylcncdioxy-5- 

Toluene 
Toluene 
1 -h*fcthylnaphthalene 
2-Methylnaphthalene 
9-Methylphenan threne 

mcthoxy toluene 

C. Cyano pyridines and quinolinesa 

2-C yanopyridine 2-Mcthy lpyridinc 
3-Cyanopyridine 3-Methylpyridine 
4Cyanopyridinc 4-Methylpyridine 
Pyridine-3-acctonitrilc 3-Ethylpyridine 
Pyridine-3-acrylonitrilc 3-Propylpyridine 
4-Cyanoquinoline 4Methylquinoline 
6-Methosy-4-cyanoquinolinc 6-Metho~y-4-mcthylquinoline 

90 
67 
70 

100 
120 

63 
300 

210 
180 

60-80 
GO 
40 
90 
50 

120 
120 
115 
60 

265 

120 
150 
120 
200 
210 
95 

120 

b 

b 

b 

b 

~~~~ ~ 

10 mmole nitrile, 70 ml A'-p-menthcne, 1 g of Pd/C(10%). 

C 100 rnmole nitrile, 120 ml A'-)-nienthene, 2 g of Pd/C(100/,). 
7040%.  

d 85-900/,. 
85-950/, as picrates. 
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TABLE 16. Formation of anthracencs by reduction of 2-arylmethylbenzonitriles 
O - N C C ~ H ~ C H ~ A P ' ~ .  

Yield of Yield of 
Ar azine (yo) Hydrocarbon hydrocarbon (%) 

Ph 90 Anthracene 95 

u-C10H7 92 Benz[a]anthraccne 98 
2,3-(CH3) 2CeH3 88 1,"-Dimethylanthracene 90 

p-C10H7 91 Benz[b]anthracene 95 

hydrazine hydrate and Raney nickel followed by the acid cyclization 
of the resulting azine, which is also isolated. It seems that this 
method of synthesis of polynuclear aromatic hydrocarbons has 
general appl.ication. 

The  reductive decyanation (or dehydrocyanation) to hydro- 
carbons is demonstrated in the reduction of dehydroabietonitrile 
with the solvated electrons formed either from sodium biphenyl 
ion radical or sodium in liquid ammonia to form high yields of 
As*7*14c13)-abietatriene (equation 48) l l O .  This is an  application of a 

known procedure for reduction of organic halideslll-112 to the tertiary 
cyanides (pseudohalides) . The reaction mechanism s ~ g g e s t e d ~ ~ ~ * ~ ~ ~  
includes a stepwise two-electron transfer with initial cyanide loss to 
lead to the carbanion via the radical (equation 48). This reaction, 
which is useful only for reduction of tertiary nitriles, has also been 
applied to 1, l  '-dicyanobicyclohexyl and tetraniethylsuccinoilitrile, 
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both giving mixtures of the expected saturated and unsaturated 
hydrocarbonsllO (equation 49). 

- 33OC 0 + O G  OD 
95% 5% 

88% 11% 

The reduction of nitriles with sodium and alcohol may lead, in 
the case of some nitriles, to the formation principally of amines, but 
in a few cases, to the removal of the -CN group as sodium cyanide87 
(Table 17). 

TABLE 17. The reduction of nitriles RCN with Na/EtOHB7. 

Yield of Yield of Yield of 
R NaCN (%) RH (%) RCH,NH, (%) 

76 
63 
60 

- n-Bu 16 
Me&H 24 - 
Me3C 33 - 

Ph 

c 1-1 91 89 5 
\ 

/ 
PhO (CE-12) 3 

C$11 

61 33 23 
\ 

Me-C 

BU 

Bu-C 10 7 54 
\ 

/ 
Pr 

VI. MISCELLANEOUS 

A reaction which formally seems to be a transformation of a nitrilc 
group to an amide group under hydrogenation conditions is actually 
an  oxygen transfer followed by rccluction115. o-Nitrobenzonitrile takes 
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up  three moles of hydrogen when it is hydrogenated over palladium 
or platinum with the formation of o-aminobenzamide in 90 yo yield 
(equation 50). If the hydrogenation is carried out in the presence 

337 

of heavy water (l8O), no la0 is incorporated in the product. Hence 
the amide oxygen does not come from the water formed during 
hydrogenation, but is apparently an oxygen atom originally 
belonging to the nitro group. ' 

Aziridines can be formed by lithium aluminium hydride reduction 
of or-halonitrilesl*G (equation 51). This is actually a ring closure to 

aziridines by the intermediate P-haloamines in the reduction of the 
nitrile group to the amine. 

Electroreduction of nitriles to amines and distribution of the 
products was reported1'7.118 in the literature. The polarograms for 
unsaturated nitriles, e.g. acrylonitrile, were taken and the half-wave 
potentials were determined. 
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1. INTRODUCTION 

The utility of the cyano group in heterocyclic syntheses is probably 
surpassed only by the amino function. The high electron density 
present in the cyano group makes it an excellent candidate for a 
variety of electrophilic additions, whereas its strong dipole moment 
(3-5-3.6 D) allows for facile nucleophilic additions. If the attacking 
electrophile (E) also possesses a reactive nucleophilic centre (B) 
suitably situated in the molecule (i.e. a dipolar spccics), a ring 
closure can result giving rise to many varied heterocyclic systems. 
A simultaneous addition, or two of very rapid succession by either 
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the electrophilic or nucleophilic terminus, without the formation of 
a stable intermediate, is now the well-known cycloaddition process 
(type A). Alternativcly, the attack by an electrophile may occur as 
the first step of the reaction followed by a nucleophilic attack (type 
B) in the second step. Conversely, the nucleophile (B) could initially 
add to the carbon of the cyano group and, in a second step, the 
electrophile adds to the nitrogen atom (type C) which also would 
give rise to the heterocyclic system. These three types (A, B and C) 
of ring closures would incorporate the carbon and nitrogen atom of 
the cyano group and each type would depend upon the relative 
reactivity of the nucleophilic and electrophilic sites. 

For example, type A would be expected to occur on the cyano 
group if both the nucleophilic and electrophilic sites were of relatively 
equal reactivity, thus causing the resulting cyclic transition state to 
be the important stage in the reaction. For the type B process, a 
strong electrophilic site (E) would result in the nitrilium salt inter- 
mediate 1 which now possesses a highly electrophilic carbon atom 
capable of attacking the poorly nucleophilic site, B. I n  the type C 
process, the presence of a strong nucleophile (B) would result in 2 
which possesses a highly nucleophilic nitrogen atom able to coordi- 
nate with even the weakest electrophilic atoms. I n  the discussion to 
follow, examples of these three processes will be made evident. 

A modification of types B and C is also very common when 
heterocyclic molecules are formed in the presence of the cyano group. 
This is seen when the nucleophile (B) or the electrophile (E) adding 
to the cyano group is already part of the nitrile-containing molecule. 

-E /- 

’ N- + R-C P, 
I 

R-C 
I 
B E  
U 

B E  
W 
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It is therefore possible to form a heterocycle (type B,) if the electro- 
philic attack on nitrogen is intramolecular. Furthermore, intra- 
molecular nucleophilic attack will also result in a heterocycle 
(type Ci). Although relatively few examples of type Bi are known, 
the literature abounds with examples of type Ci. 

Type Bi X 

Many reviews dealing with heterocyclic syntheses from nitriles 
have appeared, but none have attempted to reduce the vast litera- 
ture into the three basic mechanisms (A, B and C) and the two minor 
variations (Bi and C,). Thus reactions initiated by nucleophilic 
attack on the cyano group (type C) have been compiled in the 
available compendia'-4 on synthetic heterocyclic chemistry, whereas 
recent r e v i e ~ s 5 - ~  have been concerned with heterocyclic syntheses 
initiated by electrophilic reagents (type B) . A report summarizing 
dipolar cycloadditionsS has included nitriles as useful dipolarophiles 

This chapter will describe representative examples of heterocyclic 
syntheses utilizing nitriles, with the intent to unify in the reader's 
mind the vast number of reported reactions into the basic mechanistic 
types mentioned. Although types Bi and Ci are mechanistically 
related to B and C, they will be treated as separate sections primarily 
because of the grossly different ring systems which result. 

(type A) - 

I I .  CYCLOADDITION REACTIONS (TYPE A) 

A. General Considerations 

In this reaction type, those cyclizations with nitriles are presented 
which involve (or appear to involve) concerted reactions. In some 
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cases firm evidence for concerted cyclization is absent but never- 
theless these processes do not clearly involve a two-step ring closure? 
A discussion on general considerations and definition of cyclo- 
addition reactions has been publishedlz. The heterocycles formed 
by this method will be presented according to ring size only and 
not by the number of heteroatoms in the molecule. 

345 

B. Three- and Four-Membered Heterocycles 

fithough it is theoretically possible for a carbene or nitrenee to 
add to the cyano group leading to azirines (3) or diazirines (4), 
respectively, no report has yet appeared describing the process. 
The successful production of these systems by this method would 
constitute the simplest cycloaddition process. Attempts to produce 
these compounds, which have been obtained by other routeslO*ll, 
have resulted in five-membered rings via the 1,3-dipolar addition 
of ketocarbenes and ketonitrenes. These will be discussed later in 
the chapter. 

Also absent from the literature are reports of cycloaddition of 
n-systems (alkenes, azines, carbonyl compounds) to the cyano group 
to form four-membered heterocycles. 

R' R' 
R:C: 

R2 -N 

RI-CEN, r- (3) 

C. Five-Membered Heterocycles 

The formation of five-membered heterocycles utilizing the cyano 
group is now a versatile process in view of the facile addition of 
1,3-dipolar species8.12. Briefly, the 1,3-dipole 5 adds to the cyano 
group with the electrophilic terminus (E) adding to the nitrogen 
and the nucleophilic terminus (B) to the carbon to give the hetero- 
cycle 6. The three atonis involved in the 1,3-dipole can be carbon, 
oxygen and nitrogen, with each serving as either the terminal and/or 
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central atom. The 1,3-dipoles have been classified8 as: (a )  octet- 
stabilized with multiple linkages, i.e. nitrile oxides, nitrile imines, 
azides, etc., ( b )  octet-stabilized without multiple linkages, i.e. 
azomethines, ylids, azomethine imines, etc., and ( c )  species without 
octet-stabilization, i.e. ketocarbenes and ketonitrenes. The cyclo- 
additions cjf nitriles with members of each class of 1,3-dipoles will 
be treated in the following sections. 

A N 
// \E 

1 C - m  + B ’ ‘E + R-C 
I I 

-A 

( 5 )  (6)  

1. Heterocycles from nitriles and 1,3-dipoles of class I 
Nitrile oxides, isolated or generated in situ, 

condense with nitriles’3.14 to form 1,2,4-oxadiazoles (7). The ring 
closure may be carried out utilizing aliphatic or aromatic nitriles 
(Table 1). Simple aliphatic nitriles are not effective in this reaction, 

a. Nitrile oxides. 

TABLE 1. Dipolar addition of nitrile oxides to nitriles to form 
1,2,4-oxadiazoles (7)13. 

R’ R? 
Percentage 

yield 

Ph 
Ph 
Ph 
Ph 
P h 
Ph 
Ph 
Ph 
Ph 
Ph 
fi-CIC,H, 
C0,Et 

Ph 

CICH, 
CH,OCH, 
PhOCH, 
PhCO 
CH,CO 
C0,Et 

3-Pyridyl 

Ph 
Ph 

69 
56 
89 
31 
62 
GI 
68 
71 
64 
73 

-50 
Trace 



8. Additions to the Cyano Group to Form Heterocycles 

whereas aliphatic nitriles containing an electron-attracting sub- 
stituent condense smoothly. Aromatic nitriles containing an 
electron-attracting substituent likewise lead to good yields of the 
oxadiazoles. Thus the electrophilic character of the nitrile carbon 
is an important factor in the dipolar addition. This is borne out by 
a recent study15 which employed boron trifluoride as a catalyst to 
enhance the electrophilicity of the cyano carbon through its Lewis 
acid complex (8)16. Moderate yields of the oxadiazoles were thus 
obtained (Table 2). Under neutral or alkaline conditions, ethyk 
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TABLE 2. Boron trifluoride catalysed ad- 
di tions of nitriles to benzonitrile oxid.d5. 

R 
Pcrcen tage 

yield 

35 
40 

n-C3H, 40 
CII,CO,Et 14 

CH3 
C2H5 

cyanoacetate failed to give the 1,2,4-oxadiazole (9) but has been 
reported1' to react with benzonitrile oxide to produce the isooxazole 
10 under alkaline conditions. The use of boron trifluoride as catalyst 
resulted in 9a in 14% yield. Therefore, employing a Lewis acid to 

polarize the cyano group results in increased electrophilic character 
on carbon and nucleophilic character on nitrogen, forming the 
oxadiazole 9. Both heterocyclic systems probably arise from the 
same initial zwitterion (ll), but tautomeric shift of the methylene 
protons, readily feasible in neutral or alkaline media, produces 10 
via thc intermediate IIa which is formed by a simple C-0 bond 
rotation in 11. The use of cyanotetrazoles (12) as a source of 
heterocyclic systems has been reportedla to lead to tetrazyloxa- 
diazoles (13). The nature and position of the R substituent on the 
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,CO,Et Ph\ ,CO,Et 
C+ CH, 
II I 

Ph\C+ H,C 
ll -I- I d 
N Nbf2c=N- C=N 

/ (11) 

I 
\0- 

tetrazole had little effect upon the cycloaddition, although sub- 
stituents on the benzonitrile oxide exerted a profound effect. 
ortho-Nitro-substituted benzonitrile oxides14*18 failed to give cyclo- 
addition, whereas para-nitro-substituted ones enhanced the reaction 
over that of unsubstituted nitrile oxides. These results can be 

explained if the nitro substituent is partially bonded to the nitrile 
oxide as in 14, thereby reducing much of its electrophilic nature, 
whereas any electron-attracting substituent present on either the 
nitrile or the dipolar species would tend to increase its reactivity. 

&$- 65’ I/ 

N\,S- 

(14) 

b. Nitrile imines. Dipolar addition of nitrile imines (Is), pre- 
pared from tetrazoleslg or hydrazidoyl halides20, to nitriles leads to 
1,2,4-triazoles (16). It is of interest that the contributing resonance 
structure 15c does not manifest itself in the production of 1,2,3- 
triazoles (17). This is undoubtedly due to the higher energy asso- 
ciated with 15c as compared with other resonance structures having 
electrophilic carbon. The formation of 16 is accomplished in good 
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yields when aromatic nitriles are employed and in poor yields in 
the case of aliphatic nitriles. Once again, a substituent present in 
the nitrile which increases its electrophilic character tends to 
increase the conversion to 16. 

349 

a Ph-C=k-N-Ph 

b Ph--C=N-G-Ph 

c Ph-G=N--N-Ph, 

+ 

+ R 

ph-y’3ph N- R- 

(17) 

(R = aryl, alkyl) 

c. Diazoalkanes. Although simple nitriles do not form cyclo- 
addition products with diazoalkanes, clectrophilic nitriles (18) ;do 
produce 1,2,3-triazoles (19) 21-23. Of the several possible resonance 
structures for diazoalkanes, only that which contains the carbanion 
moiety appears in the products formed. 

(R= alkyl, aryl, X=CI, CN, C0,Et) 

In the reaction of cyanogen bromide with diazomethane, three 
products arc formed, which are trapped as their respective N-methyl 
derivatives 20-22 by reaction with excess diazomethane. 

BrCEN Br fl. + mBr 
,N\# N%AcH, 

CH,-N=; I HSC 

4 + rfBr + 
N y p  

(exccss) CH3 

(20) (21) (22) 

I t  is apparent that ordinary nitriles are not sufficiently electro- 
philic to react with the highly delocalized (poorly polarized) diazo 



350 A. I. Meyers and J. C. Sircar 

function. However, if the electrophilic character of the cyano group 
is enhanced by a Lewis acid complex, it should as previously stated 
lead to successful ring closure. This point is amply exhibited by 
the cycloaddition of diazomethane to benzonitrile in the presence of 
tr iethylal~miniurn~~. The products obtained were thc N-methyl- 
triazoles 23 and 24. 

+ Ph&NhlEl, Hph ,- d P 1 1  
N\N.-N ,KKa E I&---N=N 

I CH:, 
CH3 
(23) (24) 

(excess) 

d. Nitrileylids. 1,3-Dipolar cycloaddition to nitriles occurs when 
nitrile ylids (26j, generated in situ from benzamidoyl chloride (25) , 
are introduced to their solution25,26. The products 27 and 28 
were obtained in 21 and 6 yo yield, respectively. I t  is surprising that 
27 was obtained in higher yield than 28 in view of the fact that the 
former is derived from the highly energetic resonance form 26c. 
However, this may be due to a kinetic effect which is the result of 
the highly electrophilic benzylic carbons in 26c. 

i 
I b 

Y 'r' 

(27) (2 8) 

e. Azides. Azides react thermally, or in the presence of acids, 
with simple and functionally substituted nitriles to form tetrazoles. 
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These cyclizations probably possess a concerted transition state12, 
whereas tetrazole formation with azide ion proceeds initially through 
nucleophilic attack at  the cyano carbon atom. This latter group of 
reactions will be treated in section V.C. Heterocycle formation 
from organic azides and nitriles produces a variety of interestingly 
substituted tetrazoles. For example, the thermal cyclization of 2- 
azido-2’-cyanobiphenyl (29) produces the tetrazolophenanthridine 
3OZ7. Unactivated aliphatic nitriles are insufficiently polarized 
to react with the azido substituent, but chlorosulphonic acid 
catalyses the intramolecular cyclization of 4- and 5-azidoalkyl 
nitriles, lcading to the bicyclic systems 31 and 3227*28. The analogous 

intermolecular reaction was carried out at 150” with perfluoroalkyl 
nitrilesZ9 giving rise to perfluoroalkyl-substituted tetrazoles (33). 
The highly electrophilic character of fluoro-substituted nitriles was 
sufficient for cyclization, thus eliminating the need for acidic catalysts. 
It is somewhat surprising that the isomeric tetrazole 34 was not 
formed in this reaction. 

(31, n = 3 )  
(32,n=4) 

(R, = CF3, C3Fi, K = Ph,n-C8N,,) 

2. Heterocycles from nitriles and 1,3-dipoles of class 2 

A few examples of the reactions of this 
recently prepared dipolar species with nitriles are known. The 

a. Azomethim imines. 
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EIO~C-CEN / 

azomethine 35 prepared from diazofluorene and phenyldiazo- 
cyanide3O condensed with ethyl cyanoformate to form the spiro- 
triazole 36*. A series of aromatic and electrophilic nitriles have been 
converted to fused triazoles (38) with the dipolar ion 37 (Table 3)31. 

TABLE 3. Triazoles 38 from nitriles. 

R 
Percen tagc 
yield of 38 

C0,Et 
Ph 
o-NO,C,H, 

o-IYCC6H4 
b-N02C6H4 

83 
55 
45 
69 
87 

It is interesting to compare the efficiency of the reaction involving: 
( a )  the ortho-nitro and ( b )  the ortho-cyano substituent in the nitrile 
undergoing cyclization. T h e  yield of the latter is almost twice that 
of the former. This may be attributed to the usual ortho steric effect 
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or, more convincingly, in the minds of the writers, to an intra- 
molecular partial bonding between the nitro group and the electro- 
philic carbon of the cyano group as in 38a, thus rendering the cyano 
group as  a whole less electrophilic. 

3-  

(38d 

b. Azomethineylich. A recent reporP2 described the condensation 
of the mesoionic oxazole 39, whose canonical form 40 may be 
regarded as an azomethine ylid, with nitriles to form the bridged 
lactone 41. Under the conditions of the reaction, carbon dioxide is 
lost due to the driving force toward the aromatic imidazole 42. 

3. Heterocycles from nitriles and 1,3-dipoles of class 3 

a. Ketocarbenes. T h e  thermal decomposition of a diazoaceto- 
phenone in the presence of benzonitrile has been reported33 to 
produce 0.4 yo yield of the oxazole 43 which was undoubtedly formed 
from the ketocarbene before rearrangement. The yield was increased 
by the use of copper, presumably due to stabilization of the dipolar 
singlet species by complexation. A further example utilizing the 
dipolar ketocarbenes was depicted* when the cyclic diazokctone 44 
was photochemically decomposed in the presence of benzonitrile to 
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0 8 0- 
II 150° [Ph-C-CH: I1 Ph-A=Ch*] 

Ph-C-CHN, __+ 

PhC=N 1 
(43) 

give the fused tricyclic oxazole 45 in 34 yo yield. These results clearly 
exhibit the delocalized a n d  dipolar nature of ketocarbenes. An 
interesting case of a diazo compound which cannot undergo the 
competing rearrangement and therefore results in improved con- 
version to the oxazoles, is the diazoacetic ester 46 which was decom- 
posed in the presence of nitriles to produce oxazoles (47)34 (Table 4). 

64)  
L 

I 
P , , C l , ,  c u  

\ N  CGPh (45) 

The reaction was found to proceed poorly under photolytic conditions. 
Acetonitrile has also been reported to give the corresponding oxazole 
with the trifluoroacetylethoxycarbonyl carbenoid species35. 

[ ?  Et0C-CI-I: 4---+ EtOC=CH P- +] RC-x+ 
EtO,C-CHN, * 

(46) 

EtoclR 
(47) 

b. Ketonitrms. The cycloaddition of the nitrene 50 to a variety 
of nitriles was reported by Huisgen37 and Lwowski3'j. Photolytic 
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TABLE 4. Oxazolcs 47 from nitriles. 

355 

Percentage 
R yield 

Ph 42 
CH3 31 
PhCH, 11 

decomposition of ethyl azidoformate (48) or the base-catalysed 
a-elimination of N-p-nitrobenzenesulphonoxy urethane (49) pro- 
duced the nitrene in a nitrile solvent. The products were 1,3,4- 
oxadiazoles (51) (Table 5 )  with none of the 1,2,4-isomers (52) 

TABLE 5. 1,3-Dipolar addition of' ketonitrenc to 
nitriles to form I ,3,4-oxadiazoIcs (51). 

Percent 
R yield R efercnce 

CH3 
(CH,),CH 
Ph 
EtOCH,CH, 
CH,CO,Et 

C H p C I I  

4-0,NC,H4 

C0,Et 

4-CIC6H, 

55-60 
64 
16 
73 
14 

14 
1 *7 

9.3 
4.5 

36,37 
36 
37 
36 
37 
37 
36 
37 
37 

formed. When acrylonitrile was used, the aziridine derivative was 
also obtained3G. 

(49) 
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c. Thioketene. This dipolar species (53) is much more stable than 
the corresponding forms of ketenes and will dimerize readily even 
in the presence of dipolarophiles. Reactions with nitriles do not 
occur, although highly dipolar nitrile imines do form cycloaddition 
products (54)3*. 

R 3  

(53) 

(Z=PhN, 0) 

D. Six-Membered Heterocycles 

The cycloadditions of 1,4-dipolar species to nitriles (to form six- 
membered heterocyclic rings) are usually not as facile as those of 
their 1,3-dipolar analogues. Since l,4-dipoles are not stabilized in 
the ground state by delocalization because of the extra atom present 
between the polar terminals, these substances must generate their 
dipolar character in the transition state. Therefore, many so-called 
1,4-dipolar cycloadditions are stepwise rather than concerted and 
will be treated as examples of type 13 ring closures. Therc are several 
examples of Diels-Alder type concerted 1,4-cycloadditions which 
lead to heterocycles utilizing the nitrile as the dienophile. These will 
be discussed as examples of type A ring closures. 

Recent reviews on diene s y n t h e ~ e s ~ ” ~ ~  and Diels-Alder reac- 
tions41s42 have included, to some extent, the behaviour of nitriles 
as dienophiles. Janz and his  student^^^-^^ have extensively investi- 
gated the cycloaddition of dienes to nitriles. The latter function as 
dienophiles only a t  elevated temperatures (200-400”) in gas-phase 
cyclizations with the aid of acidic surfaces. Thus, the addition leading 
to the 3,6-dihydropyridines 55 has been successfully carried out, 
but 55 were never isolated since dehydrogenation to the pyridines 
56 is so facile at these temperatures. On reaction with butadiene, 
acrylonitrile gives, in addition to the 4-cyanocyclohexene, a 2 yo 
yield of 2-vinylpyridine50. The heterocycle was formed only in the 
presence of acidic catalysts since in their absence the cyclohexene 
was the sole product. I t  was suggested that although Diels-Alder 
reactions in solution do not allow the cyano group to compete with 
the olefin as a dienophile, elevated temperatures and Lewis acid- 
induced polarization of the cyano group lower the energy of the 
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(R = H, Mc, Et, Ph) 

transition state leading to the 2-vinylpyridine. The reaction of 
unsymmetrical dienes 57 with cyanogen give mixtures of both 
possible products 58 and 59. The former product was reported43 

to predominate in the mixture and this is in accord with the slightly 
lower energy associated with the transition state leading to 58. 
Consideration of the transition states 60 and 61 suggests that the 
former possesses electron deficiency at  both the tertiary carbon and 
the terminal carbon, whereas the latter possesses its electron deficiency 
at a secondary and primary carbon. This would tend to cause a 
lowering of transition-state energy in 60, resulting in a higher propor- 
tion of 58 formed. Support for this viewpoint is also found in the 
reaction of 1,3-pentadiene with benzonitrile at  elevated tempera- 
tures46. Although the yield of 62 was low (18%) it was the only 

(62) 

product obtained. It appears that the transition state leading to 62 
is reached considerably more efficiently than that leading to the 
other isomer. The use of nitriles containing perhaloalkyl substituents 
(63) results, as expected, in high conversions to pyridines 64 under 
milder conditiolls4**49. This is due to the increased electrophilic 
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character of the cyano carbon and could be envisioned as a process 
which induces a dipole in the diene component, and thus a more 
accessible transition state. Other electrophilic nit rile^^^-^^ such as 
a-ketonitriles, cyanopyridine and phenyl cyanoformate react with 
dienes to form pyridines at  temperatures as low as 200". 

(63) (64) 

(Rs=CF3,  C,F,, C,F,, CF2C1, CFCI:, etc.) 

Tetraphenylcyclopentadienone (65) has been known56 for some 
time to act as a dienophile with benzonitrile to form the initially 
bridged adduct 66 which spontaneously loses carbon monoxide to 
form pentaphenylpyridine (67). Recently55, phenyl cyanoformate 
was treated with 65 and the pyridine ester 6s was obtained. How- 
ever, treatment of phenyl cyanoformate with the dimethyl ketal 69 
afforded the pyridine dicarboxylic ester 71, presumably due to the 
better leaving ability of chloride ion as compared with methoxyl in 
70. 

NECR -co+ 

Ph 

ph)@ph Ph R 

111. ELECTROPHILIC ADDITION TO T H E  C Y A N 0  
G R O U P  FOLLOWED BY R I N G  CLOSURE (TYPE B) 

A. General Considerations 

The observations by M e e r ~ e i n ~ '  and Ritter5* that the weakly 
basic iiitrile group can accept a strong electrophile to form nitrilium 
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salts which give amides (72) on hydrolysis provoked the idea that 
this behaviour would be useful for the synthesis of heterocycles. 
Thus if the attacking electrophile possesses a suitably situated 
nucleophilic site (73), ring closure will take place leading to a wide 
variety of heterocyclic systems (74). Since the nature of the nucleo- 
philic site will determine the type of heterocyclic formed, this section 

will be concerned with this aspect. Reviews have appeared5-’ (see 
also Chapter 6 )  which deal in detail with generating the nitrilium 
ion, and therefore no special emphasis will be laid upon the latter 
except to illustrate their utility in initiation of the heterocyclic 
synthesis. 

6. Cyclization of Nitrilium Ions by Reaction with C==C Bonds 

1. Pyrroline derivatives 

2,5-Dimethyl-2,4-hexadiene (75) and the corresponding glycd 
(76) condense with a variety of nitriles to form substituted l-pyrro- 
lines (78) by cyclization of the nitrilium ion 77 with the olefinic 
linkages9. The scope of this reaction has been reviewed5*’. There 
have been no other reports describing five-membered heterocycles 
utilizing this approach, although an attempt to induce 2,3-dimethyl- 
butadienc to form the pyrrole 79 met with extensive polymerization 
and no recognizable p r o d ~ c t s ~ ~ , ~ ~ .  
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2. Pyridine derivatives 

I n  a similar fashion to that described ab0ve5~, the glycol 80 was 
transformed into a 5,6-dihydropyridine derivative (81) via attack 
of the olefin linkage (generated in situ) by the nitrilium ion 82. An 

extension of this reaction was reported utilizing the glycol 83 which 
produced the pyridine system 84. This and related reactions have 
been described in detail e l ~ e w h e r e ~ . ~ .  

3. lsoquinoline derivatives 

Besides the use of an isolated double bond serving as a nucleophile, 
the aromatic nucleus is a useful substrate toward electrophilic attack. 
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Ritter and MurphyG1 showed that methyl eugenol (85) in sulphuric 
acid condenses with nitriles to form the nitrilium ions 86 which 
spontaneously cyclized to dihydroisoquinolines (87).  Nitrilium ions 
(88) ,  generated by using other Lewis acids, allowed Lora-Tamayo62 
to produce a variety of dihydroisoquinolines without the 3-methyl 
substituent. The advantage of the latter method lies in the fact that 
primary electrophilic carbons can be generated. This method has 
been employed63 using ethyl cyanoacetate to prepare the 2-car- 
bethoxymethyl derivative 89 (R = -CH,CO,Et). Employing 
stannous chloride as the Lewis acid has led to derivatives of 89 

M e 0  

" ' O r /  0 %SO, RCN, 

M e 0  

R 

(88) 

R 
(89) 

containing longer carboxyalkyl side chainsG4--6G. The use of ethyl 
cyanopropionate leads to puzzling results. When this nitrile is 
treated with 2-phenylethyl chloride in the presence of stannic 
chloride the product is reported to be 90. Attempts to reproduce 
this e ~ p e r i m e n t ~ 7 . ~ ~  resulted in a product which could not be identi- 
fied; it was obtained as a deep-blue oil which resisted purification 
and characterization. The dihydroisoquinoline (91) could not be 
isolated presumably due to a facile intramolecular cyclization. I t  is 
conceivable that the product originally described as 90 is more 
accurately depicted as its tautomer (92), which would be expected 
to be somewhat unstable. The hexahydroisoquinoline 94 was formed 
by the cyclization of the intermediate nitrilium ion 93 in the presence 
of concentrated sulphuric acid-69. Although a mixture of isomers 
forined, the isolated product was pure 94 due to isomerization to the 
cisoid system. Further examples involving nitrilium ion cyclization 
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I I 
(CH,),CO, Et (CHz),CO, Et 

(91) 

-EtOH 
rapid 

Y 

to unsaturated carbon bonds have been reported with 2-chloroethyl- 
thiophenes and indoles, producing the fused thiophene 95'O and 
indole 9 6 6 2  system. Recently, Hassner and  coworker^'^ found that 
isoquinolines can be readily prepared by the addition of halogens 
to a mixture of ally1 benzenes, Lewis acids and nitriles. Thus, by 

R 
(95) 

the addition of bromine or iodine to methallylbenzene the halonium 
salt 97 is produced. The latter is susceptible to attack by the nitrile 
to form the nitrilium salt 98. The latter cyclizes spontaneously to 
the 2-halomethyldihydropyridine 99. A variety of nitriles, which 
also serve as the solvent, have been employed. An interesting feature 
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in this approach is that it allows the preparation of 3,3-disubstituted 
isoquinoline derivatives which cannot beemobtained by the Bischler- 
Napieralski procedure. The fused aziridine derivative (100) was 
also obtained when 99 was reduced with sodium borohydride. 

vR1 & m : X  + [X-Lewis acid]- 

(R'= H ,  CH,) (9 7) 

I - t i +  

A novel reaction involving nitrilium salts has been observed72 when 
the diazonium fluoborate of 2-aminobiphenyl (101) is decomposed 
in acetonitrile solution. 6-Methylphenanthridine (104) was isolated 
in 70% yield. The reaction is believed to occur by virtue of the 
highly electrophilic cation 102 which reacts with the solvent to form 
the nitrilium ion 103. The latter then cyclizes to 104. Isolation 
of the N-arylacetamide (105) as a minor product lends support 
to the proposed mechanism. 

4. Seven- and higher-membered heterocycles 

There has appeared no report describing the cyclization of a 
nitrilium ion to a double bond leading to seven- or higher-membered 
systems. 
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C. Cyclization of Niorilium Ions by Reaction with C=O Bonds 

1. Oxazole derivatives 

The oxygen atom of a carbonyl group may serve as a nucleophilic 
centre for a nitrilium ion. The earliest example of this type was 
reported by Japp and Murry73, who found that heating benzoin 
with benzonitrile in concentrated sulphuric acid produced the 
oxazo!e 107. Much later, Lora-Tamayo and  coworker^^^.^^ prepared 
the same oxazole utilizing stannic chloride and desyl chloride (108). 
The oxazole obtained from benzoin may be formed through the 
nitrilium ion 106 which cyclizes to the hydroxyl group and then 
suffers dehydration. A third pathway which may be considered, 
namely via the intermediate 109, is not likely in view of the un- 
stable species which results by generating a cation adjacent to a 
carbonyl group. The mechanism of the stannic chloride process 
(108 --t 107) appears to involve the cyclization of the chloroamide 
and not the intermediate cation derived from 109. I t  is to be recalled 
that primary halides (phenylethyl chloride) react smoothly with 
nitriles in the presence of stannic chloride and other Lewis acids. 
On  the other hand, only tertiary, benzylic and on occasion secondary 
alcohols condense with nitriles in the presence of sulphuric acid or 
other Lewis acids. Although it is believed that both the alcohol 
and the halide reactions proceed via nitrilium ions and that the 
subsequent cyclizations are also comparable in scope, the process leading 
to the nitriliun ion is different. When a nitrilium ion (110) is formed 
from an alcohol (or olefin), carbonium ion production may be the 
rate-determining step, whereas reaction with the nitrile is a rapid 



8. Additions to the Cyano Group to Form Heterocycles 
365 

SnCl,, PhCS 1 
PhCH-CPh 

GI 0 
I I1 

(108) 

process. However, when the nitrilium ion is formed from an alkyl 
halide (primary appears to be most favourable), the nitrile-Lewis 
acid complexs7 is probably displaced nucleophilically in the slow step 
by the non-bonding electrons on halogen (111) accompanied by a 
simultaneous displacement of halogen by the nitrile. This would 
make nitrilium ions formed by this process subject to steric require- 
ments similar to those observed in nucleophilic substitutions. If this 
view .is correct, then the transition state 111 should be more difficult 

(111) 

to reach when RL is a bulky group. This is borne out by the reluc- 
tance of 2-chlorocyclohexanone to react with the nitrile-stannic 
chloride complex74. Furthermore, if R1 is secondary or tertiary, then 
considerable carbonium ion character can develop in the transition 
state, that is X leaves to coordinate with the stannic chloride before 
the nitrile nitrogen attacks R1. If R1 develops such carbonium ion 
character then the presence of strong electronegative groups (i.e. 
C=O) would tend to destabilize the transition state, as in the case of 
2-chlorocyclohexanone. Studies of a systematic nature are obviously 
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required before any firm conclusions regarding this process can be 
reached. 

Benzilic acid has been r e p ~ r t e d ~ ~ - ' ~  to condense with benzonitrile 
in the presence of concentrated sulphuric acid or stannic chloride 
forming the triphenyloxazolidone 112. Although the intermediate 
is presumed to be the cation P1375 the nitrilium ion 114 could 
conceivably arise by attack on the a-lactone 115. To da,te, there are 
no known reports of a-lactone formation and this process could be 
of interest in further studies on these strained systems. 

Ph phxoH IiC Ph-( 4- Hf 
Ph COOH 

Ph C-OH 
\\ 

2. Oxazine derivatives 

,8-Chloroketones have been treated with nitrile-stannic chloride 
complexes to produce 1,3-oxazines ( ~ 9 ) ' ~ .  The carbonyl group 
oxygen is acting as the nuclcophile which coordinates with the 
nitrilium ion 118. As mentioned in the previous section, the tertiary 
halide 116 probably forms the carbonium ion 117 by transfer 
of halide ion to the metal salt. Also produced in this reaction are 
the amides 120 resulting from hydrolytic cleavage of 119 or incom- 
plete cyclization of 118. An interesting variation to the above is the 
work of Ziegler and c0workers~~*8~, who obtained 1,3-0xazine-4-ones 
(121) by treating nitriles with malonyl chloride derivatives. 

D. Cyclization of Nitrilium Ions by Reaction with O H  Groups 

1. Oxazoles 

An attempt to prepare the oxazoline 123 by condensation of 
pinacol with nitriles failed to produce the requisite nitrilium ion 
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122. Apparently, the pinacol rearrangement proceeds faster than 
attack of the nitrile to the carbonium ionso. 

ii2n) 

2. Oxazines 

Ritter and Tillmannss1 were able to prepare dihydro- 1,3-oxazines 
(126) , in fair yield by treating 2-methyl-2,4-pentanediol (124) with 
several nitriles in cold sulphuric acid. I t  is interesting to note that 
the secondary hydroxyl group does not produce the carbonium ion 
(or the olefinic linkage) and can therefore function as a nucleophile 
toward the nitrilium ion 125. A variety of nitriles have been 
cmployed82, primarily to prepare tetrahydro- 1,3-oxazines (127) 
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TAULE 6. Tctrahydro-l,3-oxazines ( 127)83. 

R Percentage of 127(D) 

Et 
CH,CO,Et 
CM,Ph 
Ph 
2-P yridy 1 

86 
78 
88 
85 
12 

(Table 6 )  which have been reporteda3 to be useful precursors to 
aldehydes and their C(l) deuterated derivatives (128). The glycol 124 
has been employed with dinitriles to form bisoxazinylalkenes 
(129)s4. The details of this process have been discussed5. 

3. Miscellaneous oxygen nucleophiles 

A novel heterocyclic synthesis has been described by Jonesa5 
while attempting to produce diphenylcyclopropenylidene (132). 
When the acid 130 was treated with the electrophile triphenyl- 
mcthyl perchlorate, the resulting cyclopropenyl cation (131) 
reacted with the acetonitrile solvent to producc the oxazolone (133). 

Another novel preparation of oxazines entails the use of halo- 
alcohols (134) or haloolcfins (135) in the presence of nitriles and 
sulphuric acid. For example, the nitrilium salt 136 when diluted with 
water is rapidly transformed into the chloroamide 137, which 
spontaneously cyclizes to the oxazine 13P6. By employing y- 
methallyl chloridc and nitriles in acidic medium, the oxazolines 
(139) are similarly produceda7. 

Epoxides have been employed under acidic conditions to produce 
P-hydroxynitrilium ions (140, 141) which can cyclize to oxazolincs 
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php: 
PI1 

(142, 143). Ring opening of the epoxide follows the expected course 
resulting in mixtures of products88. 

Epoxy ethers (144) have bcen used to form the oxazoline 145 
by treatment with stannic chloride8s or perchloric acid in acetonitrile 
solutionso. I n  this case the more stabIe a-methoxyphenyl cation 
(146) is formed in preference to the tertiary carbonium ion. 

E.  Cyclization of Nitriliurn Ions by Reaction with S H  Groups 

I. Thiazole derivatives 

A thio-containing molecule capable of generating a carbonium 
ion will, as in previously described sections, form a nitrilium salt 
which will cyclize to the sulphur atom. p-Methallylmercaptan (147) 
13 
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5-l 
O Y S  

or its hydration derivative 

CH30 Lewis acidb 
0-1 

&+OL 

Ph>LJ<CH3 & 
CH30 CH3 

148 condenses with nitriles in concen- 
trated sulphuric acid to form the nitrilium ion 149 which proceeds 
to the thiazoline systems (150)5”86. The use of the mercapto alcohol 
gave improved yields of 2-thiazolines and i t  has been recently 
found91 that the latter can be efficiently reduced to thiazolidines 
(151) with aqueous sodium borohydride. 

A modification of the above synthesis was recently reported by 
Helkamp and coworkers9~~93 who claimed a new route to these com- 
pounds. The use of episulpkides (152) to form the thiazolines 153 is, 
in effect, closely related to the scheme producing 150. The novelty 
in this approach lies in the fact that stereospecific ring-opening 
results in the trans-thiazoline (155) from the cis-episulphide (154) and 
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(R = CH,, Ph, CHZCOzEt, CH = CHZ, CHzPh) 

the cis-thiazoline (157) from the trans-episulphide (156). The inversion 
of the episulphide configuration in the 2-thiazoline was depicted 
as proceeding through the intermediate 158. It is somewhat 
surprising that these authors were not aware of the previous thiazoline 
synthesis from nitriles and mercaptoalkenes. 

(152) (153) 

R' 

(157) 

Thc niercaptoketone 159 which may also form the electrophilic 
species 160 has been reported to form the thiazole derivative 161 
when treated with hydrogen chloride in a~etonitrile~". The alterna- 
tive mechanism involving 162 cannot, however, be readily discarded. 
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I t  is instructive to note at this time that not all acid-catalysed 
heterocyclic syntheses from nitriles involve nitrilium ions. For 
example, the formation of thiazolones (164) from a-mercaptoacetic 

- 

acid, hydrogen chloride and nitrilesg5 probably proceeds by an initial 
nucleophilic attack on the proionated nitrile (163). This type C 
mechanism will receive further attention in a subsequent section. 

2. Thiazine derivatives 

By choosing the appropriate mercaptoalcohol (165), dihydro-l,3- 
thiazines (167) may be prepared by treatment with a variety of 
nitriles in sulphuric acid86~95 or boron t r i f l u ~ r i d e ~ ~ , ~ ~ .  The dihydro- 
thiazines 167 have also been prepared97 using the benzyl thioether 
of 165 (R2 = PhCH,) which ejects the benzyl group during the 
cyclization of the nitrilium ion 166. Thioketones have produced, in 
low yield (10-15 yo), thiazines containing an acylamino side chain 
(17L)98. The reaction proceeds via the nitrilium salt 168 which 
cyclizes with concomitant removal of the benzyl group from the 
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(171) 

(R = Me, El) 

4-hydroxythiazine 169. The presence of excess nitrile allows a 
normal Ritter reaction to occur via the tertiary carbonium ion gener- 
ated from P69 (or 170). 

F. Cyclization of Nitril ium lons by Reaction with Nitrogen-Containing 

1. lmidazole derivatives 

Compounds 

T h e  highly electrophilic aziridinium salt (172) attacks nitriles to  
give an intermediate nitrilium ion (173) which cyclizes with 
expulsion of the benzyl group, a behaviour similar to that observed 
in the thiazine series. The products 174 and 175 are 
Aziridines have also been utilized to form imidazolinium salts (176) 
by treating them with perchloric acid in acetonitrile". T h e  site of ring 
opcning appears to be specific as a result of the formation of the 
more stable (phenyl conjugated) carbonium ion. This reaction has 
been carried out101*lo2 with aziridinium fluoborate, producing the 
imidazolinium fluoborates (177). I t  is reasonable to assume that 
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c104- N=C-CH, pclo4-- Q ClO, 9 Et-N 
l A  CHJ 

4 
CHZPh 

Et /\ CH, 
CH,Ph 

Et/ ‘CH,Ph 

(1751 

the very poorly nucleophilic nitrile is sufficient to open the pro- 
tonated aziridine whereas the fluoborate anion is incapable of this 
chore. 

B y 3  
I 

N=C--GH, NH, 
’ l 1 J N k H 3  HCIO, 

i -P ro  CH, i-Pro CH, 

CH, 

A 
I-IN +‘NH 

P h W C H ,  
i-Pro CH, 

(176) 

BF,- BE,- 

Azirines (178) also undergo ring expansion when treated with 
a solution of perchloric acid in acetonitrile”. The product ob- 
tained is the hydroxyimidazolinium perchlorate (181). The mode 
of ring cleavage in 178 was established by the use of acetonitrile- 
I5N which placed the label adjacent to the genz-dimethyl group. 

(177) 
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Thus ring cleavage occurs, as expected, to give the nitrilium ion 
179 followed by ring closure and addition of water to 180. I t  is 
noteworthy to mention that all of the nitrilium ion cyclizations 
presented thus far may be classified as Ritter reactions. 

375 

2. Quinazoline derivatives 

The nitrilium ion 183 formed by reaction of a nitrile and the 
in situ-generated aryl nitrilium ion 182 have been utilized extensively 
for 1,3-quinazoline (184) synthese~*~3*~~4. The aryl nitrilium ion can 
be considered as a powerful electrophile which serves the same 
purpose as carbonium ions in reactions with nitriles. 

Lora-Tamayo and his have extended their studies 
on aryialkyl halides and nitriles in the presence of stannic chloride to 
the formation of quinazolines (186) by utilizing o-aminobenzyl 
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chloride (185). The product obtained from the primary amino 
compound rearranges to the isomeric quinazoline 187. Further 
examples of this reaction have already been discusseds. 

(187) 

(R' = H, CH,) 

IV. llNTRAMOLECULAR EbECTROPHlLlC ADDITION 
TO THE C Y A N 0  GROUP (TYPE Bi) 

A. General Considerations 

Although cyclizations of nitrilium salts, described in the previous 
section, can follow many varied paths in an intermolecular process, 
the major difference observed in a n  intramolecular process is the 
fate of the nitrilium ion after cyclization. For example, when an 
electrophile, E, is present in the nitrile, cyclization affords a nitrilium 
ion 188 which then collapses to the product 189 by addition of a 

nucleophile, 13. If thc nucleophile is water or alcohol, lactams or 
iminoethers result whereas if the nucleophile is halide ion, imino- 
halides are formed. The electrophilic moiety can be any of a number 
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of common species such as carbonium ion, oxocarbonium ion, 
nitrilium ion, etc. 

B. Cyclization of Olefinic Nitriles 

Only a few cases describing the intramolecular cyclization of a 
carbonium ion to the cyano group have been reported. 4-Penteno- 
nitrile (190) produced107, under typical Ritter conditions, 5-methyl- 
pyrrolidone (192). The cyclic nitrilium salt 191 can be considered 
as the intermediate. It is of interest that 2-cyclopentenone, derived 
from the ion 193, did not form even though a similar cyclization 
process has been reportedlo8 to occur when the heterocyclic ring to 

0I-I- 1 

in 9 3) 

be formed contains less then seven atoms. For example, the unsatur- 
ated nitrile 194 produced the lactam 195 along with the unsaturated 
ketone 196 whereas 197 gave only the ketone 198 from the Hoesch 
cyclization. The reportlog that 199 under similar conditions gave 
200 and the above-mentioned formation of 192 appear to be at  
variance with the cyclization mechanism, although the relative 
positions of the CN and olefinic linkages are the same. The factor 
which determines which reaction will occur (Ritter or Hoesch) 
must depend upon something other than the steric requirements in 
the reaction. Since the olefin linkage is considerably more basic 
than the nitrile, this would kinetically favour a carboniurn ion 
formation followed by attack on the nitrile function (Ritter process). 
On  the other hand, the strain produced in the transition state 
would favour some ring sizes over others, but since five-, six- and 
seven-membered rings are indeed reported, other factors are also 
operative. Additional studies are apparently required. 
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I 

(194) 

I 

CI-I, 

C. Cyclization of Ketonitriles 

The use of the protonated carbonyl group as an electrophile to 
condense with nitriles has been extended to intramolecular cycliza- 
tions. All the following may be considered as essentially proceeding 
through nitrilium ions. When 8-ketonitriles are exposed to acidic 
conditions, 2-pyridones (201) are 0btained"0-~". I n  one instance, 
when ketonitriles (202) are treated at room temperature with 
concentrated sulphuric acid, cyclization proceeds normally to 203 
with concomitant aromatizationl13 to the 2-pyridones (204). The 
aromatization results from the oxidation by the sulphuric acid 
solvent. A*modification of an intramolecular electrophilic cyclization 
has recently been reported"8 involving the acid chloride 205 and 
leading to the isoquinoline derivative 206. The cyclization of nitrile- 
substituted diketones leads, via nitrilium salts, to B-arnino-cQ- 
unsaturated ketones (207) l19. A further variation of this reaction 
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involves the cyclization of the keto dinitriles 2O€V2O or 209121 to the 
bicyclic system 214 or 215, respectively. This is an interesting example 
of both the Ritter and Hoesch reactions occurring in sequence. The 
initial step leading to 210 proceeds via thc nitrilium ion 211 which, 
after loss of water, produces the olefin 212. The Hoesch process 
follows by electrophilic attack on the vinyl group (213) which is 
converted to the bicyclic lactam upon hydrolysis. 

(202) (203) 

( / I  = 1, 2, 3) 

(204) 

0 0 
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R 

-H20, H+ 1 (209) (R = Et) 

d A 0  - -H+ *x-€m*x 

HN f CH2 

(212) 
H Z 0  H I 0 

H 

(214) (R = Ph) (213) 
(215) (R = Et) 

D. Cyclization of Dinitriles 

The tendency of a,o-dinitriles (216) to cyclize to the heterocycles 
217 in the presence of hydrogen halides has been recently reviewedj. 
The reaction demonstrates the fact that a protonated nitrile (218) 

NC n CN x QJ=NH.H* 

(216) 

Y=N;H 

(1 C r N :  

(218) 

is sufficiently electrophilic to react with a cyano group to form the 
usual nitrilium ion. This reaction has led Johnsonl22 to prepare a 
host of interesting systems, whose structures have recently been 
confirmed by spectroscopic techniques. Recently122, the unsaturated 
dinitrile 219 was treated with hydrogen bromide and produced 220 
in good yield. The  latter is formed by the same mechanism which 
results in 217 followed by tautomeric shift of the unsaturated 
linkages. I n  a similar fashion, 2,4--diphenylglutaronitrile (221) forms 
the dihydropyridine 222 after neutralization with mild base. Oxida- 
tion with dichlorodicyanoquinone gave the pyridine derivative 223. 
A further extension of this versatile rinz closure involving alicyclic 



8. Additions to the Cyano Group to Form Heterocycles 38 1 

Ph 
_3 

Br NC CN 

dinitriles (224) produced the azepine derivatives 225lZ3 in good 
yield. T h e  uce of the unsymmetrical dinitrile 226 which has no 
tendency to isomerize resulted in a single azepine system (227). 
The alternative structure 228 was rejected on the ground of spectro- 
scopic evidence. It therefore appears that the cyano group which 

(2 2 4) (2 2 5) 

( t i  = 1,2,3,4) 

P c N  P H 2  -N c@. --s 
CN 

(2 2 6) Br NH, 

(227) (228) 

is protonated is that which is non-conjugated, and the nitrilium ion 
results from the less basic cyano group. This mode of cyclization 
has been observed by these authors in related systems. Monocyclic 
azepines (230) have been prepared'z4 by treatment of syn-dicyano- 
butenes (229) with hydrogen bromide. However, the related anti- 
nitriles 231 and 232 failed to give cyclic products. This sets forth a 
limit to this cyclization process in which the cyano groups must be 
.yn to each other or capable of facile isomcrization. This latter fact 
was exemplified whcn the dinitrile 233a underwent the expected 
cyclization as a result of its being in equilibrium with its isomer 
233b. 
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( 
c: s \ CN 

CN 

V. NUCLEOPHlLlC ADDITION TO THE C Y A N 0  GROUP 
FOLLOWED BY RING CLOSURE (TYPE C) 

A. General Considerations 

The strong dipole directed toward nitrogen in the cyano group 
results in a= electron deficiency at the carbon atom (234) which 
should be therefore susceptible to a variety of nucleophilic additions. 
If the resulting adduct (235) (charges on :B and E disregarded) 
possesses an electrophilic site, then ring closure can be expected to 
occur via nucleophilic displacement (or addition) leading to a 
variety of heterocyclic systems (236). The nucleophilic atom can 

(236) 

(13: = c, 0, N, s ,  E = c, K, S) 
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be carbon, nitrogen, oxygen, sulphur, etc., derived from a multitude 
of sources, whereas the electrophilic site (E) is almost always as 
electronegatively bound carbon (alkyl halides, carbonyl derivatives, 
nitriles). However, several cases are known, and will be discussed, 
in which nitrogen and sulphur act as electrophiles. I t  is clear from 
the above general scheme that many different types of heterocycles 
which involve anywhere from one to four (or five) heteroatoms are 
obtainable via this mechanism. The most efficient presentation of 
this process would seem to be one based upon the nature of the 
nucleophile adding to the cyano group rather than upon ring size 
or heterocyclic system produced. The literature contains a vast 
number of variations on this ring closure and this section will present 
only representative examples of the most interesting types. 

B.  Addition b y  Carbanionic Species Followed b y  Cyclization 

The addition of the Reformatsky reagent 237 to nitriles is the 
only reported125 example of a p-lactam (240) formation. The initial 
adduct (238) preferentially attacks a second molecule of the organo- 
zinc halide rather than proceed toward an intramolecular cyclization. 
The excessive substitution present in the bis-adduct (239) allows 
cyclization to the /?-lactam derivative to compete effectively. 

(239) (2 4 0) 

(R‘ = 6-methoxy-2-naphthyl) 
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The use of Grignard reagents as precursors for carbon nucleo- 
philes has resulted in the formation of I-pyrrolines (242) and tetra- 
hydropyridines (243) by treatment with o-halonitriles126-128. 
Reaction of alkyl or aryl Grignard reagents with 4-chloro(or 
4-bromo) butyronitriles produces the adduct 241 which then 
cyclizes via nucleophilic displacement of halide ion. I n  this manner, 
which is the most convenient method available, a wide variety of 
2-substituted 1-pyrrolines and tetrahydropyridines may be obtained. 
An interesting and alternative mechanism for the formation of 242 
can be considered in the light of the work of C l ~ k e ' ~ ~ ,  who reported 
that cyclopropanecarbonitrile upon addition of phenylmagnesium 

R 

RMgX-I- cx- 61 
(2431 

(R = Me, Et ,  Ph ,  PhCH2,  2-naphthyl, 9-phcnanthryl, 2-thicnyl) 

bromide produces the cyclopropyl imine 244 which is then thermally 
rearranged to the I-pyrroline 245. Attempts to reproduce this 
rearrangement have failed although the hydrochloride of 244 gave 
excellent conversions to the pyrroline in a thermal ~ ~ o c ~ s s ~ ~ ~ * ~ ~ ~ ~ * ~ .  
Examination of the experimental details leading to 242136 reveals 
that a two- and three-fold excess of the Grignard reagent was 
employed, which would suggest that an a-proton abstraction and 
subsequent cyclization to cyclopropanecarbonitrile may be occur- 
ring, followed by a second addition of the Grignard to give 246. 
Since magnesium halide salts arc present, these could function as 
Lewis acids to catalyse cyclization to 245. T h e  nature of the 
rearrangement and the role of the acid catalyst are still in question. 
Furthermore, detailed studies of the reactions leading to tetra- 
hydropyridines (243) should reveal whether an initial cyclization 
to cyclobutanecarbonitrile (247) precedes their formation. 
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Ph 

PI1 L p - C N  PhMgBr 

I NH 

w N MgBr 
U"" 

Acetylide salts have added to nit rile^^^^ and, depending upon the 
molar ratio of nitrile to acetylide, produce 2-substituted pyridines 
(248) or 2,4-disubstituted pyrimidines (249). This process required 
the utilization of elevated temperatures (-200") and pressures (-1 5 
atm) . Excess nitrile, containing u-hydrogens, results in minor 
quantities of the aminopyridines 250 and 251. 

RC=N + HC=C- - 
CH 

1 1 
(249) 

(R = Me, Et, i-Bu, Ph) 

(2511 
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The cyanoester 253 produced the 2,5-disubstituted pyrrole 255 
when treated with two equivalents of the Reformatsky reagent 
252133. When the ester contains a bulky alkyl group such as 2-butyl, 
the reactions do not proceed beyond 254, which is isolated in its 
lactam form. 

Qo # (CH3 )2pq~ I 1  452 

(CHJ?C 
I H 

(CI-I,)& QC(CH,)2 I I - 
CO,Et 

r 
Et0,C CO&t 

(255) 
COZEt 

(254) 

A recent example134, which can be considered as following the 
mechanism in question, is the rearrangement of 256, obtained by 
tetracyanoethylene addition to indene, to the tricyclic system 258. 

L q +  -'% 
hrH HP 

CN CN 

(258 )  

The process, which has been reported to be cyanide-ion catalysed, 
is postulated as proceeding through the anion of the valence 
tautomer (257). Another interesting heterocycle (260) has been 
described'35, prepared from the carbanion of guaiazulene (259) and 
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two equivalents of benzonitrile. Although 260 was obtained only 
in 10% yield it represents the first example of the n--equivalent 
heteroanalogue of the non-benzenoid system, cyclopenta[e,f] hepta- 
lene (261). 

CII,Na 

Pll 
I 

C. Addition by the Amino Group followed by Cyclizution 

The amino nucleophile, originating from a variety of sources, has 
been utilized for additions to the cyano group. For example, the 
azine 262 when treated with t-butoxide ion has been reported to 
form the anion 263 which cleaves to benzonitrile and the imino 
nucleophile. Nucleophilic addition to another azine molecule and 
reaction with benzonitrile produce the cyclic system 264. The 
latter subsequently fragments to the 1,2,4-triazole (265). The 
accompanying mechanism has been somewhat supported by the use 
of ben~onitrile-'~CN which resulted in 265 containing approximately 
30 % of the radioactive carbon'3G. 
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Ph 
i 

h i d e  ions have been extensively employed4 in reactions with 
nitriles to form tetrazole derivatives (267). Although reactions of alkyl 
a z i d e ~ ~ ~ - Z ~  or hydrazoic acid with nitriles may be concerted cyclo- 
addition processes, reactions involving the highly nucleophilic azide 
1011137-142 would be expected to produce a considerable concen- 
tration of the iminoazide 266 prior to ring closure. The ease of 

azide addition is, as expected, dependent upon the electrophilic 
character of the cyano carbon atom. Thus when R contains electron- 
withdrawing substituents (CO,R, F) tetrazole formation is facile. 
However, when R is electron-donating and capable of dispersing 
the charge on the cyano carbon atom, reaction is slow and requires 
Lewis acids to increase the e l e ~ t r o p h i l i c i t y ~ ~ ~ - ~ ~ ~ .  

That the use of Lewis acids increases the electrophilic nature of 
the cyano group is seen in the reaction of aniline with various 
nit rile^'^^ to form the amidinium salt 268. Although the latter is 
a stable intermediate, it can be converted to the chloramine deriva- 
tive 269 which cyclizes to the benzimidazole 270. An unusual 
cyclization147 is exhibited by the reaction of aryl hydrazines with 
two equivalents of nitrile, resulting in moderate conversions to 
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I 
H 

(269) (27.0) 

(R = Et, Ph, 4-thiazyl) 

triazoles (273). A variety of derivatives were prepared by this 
process (Table 7)  which probably proceeds through the inter- 
mediates 271 and 272. T h e  amino group appears to have initiated 

the cyclization of a n  N,N'-disubstituted urea (274) to the bicyclic 
system 275, which is formed by heating 274 above its melting 
point148. It is interesting that the weakly nucleophilic amido 
nitrogen was cvidently sufficient to affect this tautomerization. 

T A n m  7. s-Triazoles 273 from nitriles and hydrazincs. 
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(R'= Me, Et, H ,  R?= Me, Et, H) 

Acyl guanidines (276) condense with phenylacetonitrile, producing 
the 1,3,5-triazine derivative 278 presumably via the intermediate 
277149. A related reaction150, utilizing the amidine 280 in place of 
the guanidine results in the triazine 281. This, like so many other 

examples in the literature, involves a discrete, isolable intermediate, 
namely the imidate (279) which is thcn transformed into the 
heterocycle. T h e  use of imidates in synthesis is very extensive and 
is outside the scope of this discussion. A review on this subject has 
recently appeared151. 

Another example of this typc of ring closurc is offcrcd by Case, 
who treated nitriles with hydrazine to produce the adduct 282 which 
formed the triazine 283 upon treatment with a - d i k e t o ~ i c s ~ ~ ~ .  
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A versatile method for the synthesis of tetrazines (286), recently 
reported by Y a t e ~ l ~ ~ ,  involved the condensation of two molecules 
of the imidate 284 with hydrazine hydrate to form the dihydro 
derivative 285. The latter was aromatized with nitrous acid. 

A reaction which follows a slightly different course is the conden- 
sation of diamines (287) and nitriles to form imidazolines (290)154. 
Although attack by the amino nitrogen results in the adduct 
288, the nitrogen atom of the cyano group is probably expelled 
by a second intramolecular nucleophilic addition to form 289. By 
use of homologues of ethylene diamine, ring systems up to seven 
members have been constructed. I t  is also possible to obtain165 
N-substituted imidazolines (291) as well as bis-imidazolinyl alkanes 
(292). 

D. Addition by Oxygen Nucleophiles Followed by Cyclization 

Since oxygen is a weaker nucleophile than nitrogen, cyclizations 
involving this species are found only under the influence of catalysts. 
For example, the highly electrophilic perfluoronitriles 293 react 
with 2-chloroethanol in the presence of a base to form the 2- 
perfluoroalkyloxazolines 29415G*157. 

The imidate 295 derived from substituted acetonitriles has been 
shown158 to form the chloramine derivative 296 which when treated 
with strong base resulted in a novel cc-amino acid synthesis. The 
process has been postulated to proceed through an unstable azirine 
intermediate (297). 



(2 8 7) 

(I2 = 2, 3 ,4)  

(2 9 0) 

(n = 2, 3,d) 

Et,N 

V 

N-CI 
// L-BUO- 

NH*HCI 

OMc OMe 

HOCl 
1<CH2- d”, ----+ RCHZ-C, l-tluOH* 

McOH RCII2CN 

392 
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A recent reportlS9 described the novel behaviour of the dioxaphos- 
pholan 298 when warmed in acetonitrile solution for 20 hours. 
The oxazoline 300, which is speculated to arise via the adduct 
299, was obtained in 70 yo yicld. 

PhM,; O A N  + OP(OE& 

Ph 

E. Addition by Sulphur Nucleophile-Followed by Cyclization 

The favourable nuclcophilic propertics of the sulphur atom 
coupled with the leaving group ability of sulphur nucleophiles 
result in some rather unique behaviour when applied to heterocyclic 
syntheses. An example of both propertics is seen in the synthesis of 
isothiazoles (304) 160*161. When the salt of dimercaptomethylene- 
malononitrile (301) is treated with sulphur in refluxing methanol, 
the existence of intermediates 302 and 303 has been envisioned. 
The former arises from nucleophilic attack by mercaptide ion on 
sulphur, whereas the latter involves a second nuclcophilic attack 
on the nitrile with expulsion of the sulphur moiety by the nitrogen. 
Another example of this reaction involving the mononitrile 305 has 
been describcdlG2, which presumably proceeds through the same 
path, leading to the isothiazole 306. 

A brief dcscription of the thiadiazole 308 synthesis from nitrilcs 
utilizes elemental sulphur and a trialkylamine as catalyst at  elevated 
tcmperatures'G3. Although little quantitative information is available 
on any of these nitrile-sulphur cyclizations , the formation of the 
product could bc conceived as proceeding through the intermediate 
307. 
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SMe s- 

(3 0 4) 

A reaction leading to 3-aminoisothiazoles (310) l G 4  is performed by 
treating a p-ketonitrile with morpholine and sulphur for several hours 
a t  105”. This process may be considered as an example of initial 
nucleophilic attack by nitrogen on the enol thioether 309. 

€IS 

NC ”)=(”- S -  -L S H  

cs, 
PhCH,CN 

(308 )  (307) 

(R = Ph. />-L~lyl, 2-11;il?hthyl) 

A versatile synthesis1G5 of pyrimidinethiones (313) fioni Z-amino- 
nitriles (311) appears to include a nucleophilic addition of the 
sulphydryl ion to the cyano group of 312 followed by cyclization. 
T h e  products are prepared directly from the crude ethoxymethylene- 
amino derivative (312) in good yields. The mechanism of this 
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cyclization is not firm and alternatives have been considered by the 
authors. 

By treating the above aminonitriles with carbon disulphide in 
pyridine a simple and efficient preparation of pytimidinedithiones 
(316) has been a ~ h i e v e d ~ ~ ~ , ’ ~ ’ .  The cyclization has been found to 
occur via the intramolecular nucleophilic attack of the sulphur on 
the nitrile 314, leading to the thiazine 315 which exhibited the 
ring opening-ring closing sequence resulting in the product. 
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1-1 

(314) 

H 

I 
Y 

(316) 

Taylor and his coworkers have prepared a varicty of heterocyclic 
systems utilizing o-aminonitriles during the past fifteen years1Gs. A 
synthesis of 2-thiazolines (319) from nitriles and mercaptoamines 
has been described by Kuhn and Drawert"j8. The  reaction proceeds, 
as in the formation of imidazolines (290), via the adduct 317 
followed by a second nucleophilic attack to form 318, which produces 
the thiazoline after elimination of ammonia. I n  this manner, a 
variety of thiazolines were obtained including 320, derived from 
dinitriles. This process is perhaps more in accord with the intramolec- 
ular cyclization (type C,) to be discussed in the following section. 
However, since the intermediate 317 is only postulzted and not 
actually observcd, its description under the intcrrnolecular cycliza- 
tions is preferred. 

S R  
+ X=C-R----+ [E? [I, H1 N, /is, H 

(317) (318) 

1)- 
4- (CH,),, / - C s / > - ~ C 1 I 2 4  

(3 19) 

C S  

CN 3 K 
(320) 
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VI. INTRAMOLECULAR NUCbEOPHlLlC ADDITION 
TO T H E  CYAN0 GROUP (TYPE Ci) 

A. General Considerations 

A simple extension of the cyclization process described in the 
preceding section involves a molecule 321, which contains a nucleo- 
phile situated at an appropriate distance from the electrophilic 
site of the cyano group. Thus by nucleophilic addition to form 322, 
followed by a proton acquisition, the ring closure will result in an 
amino-substituted heterocyclic 323. A variety of nucleophiles may 
Serve this function although a heterocycle will result only if A 
and/or B is a heteroatom. 

B. Intramolecular Nucleophilic Addition by Carbon Nucleophiles 

The most common example of this type of cyclization stems from 
the variety of Thorpe cyclizations in the literature169. For example, 
the base-catalysed cyclization of iminobis (propionitrile) (324) to the 
piperidine 326 proceeds through the carbanion 325l70. Acyl deriva- 
tives of 2-aminonitriles (327) undergo cyclization to the amino- 
quinolones 328 when treated with strong bases171. A similar reaction 
occurs when acyliminonitriles (329) are utilized producing the 
aminopyridones 330. Many earlier examples of this type of ring 
closure have been reviewed169. 

T h e  use of an  olefin linkage derived from an enamine (331) has 
been reported172.173 to produce pyrimidines (332), but due to the 
poor nucleophilic properties of the former, drastic conditions were 
necessary to affect cyclization. Reaction with 2-tetralone (333) 
produced the interesting system 335 presumably also through the 
intermediate enamine 334. The driving force for these cyclizations 
may be attributed to the formation of the aromatic systems. Another 
example of this process is seen where the p-carbon atom of the 
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H 

(33 4) (335) 

simple enamine 336 serves as the nucleophile. Cyclization to 337 
proceeds to a small extent (2 yo) a t  200°, but employing zinc chloride 
as a Lewis acid increases the yield to 96~'174. The latter fact attests 
to the need for a complexing agent to increase the electrophilic 
character of the cyano group. 
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H 

0 

(3 36) 

399 

1 

NH, 

(337) 
I z Il+ 

A systematic study was recently initiated175-178 which revealed that 
enamine addition to nitriles is a versatile and efficient technique for 
obtaining a variety of novel heterocyclic systems. The key to the 
process involved the use of magnesium salts to enhance cyclization 
under mild conditions. The enamine 338, which could not bc 
induced to cyclize even at its boiling point ( 150"/1 mm), underwent 
facile cyclization at  50-60" in the presence of one equivalent of 
magnesium iodide or perchlorate to the aminodihydropyridinium 
salt 339. The reaction proceeds normally utilizing cyclic ketones 
varying from cyclopentanone to cyclooctanone. The use of 2-tetralone 
produced under similar conditions the tricyclic derivative 340. 
Extension to 2-aminonitriles (341), derived from Michael addition 
to a,,!?-unsaturated nitriles, led to the tricyclic heterocycles 342. This 
sequence exhibits the versatility of allowing any cyclic ketone to 
be employed in preparing the 2-aminonitrile or the emmine. Amino- 
nitriles derived from cyanohydrins (343) smoothly gave enamines 

i"" N H R  

0' 0, 
N 1-1 

-b 
s- I 

K 
(339) 
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(344) which spontaneously cyclized to spiro systems (345). No added 
metal complexing agent was required in this case. This reaction was 
successful with a variety of cyclic and acyclic ketones. 

R 

C. Intramolecular Nucleophilic Addition by Nitrogen Nucleophiles 

Aminonitriles have long been observed to cyclize readily to 
iminopyrrolidines (346) 179-181. When the amino function is tertiary 
a n  alkyl group may be lost by displacement by the anion from 348. 
Loss of the alkyl group is usually observed when R = benzyl. The  
products obtained from aminonitriles are depicted in their imino- 
rather than their aminopyrroline form (347) ls2. A general reaction 
of this type involving aminonitriles (349) has been formulated by 
BlickP3 and leads to nitrogen heterocycles of various ring sizes (350) 
and their corresponding lactams (351). A somewhat related reaction 
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involving nitrogen as the nucleophile is the cyclization of the 
hydrazine derivative 352 to 353184*'85. 

NH.HCI 0 

H 

(352) (353) 

A useful process leading to imidazole nucleosides (356) 186is derived 
from the cyclization of the amidine derivative 355, probably formed 
initially from D-xylopyranosylamine and the cyanoimidate 354. 

The amido function appears to possess a sufficiently nucleophilic 
nitrogen which allows cyclization to a cyano group187. Although 
oxygen is usually the more nucleophilic site in amides, the stability 
of the product 357 is probably responsible, in part, for the nitrogen 
acting as the nucleophile. Further examples where nitrogen nucleo- 
philes are involved can be found in the cyclization of 358 to 3591'38 
where previously it was thought that the product was 360189. 

It is interesting that the thioamide 361, exhibiting sulphur 
nucleophilicity, leads to the iminotliionitrilc 362 which cyclizes to 
the mesoionic system 363l", isolated as the acetyl derivatives 364. 
14 
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0 

HO G2! 
(855) 

Taylor and coworkcrslg1 have utilized 2-aminonitriles extensively 
as precursors to heterocyclic systems. Thus the aminonitrilc 365 when 
treated with simple nitriles, affords the fused aminopyrimidines 
366. This process exhibits considcrable scope and has been discussed 

~4 N / B g  
H' ' H 

HNANAO 
I 

H 

-h?? _3 +YNH WNH 
HNKNHR S HNKNR S NY 

NFIR 

in detail16j. Cinnamonitriles (367) have recently been employedl92 
in a similar reaction which results in quinoline derivatives (368). 
Triazines 370 can be prepared fi-om 369 by a thermal process193. 

An unusual doublc ring closure was recently reported194 involving 
371 which cyclized over basic alumina to give the tetracyclic system 
372. T h e  weakly basic pyridine nitrogen can function as  a 
nucleophile and add to the cyano group when heated a t  100" 
in hydrochloric acid1". The product obtained is the azanthracene 
373. 
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(369) 
0 

I1 
RC-CX 

(370) 
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Quinoline N-oxides (375) are obtained by the uncommon route 
of anthranil (374) and nitriles in the presence of piperidine~’~~. 

m y  IU-C-CH2Y, 

N pipcridinc - 
(354) 

W N Y  N H  

I 
OH 

(375) 

An eight-membered heterocycle (378) has been from 
the dimerization of the toluenesulphonate salt of o-aminobenzonitrile 
(376). The cyclization probably occurs via the amidinium salt (377). 

There are innumerable reports of nitrogen addition to the cyano 
group and only certain examples which are of vast scope or special 
interest have been presented. Unfortunately, space does not allow 
descriptions of many other unique or interesting syntheses; ncverthe- 
less, the reader should keep the principle in mind when planning 
to synthesize a heterocycle of this type. 
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D. Intramolecular Nucleophilic Addition by Oxygen Nucleophiles 

Both the hydroxyl group and the carbonyl group are suitable 
nucleophiles for addition to the cyano function. The latter is more 
frequently encountered. 

The base-catalysed cyclization of the 8-oximinonitrile 379 is an 
example of alkoxide addition which leads to the aminooxazole 
38Olg8. If a heteroatom is absent from the hydroxynitrile, a variety 

H 

(379) (380) 
(X = C02Et, COhTH2, PhCO) 

of lactones is formed by this mechanism. For example, the phenol 
derivative 381 and the hydroxybutyronitrile 388 cyclize readily to 
3 W g 9  and 384200, respectively. 

OH 

I t  is of interest to note that co-hydroxynitriles (355) capable 
of forming five- or six-membered rings do not show any nitrile 
sretching band in the infrared20’. This supports the belief that the 
iminoethers 386 are present as ring-chain tautomers and that the 
equilibria lies heavily toward the cyclic structure. If the driving 
force for cyclization is so strong, it is surprising that so few examples 
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of heterocyclic syntheses of this type are encountered. One reason 
for this is probably that the reverse reaction is likewise facile, unless 
a subsequent process (as in 381-382) occurs. 

The carbonyl oxygen has been utilized extensively in cyclizations, 
as in the case of the ketonitriles 357 which form the aminofurans 
38SZo2. The ready acid-catalysed cyclization of a-acetamidonitriles 
(389) to 5-aminooxazoles (390) was extensively studied during the 
penicillin effort of World War IIZ03. Studies on this interesting entry 
into oxazoles are still being d e s ~ r i b e d ~ ~ ~ ~ ~ ~ ~ .  

(390) 

(R = CN, CONH,, C O ,  Et, alkl) 

An instance using the nitroso oxygen as the nucleophile has resulted 
in the conversion of the N-nitrosonitrile (391) to the sydnone imine 
39220G. Once again, the cyclic product is stabilized so that reversal 
does not occur. 
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E. Intramolecular Nucleophilic Addition by Sulphur Nucleophiles 

As in the case of hydroxynitriles, mercaptonitriles will readily 
cyclize, usually with the aid of acids to increase the electrophilic 
nature of the nitrile. S t a ~ y 2 ~ ~ - ~ ~ ~  has reported considerable data on 
the cyclization of the benzyl thioethers 393 which are dealkylated 
to form the thiol group 394 in situ which then proceeds to give the 

P” 5, C 3 ” -  
S H2 

I /  I 
Al, PhCHc 

(39 3) (394) (395) 

aminothioDhene 395. The evasive 2-aminothiopheneZo9 (397) has 
been prepared by Stacy and his students 
mixture of substituted crotononitriles (396). 

utilizing the cis-trans 

Six-membered rings have been reported21°.211 by a mechanistically 
related process. The thiolactones 398 obtained from the thioesters 
can be opened and recyclized to the thiopyran or thiophene deriv- 
atives (399). 

OEt- 1 

(399) 

(R  = 11, CH3, 7n = 1,2) 



408 A. I. Meyers and J. C .  Sircar 

A versatile synthesis of 5-amino-2-mcrcapto thiazoles (400) which 
proceeds by the addition of carbon disulphide to a-aminonitriles 
followed by nucleophile addition to the cyano group has been reported 
by Cook, Heilbron and their c o w o r k e r ~ ~ ~ 2 - ~ ~ ~ .  The use of carbon 
oxysulphide produced the corresponding 2-hydroxythiazole (401) 218. 

__.f 

II 
S 

I 
OH 

(401) 

Unsaturated nitrilcs (402) derived from carbonyl compounds and 
active cyanomethylene derivatives, are thiolated to thiolnitriles (403) 

which can be readily converted to thiophene derivatives (404)219. 
The latter may be obtained in a single step starting with the ketone, 
or the a-thiol ketone. This sequence has been utilized by Taylor220 
to produce the o-aminonitrile 405 which served as the precursor to 
the thiophenopyrimidine 406. Indanone has also served as  the 
starting material for the formation of the indenothiophene 407221. 
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1 

Tetracyanoethylene has proved in recent years to be a valuable 
precursor for heterocyclic syntheses. A DuPont group r e p 0 r t e d 2 ~ ~ * 2 ~ ~  
that tetracyanoethane obtained from tctracyanoethylene readily 
forms the thiophene 408 which, if desired, could be converted to 
the pyrrole 409 (R = K) upon treatment with alkali. Thus o- 
aminonitriles of the pyrrole and thiophene series became common- 
place, and in view of the extensive work on these systems by 
TayloP5, avenues were opened to a wide variety of previously 
inaccessible systems. It is appropriate to note here that the cyano 
group truly reached its present pinnacle of heterocyclic utility after 
these discoveries. The reaction of tetracyanoethylene with mer- 
captans (RSH)223*224, in place of hydrogen sulphide, similarly 
reduced the olefinic linkage, producing only the pyrrole 409 
(R = alkyl). 

NC CN NC 

NC KC 1 I,N 
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V11. POLYMERIZATION O F  T H E  C Y A N 0  GROUP TO 
F O R M  HETEROCYCLES 

The most common polymerization process involving the cyano group 
results in symmetrical triazines (410). The  reaction has been initiated 

R 

by acidic reagents, sodium metal or simply high temperatures and 
high pressures (Table 8). As expected, the more electrophilic the 
cyano carbon atom, the easier the cyclization occurs. Hence the 
use of acidscc6 to increase the carbon electrophilicity increases the  ease 

TABLE 8. s-Triazines 410 from nitriles. 

R Conditions Reference 

Ph Iron pentacarbonyl 225 
Ph High pressure 226 
Ph Sodium 227 

228 
High pressure 
I-Iigh temperature 

CF, Hydrogen chloride 229 

CF, 

of cyclization. The  trimerization leading to 410 may be formulated 
as a type B mechanism wherein the nitrilium ion 411 appears to  be 
the initial intermediate followed by a second nitrilium ion 412 which 
precedes the trimer. T h e  copolymerization of formaldehyde and 
nitriles in the presence of mineral acid or acetic anhydride pro- 
duced the perhydro-s-triazines 414 presumably through the methylol 
adducts 413230. 

s-Triazincs (416) h a w  becn reported231 to be formed fiom cr.-haloper- 
fluoroalkyl nitriles in a stepwise manner by producing initially the 
aniidine derivative 415. This process resulted in a variety of mixed 
haloalkyl triazines when the haloacetic anhydride was employed. 
Modifications of this interesting process have been reported 
r e ~ e n t l y ~ 3 ~ * 2 ~ 3  leading to a variety of perhaloalkyl substituents on 
416. An extremely intcresting polymerization of hydrogcn cyanide 
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O=CR 
I 

(413) (414) 

has been shown to produce, in addition to other products, a 
10-15 yo yield of the pentamer, adenine (417) 23p. This process has 
strong implications for studies of the origin of life if i; can be repro- 
duced under primitive Earth conditions. 

CF2XCN Chx<NH CFsYCN, 

KH2 

(416) 



412 A. I. Meyers and J. C .  Sircar 

VIII. M I S C E L L A N E O U S  H E T E R O C Y C L I C  S Y N T H E S E S  
FROM N ITRILES 

The cyano group present in a variety of compounds has been 
utilized to form heterocycles although it was converted in situ to an  
amino function. Many examples of this type of process are reported 
and only a few will be described. The  reductive cyclization of 
d-oxonitriles (418) has been shown to produce piperidine derivatives 
(419)296. Similar treatment of the dinitriles 420 resulted in the 
tricyclic bases 421236. Dinitriles of the type 422 also undergo reduc- 
tive cyclization to form heterocycles (426)237. This reaction probably 
proceeds via the aminonitrile 423 which cyclizes to the amidine 
derivative 424 and is then hydrolysed to the amide 425. Reduction 
of the latter would result in the products observed. If this pathway 

0 H* 
Rancy Ni 

I 
R 

NCA 8 L C N  R n n e y N i -  cu 

is correct, then this process could be classified as a type Ci mechanism. 
Under different utilizing nickel-cobalt catalysts, 
dinitriles can be cyclized to aminoazepines (427) presumably by 
direct reduction of 424 ( n  = 3).  

An interesting reductive c y c l i ~ a t i o n ~ ~ ~ ,  which may be assumed 
to adhere to the type Ci process, is the conversion of 428 to the 
aminopyridinc 429. 

A thermal rearrangement of the diphenylketene-diazocyanide 
adduct (430) to the ring enlarged product 432 represents a n  unusual 
pro~ess2~0. The  eight-membered ring 431 has been postulated as  



8. Additions to the Cyano Group to Form Heterocycles 

Z g : N  R3 R'rhH2 R2 R3 

413 
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the intermediate. The reaction does not proceed if both ortho positions 
on the aromatic ring are  blocked. 

Another interesting heterocycle (433) containing phosphorus is 
obtained when malononitrile is treated with an excess of a phosphorus 
halideZ41. However, when succinonitrile is employed the phosphorus 
atom is not incorporated in the ring and  the result is 434. 

L C N  
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I .  INTRODUCTION 

This chapter deals with compounds whose unusual physical and 
Chemical properties can be traced to the presence of a number of 
cyano groups within their molecules. Although some of these com- 
pounds have been known for a long time, their recognition as a 
distinct class of organic chemicals is rather recent. Polycyano 
compounds owe their characteristics to the fact that the cyano group 
uniquely combines strong electron-withdrawing power with small 
steric bulk. A cyano group, being linear and having a cylindrical 
rr-cloud, will always be in conjugation with an attached rr-system, 
even though steric crowding may exist. I t  is in this respect that it 
differs drastically from other strongly electronegative substituents 
such as the nitro or sulphonyl groups. 

Examples of the unusual properties of polycyano compounds are 
that tetracyanoquinodimethane ion radical salts conduct electricity 
as well as graphite, that pentacyanocyclopentadiene is a stronger 
acid than perchloric acid, that tetracyanoquinone oxidizes water 
and that tetracyanoethylene oxide adds to olefins and even aromatic 
compounds with opening of the carbon-carbon bond. The effect of 
the dicyanomethylene group as a structural element has been 
compared to that of oxygen'. Thus, water and malononitrile have 
similar acidities, both p-benzoquinone and tetracyanoquinodi- 
methane form ion radicals ; 2,2-dicyanovinyl chlorides have reactivi- 
ties similar to those of acid chlorides,, and the mode of addition of 
tetracyanoethylene oxide to double bonds resembles that of ozone. 
This principle holds fairly well in many cases but breaks down in 
some, as for instance in the case of dicyanodiazomethane, which is 
much more reactive than nitrous oxide. 

Although an attempt has been made to cover the field of cyano- 
carbon chemistry completely, some omissions are inevitable. The 
guiding principle for selecting compounds for inclusion in this 
chapter has been their unusual properties rather than the number 
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of cyano groups present; thus, some conipounds containing only 
one nitrile group are discussed, while many containing two are not. 
Tetracyanoethylene and related compounds have been reviewed 
briefly several times2-'. Reviews on malononitrile*, and hydrogen 
cyanides, cyanides and cyanogen chloride chemistryg are available. 
A recent review on cyanide chemistry is available from E. I. du 
Pont de Nemours and Co., Inclo. 

II. CYANOGEN 

Cyanogen is the simplest cyanocarbon. As its chemistry was reviewed 
in 195911, only the most characteristic reactions are summarized 
here. 

A. Synthesis 

The best laboratory synthesis of cyanogen is the oxidation of 
sodium cyanide by copper sulphate12. The  best commercial syn- 
thesis is probably the air oxidation of hydrogen cyanide catalysed 
by nitrogen oxides13. 

B. Purucyunogen 

Paracyanogen is a dark brownish-black insoluble polymer pro- 
duced as a by-product in  many cyanogen reactions. I t  also forms 
when cyanogen is heated a t  300-400" 14.15 or is irradiatedlG.17. T h e  
structure is unknown. 

C. Churucteristic Reuctions of Cyunogen 

1. Reaction with amines and other nitrogen compounds 

Cyanogen reacts with anhydrous ammonia to form a black solid18 
of empirical formula C,H,N3. At high temperatures in the presence 
of a dehydrogenation catalyst, cyanogen and ammonia form 
melaminc and hydrogen cyanide19. 

Cyanogen adds two equivalents of primary amines and some 
secondary amines to give oxamidincs1z*zo~~4 (equation 1). If the 
amino group is hindered or its basicity is low, the reaction stops 

2 RNH, + (CN), + RHN-C-C-NHR 

HN hW 
II il 

('1 
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after one amino group has added to give ~yanoformamidine?~.~5 
(equation 2). Since the addition of the first amino group lowers the 

N H  
I1 

R2NH + (CN), RZN-C-CN (2) 

reactivity of the remaining cyano function, cyanoformamidines 
could probably be obtained from primary amines if one mole of 
amine were used and the temperature of the reaction were lowered. 
Ethylenediamine and 1,3-propanediarnine give five- and six- 
membered ring compoundszG, respectively (equation 3). Aromatic 

ly2-diamines cyclize in a different manner to give 2,3-diamino- 
quinoxalines27 (equation 4). Triethylamine does not react with 

cyanogen28 and therefore is an  ideal catalyst for the addition of 
weakly acidic compounds to the triple bonds of cyanogen. 

HydrazineZ”31, semicarbazidc32 and h y d r ~ x y l a m i n e ~ ~ - ~ ~  react 
with cyanogen in a manner similar to amines: 

H N  N H  
II II 

2 H,KNH, + (CN), 4 H,NHNC-CNHNH, 

0 NH, 
I 

0 
II II 

NH,CNHNH, - + (CX), NII2CNHN=C--CN 

HON N O H  
II It 

2 N H 2 0 H  + (CX), -> NH,C-CNH, 

2. Reaction with alcohols and thiols 

cyanogen adds two moles of alcoh013~-~~ or thiolZ8 in the presence 
of a basic catalyst to give oxaldiimidates (1) or dithiooxaldiimidates 
(2). In some instances, cyanofcrmimidates are  isolated. 
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H N  NH HN N H  
II II 

(1) (2) 

RSC-CSR 
II I I  

ROC-COR 

The base-catalysed reaction of water with cyanogen gives cyanide 
and ~ y a n a t e ~ ~ .  Acid-catalysed hydrolysis produces ~ x a m i d e ~ O * ~ l  or 
under controlled conditions, cyanoformamide (NCCONH,) 42.43. 

Hydrogen sulphide adds to cyanogen to give either thiocyano- 
formamide, or dithioo~arnide4~. 

3. Reaction with activated methylene compounds 

Compounds possessing an activated mcthylene group, such as 
diethyl r n a l ~ n a t e ~ ~ - ~ ’ ,  ethyl a ~ e t o a c e t a t e ~ ~ * ~ * * ~ ~ ,  malononitrile50 and 
nitroethaneso, add to one cyano group of cyanogen (equation 8). 
Under more forcing conditions, addition will sometimes take place 
on the second cyano group (equation 8a). The cyanoformimino 
and a,/l-diimino structures assigned for these products are probably 
incorrect. They are more likely vinyl amines, which would have 
lower energy because of conjugation of the two activating groups 
with the amino group. 

NH NH, 
base I I  I 

(CN), + CH,(CO,Et), __f NCC-CH(CO,Et), -F KCC=C(CO,Et), (8) 

NH, 
I 

I 
NH, 

(CN), + 2 CH,(CO,Et), __f (Et02C),C=C-C=C(C0,Et)2 (8a) 

Aminotricyanoethylene (3) which is prcparcd in this way, cannot 
be made by reaction of ammonia with tetracyanoethylenc (section 
IV.A.5.d). 

NC NH, 
\ /  

/ \  

(3) 

(CN), + CI-I,(CN), + c- c 
CN N C  

4. Reaction with Grignard reagents 

The reaction of Grignard reagents with cyanogen via 4 and 5 can 
be directed to any of four different types of products; ketoness1, 
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a -d ike tone~~~ ,  nit rile^^^ or g l y c i n ~ n i t r i l e s ~ ~ * ~ ~ ,  depending on condi- 
tions (equation 9). 

CN 
I 

RMgX + ((" + R-C=NMgX _j RCN + Mg(CN)X 

(4) 

XMgN NMgX 0 0  
II II HCI I I I I  4 + RMgX + RC-CR 7 RC-CR 

- 70' 
(9) 

0 

RCR 
II 

5 f HCI + I3,O 

Benzyl Grignard reagents react with cyanogen to give o-methyl- 
benzonitriles rather than phenyla~ctonitriles~~6-58. 

5. Reaction with aromatic compounds 

Aromatic compounds may yield benzils, glyoxylic acids or nitriles 
on treatment with a mixture of cyanogen, hydrogen chloride and 
aluminium chloride (equations 10 and 1 !)51059-62. 

OH 
HO 

+ (CN), + HCI + AICI, -* 
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6. Cycloaddition reactions 

dienes at 500" gives 2-cyanopyridines in modest yieldsG3.64 : 
The  uncatalysed vapour-phase reaction of cyanogen with buta- 

T h e  reaction of cyanogen witlshydrazoic acid can be controlled 
to give either 6 or 7". Diazomethane adds to cyanogen to give 8 6 6 .  

X-N \ N-N / \\ 

i,*>CX L N X N , N  
r C C N  N--N 

X N / N  
H H H  H 
(6) (7) (8) 

7. Fluorination 

In  an unprecedented ring-closing oxidation, cyanogen is fluori- 
nated by silver(1r) fluoride a t  1 15" to give 3,3,4,4-tetrafluoro-A1-l,2- 
diazetine (9) in 90% yieldG7 (equation 13). At 240" 9 cleaves to 

tetrafluoroethylenc and nitrogen. Fluorination of cyanogen with 
cobaltic fluoride at 150" gives CF,, C,F, and F,NCF,CF,NF, as 
major productsG8. Mercuric fluoride a t  240" produces CF,N=CF, 
and Hg[N(CF,) ,I2 Fluorination with elemental fluorine gives 
CF,NF,, (CF,) ,NF, (CF,) ,N, NF,CF,CF,NF, and CF,N=NCF, G9. 

8. Miscellaneous reactions 

Cyanogen and sulphur trioxide form an  adduct to which structure 
10 has been assigned (equation 14). The rcaction is r e \ ~ r s i b l e ~ ~ .  

i. i- 
xc-cs + 2 so, -03S--S~C-crN-s03-  (14) 

Cyanogen reacts with hydrogen a t  675" to give hydrogen cyanide 
in 98 yo yield. A kinetic study indicates a radical chain mechanisni71.72. 

(10) 
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In the presence of a nickel chromium catalyst a t  1500°, a small 
amount of succinonitrile is obtained from cyanogen and ethylene73. 

A cyanocarbon acid, assigned structure 1174, is formed in 75% 
yield on treatment of cyanogen with potassium cyanide in acetoni- 
trile75 (equation 15). 

433 

CN 

(m 
Sulphur dichloride adds to cyanogen in  the presence of a catalytic 

amount of tetraethylammonium chloride to give 3,4-dichloro-1,2,5- 
thiadiazole76 : 

(CN), + sc12 N,S,N (16) 

Cyanogen reacts photochemically with hexacarbonylcliromium, 
hexacarbonylmolybdenum and hexacarbonyltungsten to give the 
corresponding cyanogen bis( pentacarbonylmetal) : 

(CN), + 2 Cr(CO)G -F (CO)5CrNC-CNCr(CO)5 ('7) 

I II. POLYCYANOALKANES 

A. Polycyanomethanes 

1. Tricyanomethane 

a. Synthesis and struclure. Like most cyanocarbon acids, free 
tricyanomcthane is unstable. T h e  resonance-stabilized anion can 
be easily prepared and kept in the form ofsalts for which two methods 
of preparation have becn described. The  reaction of cyanogen 
chloride with malononitrile in the presence of two equivalents of 
sodium cthoxidc gives sodium t r i c y a n o m ~ t h a n i d e ~ ~  : 

X'aOEt 
KaCH(CN)2 + ClCN - NaCl + HC(CN), + Na"C(CX),]- (18) 

The  potassium salt is obtained in higher yield and purity by the 
treatment of a dihalomalononitrilc with two cquivalents of potassium 
cyanide79. The  mechanism of the latter reaction probably involves 
an intermediate tricyanohalomethane which can be  shown to 
1 5 
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react with cyanide ion to generate cyanogen halide and tricyano- 
methane anion : 

Acidification of aqueous solutions of tricyanomethane in the 
presence of ether results in moist ether (aquoethereal) solutions of 
the free acid. By working rapidly on a small scale it is possible to 
isolate from the ether solution a colourless crystalline material with 
the composition of tricyanomethaneS0. The free acid can be sublimed 
in small amounts, but on standing at room temperature it decom- 
poses to an orange-red, apparently polymeric, substance. A report 
that the free acid is stable and can be recrystallized from petroleum 
ether is apparently erroneous8l. 

I t  was recognized early that tricyanomethane (12) can exist in a 
tautomeric form which was first called ‘isocyanoform’ 82. The 
dicyanoketenimine structure (13) has been assigned to the solid on 
the basis of spectral e ~ i d e n c e ~ ~ . ~ ~ .  In aqueous solution, tricyano- 

CN CN CN 
I I I + 
I 

H-C-CN + C=C=NH <+ -C-C=NII 
I 

CN 
I 

CN CN 

methane is completely ionized803 with the negative charge of the 
ion delocalized. A more complete discussion of the structure and 
position of protonation is reserved to the section on cyanocarbon 
anions (section X1.K). 

6. Salt formation. Metal salts of tricyanomethane are readily 
prepared by reaction of a water-soluble metal salt with aqueous 
or alcoholic solutions of potassium or sodium tricyanomethan- 
ide78*79*84-8c. Most of the salts are insoluble and crystallize with 
non-integral amounts of water of hydration. The insolubility is 
attributed to their polymeric nature proposed on the basis of spectral 
studiess4. Spectra187.88*813 and x-ray examinations5 of the potassium 
salt support a planar structure for the anion, although a slight 
deviation from planarity was found in the ammonium saltsz3. An 
extended Hiickel calculation implies a significant electron delocaliza- 
tion as suggested aboveB4. Furthermore, the charge density calcula- 
tion indicates the nitrogens to be more negative than the central 
carbon atom. This is consistent with the conclusions concerning the 
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position of ligand attachment in the organometallic tricyano- 
methanidg complexes, 14 and 1591-814,815. The structural assignments 
were based on the infrared spectra. 
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Ph,MNCC(CN), K[M(CO),IWC(CN)2] 
(M = Sn, Pb) (M = Cr, Mo, W) 

(14) (15) 

Transition metal salts of tricyanomethane can be prepared in 
the presence of pyridine, resulting in complexes carrying 2, 3 or 4 
molecules of pyridine as  ligands. In  contrast to the simple salts, 
these appear to be monomolecular and have some solubility in 
alcohol and pyridineas. 

Amines can form ammonium salts with tricyanomethane as well 
as addition products (see below)7Y. True salts can be distinguished 
easily by their infrared spectra, which show the characteristic 
tricyanomethyl anion bands including the strong nitrile at 2 180 cm-l. 
I n  addition to the ammonium salt, salts of t-butylamine, isopropyl- 
amine, triethylamine and pyridine have been prepared79. 

Hydrogen adds readily to moist 
ether solutions of tricyanomethanc in the presence of acetic acid 
and palladium on carbon (equation 20)83. T h e  major product is 
3-amino-2-cyanoacrylonitrile (16), an expected reduction product 
of dicyanoketcnimine. O n  the basis of spectral evidence and chemical 
transformations, the other product has been identified as  3-amino- 
2-cyanoacrolein (17). Tricyanomethanide anion is not hydrogenated 

c. Additions to  tricyanomettzane. 

NC NC CN 

(20) 
I H,/Pd 1 I 

I I 
C=C=SI-I d C=CIINH, + C=CHN\;Hz 

HOAc I 
KC CHO sc 

(13) (16) (17) 

under the conditions where the ether solution of free cyanoform is 
readily reduced. 

Hydrogen halides add readily to tricyanomethane to give 1- 
amino- l-halo-2,2-dicyanoethylenes ( 18)8~~811. Infrared studies 
support the structure 18 rather than that of the tauton1cric imino 
conipound812. At room temperature 18 reacts with methanol or 
ethanol to form 1-amino- l-alkoxy-2,2-dicyanoethylenes (19), which 
are identical with the reaction products of ammonia with the corre- 
sponding dicyanoketcne acetals (20) (equation 2 1) 89. Alcohols add 
to tricyanomethanc to form the 1 -amino-l-alkoxy-2,2-dicyano- 
ethylene directly78.82. 
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NC 
I 

C=C=NH 
I 

NC 

(13) 

NC NH, 
I I  
I I  

NC NH, 

c=c 
ROH 
A c=c I 1  

NC OR 

(18) (19) 

I I  
I I  

(20) 

(X = halogen) 

XC OR 

C=C 

NC OR 

I n  spite of the rapidity with which tricyanomethane adds alcohols, 
water adds slowly giving carbamoyldicyanomethane (21) (equation 
2 2 ) 7 9 .  Like tricyanomethane, 21 is a strong acid, completely ionized 

(22) 

NC NC NH, NC 0 
1 8  

I \  
I I  
I 1  

&=C=NH + H,O + C-C: + IIC-C 

NH, NC NC OH 
I 

NC 

(13) (21) 

in solution with the negative charge largely delocalized. Unlike 

corn, NC NC 0- 
I 
I 

I I 1  
t-f -C--COifH, +--+ c=c 

I I  I 
-N=C=C 

XC NH, NC CN 

tricyanomethane, free carbamoyldicyanomethane is relatively stable 
and can be isolated and kept as a crystalline solid that decomposes 
above 300". 

Reference has been made above to salts of tricyanomethane with 
primary and tertiary amines. The  secondary amines piperidine and 
pyrrolidine, in addition to forming salts, react with aquoethereal 
tricyanomethane to give addition products analogous to those from 
alcohols and hydrogen halides (equation 23)79. T h e  reaction of 

NC sc XI-I., 

(23) 
' L -  o& c= 

I 
C=C=NI-I + 
I I I  

XC SC,,H,, NC H 
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aniline with 1 -chloro- l-amino-2,2-dicyanoethylene results in removal 
of hydrogen chloride to give a mixture of anilinium hydrochloride 
and anilinium tricyanomethanides8-8l2. The latter on heating a t  
145-1 50" rearranges to 1-amino- l-phenylamino-2,2-dicyanoethylene, 
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(221 : 
iVC NH, 

A I 1  
I 1  

(22) 

[(NC),C]-C6H5NH,+ + C=C 

NC NHC6H5 

2. Halotricyanomethanes 

Bromotricyanomethane9, and chlorotricyanomctliane79 have been 
described. T h e  former was synthesizcd from silver tricyanomethanide 
and bromine (equation 25) whereas the latter was prepared from 

[(NC),C]-Ag+ + Br2 AgBr + RrC(CN), (25) 

the potassium salt. Both the bromo and chloro derivatives are 
extremely volatile compounds with pungent choking odours. As 
expected, the halogen is electropositive. For example, the reaction 
of chlorotricyanomethane with sodium cyanide gives cyanogen 
chloride and sodium tricyanomethanide. 

Infrared and Raman spectra, as well as x-ray analysis, show 
bromotricyanomethane to be pyramida193fs13. 

3. Alkyl- and aryltricyanomethanes 

Tricyanomethyl anion is not expected to bc vcry nucleophilic, 
but the silver salt reacts with methyl iodide and benzyl iodide to 
give alkylated tricyanomcthanes (23) (equation 25a) 79*819. Yields 

(25a) 

are poor and a better method of preparation is the reaction of 
cyanogen chloride with the anion of an appropriately substituted 
malononitrile (equation 26)  94. Yields vary from about 40 to 90 yo. 

RC(CN),Na+ + ClCN ---+ RC(CN), + NaC1 (26) 

A modification of the rcactioi? has made possible the synthesis of 
aryl-substituted tricyanomethanes9,'. Arylacetonitriles, two moles of 

Ag+[C(CX),]- + RI --+ AgI + RC(CN), 

(23) 

- 

(R = Et, CI-I,=CHCH,, PhCH,CH,, PhC(CT-I3),, PhCH,) 



438 E. Ciganek, W. J. Linn and 0. W. Webster 

sodium hydride and two moles of- cyanogen chloride give the 
aryltricyanomethanes without isolation of the intermediate aryl- 
malononitrile (equation 27). A discussion of the electronic effects 
of the tricyanomethyl group will be found in Chapter 5. 

N a M  - ClCN 
ArCH,CN + H, + ArCHCN + hrCH(CN),  

- 
ArCH,CN + ArC(CN), 

ClCN 

ArC(CN)3 (27) 
1 

4. Trifluoromethyldicyanomethane 

The trifluoromethyl group, like thc cyano group, is strongly 
electron withdrawing, and therefore trifluoromethyldicyanomethane 
is closely related to tricyanomethane. When an attempt was made 
to synthesize 1 , l-difluoro-2,2-dicyanoethylene by reaction of silver 
fluoride with the corresponding dichlorodicyanoethylene, the product 
was trifluoromethyldicyanomethane. Presumably the desired ethylene 
is an intermediate but adds silver fluoride (equation 28) The silver 

c1 CN 

salt, but  not the free acid, was isolated and characterized. Alkylation 
of the silver salt with benzyl bromide gives, in 42% yield, the 
substituted methane (equation 29). 

CF&(CN),Ag + PhCH,Br + AgBr + PhCH,C(CN), (29) 
I 

CF, 

6. Cyano-Substituted Ethanes 

This discussion is limited to the three known ethancs containing 
four or more cyaiio groups. All of these arc derived from tetra- 
cyanoethylene and are legitimately classed as cyanocarbons, 
although hexacyanocthane is rcally the only known aliphatic 
saturated cyanocarbon. 
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I. I ,  I ,2,2-TetracyanoethaneS6 

Reduction of tetracyanoethylcnc can be accomplished by a 
number of reagents". Although catalytic hydrogenation with a 
palladium catalyst has been demonstrated, chemical methods are 
more convenient and give higher yields. Hydrogen iodide or 
bromide and thiols are particularly convenient reagents. Mercapto- 
acetic acid has been recommended, because the acid and its 
disulphide are water soluble and easily separatcd from the product 
(equation 30). 

(NC),C=C(CN), f 2 HSCI-I2CO2EI + (SC),CHCH(CN), + (HO,CCH,S), 

(24) 
(30) 

'The ease with which 24 can be formed is shown by the ability 
of tctracyanoethylene to dehydrogenate 1,4-~yclohexadiene and 
related dihydroaromatic compounds". Both 24 and benzene are 
formed in cssentially quantitative yield in 30 minutes under reflux 
in a mixture of benzene and dioxan or more slowly in dioxan at 
room temperature. 

I n  turn, the tetracyanoethane can be dehydrogenated to tetra- 
cyanoethylene with sulphur or othcr conventional dehydrogenation 
reagents such as  palladium on carbon, lead dioxide or cupric oxide. 

Although 24 is volatile and can be sublimed, it is not particularly 
stable and turns brown or black on standing. As expected, the 
ethane is acidic and dissolves in aqueous sodium bicarbonate from 
which it reprccipitates on acidification. However, prolonged base 
treatment results in decomposition. 

Most of the reported chemistry of 24 involves addition of acidic 
reagents to two vicinal cyano groups. A number of interesting 
heterocyclic compounds have been prepared in this marine?. I n  
the presence of a base, hydrogen sulphide adds to 24 to give 2,5- 
diamino-3,4~-dicyanothiophene (25) (equation 3 1). The reaction can 

NC CN 
I t  

HC-CH -I- H,S __+ 

I 1  
NC CN 

(3') 

(24) (25) 

be carried out with tetracyanoethylene and sodium sulphide, but it 
can be shown that the ethane is an intermediate. 

If a thiol is used instead of hydrogen sulphide, an analogous 
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addition of two equivalents occurs to give a substituted butadiene 
(26) (equation 32). Hydrochloric acid can cause cyclization of 26 in 

Nc: CN 
I I  

NC CN c-c 
I I  base II I I  

HC-CH + 2 RSH + HzNC 
I I  I I  

CNHz 

RS SR NC CN 
(24) (26) 

one of two ways depending on the nature of the R group and to 
some extent on the concentration of the acid used. When R is 
phenyl, benzenethiol is eliminated and 2-amino-3,4-dicyano-5- 

ion phenylthiopyrrole (27) results regardless of acid strength (equ2.t' 
33). I n  fact, no acid is required; the transformation will occur 
simply on heating. When R is methyl or ethyl, ammonia is eliminated 
with either dilute or concentrated acid. In  this casc a 2,5-dialkylthio- 
pyrrole (28) is the product (equation 34). However, if R is hydroxy- 
ethyl, the course of the reaction is dependent on acid concentration. 

NC CN 
I I  

Ncl \"" c-c 
11 11 - H , N O S P h  N 

HZNC CSPh 
I I  H 

(27) 
PhS NH, 

(33) 

(R=hlc, Et) 

Dilute acid gives the product corresponding to 27 and cold conceii- 
trated hydrochloric acid gives 28 (R = CH,CH,OH). A study of the 
electronic factors governing the method of ring closure is needed 
to define more precisely this reaction. 

Hydrogen bromide also converts 24 to a pyrrole (29) although the 
reported yield is poor (equation 35). 
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Sodium bisulphite gives the sodium salt of the sulphonic acid 30 
also in low yield (equation 35). 

2. Pentacyanoethane 

Equimolar amounts of sodium cyanide and tetracyanocthylene 
(31) mixed in acetonitrile give the corresponding anion radical in 
good yield (section IV.A.7). Use of only a slight excess of tetra- 
cyanoethylene results in a drastic decrease in the anion radical 
yield, and dilution of the acetonitrile solution with ether causes 
precipitation of the sodium salt of pentacyanoethane (32)10°. If the 
salt is isolated and redissolvcd in acetonitrile, the anion radical is 
formed and this reaction is accelerated by excess cyanide. 

These results arc explained by th.e equilibrium of equation (36).  

(NC),C=C(CN), + CN- e- (n:C),CC(CN), __f 

- CN - 

31 - 
(32) 

- 
(31) 

[(CN),] + C(CN),C(CN), + (NC),kC(CN),- (36 )  

Experimental verification of the equilibrium was obtained by the 
use of 14C-labelled cyanide ion. After 3.5 hours a t  -30" the label 
had been incorporated into 32 to within 1 yo of the theoretical 
amount, assuming complete equilibration. A further confirmation 
was the incorporation of the label into originally inactive 32 when 
14C-labelled tetracyanoethylene was added to its solution in 
acetonitrile. 

Treatment of an acetonitrile solution of sodium pentacyano- 
ethanide with chlorine gives chloropentacyanoethane (33) in good 
yield (equation 37). 

(NC)3CC(CN),-Na+ + C1, + NaCl + (NC),CC(CN),CI (37) 

Acidification of sodium pentacyanocthanide with cold aqueous 
hydrochloric acid allows the isolation of crystalline pentacyano- 
ethane"J1. The free acid is unstable and has been characterized only 
by i ts  infrared spectrum. 

(33) 

3. Hexacyanoethane 

Hexacyanoethane (34) is prepared from sodium pentacyano- 
ethanide and cyanogen chloride102 (equation 38). The percyano- 
alkane has been isolated only in low yield, but this is due, in part, 
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(38) (NC)3CC(CN),-Na-t + ClCN __f NaCl + (NC),CC(CN), 

to its instability. I n  solution or  in the crystalline state a t  room tem- 
perature, 34 undergoes decomposition to tetracyanoethylene. The 
other product is presumably cyanogen, although this has never been 
isolated. 

(34) 

C. Polycyanocyclopropanes 

Treatment of ethyl bromocyanoacctate with ba~e'~3*1".' gives 
trans-tricthyl 1,2,3-tricyanocyclopropane- lY2,3-tricarboxylate (35) 
(equation 39). The samc product is realized starting with sodium 

C0,Et 

(39) 
HCBr YN + KOAc d Nc$,,2Et 

I 0 0  

C0,Et 
EtO& &N 

(35) 

cthyl cyanoacetate and bromincloS. Attcmptcd synthesis of hexa- 
cyanocyclopropane by an analogous method using malononitrilc 
results only in the pentacyanopropenide ionloG. Hydrolysis and 
dccarboxylation of 35 with potassium acctatc in aqucous ethanol 
leads to a mixture of cis- and trans-1 ,ZY3-tricyanocyclopropanc in 
which the cis isomer predominates by a factor of two1039104. This ratio 
is the result of kinetic control, since cis- 1,2,3-tricyanocyclopropane 
gives the t r a m  isomer on treatment with potassium t-butoxide. 

A large number of 1,1,2,2-tetracyanocyclopropanes arc availablc 
by the Wideqvist r e a c t i ~ n * ~ ~ * ' ~ ~ .  This  involves tlic trcatmcnt of an  
aldehyde or ketone and bromomalononitrile with aqueous potassium 
iodide (equation 40). The  crystalline cyclopropanc derivative 
usually precipitates dircctly from the reaction mixture after a vcry 
short time under mild conditions. This reaction has been examined 

extensivcly with regard to the generality and hest conditionslO"llO. 
In  the coursc of this work, a large number of tetracyanocyclopropanes 
substituted with both alkyl and aryl groups have been preparcd. 
As a rule ketones react more slowly than aldehydes. The  yields seem 
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to depend on the extent of condensation of the carbonyl compounds 
with bromomalononitrilc and in general parallel closely the activity 
of the aldehyde or ketone in other condensation reactions. Substi- 
tuents which decrease the positive charge at the carbonyl carbon 
tend to diminish activity. Most aldehydes give cyclopropanes in 
high yield; poor yields are obtained with methyl ketones, and 
higher ketones such as 3-heptanone, dicyclopropyl ketone and 
benzophenone do not react at all. Exceptions to this rule are the 
smaller ring cyclic ketones, e.g. the spiro compound 36 is formed in 
92 yo yield from cyclohexanonelOg. As the ring size is increased above 
six, the yields drop markedly. 

443 

The following mechanism has been proposed 

CH,COCH, + BrCH(CN), __+ (CH,),CCBr!(CN), 
I 

OH 

for the reaction : 

H+ 
p3 

I- 1Br 4- HzO 

I n  support of this mechanism, a number of alkylidene nialono- 
nitriles have been allowed to react with bromomalononitrile in the 
absence of iodide ion'l'. The tetracyanocyclopropanes form rapidly 
in high yield. This variant of the reaction makes possible the prep- 
aration in good yield of some cyclopropanes not accessible by the 
Wideqvist technique or, a t  the best, accessible in low yield. For 
example the cyclopropanes 37 can be prepared, whereas the 
Wideqvist reaction with dicyclopropyl ketone and 3-heptanone fails 
completely. 

A closely related method has been used for the preparation of a 
few tetracyanocyclopropanes. Alkylidene bismalononitriles (38) 
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(NC), 
(37) 

(R' = Rz = cyclopropyl ; 

(R' = Et, Rz = n-butyl) 

are available from aldehydes and malononitrile. These, on treatment 
with bromine, give the corresponding cyclopropane112 (equation 42). 

The unsubstituted 1 , 1,2,2-tetracyanocyclopropane (39) has been 
prepared in 85% yield from aqueous formaldehyde and malono- 
nitrile by treatment with bromine water in the presence of a trace 
of 8-alanine as a condensation catalyst113: 

Two other preparations of 39 have been reported"3. An unstable 
dibromo derivative, presumably the 1,3-dibromide (41) is obtained 
from N-bromosuccinimide treatment of 40. Addition of potassium 
iodide to the dibromide generates 39 in 78 yo yield : 

NC CN NC CN 
I 1 XBS I 1 KI 

CIICH,CH + BrCCH2C13r + 39 
I 1  

KC CN 
I 

CN 
I 

NC 

(44) 

The cyclopropane 39 was also isolated in moderate yield from the 
reaction of tetracyanoethylene with diazomcthane. No cyclopropane 
was found, however, in the products of the reaction of the cyanoolefin 
with ethyl diazoacetate. Instead, reaction apparently occurs a t  a 
nitrile group. 
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The chemistry of the tetracyanocyclopropanes has been little 
studied. Attempted bromination of 39 or condensations at the 
methylene group were unsuccessful. Acid hydrolysis does not give 
the cyclopropane- 1 ,Z-diacid, but instead leads to ring opening to 
give the itaconic acid derivative 42II2: 

The basic hydrolysis of the cyclopropanes is complex. Direct 
hydrolysis to the tetraacid does not occur, possibly because of the 
insolubility of some of the intermediate alkali metal salts. Reaction 
with aqueous alcoholic KOH affords the imide 43 as the first product 
(equation 46). A multistep process for conversion to the tetraester 

corresponding to the original tetracyanocyclopropane has been 
worked An examination of the n.m.r. spectra shows that 
cyclopropane ring hydrogen resonance ranges from 7 6.53 for the 
unsubstituted tetracyanocyclopropane to T 4-77 for the derivative 
bearing a m-nitrophenyl groupl’O. This  demonstrates a considerable 
deshielding effect of the four cyano groups. 

IV. POLYCYANOOLEFI N S  

T h e  chemistry of polycyanoolefins is complex. Reagents can add to 
the double bond, or to the cyano groups, displace the cyano groups, 
cause fragmentation, be oxidized or reduced. The products are in 
many instances non-volatile and chromatography must be relied 
on heavily for separations. The cyanoolefins are readily attacked 
by nucleophiles but are surprisingly stable to acids. For example, 
tetracyanoethylene can be recovered from concentrated nitric acid 
solutions. 
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A. Tetracyanoethylene 

1. Synthesis 

The oxidative coupling of malononitrile 
with sulphur monochloride was the first method by which tetra- 
cyanoethylene was prepared (equation 47)115*11G. The use of chlorine 

2 CH,(CN), + 2 S,CI, + (NC),C=C(CN), + 4 HCI + 4 S (47) 

at 4-50" in place of sulphur monochloride is cleaner116; however, the 
best procedure to conveniently make small amounts of tetracyano- 
ethylene is to brominate the malononitrile and then debrominate 
with copper powdePG (equation 48). The solvent used (benzene) 

a. From mafononitrife. 

CN 
I 
I 

CBr, + Cu (NC),C=C(CN), 

CN 

is probably critical since tetracyanoethylene in acetonitrile reacts 
with copper (section IV.A.7.a). This debromination can be accom- 
plished simply by pyrolysis of the dibromomalononitrile a t  about 
500" ll'. Bromomalononitrile eliminates hydrogen bromide and 
produces tetracyanoethylene under the influence of diphenyl 
sulphide118 : 

CN 

(49) 
I 
1 

HCBr + Ph,S d (NC),G==C(CN), 

CN 

6. From dichlorofumaronitrife. Gaseous dichlorofumaronitrile and 
hydrogen cyanide react at  500" to produce tetracyanoethylene 
(equation 50)119. 

NC c1 

(50) 
I 1  
I 1  

C=C + HCN __j (NC),C=C(CN), 

c1 CN 

c. From tetracyano- IY4-dithiin. One of the most attractive starting 
materials for tetracyanoethylene from a commercial standpoint is 
tetracyano- 1,4.-dithiin, made from carbon disulphide, sodium cyanide 
and chlorine (section 1X.H). This heterocycle reacts with cyanide 
ion to give tetracyanoethylene ion radical which in turn is oxidized 
to tetracyanoethylene with chlorine (equation 5 1)lZo.  T h e  oxidation 
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"':x:IcN ;";c CN CI, NC I I  CN 

(51) -1- KCN - f '&-A- K' __+ c=c 
I 1  I I  

NC C N  NC CN I'; c c .'i 
of tetracyanoethylene ion radical to tetracyanoethylene is discussed 
in section IV.A.7.c. 

d. From I ,  2-divano- I ,  2-di-~-to~lsul~honylethylene.  Surprisingly, 
tetracyanoethylcne forms directly from sodium cyanide and 1,2- 
dicyano- 1,2-di-p-tolylsulphonylethylene without a subsequent oxida- 
tion steplzl. This reflects a stepwise addition-elimination process in 
which no cyanide is present when the tetracyanoethylene forms 
(equation 52) since tetracyanoethylene reacts with cyanide ion to give 
the ion radical (section IV.A.7.a). 

N C  SO2C,H,Me-@ NC S02C,HdMe-p 
I I  + NaCN - z c=c 
1 1  

I 1  c=c 
p-bIeC,l-1402k LN NC CN 

N C  S02CsH4Me-k 

-C-c-CN 
GO" 

__j (NC),C=C(CN), + p-MeC,H4S02- 
I I  
I I  

N C  CN (52) 

e. From bis( acetoxjyiminomethyl) niet~l~nemalononitrile. At 150 to 2 10" 
bis( acetoxyiminomethyl)methylenemalononitrile, which is ob- 
tained from 1,3-bis (acetoxyimino)-2-propanone and malononitrile, 
eliminates two molecules of acetic acid to give tctracyanoethylene 
(equation 53) llG. 

AcON=CH CN 
1 I 210" 

(53) c=.c 
I I  
- + (XC),C=C(CN), -+ 2 HOAc 

AcON=CH C N  

2. Physical properties 

Tetracyanoethylene is a colourless crystalline solid, which is best 
purified by recrystallization from 1,2-dichloroethylene followed by 
sublimation. I t  is about as  toxic as potassium cyanidel22 and thus 
should bc handled with care. Table 1 gives some of the physical 
propertics of tetracyanocthyleneG. 
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TAULE 1. Physical properties of tetracyanoethylenc. 

Propcrty Value 

IvIclting point 
Boiling point 
Heat of formation 
Flame tempcrature 
Density 
Index of refraction nDoB 
Dielectric constant 
Specific heat 
Heat of sublimation 

198-200° 
223O 
149 kcal/niole 
4000 OK 
1.3 18 g/cm3 
1.560 
3.6 
0.203 cal/g Oc 
18.65 cal/rnole 

X-ray data show the carbon-carbon double bond distance to bc 
1-339 f 0.008 A123, much shorter than the 1.37-1.38 A predicted 
by HMO theory. As expected, the molecule is planar. The small 
dipole moment reported for tetracyanoethylene in dioxan (1.15 D) 

and in benzene (0.82 D) must be due to complex formation with 
the solvent (44) log. 

NC, ,CN 
NC /C'KCN 

Tetracyanoethylene absorbs light a t  267 and 277 m p  (log E 4.13 
and 4-08) in methylene chloridelZ5. Its  infrared and Raman spectra 
have been extensively s t ~ d i e d 1 ~ ~ - 1 ~ ~  and comparison made with 
the other cyanoethylencsl33. The stretching frequency of the double 
bond, 1525 cni-l, indicates considerable resonance interaction with 
the cyano groups. 

Based on the negative current between a filament and anode in 
a vacuum tube containing tetracyanocthylene, its clectron affinity 
has been calculated to be 66.5 f 1-4 kcal/m01e~~". h'egative-ion 
mass spectrum studies confirm that tctracyanoethylene ion radical 
is the major i0n135. This value is higher than those obtained by 
measurements of charge-transfer spectra (34, 51 and 64 kcal/ 
mole) 13G-137 possibly because the former is measured on gaseous 
tetracyanoethylcnc13". For a discussion of electron affinity deter- 
mination from chargc-transfer spectra see Chapter 10. 
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3. Additions to  the double bond of tetracyanoethylene 

By far the most studied reaction of tetracyano- 
ethylene is its addition to dienes (Diels-Alder reaction). Tetra- 
cyanoethylene reacts with butadiene in a few minutes a t  0” to give 
a quantitative yield of adduct (equation 54) 97. T h e  reaction proceeds 

a. 1,3-Dienes. 

so well that it can be used for the quantitative determination of 
diene~l3~. A methylene chloride soluticr. of the diene is heated with 
excess tetracyanoethylene and the solution is then back-titrated 
with a standard solution of cyclopentadiene. Pentamethylbenzene 
is used as the indicator. The break-up of the red pentamethyl- 
benzene-tetracyanoethylene r-complex is taken as the end point. 
In  a mechanistic study of the Diels-Alder reaction, tetracyano- 
ethylene was shown to add to cyclopentadiene 6.0 x lo3 times 
faster than N-phenylmaleimide; 7.7 x lo3 faster than maleic 
anhydride; 5.0 x 105 faster than maleonitrile; 1-1 x 106 faster than 
dimethyl acetylenedicarboxylate; and 4.6 x 1 O7 faster than 
a~rylonitrile13”1~~. 

Although tetracyanoethylene rapidly forms a r-complex with the 
diene, it has not been established that the complex is an inter- 
mediate to the adduct. The sensitivity to changes in the polarity 
of the solvent is low, therefore there is little charge separation in 
the transition statesla. 

Because of their very high rate of reaction with dienes, tetra- 
cyanoethylene and dicyanomaleimide can be used to demonstrate 
that valence isomerization is occurring in cyclooctatetraene and 
similar systems (equation 5 5 ) I d 1 .  When one gradually increases the 
concentration of the dienophile, a saturation effect is noted. Further 
increase in concentration does not increase the rate of adduct 
formation. From thcse data the rates of the forward and reverse 
reactions ( k ,  and k J  and the equilibrium concentrations can be 
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calculated. ‘I’etracyanoethylene reacts with cyclooctatetraene iron 
tricarbonyl to form an  adduct142 claimed to be 45. 

2s (CN), Ol3 

(CX), 

(45) 

T h e  reaction of cycloheptatriene with tetracyanoethylene gives 
an adduct containing a cyclopropyl ring (equation 56)817. The 
kinetics of the reaction were not studied, thus one is not certain 
whether the dienophile is attacking the cycloheptatriene directly or 
its valence isomer. 

A similar structure containing a three-membered ring was 
assigned to the adduct from tetraphcnylsesquifulvalene mainly on 
the basis of its ultraviolet spectrum (equation 57)Ij3. Surprisingly, 

tetracyanoethylene adds to 8-benzyl-9,lO-bcazosesquifulvalene in a 
completely diffcrent manner, and again the structure was assigned 
mainly on the basis of the ultraviolet spectrum (equation 58) lzi3. 
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An adduct containing a three-membered ring was at first thought 
to result from the reaction of tetracyanoethylene with N-ethoxy- 
carbonyla~epine~"~.  This was later shown to be a 1,4-addition 
product (equation 59) 145*146. 

\ + (NC),C=C(CNl2 (59) Q I (CN), 

C02Et 

The adducts formed from tetracyanoethylene and 6-substituted 
fulvenes dissociate readily at room temperature (equation 60). As 
expected, the equilibrium is shifted to the left when R is electron 
~i thdrawing '~ ' .  

A similar case of reversal permits tetracyanoethylene to be used 
to store fulvalene (46). A crystalline diadduct from which fulvalene 
can be recovered is formed with this very unstable unsaturated 
compound14*. 

A thermal shift in the equilibrium constant for adduct formation 
is easily demonstrated for the system tetracyanoetliylene/ 1,3- 
diphenylnaphtho[2,3-~]furan~~~. Solutions of this adduct 47 turn 
red (dissociation) when warmed and become colourless again when 
cooled (equation 61). 
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1,4-Addition still takes place when part of the diene system is an 
allene (equation 62) 150. 

The diene system can be part of a polymer backbone. Polymers 
from 1,3,5-hexatrieneY lY3,5-heptatriene and from ZY4,6-octatriene 
incorporate up to 45% of the theoretical amount of tetracyano- 
ethylene. The modified polymers form tough, flexible and somewhat 
elastomeric 

A striking thermo- and photochromic compound (51) forms on 
irradiation of a solution of 3-benzoyl-2-benzylchromone (48) and 
tetracyanoethylene in ethyl acetate (equation 63) 152*153. Colourless &tLW 0 OH 

- 
Ph 

(48) 

i'h 

(49) 

(50) 

0 OH OPh OH 

50 -HCN 7 QpJg:; e *cN 
Ph CN Ph 

(511 bright red 

solutions of 51 become bright red on heating or on irradiation for a 
few seconds with sunlight. O n  cooling in the dark, the original 
colourless solution forms. 

The presence of a large R group in 2-vinylnaphthalenes (52) does 
not hinder lY4-addition of tetra~yanoethylene'~" (equation 64). It is 
noteworthy here that tetracyanoethylene is reactive enough to add 
to the naphthalene skeleton. 
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b. Transannular addition to diene systems. If two isolated double 
bonds are  forced into dose proximity due to the conformational 
requirements of a molecule, they will react with tetracyanoethylene 
as  if they were conjugated. Two noteable examples of this type of 
diene are  1,3,5,7-tetramethylenecyclooctane (53) lS5 (equation 65) 
and norbornadiene (54)lS6 (equation 66). 

c. Cycloaddition to form cyclobutanes. Tetracyanoethylene will add 
to a n  isolated double bond to form a four-membered ring provided 
the bond is activated by steric strain or groups which supply 
electrons. Thus, vinyl ethers, vinyl sulphides, N-vinyl amides and 
N-vinyl sulphonamides all form tetracyanocyclobutanes with tetra- 
cyanoethylene157 (equation 67). The vinyl group ofj-methoxystyrene 
forms a four-membered ring with tetracyanoethylene, and styrene 
itself may react in  this manner but a t  the  temperature necessary for 
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reaction (refluxing xylene) the isolated product is benzalmalono- 
nitrile (15 yo yield) (equation 68)157. 

As in the case of dime addition, n-complex formation occurs. 
Unlike the diene addition though, the rate of four-membered ring 
formation is very sensitive to the polarity of the solvent. For example, 
the addition of p-methoxystyrene to tetracyanoethylene is over in 
one minute in nitromethane but is not complete in one month in 
carbon tetrachloride. This large solvent effect suggests that the 
reaction mechanism involves charge separation in the rate-deter- 
mining step with a transition state or intermediate such as 55. The 
reaction is first order in rr-complex and roughly first order in p- 
methoxystyrene'". Activation parameters in ethyl acetate and 
cyclohexane show large negative entropies, -44 and -53 e.u. If 
55 is an intermediate, it must be a tight ion pair, since thcre is little 
change in configuration during the rcaction. I n  a similar reaction 
of cis- and of trans-fluoroalkyldicyanoethylene, a single different 
adduct is formed from each isomer (see section IV.C.2). Intermediate 
55 could not bc trapped with acetic acid, alcohol or phenyl iso- 
cyanatclj*. Some derivatives do, howcver, isomerize during the 
addition. cis-P-Methyl-p-methoxystyrene gives both cis and trans 
adducts1j9. 

CN CN 

There is no correlation between the rate of these cycloaddition 
reactions and the tightness of the n-complex, therefore the rr-complex 
is probably not an intermediate in the cycloaddition reactions159. 
The Hammett p value for cycloaddition to substituted styrenes is 
about -7 -2 ,  a very high negative value inclicativc of a highly 
charged transition state'". 

An unusual activating group for cycloaddition is the azulene group 
in dimcthylcycloheptatrienopentaene (equation 69) loo. 
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Mc 

An example of the addition of tetracyanoethylene to a strained 
double bond is its reaction with (1,4-dimetlioxybenzo)bicyclo[2.2.1]- 
heptadienelG1: 

M e 0  

(CN, 

(c" P (70) 

@ + (NC),C=C(CN), u 

M e 0  hICO 

When a 1,3-diene system possesses certain features which prevent 
or hinder 1,4.-addition of tctracyanoetliyleiie, 1,2-addition will take 
place. Thus, since lY4-addition to diphenyldimethylenecyclobutene~56 
or dimethyldimethylenecyclobutene16z would give a cyclobutadienc 
structure, the reaction takes a different pathway and a 1,2-cyclo- 
adduct is formed : 

1,4-Addition to the diene system in metliylenecyclobuteiie~~~~~~~ 
and in 3-methylene~yclohexene~~G would result in adducts with a 
double bond to a bridgehead, in violation of Bredt's rule. T ~ L I S ,  
1,2-addition results: 

If thc exomethylenc group is hindered I)y methyl groups, addition 
takes place on thc eizdo double bond (equation 73)lG1. Similarly if 

\ 
Me MC 
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1,4-addition to a butadiene is hindered by methyllG4-165 or phenyl 
groupPG, 1,2-addition may occur. However, a 1,4-addition product 
may also be formed (equation 74). I n  this example the difference 

.* Me. MI 

(5 6) (57) 

in the polarity of the transition states for 1,2- and 1,4.-additions is 
clearly demonstrated, since in nitromethane only 56 is formed 
whereas in cyclohexane 30 % of the product is 57. 

The activating group is part of a three-membered ring in 
the cycloaddition of N-ethylmethyleneaziridine to tetracyano- 
ethylene16' : 

Et 
I 

'L-~CN)z (75) 
Tt 
/NL + (NC),C=C(CN), __+ 

(CN, 

The introduction of electron-donating groups on the 2- and 3- 
positions of a diene system does not cause 1,2-addition to take place 
a t  the expense of 1,4-addition (equation 76) 157*168. 

d. Strained hydrocarbons. If enough strain is present in a hydro- 
carbon, tetracyanoethylene may add to a carbon-carbon single bond. 
For example it adds to hexamethylpri~mane~'~ (58) and to quadricy- 
clane (59)l'j9 (equation 77). The structure of thc adduct from 58 
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was not given. T h e  structure of the adduct 60 is different from that 
of the adduct ofdctracyanoethylene with norbornadiene (equation 
6 6 ) ,  and thus 60 does not arise via isomerization of 59 to norbor- 
nadiene. 

e .  Free radicals. 2,5-Dimethy1-2,3,3,4,4,5-hexacyanohexane results 
from addition of a-cyanoisopropyl radical, generated from a,a'- 
azobis(isobutyronitrile), to tetracyan~ethylene~' (equation 78). 

457 

Me Me 
I I 
I I 

NC-C-N=N-C-CN f (NC),C=C(CN), + 
S I C  ite 

Me CN CN Me 
I I I I  

I I I I  
NC-C-C-C-C-CN (78) 

Me CN CN Me 

Also, free-radical addition is by no doubt the mechanism by which 
tetracyanoethylene inhibits the polymerization of olefins171. 

A free-radical chain mechanism is postulated for the photo- 
addition of tetrahydrofuran to tetracyanoethylenel72. Although two 
moles of tetracyanoethylene appear in the product, the n.m.r. 
spectrum indicates that i t  is an  cc-monosubstituted tetrahydrofuran. 
I t  is likely that the first step is addition of tctrahydrofuran to tetra- 
cyanoethylene (equation 79). The final product may be 61. 

hv Q'i" C-C-H YN 
I 0 4- (NC)1C=C(CN)i)2 - 

CN CN 

(61) 

f. Nuclcoj~/zilic carbenes. T h e  carbene formed from the dissociation 
of 62 adds to tetracyanoethylene to form a c y ~ l o p r o p a n e ' ~ ~ :  

Ph Ph PI1 Ph 

, [&Em;; (80) 

Ph 
c- 
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g. Hydrogen. Tetracyanoethylene is readily reduced to tetra- 
cyanoethane (section III.B.l). 

h. Hydrogen Peroxide and ozonides. Hydrogen peroxide in aceto- 
nitrile epoxidizes tetracyanoethylene (equation 8 1 )  174. T h e  chemistry 

+ H20 (81) 

of tetracya%oethylenc oxide is discussed in section 1X.A. Tetra- 
cyanoethylene oxide is also produccd from tetracyaiioetliylene and 
primary o ~ o n i d e s l ~ ~ .  The other products from this reaction are the 
expected aldehydes and ketones, but since the yields are higher than 
those from the standard ozonization procedure the technique is 
useful in structural studies involving ozonolysis (section 1X.A. 1). 

A reaction which clearly demonstrates the electro- 
philic character of the double bond in tetracyanoethylene is the 
addition of chlorine. This addition is catalysed by chloride ion. 
Evidently, a chlorocarbanion is an intermediate (equation 82) 176. 

(NC),C=C(CN), + HOOH + 

i. Chlorine. 

NC CN NC C N  NC CN 
I I  I I CI, I 1  

I I  I I  
C=C + C1- -----+ CI-C-C- __+ CI-C-C-CI + CI- (82) 

NC CN 
I I  

NC CN NC CN 

j .  Diazonzethane. Diazomethanc cycloadds to tetracyanocthylene 
to produce the pyrazoline 63 which on further heating eliminates 
nitrogen (equation 83)177. Pyrazoline 63 isomerizes in ether solution 
to 64 and 64 in turn isomerizes in ether solution with a trace of 
tetracyanoethylenc to 65. 

$J (CNz (CN), 
(NC),C=C(CN), -t CH2N2 + NJ(CN)~ __* Q(CN)z + Nz 

(63) 
(83) 

H 
I N  (CN, (CN)2 - NJ(CN), 

63 -* 11-Nd 
(CN), 

(6 4) (65) 

I;. Sulphurous acid. Tetracyanoethylene readily adds sulphurous 
acid or alkali bisulphites even in water. T h e  reaction is reversible 
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(equation 84)". The adduct is a strong dibasic acid from which 
numerous salts have been made and characterized. 

NC CN NC CN 
I I  I 1  

c=C + HzS03 __+ HC-C-SO,H (84) 
I I  

NC CN 
I I  

Alkali metal cyanides add to tetracyanoethylene in 
acetonitrilelOO (equation 84a). This reaction is discussed further in 
sections III.B.2 and IV.A.7.a. 

NC CN 

1. Cyanide ion. 

(NC),C=C(CN), -t NaCN (NC),C-C(CN),-Na+ (84a) 

m. Ketones. Ketones possessing an  a-hydrogen readily add to 
tetracyanoethylene to give tetracyanopropyl ketonesg? (equation 85). 
The reaction is acid catalysed. 

0 NC CN 0 
I1 I I  I1 

CHSCCH, + (NC),C=C(CN)z + HC-C-CIIZCCH, (85) 
I I  

NC CN 

n. Phenols and aromatic amines. The end-product from reaction 
of tctracyanoethylene with an electron-rich aromatic compound is a 
tricyanovinyl substituted aromatic derivativc. In  some cases (N,N- 
dimethylaniline178, N,N-his(#?-chloroethyl) aniline*79, 4-hydroxy- 
coumarinPO, ortho-substituted phenolslsl, 2,6-dimethylaniline and 
2,5-dimethoxyaniline8zz), however, an  intermediate tetracyanoethyl 
compound can be isolated. This topic is discussed in  more detail in 
section IV.A.5.a. 

Tetracyanoethylene 0. Zero-valent platinum and palladium compounds. 
displaces phenylacetylcne 
complex182 (equation 86). 

from its bis (triphenylphosphine) platinum 
An x-ray analysis183 of 66 shows the angle 

between the plane formed by C ( l ) ,  C(z) and C(,)-CN of the tetra- 
cyanoethylene and  the C(l), C(,), P t  plane is about 100". The  two 
platinum-carbon bond lengths are practically the same with the 
C(,)PtC(,) bond angle 42". The  C(1)-C(2) bond distance in the 
complex is 1.52 A, close to the accepted value for C-C single bonds 
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and is 0.21 A longer than the C=C distance in uncomplexed tetra- 
cyanoethylenc. 

A similar complex forms in the reaction of tetrakis(tripheny1- 
phosphine) palladium with tetracyanoethylenel84 : 

C(CN), 

C(CN), 

+ 2 Ph,P (87) / I  (E'h,P),Pd + (NC),C=C(CN), + (Ph,P),Pd 
\ 

p .  Tripheiy@hosphine. Two molecules of tetracyanocthylene com- 
bine with one of triphenylpliosphine to give octacyano-P,P,P- 
triphenylphosphacyclopentane (equation 88) lS5. 

(88) 
2 (NC),C=C(CN), + Ph,P + 

PI,, 

4. Additions to the nitrile groups of tetracyanoethylene 

Only a few reagents have been observed to add to a nitrile group 
of tetracyanoethylene. This is surprising since each of the cyano 
groups of tetracyanoethylene is formally attached to a tricyanovinyl 
group, which is strongly electron-withdrawing. The  cyano groups 
of tetracyanoethylene should thus be even more reactive than those 
in  cyanogen. However, the carbon-carbon double bond of tetra- 
cyanoethylene is so much more reactive than the nitrile triple 
bonds that the former is no doubt attacked preferentially. Possibly 
a small amount of addition to nitrile groups docs occur but  the 
product is lost during the reaction work-up. 

Approximately 65% of the product from the reaction 
of sodium azide with tetracyanoethylenc in acetonitrile results from 
nitrile addition and 25 yo from carbon-carbon double bond addi- 
tion186. Therefore, the azide ion, which is a strong nucleophile, 
may be adding indisciminately. The  main rcaction products are 
tricyanovinyltctrazole and bis(tricyanoviny1) amine isolated as tetra- 
methylammonium salts (equation 89). Nitrogen but no cyanogcn 

a. Azide. 

NC 
I 

C=C(CN), 
CN CN 
I -  I 

(NC),C=C(CN), + N,- + N A N  I 0'1 
N--N 

3- (NC),C=C-N -c=c(cN): 
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was produced. However, as in many other cyanocarbon reactions 
where a cyanogen is needed to balance the products, it would be 
expected to end up as  paracyanogen. 

Dicyanomaleimide, a very reactive dieneo- 
phile141, is readily prepared by stirring tetracyanoethylene with 
fluorosulphonic acid and allowing the resulting imino salt 67 to 
hydrolyse in air (equation 90)820. The first step in this reaction is 

6. Fluorosulphonic acid. 

NC 
(NC),C,=C(CN), + FSO,H 

WCN NC 

67 -I- H,O 

most likely the protonation of one of the nitriles by fluorosulphonic 
acid. 

A brief com- 
munication claims that water hydrolyses one nitrile group of 
tetracyanoethylene a t  5000-6700 atm and 110-150" to produce 
2,3,3-tricyanoacrylamide (equation 9 1) lE8. Under similar conditions 

c. Water or methanol under extremely high pressure. 

CONH, 
/ 

\ 
(NC),C=C(CN), + H,O + (NC),C=C (91) 

CN 

methanol was reported to give N-methyl-2,3,3-tricyanoacrylamide 
(equation 92). This is a most unusual result, which is in marked 

0 

CNHMe 
II 

/ 

\ 
(NC),C=C(CN), + MeOH + (NC),C=C (92) 

CN 
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contrast to that obtained under one atmosphere (see sections 
IV.A.5.b and.IV.A.5.c). 

d. TrifIuoromethanesuZphenyl chloride. Trifluoromethanesulphenyl 
chloride adds to a nitrile group of tetracyanoethylene at room 
temperature to form 68 (equation 93)la9. The reaction, like the 

CN 

(NC),C=C(CN), + CF3SCI + (NC),C= A (93) 
I 

(68) 

Cl-C=NSCF, 

addition of chlorine to tetracyanoethylene (section IV.A.3.i) , is 
catalysed by chloride ion. A mechanism involving addition of 
chloride ion to the double bond followed by attack of the sulphenyl 
chloride on the resulting anion is preferred (equation 94). 

N C  CN N C  CN NC CI\I 
I I  I 1  CF,SCl I I  

I t  
C=C + CI- -+ CI-C-C=CsN- __f CI-C-C=C=NSCF, 

I I 
+ c1- (94) 

/ N c  

NC N C  CN 

S C  CN 
I I  -c1- 

CI-C-C-C=NSCF3 + GS 
I - !  

NC c1 

Dienes add to 68 across the carbon-carbon double bond but 
electron-rich olefins add to the carbon-nitrogen double bond. 

e .  Etlyl diazoacetate. Although diazomethane adds to the double 
bond of tetracyanoethylene, ethyl diazoacetate adds to one of the 
cyano groups (equation 95)Il3. 

f. Eenzoaitrile oxide. I t  has been mentioned that benzonitrile 
oxide adds to a nitrile group of tetracyanoethy1enelaY but no details 
were given. 
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5. Replacement of cyano groups in tetracyanoethylene 

One or two cyano groups may be displaced from tetracyano- 
ethylene by electron-rich reagents. The reaction probably takes 
place in two or more steps, addition of the reagent to the double 
bond being followed at some point by elimination of cyanide ion. 
Since cyanide ion itself reacts with tetracyanoethylene giving 
tetracyanoethylene ion radicalloo, the detection of this species in the 
reaction mixture does not necessarily prove the abstraction of an 
electron from the attacking species. 

a. Aromatic compounds. By far the most studied substitution 
reaction of tetracyanoethylene is the tricyanovinylation of aromatic 
systems. I n  general, any aromatic compound that will couple 
with benzenediazonium chloride will also undergo tricyanovinyl- 
ation, for example: N,N-dimethylaniline (equation 96) lgo, 

0-alkylphenols~81*~~~, pyrrolel92, i n d o l e ~ ~ ~ 2 - ~ ~ ~ ,  phenanthrenel", 2- 
methylfuranlg5, a z u l e n e ~ 1 ~ 5 * ~ ~ ~ ,  diazocy~lopentadiene~~~, phenyl- 
hydrazones19~ and cyclopentadienylidenetriphenylph~sphorane~~~. 
The use of aluminium chloride to activate tetracyanoethylene makes 
possible the tricyanovinylation of benzene, toluene, naphthalene 
and fluorobenzene but not c h l o r o b e n ~ e n e ~ ~ ~ .  

NMe2 
I 

The mechanism of tricyanovinylation of N,N-dimethylaniline has 
been extensively st~died~78*200--2~~. On  the basis of the data now 
available the reaction probably proceeds through the intermediates 
shown in equations (97) ,  (98) and (99). 

A blue 7-r-complex with an association constant of 15.0 (at 32.5" in 
chloroform) is first formed200. The conversion of the 7-r-complex to 69 
is first order in the 7-r-complex and in the dimethylaniline?OO. 'The 
conversion of 69 to 71, the slowest step, is first order in dimethylaniline 
as well as 69z0O. The rate of formation of 69 is very sensitive to solvent 
polarity. The blue 7-r-complex disappears quickly in acetonitrile but 
is stable for several days in carbon tetrachloridezoo. The further 
reaction of 69 is also sensitive to solvent polarity but less so. 
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NMep 

+ (NC)~C=C(CN), J 
fast 

NC’ ‘CN 

blue 7;-comples 

yf:’ J (70) colourless 

NMe, 
I 

f IICN Q (99) 

CN 
(71) red 

The  tetracyanoethyl derivative 70 can be isolated if the reaction 
is conducted with equivalent amounts of tetracyanoethylene and 
N,N-dimethylaniline in  d i o ~ a n ” ~ .  Structure 69 was assigned to it. 
However, the absence of any appreciable nitrile absorption in its 
infrared spectrum would seem to rule out 69. T h e  two cyano groups 
conjugated with a full negative charge should have an  intense nitrile 
absorption. O n  the other hand, tetracyanoethanes tcnd to have 
very weak nitrile absorption. Similar tetracyanoetliyl products have 
been isolated from the reaction of tetracyanoethylene with N, N- 
bis (2-chloroethyl) aniline*79*206, 2,6-dimethylanilineaZ2 and with ortho- 
substituted phenolsl”. These tetracyanoethyl compounds readily 
eliminate hydrogen cyanide to form tricyanovinyl derivatives. T h e  
rate of this reaction, a t  least for 2,6-dimethyl-4-( 1 , 172,2-tetracyano- 
ethyl)anilinc, shows no isotope effect822. Since the conversion of the 
colourless intermediate, formed in the reaction of tetracyanoetliylene 
with N,N-dimethylaniline, to the tricyanovinyl derivative has an 
isotope effect, k,/k,, of 3 ~ 6 ~ ” ~ ~  70 is not the intermediate, but is 
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merely a by-product formed by a proton shift when no excess base 
is present. 

An ion-radical mechanism for the first step in the formation of 
70 is doubtful, since N,N-diethylaniline reacts with tetracyano- 
ethylene in solvents of moderate polarity to givc large amounts of 
tetracyanoethylene ion radical, but little tricyanovinyl product203. 
This cannot be a steric problem, since N,N-bis(2-chloroethy1)- 
aniline179*206 readily forms a tricyanovinyl derivative. In  dimethyl- 
formamide, however, N, N-diethylaniline forms a tricyanovinyl 
derivative in good yield190. 

Phenols with large ortho groups such as 2,6-bk(t-butyl) phenollS1 
undergo tricyanovinylation readily, whereas phenols with meta-alkyl 
substituents are unreactive. 

The  relative rates of tricyanovinylation of N-methylaniline and 
N,N-dimethylaniline have been exarnincd20z*zo4. The results are 
conflicting. One  report states that the rate of formation of colourless 
intermediate is faster for N-methylaniline whereas the conversion 
of colourless intermediate to tricyanovinyl product is slower202. 
The other report states the opposite204, but gives no quantitative 
data. 

T h e  1,2-cycloaddition product 72 has been suggested as an 
intermediate in the tricyanovinylation of dimethylanilinczo5. This 

465 

idea is attractive, since it would unify the mechanism of tricyano- 
vinylation of aromatic compounds with that of olefins in which a 
cyclobutane intermediate can be isolated (equation 100) 207. The 
formation of a n  intermediate such as 72 from aromatic compounds, 
however, seems unlikely, since it would destroy the aromaticity of 
the system. 

1G 



466 E. Ciganek, W. J. Linn and 0. W. Webster 

Kinetics parallel to those for N,N-dimethylaniline are observed 
for tricyanovinylation of indolelg4. Again a colourless intermediate 
forms (equation 101). 

In  the tricyanovinylation of dialkylanilines with tricyanovinyl 
chloride, the rate-determining step does not involve proton removal ; 
the reaction is first order in both reagents, large alkyl groups on the 
nitrogen do not hinder the reaction, and no n-complex is observed 
at room temperature201. The mechanism suggested is given in 
equation (1 02). 

(73) 

4 

73 - 

4- c1- 

N M C ,  
I 

-' Q 
CN 

6 .  Water. The hydrolysis of tetracyanoethylene produces tri- 
cyanovinyl alcohol (75) and pentacyanopropenide ion (78) in relative 
amounts that are markedly sensitive to pH. Low p H  favours tri- 
cyanovinyl alcohol formation, and high pH pentacyanopropene 
formationaG. These substances are both strong acids and can be 
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characterized as their tetraalkylammonium salts. They form on 
exposure of tetracyanoethylene to moist air but can be readily 
removed by sublimation of the sample. 

I n  acid solution, the initial attack is probably by water to form 
74, which loses hydrogen cyanide to give 75 (equation 103). At 

NC CN NC cx NC CN 

N& OH 

I I  1 1  
__+ HC-C-OH C=C 

I (103) 
I I  H 

+=y q 1 1  
HOH 

NC CN I3 NC CN 

high p H  the initial attack is probably by hydroxide ion to form 76. 
Since the supply of protons is low, 76 adds to another tetracyano- 
ethylene to give 77. This adduct fragments to pentacyanopropenide 
ion (78), carbonyl cyanide and cyanide ion (equation 104). Since 

NC CN NC CN 
I I  I 1  

1 1  I 1  

(76) 

C=C + OH- + -C-C-OH 

NC CN N C  CN 

NC CN NC C N  CN CN 
I 1  1 1  I I 

I 1  I I I I  

(77) 

76+ C=C -C-C-C-C-OH 

NC CN CN CN NC CN 

N C  CN CN CN 

(104) 
I I  I I 

I I I 
77 + OH- + -C-C=C + C=O + H2O + CN- 

CN CN NC 

(78) 

malononitrile anion displaces cyanide ion from tetra~yanoethylene2~~ 
to give pentacyanopropenide ion, another possibility is that this ion is 
produced by the fragmentation of 76 and then adds to tetracyano- 
ethylene. 

c. Alcohols. The base-catalysed addition of alcohols to tetra- 
cyanoethylene proceeds stepwise. Either alkyltricyanovinyl ethers208 
or dicyanoketene acetalss9 can be isolated. If a molar amount of 
base is present, a trialkoxy salt is obtainedzo9 (equation 105). 
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N C  CN NC OMc NC OMe N C  OMe 
I I I  1 1  

I I  I I  
__f C=C + -C-C-OMe 

I 
I 1  

MeOH+ h=C __f C= 

I'iA AMe (105) NC O M e  NC CN N C  CN 

d. Ammonia, hydrazines and amines. Tetracyanoethylene reacts with 
ammonia to give bis(tricyanoviny1) amine and similarly with 
hydrazine to give 1 ,2-bis ( tricyanovinyl)hydrazines6, isolated as  their 
salts (equations 106 and 107). 

CN 
I -  

2 (NC),C=C(CN), + NH, -> (NC) ,~C-N-C=C(CN),  (106) 
I 

CN 

CN C N  
I - -  I 

2 (NC),C=C(CX), + NH2NH2 d (NC),C=C-N-N-C=C(CN), (107) 

Tetracyanoethylene and other cyanoethylenes that contain 
replaceable groups react with monosubstituted hydrazines and 
hydrazides to give 5-amin0-3,4-dicyanopyrazoles~~~ : 

NC 

(NC),C=C(CN), + RNI-INH, __+ ( 108) 
I 

I 
R 

Primary and secondary amines also give N-tricyanovinyl com- 
pounds when treated with tetracyanoethylene. If two equivalents 
of amine are used, a second cyano group is eliminated (equation 
109)211. Aromatic primary amines are tricyanovinylated on the 

n-BuNH2 + (NC)2C=C(CN), + n-BuNH--C=C(CN), 
I 

(79) 

CN 

n-nuNH 
I 
I 

79 + MezNH __f C=C(CN), (109) 

MezN 

nitrogen atom unless hindered by alkyl groups. N-Alkyl and N,N- 
dialkyl aromatic amines are tricyanovinylated at the para position 
if i t  is open. The amino group on 2,4,6-trimethylaniline is tricyano- 
vinylated, even though hindered, since the para position is blocked822. 

Tertiary aliphatic amines reduce tetracysnoethylene to tetra- 
cyanoethylene ion T h e  triethylamine probably ends up 
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as vinyldiethylamine as  it does in other similar ion radical redox 
reactions205 (equation 110). 

(NC),C=C(CN), + CH,CH,NE~, --+ (NC),C-~(CN), + CH,CH,NE~, 
- 

. -  

- H  % 
(NC)&-C(CK), + CET,CH=NEt, * (NC),GC(CN), + CH,=CE-INEt, 

I-1 I-I + 
(NC),C--C(CN), f (NC),C=C(CX), + 2 Et3N -> 2 Et3NH (NC),C--C(CN), 

(110) 

Triphenylphosphorus ylids react with tetra- 
cyanoethylene by substitution of one of the cyano g r o ~ p s 2 ~ ~ * 2 1 ~  
(equation 1 1 1). Substitution on cyclopentadienylidenetriphenyl- 

8. Pilosphorus ylids.  

CN 
A -  + - I  

H I 
P$P-C-CN + (NC),C=C(CX), __j Ph,P-C-C=C(CN), (111) 

CN 

phosphorane occurs on the hindered 2-position in marked contrast 
to other aromatic tricyanovinylations which seem to avoid hindered 
sites (equation 1 12)lg8. 

6. Fragmentation reactions of tetracyanoethylene 

2HY3H-Thieno [3,2-b] pyrrol-3-one 
(80) and also 2HY3H-benzo[b] thiophene-3-one (81) react with 
tetracyanoethylene to give dicyanomethylene derivatives (equation 
1 13) 214. The tetracyanoethane 82 was not isolated, but malononitrile 
was. The acidity of the methylene compound required for this 
reaction must be critical. The very similar adducts of ketones with 
tetracyanoethylene (section IV.A.3.m) can be dissolved in sodium 
bicarbonate solution and recovered on acidification. Here the proton 
on the tetracyanoethyl group ionizes rather than the proton a to 
the keto function (equation 114). 

a. Retrograde Michael reaction. 
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0 CN CN 0 CN CN 

AN AN AN AN 

(1 14) 
I1 I I NaHCO, I1 I I 

CHS-C-CHZ-C-CH - CH,CCIIzC-C- 

b. Elimination of cyanogen. Tetracyanoethylene is cracked to 
cyanogen and dicyanoacetylene when passed through a tube packed 
with quartz chips at 800" (equation 1 15)z15. 

NC CN 

(1 15) 
I I  
1 I 800" 

C=C NC-kC-CN + KC-CN 

NC CN 

c. Reaction with isatogens. When equimolar quantities of 2-phenyl- 
or 2-methoxycarbonylisatogen and tetracyanoethylene are heated 
under reflux in xylene for 1.5- 10 hours, 3,4-dihydro-2-phenyl- (83) 
or methoxycarbonyl-4-quinazolinone is produced in 30 to 40 yo 
yield (equation 1 16)216. These products are not formed when cyanide 
ion or ammonia are substituted for tetracyanoethylene, and thus it is 
assumed that tetracyanoethylene is the source of the extra nitrogen 
atom. The  mechanism is not known. 
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7. Tetracyanoethylene anion radical 

Tetracyanoethylene reacts with a variety of reagents including 
metals, cyanides, iodides and tertiary amines to give tetracyano- 
ethylene anion radicalloo. The reduction is reversible and occurs at 
E3 + 0.152 v versus SCE in acetonitrile. A second wave occurs a t  
E& - 0-561 v (equation 117). The sodium salt of the dianion 84 

NC C N  h'C C N  NC CN 

(117) 

NA AN NC CN 

I I  c I I  c= I L L  -- .c-c- -c-c- 
Id AN 

I I  

(84) 

is readily made from tetracyanoethane and sodium hydride. As 
expected, it transfers an electron to tetracyanoethylene and two 
equivalents of ion radicalloo result. I n  a variation of this method of 
synthesis, a mixture of tetracyanoethane and tetracyanoethylene is 
treated with a base to give two equivalents of ion radical. The 
reaction is reversible (equation 118). The reaction of tetracyano- 
ethylene with sodium cyanide has been studied in detailloo. A 

NC CN NC C N  N C  C N  
I I OH- I I 

C-C- 
I I  

HC-CH+ C=C 
I I  H+ N C  I I  C N  

N!: AN NC C N  

colourless isolable salt (85)  is first formed. Tracer studies with 
14CN- showed the first step to be reversible. The adduct reacts with 
cyanide to give the ion radical, most likely via tetracyanoethane 
dianion (equation 119). Cyanogen cannot be isolated from the 

NC C N  N C  C N  
I I  

-C-C-CN C=C +CN--  
I I  
i i '  

NC CN 

I I  
I I  

NC C N  
(84) 

85 + CN- __f -C-C- + (CN), 

- 
84 +- (NC),C=C(CN), + z (NC)&-C(CN), (1  19) 

reaction solution, but if solid sodium pentacyanoethanide (85)  is 
heated it forms cyanogen and sodium tetracyanoethylene ion radical. 
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Since cyanide ion reacts with tetracyanoethylene to form an ion rad- 
ical, the mere detection ofion radical by e.s.r. in a tetracyanoethylene 
reaction mixture does not necessarily mean that the tetracyanoethyl- 
ene is abstracting an electron from the other reactant. Cyanide 
ion may in some way have been generated. We believe this is the case 
whenever the reagent involved is a poor reducing agent. For example, 
hydroxideZl7, TiO,, ZnO, MgO218, pyridine2l9 and dimethyl 
formarnide220 react with tetracyanoethylene to produce tetracyano- 
ethylene ion radical (e.s.r.), whereas neither sodium bromide nor 
potassium thiocyanate, both fair reducing agents, transfers an 
electron to tetracyanoethyleneZ20 (u.v.). 

Irradiation of tetracyanoethylene by y-rays221, x-rayszzz, flash 
p h o t o l y s i ~ ~ ~ ~  or ultraviolet light224 gives detectable amounts of its 
ion radical. 

Electrolysis of 1,1,2,2-tetracyanocyclopropane and of tetracyano- 
ethane produces tetracyanoethylene ion radicalzz0. 

Nickel tetracarbonyl is stripped of its carbonyl groups by tetra- 
cyanoethylene and the nickel is oxidized to >TiZ+ loo. The grey area 
between n--complex formation and complete electron transfer or 
ion-radical formation is brought out by the reaction of tetracyano- 
ethylene with metallocenes. The green crystalline solid from reaction 
of tetracyanoethylene with ferrocene is not ferricenium tetracyano- 
ethylene ion radical as originally reported100 but is a n - - c o r n p l e ~ ~ ~ ~  
(86). In polar solvents, however, this n-complex dissociates and a 
small amount of complete electron transfer occurs (equation 120). 

NC ., C N  

c=c - 
Fe -t- (XC),C=C(CN), x c J ~ ~ c x  .- ferriccnium (120) 
Q 
0 C,N4: 

6 
(86) 

The equilibrium constant for formation of ferricenium tetracyano- 
ethylenide in acetonitrile was deterrnindZz5 as 2.5 x 10-3, and in 
another studyzz6 as  8.6 x lo-", by the intensity of the ion-radical 
absorption in the visible spectrum of its solution. Based on an oxjda- 
tion-reduction potential of +0.30 v for ferrocene in a c e t ~ n i t r i l e ~ ~ ~  
and +0.15 v for tetracyanoethylene in acetonitrileloo, the calculated 
equilibrium constant is 2.9 x 10-3. An equilibrium constant of 
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3 x in dimethylformamide gives a 
measure of the solvent effect on electron transfer226. 

A similar solvent effect was noted in the interaction of tetra- 
cyanoethylene with tetramethyl-p-phenylenediamine228. I n  solvents 
of high dielectric constant, ion radicals were formed. In  solvents of 
low dielectric constant only n-complexes result, whereas, in solvents 
of intermediate dielectric constant both were present in equilibrium 
with the starting materials. The Mossbauer spectrum of the tetra- 
cyanoethylene-ferrocene complex shows that the tetracyanoethylene 
is not bonded t o  the iron2z9. X-ray data confirm 86 as the structure 
of the complex230. 

Cobaltocene and bis(tetrahydroindeny1)iron both transfer an  
electron more or less completely to tetracyanoethylene in aceto- 
nitrile, but an equilibrium is set up in acetone and in dichloro- 
methane22G. 

Dibenzenechromium transfers an electron completely to tetra- 
cyanoethylene to give dibenzenechromium (I) tetracyanoethylene 
ion r ad icaP .  

Solid tetracyanoethylene ion-radical salts vary in colour from 
brown to purple. Solutions are yellow with a characteristic cocks- 
comb shaped absorption band centred at 435 mp. The nitrile 
group absorbs strongly at  2210 and 2180 cm-l in the infrared 
regionloo. The e.s.r. spectrum of tetracyanoethylene ion radical (g = 
2.0026 f 0.0002) shows all of the carbon-13 splitting (20 lines) 
arising from carbon-I3 nuciei in natural abundance, as well as the 
nine lines arising from the four equivalent nitrogen a t ~ m ~ ~ ~ ~ * ~ ~ ~ - ~ ~ ~ .  
The hyperfine splitting constantsZz0 of 87 are aN = 1-574 f 0.005 
gauss, aIc = 9.541 f 0.01 gauss and azc = 2.203 f 0.01 gauss. The 
e.s.r. spectrum has been studied in nematic liquid The 

N C  CN 

in acetone and 7 x 

(8') 

rate constant for electron exchange between tetracyanoethylene 
ion radical and added tetracyanoethylene is 2-1 x lo8 l/mol s 232. 

The resistivity of tetracyanoethylene ion-radical salts ranges from 
9 x lo7 to 1.6 x l o9  ohm cm100, too high to be classed as semi- 
conductors. This is in marked contrast to the 1 ohm cm resistivity 
of some of the tetracyanoquinodimethane ion-radical salts (section 
V1I.A. 1).  
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Solid tetracyanoethylene ion-radical salts are relatively stable in 
air. I n  solution, however, they are very sensitive to oxygen and to a 
lesser degree to water. Either reagent causes formation of penta- 
cyanopropenide ion and tricyanovinyl alcoholateloo. O n  acidifica- 
tion, the ion radical disproportionates to tetracyanoethane and 
tetracyanoethylene. It is easily oxidized to tetracyanoethylene. O n  
heating under reflux in  dimcthoxyethane, sodium tetracyano- 
ethylenide slowly forms disodium 1 , 1,2,3,4,4-hexacyanobutene- 
diide238 (equation 12 1). 

NC 7N iN (121) 

NC CN 
I t  
I I  

2-c-c- __j - L = C -  - 
I I  

C N  CN 
I 

N C  NC CN 

8. Polymers from tetracyanoethylene 

Unlike acrylonitrile and vinylidene cyanide, tetracyanoethylene 
does not form a polymer with a carbon backbone. However, when 
heated to relatively high temperatures with metals, metal complexes, 
alcohols, phenols, amines or amides i t  forms dark-coloured polymeric 
materials with concurrent destruction of most of its nitrile func- 
t i o n ~ ~ ~ ~ - ~ ~ ~ .  These polymers are reported to be semiconductors and 
to have catalytic properties. A careful study has been made of this 
type of polymerization for a series of cyanocarbon acid 
These salts rearrange spontaneously whcn heated, with destruction 
of the cyano triple bonds. This rearrangement occurs with evolution 
of heat at temperatures which vary from one salt to another. T h e  
products of the rearrangement are black, refractory powders. 
Standard differential thermal analysis techniques have been used 
to determine the temperatures a t  which the exothermic rearrange- 
ment occurs. I t  is likely that undcr the conditions used to polymerize 
tetracyanoethylene, i t  first forms the tetracyanoethylene ion radical 
or another cyanocarbon acid salt which then undergoes the thermal 
rearrangement reaction. 

B. Tricyanoethylenes 

I. Tricyanoethylene 

Tricyanoethylene (88) is prepared from ethyl cyanoacetate and  
glycolonitrile by the route outlined in equation ( 122)2s8. I t  is chemi- 
cally similar to tetracyanoethylene, but reacts less vigorously. Thus, 
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CN CN CN 

NCCH,OH f -CH __f NCCH,CH - NCCH,CH 
I I NH3 I 

I I I 

POCI, Brz I 

CO,NH, 

CN 

___f NCCH,CH(CN), _1 NCCH,CBr 

C0,Et C0,Et 

NCCI-I, H 
I I 
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~O,NH,  6 N  
CN 
I cs 

NCCH,CBr + EbN 4 NCCH=C(CN), (122) 
I 

CN (88) 

it forms a Diels-Alder adduct with anthracene, but at room tem- 
perature the reaction requires hours instead of minutes. The addition 
of chlorine to the double bond is catalysed by chloride ion. Tricyano- 
ethylene adds to ketones and vinylates N,N-dimethylaniline. On 
the other hand, it is much more reactive toward water than is 
tetracyanoethylene, forming hydrogen cyanide and unidentified 
products258. 

2. Tricyanovinylalkanes and -arenes 

Alkyl- and aryltricyanovinyl compounds can be prepared by 
three routes259. If the aryl compound is reactive enough, a tricyano- 
vinyl derivative can be prepared by tricyanovinylation with tetra- 
cyanoethylene (section IV.A.5.a) or tricyanovinyl chloride (section 
IV.B.3). 

A method starting with aldehydes first involves condensation 
with malononitrile, then addition of hydrogen cyanide and dehydro- 
genation : 

II 
CN CN NC CN 

ucH + CH,(CN), - CN HCN H CN 

I I  
0 

C-CH 

0 

(123) 



476 E. Ciganek, W. J. Linn and 0. W. Webster 

If the acyl cyanide is readily available the best route to tricyano- 
vinyl compounds is condensation with malononitrile (equation 124). 

0 NC 

(124) Me,CCCN + CH,(CN), + Me.&-C=C(CN), + H,O 

The reaction is catalysed by a salt of an amine with an organic or 
mineral acid in the presence of excess acid. Typical catalysts are 
piperidine-acetic acid, p-alanine-acetic acid and piperidine- 
sulphuric acid. 

Tricyanovinylalkyl compounds fail to react with diencs at  room 
temperatures but adducts are obtained in high yield a t  elevated 
temperatures. 

Reaction of tricyanovinyl compounds with nucleophilic reagents 
generally results in replacement of the 1-cyano group. Basic hydrol- 
ysis results in l-hydroxy-2,2-dicyanovinyl compounds of type 89 
(equation 125). Similarly, alcohols produce 1-alkoxy and amines, 

I I  1 1  
I 

(89) 

II I 

NC CN O H  CN 

(125) PhC=C + OH- + PhC=C 

CN 
I 

CN 

1 -amino derivatives259-261. 
The reaction of tricyanovinyl arenes with malononitrile anion 

prcvidcs a route to 2-substituted tetracyanopropene salts (equation 
126). 

NC CN NC Ph CN 
I I  I l l  

I 
PhC=C + -CH(CN), + C=C-C- f HCN (126) 

I 
CN NC 

I 
CN 

The reaction of tricyanovinylbenzene with methylmagnesium 
iodide gives 90, 91 and 92 in 50, 18 and 32 % yieldP2. Thus the 

NC CN Me C N  Me CN NC Me 
I I  I I  I I  

I 
Me 

I I  

(90) (91) (92) 

Me CK 
I 

Ph C ; l  =C + MeMgI + PhC=C + PhC-CH + Ph--C=C 

C N  
I 

CN 

relative reactivity in displacement of the 1- to the 2-cyano groups 
is 4: 1. Tricyanovinyl compounds react readily with mercaptans to 
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give substituted pyrroles : 

NC CN NC CN Ph 
I 1  I 1 RSH 

PhC=C i- RSH d PhC-CH __f 

I 1  
H CN 

I 
CN 

Diaminothiophenes are obtained when hydrogen sulphide is 
substituted for the mercaptan: 

H2N CN 

N,N-bis(p-chloroethy1)-p-tricyanovinylaniline reacts with 1 , 1- 
dialkylhydrazines to  substitute the a-cyano group, but with l-phenyl- 
1-alkylhydrazines with elimination of a malononitrile residue261 
(equations 129 and 130). Pyrimidines form on reaction of 93 with 
amidines261 (equation 13 1).  Sodium dialkylphosphites add to 93179 
(equation 132). 

NC CN CN 
I I  I 

I I  
p-(CICH,CH,),NC,jH4C=C + M+”M, ~p- (CICH2CH, ) ,NC,H,C==C 

NH CN 
I 
CN 

i 
(93) NMe, 

NC 
I 

93 + PhMeNNH, + /J-(CICH,CH,),NC~H~C=IV-N-P~ 
I 

Me 

Tricyanovinylbenzene and 1,l -dicyanovinylbenzene react 
nickel carbonyl to give 1 : 1 carbon monoxide-free complexes. These 
complexes give a strong e.s.r. 
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Hydrolysis of tricyanovinylbenzene with concentrated hydro- 
chloric acid gives 94 and 95259. The electronic effects of a tricyano- 
vinyl group is discussed in Chapter 5. 

PhC=CCN PhC=CCN 

H02C I 1  CO,H 0 4 & 0  
H 

(94) (95) 

3. I-Chloro-1,2,2-tricyanoethylene (tricyanovinyl chloride) 

Tricyanonovinyl chloride (96) was first prepared by addition of 
chlorine to tricyanoethylene followed by base-catalysed elimination 
of hydrogen chloride (equation 133) 208s204. The chlorine addition, 

c1, 
NCCH=C(CN), + C1- __f [NCCHClC(CN),]- 

Et,N 

-HCI I C1- + NCCHClCCl(CN), __f ClC=C(CN), (133) 

CN 
(96) 

like that to tetracyanoethylene, occurs at  a reasonable rate only 
when catalysed by chloride ion and is apparently a nucleophilic 
addition. An altcrnate preparation from oxalyl chloride and the 
tetramethylammonium salt of tricyanovinyl alcohol gives lower 
yields (30-45 yo), but is more convenient, because the starting 
material is readily available from tetracyanoethylene. 

Tricyanovinyl chloride is a volatile, moderately stable crystalline 
solid that is similar to tetracyanoethylene, yet shows certain marked 
differences in reactivity. 

Like tetracyanoethylene, tricyanovinyl chloride acts as a dieno- 
phile in the Diels-Alder reaction, although as might be expected, 
i t  adds more slowly208. Similarly, tricyanovinyl chloride is a weaker 
n-acid than tetracyanoethylene. 

The tricyanovinylation of amines , alcohols and aromatic nuclei 
is the most studied reaction of tricyanovinyl chloride. It reacts faster 
than tetracyanoethylene and in some cases gives different products, 

Addition of 96 to a solution of ethanol is a convenient route to 
ethyl tricyanovinyl ether (97) (equation 134). Although 97 can be 

(NC),C=CCI $- EtOH + HCI + (NC),C=C(CN)OEt ( 134) 

(96) (97) 

I 
CN 
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prepared directly from tetracyanoethylene, the reaction must be 
carefully controlled in the latter case \Q prevent replacement of two 
cyano groups. Hydrolysis of 96 can be controlled to give either 
tricyanovinyl alcohol (98) or 1,1,2,3,3-pentacyanopropene (99). An 
excess of water leads to a product containing mostly the alcohol, 
whereas the addition of a limited amount of water to a solution of 
the halide produces the propene 99 (equation 135) 0,08. Reaction 

479 

CN 
(99) 

between 96 and 98 has been shown to give 99 by an obscure 
mechanism and this is presumably the route for formation of penta- 
cyanopropene when the hydrolysis is carried out in such a fashion 
that 96 is in excess. 

When there is a choice between alkylation of an aromatic nucleus 
and an NH group, tricyanovinyl chloride substitutcs on thc nitrogen. 
Tricyanovinylation of N-methylaniline, for example, can bz  carried 
oc t  either on the nitrogen or zt the fiara position by using tricyanovinyl 
chloride (equation 136) or tetracyanoethylene (equation 137). 

This selectivity has been used to prepare different types of dyes 
by tricyanovinylation of hydrazoneslg5. T h e  phenylhydrazone of 
p-dimethylaminobenzaldehyde gives the 4-tricyanovinyl derivative 
100 (Amns 580 mp) with tetracyanoethylene and the N-tricyanovinyl 
dye 101 (Ib,,, 414 mp) with tricyanovinyl chloride. 

Tricyanovinylation with 96 has also been used to advantage with 
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C=C(CN)2 4-IMe,NC6H,CII=NNPh. 

CN 
I 

C -CN 
I1 

C(CN)z 

*I 
4-Me,NC6H4CII = NNH 

(100) (101) 

sterically hindered c o m p o u n d ~ ~ ~ j .  Guaiazulene (102) and tetra- 
cyanoethylene form a rr-complex at room temperature. The  4-methyl 
group hinders substitution at the nucleophilic 3-position, but under 
the same conditions, 96 rapidly reacts to form the tricyanovinyl 
derivative 103. 

Cyclopentadienylidenetriphenylphosphorane (104) forms a tri- 
cyanovinyl derivative (105) in quantitative yield with 96 in the 
absence of a catalyst, (equation 138), whereas the same reaction with 
tetracyanoethylene requires a large excess of triethylaminel". 

One of the most interesting reactions of tricyanovinyl chloride is 
the synthesis of 1,2,2-tricyano- 1,3-butadienes from electron-rich 
olefinsZo7. An example is the reaction with p-methoxystyrene at 
room temperature in  tetrahydrofuran. Hydrogen chloride i s  evolvcd 
and the butadiene 106 is obtained as red crystals in 60% yield 
(equation 139). 

(NC),C==CCH= CHCBH40Me-4 
THF 

I 
(NC),C=CC1 + 4-MeOCBH,CH=CH, 

CN 

(106) 

I 
CN 

4-MeOC H (CN), 

(107) 

QCN), 



9. Cyanocarbon and Polycyano Conipountls 48 1 

Tetracyanoethylene reacts with this same styrene to give the 
cyclobutane 107 (section 1V.A). When 107 is  heated to reflux in 
methanol, the butadiene 106 is also formed. However, alcohol 
appears to be essential for the ring-cleavage reaction. Heating in 
other solvents, e.g. dioxan, acetonitrile or benzene, is ineffective. 
I t  is reasonable to assume that butadiene formation from tricyano- 
vinyl chloridc proceeds through intermediate formation of a cyclo- 
butane, which readily loses hydrogen chloride and ring opens. I n  
fact i t  is possible toisolate anunstable cyclobutane (108) from reaction 
with dihydropyran. Mild heating or merely solution in polar 
solvents at room temperature effects ring opening to give 109 
(equation 140). Styrene does not give a cyclobutane with tetra- 

(140) 

CN 

(108) (109) 

cyanoethylene, but does give the butadiene 110 in small yield when 
heated to reflux with 96 in acetonitrile or tetrahydrofuran (section 
1V.A). 

PhCH=CHC (CN)=C (CN), 

(110) 

Only in  the case of dihydropyran has a cyclobutane been isolated 
from reaction with tricyanovinyl chloride. There is no evidence to 
support a cyclobutane intermediate in any of the other additions. 
The reaction with p-methoxystyrene was followed spectroscopically 
and the rate of appearance of butadiene found to approximately 
equal the rate of disappearance of the styrene. The relative rates in 
three solvents, acetonitrile, ether and cyclohexane, were found to 
be 200:80: 1. 

C. Dicyanoethylenes Containing Other Electronegative Sobstituentr 

I. Dicyanodihaloethylenes 

Both isomers of 1,2-dichloro- 
lY2-dicyanoethylene form when succinonitrile is chlorinated in the 
presence of light265.266 (equation 141). Small amounts of 111 and 
112 have also been obtained along with other products from reaction 
of trichloroacetonitrile with copper p o ~ d e P ~ .  The  first fraction of 

a. 1,2-DichZoro-l,2-dicyanoethyZene. 
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NC C1 NC CN 

(111) (112) 

the  distillate from the chlorination reaction readily solidifies and has 
been identified as the t r a m  isomer 111. Later fractions will crystal- 
lize on standing. After purification, both crops of solid have nearly 
the same melting point, but  the latter (cis isomer 112) can be 
distinguished on the basis of the infrared spectrum268. The  less 
symmetrical cis isomer has a strong C=C stretching vibration at 
1560 cm-l that is almost completely absent in the spectrum of the 
trans isomer. As expected, 111 also has a considerably less complex 
infrared spectrum. The two isoniers have been separated by gas 
chromatography and a slightly higher melting point is assigned to 

The  trans isomers 
of these two ethylenes have been prepared by addition of the 
corresponding halogen to dicyanoacetylene. The  trans configuration 
was assigned on the basis of spectral and x-ray examination2Gg. 

c. 1,2-Di~7uoru- 1,2-diyanoethzZene. Potassium fluoride in tetra- 
methylene sulphone converts 1,2-dichloro- 1,2-dicyanoetliylene to a 
mixture of the cis (113) and trans (114) isomers of 1,2-difluoro-1,2- 
di~yanoethylene~~o.  If the metathesis is carried out in  the vapour 
phase a t  250" over a bed of mixed fluorides, the difluoride portion 
of the product is reported to be only the  cis isomer271. The major 
product of the vapour-phase reaction is the chlorofluorodicyano- 
ethylene. The latter is reportedly a mixture of cis and trans isomers. 
A third method of preparation of 1,2-difluoro- 1,2-dicyanoethylene, 
the pyrolysis of chlorofluoroacetonitrile at 700-goo", gives a mixture 
of the cis and trans isomers which can be separated by gas chroma- 
tography272. Each forms a Diels-Alder adduct with 1,3-cyclo- 
hexadiene (equations 142 and 143). 

At room temperature, the fluorine atoms of 113 are readily 
replaced with rn0rpholine~~1. The resulting olefin reportedly has the 
cis configuration. Hydrolysis of 113 with concentrated sulphuric 
acid gives the Corresponding cis diamide, but dilute acid hydrolysis 
is claimed to give the Zram diacid. This assignment is based on a 
rather poor comparison of very high melting points, and should be 
accepted with reservation pending a morc thorough structural 
study. Heating 1,2-difluoro- 1,2-dicyanoethylcne with ethylene has 

1 1 1 2 6 7 .  

b. 1,Z-Dibromo- and 1,Zdiiodo- 1,2-dicyanoethylene. 
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CN 

c=c + 
I I  

NC F I 

483 

(143) 

been reported to give a-fluoroacrylonitrile (equation 144) 2'3. 

Presumably, the cyclobutane is an  intermediate in this reaction. 

FC(CN)=CFCN + CH,=CH, --+ I 1 -% 2 CH,=CFCN * 
NC F F  CN 

(14.4) 

d. I ,  I-DichZoro-Z,Z-dicyanoethyZene. The only 1, I-dihalo-2,2-di- 
cyanoethylene reported to date is the dichloro compound 115 
prepared by the method of equation (145) 95.27,*. The chlorination of 

KOEt PC$, C', 
CH,(CN), - [OCH=C(CN),]-K+ - CICH=C(CN), ___f 

HCOOEt 

450-525" 
CI,CHCCl(CN)2 __l_f CI,C=C(CN), (145) 

(115) 

dicyanoketene dimethylmercaptal also gives 115 in low 
Condensation of 115 with N,N-dimethylaniline occurs at  room 

temperature (equation 146). Hydrazines add readily to 115 to give 

C6H5NMe, + 115 + P-Me2KC H C=C(CN), ( 146) 
-HCI 

4~ 
c1 

pyrazolesP10 (equation 147). 

N C 
p-MeC,,H,SO2NHPr'H, 3- 115 ---+ 

N' 
I 

(147) 
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2. Dicyanobis(fluoroalky1)ethylenes 

Fluoroalkyl groups, like cyano groups, are strongly electron 
withdrawing but do not delocalize a negative charge to the same 
extent. Olefins containing a mixture of cyano and fluoroaikyl 
substituents behave in many reactions like tetracyanoethylene. In 
some instances, that require stabilization of dipolar forms in inter- 
mediates or transition states, these mixed olefins are more reactive. 

The  three possible isomers of dicyanobis (trifluoromethyl) ethylene 
have been synthesized. Condensation of hexafluoroacetone with 
malononitrile occurs readily in the presence of zinc ~ h l o r i d e ~ ~ ~ ~ ~ ~ ~ .  
The resulting alcohol 116 is dehydrated with phosphorus pentoxide 
to l,l-dicyano-2,2-bis(trifluoromethyl)ethylene (117) in an overall 
yield of 50% (equation 148). T h e  same procedure starting with 
hexafluorocyclobutanone gives the ethylene 118. 

KC CF, CF, CN 
I I p,o, I I 

(CF,),CO + CH,(CN), + TIC-COI-I + C- C 
I I  I I  

NC CF, 

(116) (117) 

(148) 

CF, CN 

CF, CN 

'CF,' AN 

/ \  1 
CF, C=C 

(118) 

Both isomers of 1,2-dicyano- lY2-bis (trifluoromethyl) ethylene are 
formed in the pyrolysis of the chlorosulphite of trifluoroacetaldehyde- 
cyanohydrin278 (equation 149). T h e  isomers have been separated 

C,H,N SOCI, 450" 
CF,CHO + HCN - CF,CHOH 4 CF,CHOSOCI ---+ 

I I 
CN C N  

I 1  I I  

I I  I I  

(119) (120) 

CF, CF, CF, CN 

C=C + C=C + HCN + SO, (149) 

NC CN NC CF, 

by gas chromatography. T h e  thermodynamically more stable tram 
isomer (120) is a colourless solid and may be obtained almost exclu- 
sively by treatment of the mixture with a mild basc such as triethyl- 
amine. As cxpected, the cyanofluoroalkyl ethylenes form n-complexes 
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with aromatic hydrocarbons. No quantitative data are available 
for complexes of 119 and 120278, but association constants have 
been dem-mined for complexes of 117 and 118 with several rr-bases276. 
These are  somewhat weaker than the corresponding complexes of 
tetracy anoethylene. 

Diels-Alder adducts of 119 and 120 have been reported only for 
1,3-cyclohexadiene although reaction with dienes is undoubtedly 
genera1279. In each case only one isomer is formed. Even with the 
expected stereospecificity of the reaction, the cis-olefin 119 would be 
expected to give two products, L21 and 122. Formation of one 
isomer may be an indication of the large steric requirements of the 
two trifluoromethyl groups, although this is not readily apparent 
from molecular models. The  Alder rule favours 122 as the structure 
of the adduct. The  unsymmetrical ethylenes 117 and 118 are both 

good dienophiles. I n  reactions of this type, 118 is more reactive 
than 117 and is about equivalent to tetracyanoethylene. This must 
be due in part to the relief in strain associated with changing the 
hybridization of the four-membered ring carbon from sp2 to sp3. 

However, in the formation of the adduct 123 with bicyclohepta- 
dieiie (equation 150), l,l-dicyano-2,2-bis( trifluoromethyl) ethylene 

reacts faster than does tetracyanoethylene. This has becn attributed 
to the ready polarizability of 117, which can better stabilize a 
negative charge on the carbon bearing the two cyano groups276. 
T h e  argument assumes that the bicycloheptadiene addition involves 
more ionic character than does an ordinary Diels-Alder reaction. 
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The explanation is consistent with observations made in the additions 
of 117 to electron-rich olefins to form cyclobutanes (see below). 

Cycloaddition of tetracyanoethylene to electron-rich olefins has 
been discussed (section 1V.A). The mixed cyanofluoroalkylethylenes 
also undergo this reaction to form cyclobutanes in good yields. Use 
of the cis and trans isomers of 1,2-dicyano-1,2-bis(trifluoromethyl)- 
ethylene has made possible a detailed study of the stereochemistry of 
the reaction and allows certain conclusions concerning the mechanism 
of the reaction279. 

I n  general, the addition of 119 and 120 to ethylenes bearing one 
electron-donating substituent is slower than the corresponding 
reaction with tetracyanoethylene. 

I n  each case two isomers are isolated, but all four cyclobutanes 
are different (equations 151 and 152). On the basis of these experi- 
ments one is tempted to generalize that the cycloaddition reaction 

CF3 CF3 CF, CF3 
U U 

I 1  (151) 

I '  I 
C=C 4- CH,=CIIX + 

I I 
* -  NC CN 
h 

('19) (X = EtO, I-Bus,  p-McOC,H,) 

cq CN 
I I  c=c 
I I  

NC CF, 

+ CH,=CIIX -* 
I 

(152) 

is stereospecific with respect to the cyano olefin. A more revealing 
picture has been furnished, however, by a thorough analysis of the 
products formed from a cis-irans pair of electron-rich components. 
The addition to cis- and trans-propenyl n-propyl ether (124 and 125, 
respectively) is not stereospecific. As an example, the addition of 
either 119 or 120 to the cis ether 124 gives the same three products, 
126, 127 and 128 in each case (equation 153), although in different 
ratios. In  this case, some of the products arise through loss of the 
stereochemistry of the cyanofluoroalkyl olefin. An analysis of the 
products from all the possible combinations showed that the stereo- 
chemistry is lost only in those cases involving the cis ether. I t  follows 
logically that the isomerization is due to steric crowding in the 
transition states and/or intermediates. In order for the rotation to 
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CI.130Pr-n 
I I  
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l l  
119 or I20 1- C = c  - 

I I  
H F1 
(124) 

CH3 OPr-n (153) 

F3C &' 
N 6  kF3 NC bF3 Nt: AN 

(126) (127) (128) 

+ F 3 c e p r - n  + F 3 c m r - n  
I CHS 

I I t 
I 8 

occur, an intermediate must have a relatively long lifetime. Further- 
more, solvent effects on the rate of reaction are large and suggest 
dipolar intermediates of the type 129 and 130 from the reaction of 
120 and the cis ether. Both intermediates would be expected in the 

CH3 

OPr-n F3C CH, CN 
k p P r - n  

F3:&cNH NC CF.¶ 

(1 2 9) (la 0) 

reaction, but the rate of formation of 130 should be greater than the 
rate of formation of 129 where crowding of the methyl and trifluoro- 
methyl groups in the transition state is severe. However, the major 
product of the reaction has cis-oriented trifluoromethyl groups. In 
130 crowding in the dipolar part of the ion is severe, and rotation 
to relieve this strain apparently occurs. An alternate explanation, 
involving a reversal of the ions to starting materials after rotation, 
was ruled out by continuous monitoring of the reaction by n.m.r. 
It can be argued rather convincingly, on the basis of the products 
formed, that rotation occurs only around the bond at the carbanion 
portion of the intermediate. This same type of analysis can be applied 
to all of the possible cis-trans reaction pairs with a thoroughly 
consistent product analysis. 

I n  addition to the large effect on the rate, the choice of solvent 
can also control, to some extent, the stereochemistry of the reaction. 
This too is compatible with an ionic intermediate wherein solvation 
would be expected to afFcct product formation. 

The most logical explanation of this cycloaddition reaction is one 
involving an intermediate such as 131 in which bonding occurs as 
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F3cH; - . . . . . . , . . . . . I ’  

Nd: x 
(131) 

a two-step process. The first bond formation is rate limiting and 
the second bond forins by collapse of the ion pair. The direction of 
addition is logical in that both positive and negative charges are 
stabilized by the electron-donat$g and -withdrawing groups, 
respectively. Unless steric crowding is significant, the dipole would 
be expected to collapse without a change of stereochemistry. 

These observations cannot necessarily be extended to reactions 
of tetracyanoethylene. However, it is to be expected that these struc- 
turally similar molecules would react by an analogous mechanism. 

Cyclobutane formation is also a characteristic reaction of 1,l- 
dicyano-2,2-bis(trifluoromethyl) ethylene (117). As in the case of 
the olefins already discussed, the reactions are characterized by a 
transient colour due to a rr-compiex that fades when the adduct 
formation is complete. By using the colour disappearance as a 
semiquantitative measure of the reaction rate it can be shown that 
117 is considerably more active with methyl vinyl ether (equation 
154) than is tetracyanoethylene. Furthermore, 117 will cycloadd to 

(154) 

styrene at  room temperature, whereas tetracyanoethylene and 
styrene do not react under these conditions. Stable cyclobutanes 
(133), have also been reported from reaction of 117 with ketene 
S,N-acetals (132) (equation 155) 260. Tricarbonylcyclooctatetraene 

(CF,),C=C!CN), + c==c ” + QSM. (155) 

(CF,), m-I(c” )? 

/OMC 
(CF,),C=C;(CN), + MeOCH=CII, _9 

(117) 

(CFsX (CN, 
R NR‘R’ 

R 
NR~R’ 

1 1  
H SMe 

(117) (132) (133) 

complexes of ruthenium and iron add to 117 to give cyclobutanes281. 
T h e  greater reactivity of 117 compared with tetracyanoethylene 

can again be attributcd to the polarizability as discussed above. It 
also supports the polar intermediate in the cyclobutane reaction. 
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Another example of the exceptional reactivity of 117 is the addition 
to simple olefins containing an allylic hydrogen atom (equation 
156). Two products 134 and 135 are obtained from propylene. This 

CH,CII==CH, + (CF,),C=C(CN), 

CF, CN 
CII2=CHCH2CCH(CN)2 I + CH2,CHCH2CCH(CF3)2 I (1 56) 

AN 
I 

CF3 
(134) (135) 

‘ene’ reaction2s2, which occurs in good yield at 150°, is reminiscent 
of the reaction of carbonyl cyanide with olefins (section X). A 
cyclic transition state (136) analogous to that postulated for the 
carbony1 cyanide reaction is logical. To explain the minor product 
185 the polarization of 117 must be reversed. This  is not expected 
but was rationalized with the assumption that 136 is sterically 
more crowded than the alternate 137. Support for this argument is 

found in the reaction with 2,3-dimethyl-2-butene which gives only 
the olefiii 138. In  this case a preference for the transition state 139 

( CF,),CIIC (CN),C (CH3),C=CH2 
I 

(versus 140) is more readily apparent. 

In contrast to the reaction between tetracyanocthylcne and sodium 
cyanide (section lII.B.2), anion-radical formation with 1, I-dicyano- 
2,2-bis( ~l-ifluoroniethyl)eth~~lene evidently does not occur, but sodium 
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cyanide adds to give 141 in good yield. Other major differences 

(141) 

between 117 and tetracyanoethylene are noted in reactions with 
ammonia and aniline. Cyano groups are not replaced but additions 
to the dcuble bond of 117 do occur. Ammonia adds to give an 
amphoteric amine which forms a tetraethylammonium salt (142). 
Surprisingly, 117 adds not to the amino group of aniline but to the 
para position to give 143. To date this is the only reported example 
of this interesting reaction. 

NCC ( CF3),C( CN),N;; 

€€,NC(CF3),C (CN),-Et,N+ /+H,NC,H,C(CF3),CH(CN), 

(142) (143) 

Both water and alcohols add reversibly to the double bond of 117, 
but in strong acid the two cyano groups are hydrolysed to give the 
corresponding diamide 144 (equation 157). 

H+ 
(CF3),C=C (CN), d ( CF3),C=C(CONH,), 

(117) (144) 

(157) 
H2O 

3. I ,2-Dicyano-l,2-disulphonylethylenes 

Many of the reactions of tetracyanoethylene are shown also by 
1,2-dicyano- 1,2-disulphonylethylenes (145). These negatively sub- 
stituted ethylenes are prepared from dichlorofumaronitrile and a 
sulphinic acid salt121. Only one isomer is formed, and the same 

C1 CN NC SO,R 

C=C + 2KaSOzR + C - C  + 2NaCl  ( 158) 
I I  I I  

I 

(145) 

Nd: A* RO,S AN 

isomer is formed even if dichloromaleonitrile is used as  the starting 
material. The trans configuration is assigned on the basis of spectral 
data. Derivatives of 145 in which R is aliphatic or aromatic (146) 
have been prepared in moderate yields. The syntheses are best 
carried out at  low temperatures in polar solvents. 

Both Diels-Alder reactions and cycloaddition to electron-rich 
olefins occur readily as  shown in equations (159) and (160). The 
stereochemistry of 147 and 148 was not defined, but the reactions 
are presumably stereospecific. 
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Ro2S C= x" f CH,=CHCH=CH2 30Ly02 
SOZR 

I I  
NC SO2R 

49 1 

(159) 

The reactions of 145 with amines are analogous to those of tetra- 
cyanoethylene except that the leaving group is sulphonyl rather 
than cyano. Primary aromatic amines give N-substituted derivatives, 
whereas secondary and tertiary amines are substituted in the 4- 
position. It is not necessary to start with the preformed dicyanodi- 
sulphonylethylene. The synthesis works as well using the amine, 
dichlorofumaronitrile and a sulphinate salt (equation 161). Based 

C1 CN 
10-15' 

4- NaS0,Ph + 2 PhNMez -P 
I I  

NC C1 
Ph02S CN 

+ PhNMe,H+CI- + NaCl (161) 
1 1  
I 1  

C=C 

NC C,H,NMe,-p 

on the stoichiometry of the reaction, the actual intermediate is 
probably the sulphonylchloroethylene 149. The dichloro compound 

NC S0,Ph 
I I  
I I  
c=c 
C1 CN 

(149) 

alone does not react with dimethylaniline other than to form a 
complex. A large number of dyes have been made using this 
techniquel21. They have properties similar to the tricyanovinyl dyes 
from tetracyanoethylene. 

Dicyanodisulphonylethylenes will alkylate the sodium salt of 
malononitrile to form the tetracyanopropene anion 150. Another 
reaction similar to that of tetracyanoethylene is hydrolysis to the 
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alcoholate 151. Alcohols, however, do not give ketene acetals 

R02S CN R02S CN 
I I  
I 1  

(150) (151) 

c=c 
NC 0- 

I I  
I 

C=CC(CN),- Naf 

NC 

analogous to those from tetracyanoethylene. Instead the products 
are a,a-dialkoxy-,!?-sulphonylsuccinonitriles (152). The dicyanodi- 

R02S OMc 

(!2H-&CN 

NC OMe 
I I  

(152) 

sulphonylethylenes are intermediates for heterocyclic syntheses as 
exemplified by the reactions with hydroxylamine and hydrazine 
derivatives (equations 162 and 163). 

R02S 
145 + NH,OH H,xocN 

0' 

4. Biethyl 1,2-dicyanoethylene-1,2-dicarboxylate 

The oxidation of ethyl cyanoacetate with sulphur m o n ~ c h l o r i d e ~ ~ ~  
or with selenium dioxide2a4 produces diethyl trans- 1,2-djcyano- 1,2- 
dicarboxylate (153) (equation 164). The  trans structure was proved 

CN NC C0,Et 
s3c'2 I 1  

C==C 
I I  

Et0,C CN 
I 

C02Et 

by infrared analysis285 and chemical studies286. The electron affinity 
of 153 is 51 kcal/mole compared to a value €or tetracyanoethylene 
of 65 kcal/mole'87. The  r-complexing ability of 153 is much weaker 
than that of tetra~yanoetliylene28".~~~. 
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Diethyl 1,2-dicyanoethylene- 1,2-dicarboxylate reacts with di- 
methylaniline2BB (equation 165) more slowly than does tetracyano- 
ethylene. The reaction course with primary aromatic amines 

Et0,C CN Et0,C CN 

PhNMc~ + C=C I I  --+ Me,N-(@L-LH 
I I  NC I I  C0,Et 

I 
NC C0,Et 

-+ 
Et0,C C N  

I I  
I I  
c=c 

p-Me,NC,H4 CO,Et 

depends on reactant ratios288. Use of a molar excess of the olefin 
results in products in which ethyl formate has been eliminated 
(equation 166a), whereas a cyano group is lost if the amine is in 
excess (equation 166b). Although this may have mechanistic 

CN C0,Et 

(166a) 
I I  

I 

C0,Et 
I 

I I  

ArNH, + 153 (excess) + ArNHC=C 

CN 

(166b) ArNI.12 (excess) + 153 ArNHC=C 

Et0,C CN 

significance, a more thorough investigation would be in order 
because of the low yields in most of the processes. 

I n  order to effect the Diels-Alder addition of 153 to butadiene 
(equation 167), it is necessary to heat the reactants for a prolonged 
period in an autoclave a t  180-190" 289. 

CHZ=C€ICH=CH? 4- 153 

D. Dicyanoethylenes Containing Electron-Donating Substituents 

Our discussion of polycyano compounds has included olefins of 
the type 154 where X and/or Y are electronegative substitucnts. 
I n  this case, the properties of 154 parallel, to a certain extent, those 
of tetracyanoethylene. However, X and Y may bc clectron donating, 



494 E. Ciganek, M'. J. Linn and 0. W. M'ebster 

X CN 

c=c 
4 AN 

I I  

(154) 

leading to olefins stabilized by resonance contributing forms 154a, 
154b, etc. Representative of this class of olefin dinitriles are the 

N- 
II  

NC X+ c x+ 
I I I  I I  I I  -c-c t3 c-c 

I 1  
NC Y 

I I  
NC Y 
(154a) (154b) 

dicyanoketene acetals derived from tetracyanoethylene. The corre- 
sponding thio compounds have not been prepared by a similar 
synthesis, but are available from malononitrile and carbon disulphide. 
Isomeric with the thioacetals are the derivatives of dimercaptomaleo- 
and fumaronitrile. 

1. Dicyanoketene acetals 

the chemistry of tetracyanoethylene. 
Synthesis of dicyanoketene acetals ( 155) has been discussed under 

NC OR 

c=c 
NC OR 

(155) 

I I  
I i  

Although rapid addition of water or alcohols is characteristic of 
ordinary ketene acetals, the cyano-substituted acetals (155) are 
inert toward these reagents even in the presence of acid catalysts. 
I n  fact, the dicyanoketene acetals are surprisingly stable compounds 
especially when the acetal is formed from a glycol as in 156 (equation 
168) 290. 

(NC),C=C(CN)2 + HOCH2CHnOH ___+ ?=yo ( 168) "? NC 'OI 

(156) 
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One of the acetal links is cleaved rapidly by anhydrous halogen 
halides. Simultaneous addition of a second mole of hydrogen halide 
occurs to one of the nitrile groupssD. Two tautorneric forms, 157 
and 158, of the product are possible, with the latter evidently 

IIN OR 

c-c=c 
X CN OH 

C=C-CO,R 
I1 I 
I l l  I I  

X CN 

(157) (158) 

favoured on the basis of infrared spectral evidence816. The cyclic 
acetals also react rapidly in a similar way (equation 169). Attack 

NC H2N 0 
I II 

( 1  69) I 
NC c1 CN 

by nucleophilic reagents is especially facile. Sodium alkoxides add 
in the expected direction to give salts of 1,l-dicyano-2,2,2-trialkoxy- 
ethanes209*ae1 (equation 170). With primary and secondary amines, 

(NC),C=C(OR), -I- NaOMe + (RO},hleOCC(CN),-Na+ (170) 

replacement of one of the alkoxy groups takes placc under very 
mild  condition^^^-^^^. The critical variable is the ratio of reactants 
used. The  stepwise nature of the reaction makes possible the prepara- 
tion of diaminodicyanoethylenes with mixed amino groups (equation 
1 7 1). These diaminodicyanoethylenes are stable, crystalline, neutral 
solids that bear little relationship to vinyl amines. 

NC OEt NC OEt NC NH, 

(171) 
I I CIV'J1-h I I NH3 I I  c=c - c=c - c=c 

I I  I I  I I  
96% 84% 

NC NIICH, NC NHCH, NC OEt 

Reaction with tertiary amines also occurs readily, but well- 
defined products have been isolated only from the dicyanoketene 
cyclic acetals. An example is the zwitterion 159, from triethylamifie 

NC 0 
I I  -C-C-OCH,CI-I,hEEt, I I I  +. 

NC 0- 

C=C 
+ I 

NC I I  OCH,CH$NEt, NC 

(159) 
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and dicyanoketene ethylene acetal, formed in nearly quantitative 
yield on mixing the two reagents in tetrahydrofuran. This inner salt 
formation is not limited to tertiary amines, but also takes place with 
dialkyl sulphides and certain thiocarbonyl campounds such as 
thiourea, thio amides and thiosemicarbazidcs”22”3. 

Reaction of dicyanoketene acetals with compounds containing 
amino groups has been used to prepare heterocycles with hydrazine, 
hydroxylaminc and amidines. Replacement of one alkoxy group and 
cyclization to a nitrile group gives a pyrazole (160) with h y d r a ~ i n e , ~ ~  
(equation 172). The reaction occurs simply on mixing the two 

(172) 

NC OR 

I I  
NC OR 

C=C I I  4- HJSNHs __+ HZN I Y C T O R  :,N + ROH 
H 

(160) 

reagents in water. A similar synthesis with hydroxylamine gives the 
isoxazole 161. If an amidine is mixed with the acetals, a pyrimidine 
(162) results. 

OR 
NC OR NH 

I I  II c=c + R’C-NH~ --+ 
I I  H,N 

NC OR 

( 1  73)  

2. Dicyanoketene thioacetals 

The first synthesis of a dicyanoketene thioacetal (164) was by 
condensation of carbon disulphide with an alkali metal salt of 
malononitrile, followed by a l k ~ l a t i o n ~ ~ s  (equation 174). A number 

CH3’ 
2 Na+ - (NC)2C=C(ShIe)2 (174) 

(163) (164) 
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of investigators have made use of the easily prepared sodium salt 
163, as a synthetic intermediate, mainly for the preparation of a 
variety of heterocycles. 

It is not necessary to preform the alkali metal salt of malononitrile; 
the reaction proceeds equally well when carbon disulphide is added 
to a solution of malononitrile and sodium or potassium hydroxide 
in alcohol. It is possible to use triethylamine as the base and isolate 
a crystalline triethylammonium salt. 

It should be pointed out that the condensation with carbon 
disulphide is not limited to malononitrile. A condensation of the 
type discussed above has been demonstrated with a wide variety of 
active methylene compounds including dimethyl malonate, ethyl 
cyanoacetate, cyanoacetamide and benzyl cyanide. I t  is likely that 
many other extensions are possible. Although this discussion is 
limited to derivatives of dimercaptomethylenemalononitrile, it 
should be borne in mind that many of these syntheses can be 
extended to the related derivatives. 

The disodium (or other alkali metal) salt can be alkylated to give 
a ketene thioacetal, although only a few of these have been made. 
I n  addition to the dimethyl and diethyl derivatives the cyclic 
thioacetals 165ZgG and 166Zg7 are synthesized by alkylation with the 
corresponding alkyl halides. 

497 

(165) (166) 

Like the corresponding oxygen analogues, the dicyanoketene 
thioacetals undergo reaction with amines with elimination of the 
thioalkyl groups, although slightly more severe conditions are 
necessary to introduce the 
and 176). 

MeS CN 
I I P h W I  

I I  
c=c 

h4eS CN 

MeS CN 

second amino groupzg* (equations 175 

( 1  75) 
I 

I I  

PhHK CN 
I 1 NH, c===c 

PhNH CN 

c=c EtOH 
I I 100" 

MeS CN 

CN 
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Reaction with hydrazine gives the substituted pyrazole (167) as 
observed with dicyanoketene d i r n e t h y l a ~ e t a l ~ ~ ~ .  T h e  condensation 
of the thioketal with an  amidine gives a pyrimidine2”. 

(167) 

A thiophene synthesis via the thioacetal 168 has been worked out 
(equation 1777300. 

(NC),C=C(SN& + 2 BrCH2C02Et - 
Nc/ JNH2 

NC SCHZCOiEt 
I I  __* EcOH E t 0 , C C H 2 S o C O I E t  (177) 

NnOEc 
c=c 
I. I 

NC SCH,CO,Et 

(1681 

Some interesting heterocyclic syntheses have been developed start- 
ing from the disodium salt 163. Chlorination in carbon tetrachloride 
at reflux gives 4-cyano-3,5-dichloroisothiazole (169) (equation 
178)301. A sulphenyl chloride may be an  intermediate in this reaction 

(NC),C=C(SNa), 

(169) 

but  this has not been demonstrated. I n  contrast to this reaction, 
chlorination of the dimethylthioacetal in acetic acid gives 1,l- 
dichloro-2,2-dicyanoethylene in low yield275. The major product of 
this latter reaction has not been identified, but may very well be a 
heterocycle. 

A second heterocyclic synthesis from the disodium salt results 
when 163 is heated with sulphur. The course of the reaction is 
markedly dependent on the conditions. I n  alcohol at  reflux, the 
isothiazole salt 170 forms rapidly and can be alkylated with an 
alkyl halide3O2*3O3 (equation 179). However, if the disodium salt 
163 is treated with sulphur in dimethylformamide and then acidified 
with acetic acid, the product is the heterocyclic disulphide 171304. 
I t  is not necessary to preform the sodium salt in the latter reaction. 
Malononitrile, carbon disulphide and sulphur treated with a 
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(179) 

catalytic amount of diethylamine in  dimethylformamide also give 
171 in high yield (equation 180). Treatment of 171 with 1 N sodium 
hydroxide results in reversal of the reaction with formation of 163, 

S 

whereas 2 N potassium hydroxide causes isomerization to the 
isothiazole (equation 181). Rational mechanisms can be written 
for each of the two ring-closure reactions, but these do not adequately 

explain the difference in the two solvent systems. Nucleophilic 
attack on sulphur is sufficiently documented and this is most likely 
the initial step in the formation of 171 (equation 182). Ring closure 

NC S- NC S- 

(182) 
\ /  

/ \  
+ s* - c=c \ /  

s-s-s,, NC /-\ S- NC 

by attack of the disulphide on an  adjacent nitrile with elimination 
of sulphur leads to 171. I t  is possible that the isothiazole arises 
through the anion 170 as a n  intermediate, but the experiments to 
define the mechanism further have not been carried out. 

3. D i mercapt o maleon i t ri le and dime rcaptofu maron it r i I e 

A widc field of sulphur-containing cyanocarbons was opened up  
by the observation that cyanodithioformatcs (172), readily obtained 
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by addition of cyanide ion to carbon disulphide in dimethylfor- 
marnide305*3OG, dimerize spontaneously under certain conditions 
with loss of sulphur to give salts of dimercaptomaleonitrile (173; 
equation 183) 307-309. Reaction of carbon disulphide with sodium 

Ncy: 4- s 
NC 

S=C=S + CN-F 'C=S + 
3' NC 

(172) (173) 

NC, ,c=s y 
Me S NC 

(174) (175) 

cyanide in aqueous acetone at 50" gives the disodium salt 173 
directly310. Methylation of cyanodithioformate (172) produces the un- 
stable methyl ester 174, which also is dimcrized by heat, ultraviolet 
irradiation or iodide ion catalysis to give bis(metliy1mercapto)- 
maleonitrile (175) 30G. The claim30i-309 that bis (methy1mercapto)- 
fumaronitrile (179) is the only product in this reaction has been 
shown to be err0neous3~~. The rate of dimerization of the salts 172 
depends strongly on the counter ion. The sodium salt, which is 
obtained as a solvate with three molecules of dimethylformamide, 
dimerizes spontaneously in water or aprotic solvents, or on heating 
to 130" under vacuum, whereas the unsolvated tetraethylammonium 
salt 172 is stable under these conditions, even on addition of dimethyl- 
form amid^^^^. I t  appears that reduction of the negative charge of 
the anion 172, either by strong complexing with dimethylformamide, 
or formation of the covalent ester 144, is a prcrequisite for dimeriza- 
tion to occur. The mechanism of these dimerizations has not been 
elucidated; a reasonable suggestion, which also explains the fact 
that the cis isomers are the major products, has been made306. 

The trans isomers, disodium dimercaptofumarcmitrile (178) and 
bis(methy1mercapto)fumaronitrile (179), have been prepared by the 
sequence outlined in equation ( 184))06. Oxidation of the cis salt 173 
with one-half equivalent of oxidizing agents such as bromine, 
iodine or thionyl chloride produces disodium cis, cis-bis(2-mercapto- 
lJ2-dicyanovinyl) disulphide (176), which rearranges in dimethyl- 
formamide to the t ram isomer (177). Reduction of 177 with potassium 
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NC 

A4eS -S 

borohydride gives the mixed sodium potassium salt 178; the disod- 
ium salt 178 is obtained by benzoylation followed by cleavage with 
sodium methoxide, and the thiocther 179 is produced by methyl- 
ation306. 

Some physical properties of the isomeric salts and ethers are shown 
in Table 2. The structure assignments are supported by the dipole 

TABLE 2. Physical properties of salts and ethers of dimcrcaptomaleonitrile and 
dimercap t o f ~ m a r o n i t r i l e ~ ~ ~ .  

M.p. ("c) Decomposes - 99 118-1 19 
Dipole moment (D) - - 5.08 1.57 
Infrared spectrum 1440 Missing 1495 Missing 

(C=C stretching 
frequency in cm-1) 

Ultraviolet spectrum 368 412 340 364 
(1 1,400) (10,100) (12,900) ( 10,300) 

- - 
%%!!= ( E l  

Oxidation potentials +0.08 0.00 
Elf2 (v) + 0.40 + 0-43 

moments and the ultraviolet and infrared spectra. The equilibrium 
constant between disodium dirnercaptomaleonitrile (173) and its 
trans isomer 178 could not be measured accurately, but it was found 
qualitatively that the cis isomer 173 is more stable. Thc thioethers, 
bis(methy1mercapto) maleonitrile (175) and bis(methy1mercapto)- 
fumaronitrile (179), on the other hand, equilibrate cleanly at 
elevated temperatures in the presence of catalytic amounts of 
iodine. The extrapolated equilibrium constant K&slrrans at 25" is 
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3.23 ; the thermodynamic parameters, calculated for 204") are 
AH -1.1 kcal/mole and AS -0.2 ~ . u . ~ O O .  Irradiation of aqueous 
solutions of the salts 173 and 178 produces a photostationary state 
containing 7 3 %  of the trans isomer and 27% of the cis isomer at 
55". Curiously, the situation is completely reversed in the case of 
the thioethers, where irradiation of the trans isomer 179 causes 
complete rearrangement to the cis isomer 175306. 

The obvious question as to why the cis salts 173 are more stable 
than their trans isomers has received detailed consideration. Two 
explanations have been advanced306 : the first proposes that the 
unfavourable alignment of poles and dipoles in the cis salt 173 is 
imposed by the large energy gained on coordination to the counter 
ion. Another possibility is that there is some bonding between the 
two sulphur atoms resulting in the dianion 180. In  this representation, 
two electrons are in a dm-orbital extending over the two sulphur 

atoms, while four non-bonding electrons on sulphur and the m- 

electrons of the carbon-carbon double bond form an aromatic 
sextet. Repulsion between the negative charges on the two sulphur 
atoms is offset by delocalization of the pr-electrons into the cyano 
groups. Molecular-orbital calculations indicate the feasibility of 
such a representation, but a final decision will have to await deter- 
mination of the crystal structure of the dianion. 

The free acids, dimercaptomaleonitrile (181) and dimercapto- 
fumaronitrile (182) have not been isolated. Acidification of the cis 
salt 173 gives a red, ether-soluble product which is too unstable to 
be characterized309. Dimercaptomaleonitrile dianion has been used 
as a ligand in a large number of transition metal complexes where 
it has been found to stabilize high oxidation states and unusual 
electronic configurations. Complexes reported include those of 
t i t a n i ~ m ~ ~ ' - ~ ~ ~ ,  vanadium311*315-318, chromium317, molybde- 
num314.317*319* 320 tungsten314 317 - 319 manganese319 I 320 iron31 9,321-328 

cobalt314, 322-325.327-336, rhodium322 * 334.337 nickel322-325.327,328,330 I 331,333. 

337-342, palladium307 ,308,322 I 323.325.328.330~331~336*341,  platinum322 .323,325, 

330.331.3368 341.342 copper322*325.327-328.330*334.343 and g 0 l d 3 2 2 . 3 3 0 . 3 3 6 ~ 3 4 2 ~ 3 4 1 .  

Y 2 
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A large number of derivatives of dimercaptomaleonitrile have been 
prepared (equation 185). Reaction with alkyl halides gives thio- 

N ::x NC NCyyR Nx:::: 
(184) (18 3) (190) 

ethers (183) 345*34G, whereas 1 ,2-dihalo compounds and methylene 
iodide give cyclic products of type 1843°6*345.346 and 1 8 5 3 0 7 * 3 2 8 ,  

respectively. Acylation yields diacyl derivatives (190) 3°G~347y  reaction 
with phosgene and thropho~gene3~6-3~~~ phosgene o ~ i m e ~ ~ O  and 
iminopho~genes~~l  gives 4,5-dicyano- lY3-dithiole derivatives (186). 
The lY3-dithiole ring in these compounds is stable to acid but opening 
to the dianion 173 occurs readily on treatment with base349. Pyrol- 
ysis of 4,5-dicyano- lY3-dithiolone (186a) gives dicyanoacetylene 
(section V)215. Oxidation of the thione 186b furnishes the red 5'-oxide 
187350. The arsenic-containing heterocyclic compound 188 is 
obtained on treatment of the salt 173 with arsenic t r i ~ h l o r i d e ~ ~ ~ ,  
while reaction with organomercurials gives compounds of type 
189352. 

Disodium dimercaptomaleonitrile is oxidized to tetracyano- 1,4- 
dithiin (196; cf. section 1X.H) by a wide variety of oxidizing agents. 
These include chlorine, bromine, iodine, triiodide ion, sulphur 
monochloride, sulphur dichloride, thionyl chloride, sulphuryl 
chloride, cyanogen chloride, methanesulphonyl chloride, tetra- 
cyanoethylene, ferricyanide and persulphate ions328*353-355. The 
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course of the oxidation with thionyl chloride has been studied in 
detail; the proposed mechanism is shown in equation (186)355. The 
initial steps involve formation of 4,5-dicyano- 1,2,3-trithiol-2-one 
(191), which can be isolated when thionyl chloride is used as 
solvenP3. Attack of another molecule of the dianion 173 on 191, 
followed by elimination of sulphur monoxide from the intermediate 
192, gives the disulphide 193; oxidation stops a t  this stage if only 
one-half equivalent of oxidizing agent is used. I n  the presence of 
excess thionyl chloride, further attack on the dianion 193 results in 
formation of the intermediate 194, which fragments into two 
molecules of 3,4-dicyano-lY2-dithiete (195) ; the latter finally 

-so ’ 

NC , NC N 

(196) 

NC 

IVC NC: s 
+RoL + NCxsToR 
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dimerizes with the expulsion of sulphur to form tetracyano- 1,4- 
dithiin (196). The dithiete 195 cannot be isolated but its inter- 
mediacy is made likely by formation of adducts of type 197 when 
the oxidation of 173, 191 or 193 is carried out in the presence of 
electron-rich olefins such as vinyl ethers or eneamines (equation 
187) 356. Bis(trifluoromethy1)-1 ,Z-dithiete ( 198)3j7, the only example 
of this ring system known to date, undergoes similar addition reac- 
tions. The electronic structure of dithietes has been discussed in 
detail, and LCAO-MO calculations indicate that electron-withdrawing 
groups stabilize the dithiete over the open forms 199a and 199b; 
the possibility of a valence isomerization between 199a and 195 has 
not been ruled 

F3C 

(199b) 
F3C 

(198) (199a) 

One-electron transfer reagents, such as  tetracyanoethylene or 
ferricyanide ion, are believcd to oxidize disodium dimercapto- 
maleonitrile by a different mechanism (equation 188) 356. Tetra- 
cyanoethylene ion radical (200) and dianion (193) were detected 

+ ;)=(I; - NY' S- + NC 
NCHcN CN 

(200) 

NC 
(188) 

jNC NCX;:-ICN TCNE, x3EsxcN __f 

NC CN NU CN 
(193) 

NC Ncx;- f - N C  Nc)rIrz 
NC 

(196) (195) 

spectroscopically during the oxidation and the postulated inter- 
mediate dithiete (195) could be trapped with vinyl ethers (see above). 
Further evidence is provided by the fact that the potential of the 
second wave of salt 173 (Table 2) is identical with the half-wave 
oxidation potential of the disulphide 193356. 
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4. Diaminomaleonitrile and diaminofumaronitrile 

Polymerization of hydrogen cyanide under the influence of a 
variety of bases such as alkali h y d r o ~ i d e s ~ ~ ~ * ~ ~ ~ ,  ~arbonates~5~*S60, 

amine oxides368, quaternary hydroxides360 and alumina370-371 or by 
irradiation with y-rays372, produces a tetramer, diaminomaleo- 
nitrile (203), in varying amounts in addition to adenine and brown 
polymers of higher molecular weight (‘azulmic acid’). The mechanism 
of the tetramerization has not been elucidated with certainty. The 
rate of tetramer formation is first order in base373 and quadratic in 
hydrogen cyanide concentration373-375. A proposed mechanism is 
shown in equation (189)3$4~75. The  first step, addition of cyanide ion 

cyanide ion361-364 ammonia359, 360.362 363,365,366, tertiary amines367, 
Y 

CN CN 

+ HC 
HCN 

__f+ 

/ H+ / 

\ 
NC- + HCN - HC 

N- \NH 

(201) 

NC NC CN 

\ / (189) 
HCN 

CHNH, + - \ 
/ > r n  

NC’ H,N NH, 

(202) (203) 

to hydrogen cyanide, is followcd by rapid protonation to givc the 
dimer 201, which then adds another molecule of hydrogen cyanide 
in a n  unspecified way forming a trimer, aminomalononitrile (202). 
T h e  latter has been shown to produce diaminomaleonitrile (203) 
rapidly on treatment with cyanidc 

Dianiinomaleonitrilc (203) has also been isolated from the thermol- 
ysis or photolysis of the salt 204 in aprotic Thc  proposed 
mechanism is shown in equation (190). Attempts to trap the inter- 
mediate diazo compound or carbene were unsuccessful. Photolysis of 
204 in a matrix at low tcmperaturcs gives hydrogen cyanide. These 
results are considered to be evidence that aminocyanocarbcne, 
rather than cyanoformaldehyde imine (201) is the stable form of 
hydrogen cyanide dinier363*365*380. 

Although the compound now known to be thc tetramcr 203 was 
first reported in  1873381, the correct structurc was not suggested 
until 1928382 and after that remained the subject of many contro- 
versies until the conclusive structurc determination by x-ray 
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CN 
RS02%N=C, ' A R S O F  -I- 

NHB 
(204) 

NC-C-NH2 

NCXcN NCCH=NH 
HZN NH2 

(203) (201) 

techniques in 1 960383*384. Other suggested structures included amino- 
malononitrile (202)359~368-385*386, its hydro~yanide38~.~~8, amino- 
iminosuccinonitrile (205) 389-392 and cyanoformaldehyde imine 
(201) 393. Diaminomaleonitrile is a colourless solid which decomposes 

at its melting point (184"). The ultraviolet spectrum in water shows 
a maximum a t  295 m p  (log E 4-08); the fact that the spectrum is 
very similar in 0.1 N hydrochloric acid (A,,, 290 mp, log E 4.06) 
indicates that no appreciable salt formation takes place in this 
medium394. An aqueous solution has .a pH of 6.73i1; the pK, has not 
been determined accurately394. The observation of a double bond 
stretching band at  1620 cm-I in the infrared as well as in the Raman 
spectrum supports the cis structure of the tetramer3g5. The dipole 
moment of 7.8 D (in dioxan) indicates considerable delocalization 
of the unshared electron on the amine nitrogenSg4. Polarographic 
reduction of the tetramer a t  pH 10 shows two waves at -1.24 
and - 1.58 v396. Other physical properties reported include the 
mass spectrum395, n.m.r. and solubiiity36~*388. The  
x-ray diffraction s t ~ d y ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~  shows that in the crystal, the mole- 
cule has no symmetry. The central double bond is twisted by 6", 
and the two amino nitrogens are non-equivalent, one being planar, 
the other tetrahedral. Both amino groups are involved in inter- 
molecular hydrogen bonding to the nitrile groups; one of the amino 
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groups also acts as a hydrogen-bond acceptor. hTo explanation 
seems to have been advanced as to why the cis isomer, diamino- 
maleonitrile (203), is more stable than thc trans isomer, diamino- 
fumaronitrile (206). T h e  occurrence of two signals in the lH n.m.r. 
spectrum of 203 has been interpreted as being due to a mixture of 
both isomers395; however, the l3C n.m.r. spectrum of diamino- 
maleonitrile in dimethyl sulphoxide shows only two signals of equal 
intensities, indicating that only the cis isomer is present in detectable 
amounts398. 

Diaminofumaronitrile (206) has recently been prepared by 
irradiation of the cis isomer 203 with light of the wavelengths 
295-335 rnpaz5. I n  the ultraviolet spectrum, 206 shows a maximum 
at 310 m p  ( E  8200). The  occurrence of a C-C stretching band a t  
1618 cm-l in the infrared spectrum is due to considerable deviation 
of the molecule from Czh symmetry, as determined by an x-ray 
diffraction study. As in the cis isomer 203, the two amino nitrogens 
are different, one being planar, the other tetrahedral. Diamino- 
fumaronitrile (206) is very labile and reverts to the cis isomer 203 
under the influence of acid, base, charcoal, light of wavelengths 
above 320 mpE2j  or on heating37j. Tentative evidence for derivatives 
of 206 has been Further irradiation of 206 results in 
formation of 4-cyano-5-aminoimidazole (see below). 

T h e  diminished basicity of the amine groups in diaminomaleo- 
nitrile is evident from its chemical reactions. I t  forms only a mono- 
h y d r o ~ h l o r i d e ~ ~ ~ * ~ ~ ~ ;  acetylation under normal conditions yields a 
monoacetyl derivati~e~*~*399-401; preparation of the diacetyl deriva- 
tive requires more drastic conditions38”401. Reaction of the mono- 
or diacetyl derivative with acetic anhydride in dioxan gives a 
compound of proposed structure 207401~402. Schiff bases of 
type 208 have been prepared fi-om a number of aldehydes 
and ketones385,389.391,400,401.403--405 whereas the action of cc- 
diketones364*382*3as.401.”06 and a - h a l o k e t o n e ~ ~ ~ ~  results in the formation 
of pyrazines 209 (equation 19 1). Other hetcrocycles synthesized from 
this versatile intermediate include dicyanotriazole (210; section 
VIII.E)389~.401*403, 4,5-dicyanoimidazolin-2-one (213)402’407, 4,5-di- 

XCxiT=C R’ R‘ 

NC N C  NH, 
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(213) (212) (211) 

cyanoimidazoles (211)3GG*408, 5,6-dicyanopyrazine-2,3-dione ( 2 1 3 ) 4 0 1  

and 3,4-dicyano- 1,2,5-thiadiazole (214) and its selenium analogue 
21!Po9. Diaminomaleonitrile reduces Tillman's reagent and iodine 

NcxcN ( 1  92) 1). - NCxNH2 I r V  ' 
NC 

hv 

H,N NH, NC NH2 HZN H 

(2 1 6) (217) (2031 

but these reactions have not been investigated in detail410. Heating 
aqueous solutions of diaminomaleonitrile to iG0" results in the 
formation of peptide-like compounds in addition to glycine41l. 
Irradiation of diaminomaleonitrile affects an interesting rearrange- 
ment to give 4-cyano-5-aminoimidazole (216; equation 192). 
l,l-Diamino-2,2-dicyanoethylene (217) also gives 216 on irradia- 
tion375.376. The mechanism has not been elucidated, but isomerization 
of 203 to its trans isomer is almost certainly the initial ~tep~~5.825. 

E. Hexacyanobutadiene 

Disodium tetracyanoethanediide (section IVA.7) readily elimi- 
nates cyanide ion and condenses to give hexacyanobutenediide238. 
The reaction is catalysed by thc addition of either tetracyanoethane 
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NC C N  N C  CN 

HC-C- + C=C + CN- 
I 1  I I  

I I  I I  

(218) 

H C N  NC CN 

NC CN N C  CN CN CP: 
I I  I 1  I I 

I I  I I I I  

(219) 

218 + -C-C- + -C-C-C-C- 

NC CN H CN NC CN 

N C  CN CN 
I I  I 

I I  I 
219 + -C-C-C-C- + I lCN 

CN CN NC 

NC CN N C  C N  
I I  I I  

I I  I I  
HCN + -C-C- + HC-C- + CN- 

NC: CN NC CN 

(193) 

or tricyanoethylene. Thus, a mechanism involving elimination of 
cyanide ion from the monosodium salt of tetracyanoethane is 
suggested (equation 193). 

Tetracyancjethylene ion-radical salts also give hexacyano- 
butenediide when heated in solution (section IV.A.7). 

Disodium hexacyanobutenediide is oxidized by either bromine in 
ethylene chloride or by concentrated nitric acid to hexacyano- 
butadiene (equation 194). Surprisingly, bromine in acetonitrile 

AX CN CN NC CN CN NC CN CN -- c-c=c-c- -- c=c-c=c -c-c=c-c- - - 
I I  

N k  CN CN 

( 194) 
I --c 1 1  I - - c L  I I I I I  

CN CN 
I 

NC 
I I  

N C  CN CN 
I I  

only removes one electron to give the ion radical. The polarographic 
oxidation of hexacyanobutenediide shows two reversible waves, 
(E4 = 0.6 and 0.02 v versus SCE). 

Hexacyanobutadiene is a colourless, crystalline solid which 
sublimes at  130" (0.3 mm) and melts a t  253-255". The infrared 
spectrum shows conjugated nitrile absorption at 2225 cm-1 and 
carbon-carbon double bond absorption at 1550 cm-1. A planar 
structure is not likeiy because of the steric hindrance of its two 
tricyanovinyl groups, however, the ultraviolet spectrum 
302 m p  (1 5,300) indicates considerable c0njugation~~8. The electron 
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affinity measured in a magnetron is 76.0 f 2.4 k ~ a l / r n o l e l ~ ~  com- 
pared to 66.5 f 1.4 for tetracyanoethylene. 

Hexacyanobutadiene is a strong v-acid and forms charge-transfer 
complexes with aromatic compounds. Thus, its solutions in benzene 
are yellow-orange; in toluene, red; and in xylene, purple238. 

Hexacyanobutadiene is readily reduced to its ion radical by 
relatively mild reducing agents such as sodium bromide, and 
metallic mercury. The best way to obtain the ion radical, however, 
is by the transfer of one electron from the butenediide to the 
butadiene (equation 195) 238. 

N C  CN CN NC CN CN NC CN C N  
I 

I I  
- C-C=C-C- I + A=C-C=C I I 2 *C- I C .  =C-C- (195) 

I I  
I 

CN CN 
I 

KC 
I I  

The e.s.r. spectrum of the radical in 1,2-diniethoxyethane shows 
a n  overall pattern of 9 peaks with 1.16 gauss separation; each peak 
in  turn is split five times into peaks of 0.22 gauss separation. The 
overall nine-line pattern is attributed to hyperfine interaction of the 
unpaired electron with the four nitrogen atoms of the terminal 
nitrile groups. The quintets are ascribed to the hyperfine intcraction 
of the unpaired electron with the nitrogen atoms of the two central 
nitrile groups. The resistivity of a compaction of sodium hexa- 
cyanobutenide is in the semiconductor range at  4.4 x lo7 ohm cm. 
Sodium cyanide reduces hexacyanobutadiene to the b ~ t e n e d i i d e ~ ~ ~ .  

Butadiene adds to hexacyanobutadiene across one of the tricyano- 
vinyl groups to give a six-membered ring (equation 196). The 

CN CN 
I I  I 

CN CN NC NC 

I, ,CN 

'CCN 
. 

(220) 

remaining tricyanovinyl group in the adduct 220 reacts with dilute 
aqueous base, as do other tricyanovinyl compounds, to replace one 
of the cyano groups with OF1 (equation 197). 

220 + NaHCO, f H20 d (197) 
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One of the terminal cyano groups is substituted by OH when 
hexacyanobutadiene is dissolved in aqueous sodium bicarbonate 
(equaticn 198). The  same product (221) is pro"uuced by reaction of 

NC CN CN NC CN CN 
I !  I I I  I 

C=C-C=C + NaHC03 + H,O + C=C-C=====C (198) 
I I  

N A CN 0- 
I I  

CN CN 
I 

NC 

(221) 

tetracyanofuran with cyanide ion (equation 199) 238. If hexacyano- 
butadiene were reacting as two unconjugated tricyanovinyl groups 

(199) 

as  a consequence of non-planarity, the expected hydrolysis product 
would be 1 1 ,4,4-tetra~yanobutadiene-2,3-diolate~~~*4~2 (222). None 
of this compound is observed. 

(222) 

On the other hand, products derived from substitution of cyano 
groups at  both the 1- and 2-positions are obtained from the reaction 
of malononitrile anion with hexacyanobutadiene (equation 2OO)238. 

CN CN 
NC CN CN CN NC CN CN C N 

&=C-C=C I I + HC- I C=C-C=C-C- I 1  I 1  + 
I I NC 

CN pkT 
I 

NC 
I 

C S  
I I  

CN CAT 
I 

NC UI .  

GN cx 

V. CYANOACETYLENES 

Cyanoacetylene, dicyanoacetylene and dicyanodizcetylene have 
been known for over fifty years. The two latter compounds are, 
Mrith the exception of cyanogen, the earliest examples of cyano- 
carbons. Although their physical properties have received consider- 
able attention, reports on the chemistry of these compounds are not 
as abundant as might be expected in view of their high reactivity. 
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A. Synthesis o f  Cyanoacetylenes 

The original synthesis Of cyanoacetylene (223) , and probably 
still the most convenient, involves dehydration of the amide of 
propiolic acid with phosphorus pentoxide413-416 : 

Hck=CCOOH __f HCECCONH,+ HC=CCN (201) 

(223) 

Other reported syntheses include the thermal decomposition of 
a~rylonitrile"~, the gas-phase pyrolysis of mixtures of hydrogen 
cyanide and acetylene417, acetonitrile and acetylene418, acetonitrile 
and hydrogen cyanide419, and acetylene and c y a n ~ g e n ~ ~ O ,  the 
dehydrogenation of propionitrile over magnesium oxide421 and the 
dehydration of the oxime of propargyl aldehyde422. The three 
latter methods are claimed to be adaptable to the preparation of 
alkyl- and aryl-substituted cyanoacetylenes as well. Cyanoacetylene 
is also formed in the reaction of acetylene with active nitrogen423, and 
by action of an electric discharge on mixtures of acetylene with 
cyanogen or hydrogen cyanide, and nitrogen and methane4z2". The 
latter observation, combined with the finding that cyanoacetylene 
can be converted to cytosine under mild conditions, has given rise to 
the proposal that cyanoacetylene is a precursor in the prebiotic 
formation of pyrimidines425. 

Chlorocyanoacetylene (224) is obtained by treatment of the 
lithium salt of cyanoacetylene with chlorine at  - 70" (equation 
202) 426, whereas bromo- and iodocyanoacetylene have been pre- 

(202) 

pared by the action of the corresponding potassium trihalide on 
c y a n o a ~ e t y l e n e ~ ~ ~ - ~ ~ ~ .  

Dicyanoacetylene (225) was originally prepared by dehydration 
of the diamide of acetylenedicarboxylic acid with phosphorus 
pentoxide (equation 203)430-431. Since acceptable yields ( 3 0 4 0  yo) 

(203) H,Nocc=CCONH, - N C k C C N  

can be attained only by working on a small scale, several unsuc- 
cessfL1l attempts ]lave been made to modify this synthesis4332*433. 
Su1iscquently de\;eloped syntheses of dicyanoacetylene include the 

BuLi C'Z 
H b C C N  _3 Li-CCN ---+ CICkSCN 

- 70" -70" 
(224) 

p205 

(225) 
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gas-phase pyrolysis of dichloromaleo- and - f ~ m a r o n i t r i l e ~ ~ ~ ,  
chloromaleo- and - f u r n a r ~ n i t r i l e ~ ~ ~  and tetracyanoethylene215. 
Reaction of 3 , 4 - d i ~ y a n o f u r a n ~ ~ ~  with dimethyl acetylenedicarboxyl- 
ate gives dicyanoacetylene by a sequence of Diels-Alder addition 
and retro-diene cleavage4336 : 

0 

NC 

+ MeOOCCGCCOOMe d 

TJCooMe + NCC=CCN 
MeOOC 

d 

(225) 

Dicyanoacetylene, together with cyanogen and a C,N, species 
(dicyanodiacetylene ?) is also formed directly from the elements at 
2500-2800" 437. Probably the best synthesis of dicyanoacetylene 
currently known is the gas-phase pyrolysis of 4,5-dicyano- 1,3- 
dithiol-2-one (226; equation 205), which is readily available in a 

two-step synthesis from sodium cyanide, carbon disulphide and 
phosgene (section IV.D.3) ?I5. 

Attempts to prepare dicyanoacetylene by reaction of diiodo- 
acetylene with silver ~yanide4~O, or treatment of the dilithiunl s a i ~ ; ~ ;  
or the bis-Grignard d e r i ~ a t i v e 4 ~ O . ~ ~ ~  of acetylene with cyanogen 
halides were unsuccessful, probably due to its exceptional sensitivity 
toward nucleophiles. 

The  only synthesis of dicyanodiacetylene (227) reported to 
date is the oxidative coupling of the copper salt of cyano- 
acetylene413.414.416.438-440 : 

K,Fc(CN), 
NCCkAXu ____j N C C k d X r C C N  (206) 

Other cyanopolyacetylenes reported are the enediyne 228 and the 

(227) 
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triyne 229441 ; the antibiotic diatetryne nitrile 230 has been 
isolated from clytocybe diatreta442. 

MeCH=CH&CC=CCN M e C k C k C G C C N  

(228) (229) 

(230) 

HOOCCH=CHC&ChCCN 

B. Physical Properties of Cyunoacetylenes 

Selected physical properties of cyanoacetylenes, and references 
to others, are givcn in Table 3. All are linear, dicyanodiacetylene 
being the longest of these molecules whose structure is known with 
certainty416. I n  the solid state, the molecules of cyanoacetylene are 
oriented head-to-tail in chains to allow for intermolecular hydrogen 
bonding. The C r N  - H distance in the crystal is 3-27 A, fairly 
long compared to the hydrogen bond in hydrogen cyanide (3.18 A)47O.  

The short liquid range of cyanoacetylene has been suggested as 
evidence that there is little change of molecular order on melting449. 
The average association is d i r n e r i ~ ~ ~ * * ~ ~ ~ ;  this relatively low degree 
of association, compared for instance with that of hydrogen cyanide, 
is primarily due to an enthalpy rather than an entropy effecP9. 
Evidence for halogen-nitrogen interaction has also been obtained 
for the halocyanoacetylene~~i2. T h e  various bond lengths in cyano- 
and dicyanoacetylene and some related molecules are shown in 
Table 4. They are surprisingly insensitive to changes in substitution. 
There is little change in the ionization potentials in the series 
cyanoacetylene, dicyanoacetylene and dicyanodiacetylene (Table 
3) ; these potentials are identical to that of acetylene (1 1.4 ev) but 
2 ev lower than that of cyanogen (13.6 ev). This has been taken 
as evidence that the electron is removed from the carbon-carbon 
triple bond of the cyanoacetylenes and that it comes from a com- 
paratively localized orbital having little interaction with adjacent 
0rbitaIs4~~. 

All cyanoacetylenes can be expected to have high positive heats 
of formation, although a determination of this parameter has been 
made only for dicyanoacetylene (AH" = 127.5 k ~ a l / m o l e ) ~ ~ ~ .  The 
heat of combustion of dicyanoacetylene is almost 500 kcal/molc, 
and flame temperatures of mixtures of dicyanoacetylene and ozone 
are calculated to reach 6100" 475. Neat dicyanoacetylene (and 
presumably the othcr compounds in this class as well) is thus 
potentially explosive, although in solution it has shown surprising 
thermal stability215. 
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TAULE 4. Bond lengths in cyanoacetylencs. 

Compound (dimension in A) References 

H-C=C-C-hT 444,445,470 
1.06 1.20 1.38 1.16 

47 1 

NC---C===.ii 480 

HC-C-C-CH 48 1 

NC-C.==C-C=-N 
1.19 1.37 1.14 

1.38 1.15 

1.19 1.36 

C. Reactions of Cyanoacetylenes 

I .  Salt and complex formation 

Cyanoacetylene has an acidic proton, and a number of salts have 
been prepared. The  coppcr414*416.438 and silver414*415 salts are explo- 
sive in the dry state. Interaction of cyanoacetylene with titanium 
tetrachloride gives rise to a yellow powder of composition 
TiC1,- (NCC=CH) 483. Dicyanoacetylene readily forms a 1 : 1 
complex with aluminium bromide484, a finding that is surprising in  
view of the known electrophilicity of this molecule. The  structure 
of thc complex is not known, but by analogy with the many 
reported complexes of nitriles with Lewis (Chapter 3) i t  
is likely that  the aluminium bromide is complexed with a cyano 
group. The  complex is moisture-sensitive and reacts with aromatic 
hydrocarbons to produce Diels-Alder adducts of dicyanoacetylene 
(see below). Dicyanodiacetylene (227) is reported to give blue 
solutions with benzene; the colour has been ascribed to complex 
formation416. Since toluene, a better n-base than benzene, produces 
a blue solution only slowly416, i t  is more likely that the colour 
formation is due to some other cause such as the presence of impurities. 
Solutions of dicyanoacetylene in aromatic hydrocarbons are colour- 
less, and no change in the ultraviolet spectra due to charge-transfer 
transitions !ias been observed in these solutions48G. This holds true 
even for such a potent v-base a s  hexamethylbenzene, which forms 
a strong, highly coloured complex with t e t r a ~ y a n o e t h y l c n e ~ ~ ~ .  
Dicyanoacetylene adds to chloro (carbonyl) bis( triphenylphosphine) - 
iridium to give the complex chloro (carbonyl) bis( triphenylphosphine) - 
(dicyanoacetylene) iridium628. 
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2. Addition reactions 

Cyanoacetylenes are very susceptible to nucleophilic additions. 
Thus c y a n o a ~ e t y l e n e ~ ~ ~ ,  its alkyl and aryl derivatives487 and 
d i c y a n o a ~ e t y l e n e ~ ~ ~ * ~ ~ ~ - ~ ~ ~  react at  or below room temperature with 
ammonia and primary and secondary amines to give adducts such 
as 231 and 232. The stereochemical aspect of this reaction has been 

CN 
/ 

R2NCH=CHCN NCCH=C 
\ 

investigated in the case of the piperidine addition to dicyano- 
acetylene, where only the product of cis addition could be detected"!), 
and in the addition of urea to cyanoacetylcne, where both isomers 
were formed in unspecified amounts425. Preference for cis addition 
has also been observed in the reaction of methanol and isopropyl 
alcohol with dicyanoacetylene, although small amounts of the 
products of a trans addition were formed in this case (equation 
207)489. t-Butyl alcohol gives an equal mixture of both isomers. 

NC 

N C M C C N  + ROH __f )===XCN + NcxH (207) 
RO H RO C N 

The remarkable feature of the addition of alcohols to dicyano- 
acetylene is that it proceeds rapidly at room temperature in the 
absence of a catalyst. The corresponding addition to acetylenc- 
dicarboxylic ester requires heating to 150-200" 491. One molecule 
of alcohol adds to cyanoacetylene in the presence of weak bases 
such as cyanide or carbonate ions, while a second addition occurs 
in the presence of alkoxide ion (equation 208)415. Both types of 

ROCII==CI-ICN 

H C k d X N  + ROH 

(RO),CH-CH,CN 
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adducts on acid hydrolysis ' give cyanoacetaldehyde415. The base- 
CatalYsed addition of phenols to cyano$cetylene is reported to give 
cyanovinyl aryl ethers of unspecified stereochemistry492. Cyano- 
acetaldehyde is formed on treatment of cyanoacetylene with aqueous 
sodium hydroxide at room temperature425. Other reported nucleo- 
philic additions to cyanoacetylenes are : the addition of phosphate493 
and trialkyltin hydrides4g4*495 to cyanoacetylene to give compounds 
233 and 234, respectively, and the addition of mercaptans to dicyano- 
acetylene4'' to give adducts 235 of unspecified stercochemistry. 

/CN 
CN 

NCCH=C 
/ 

\ 
NCCH=CHOPO~~- H,C=C 

SR 
\ 

SnR3 

(233) (234) (235) 

Whenever these addition reactions of cyanoacetylenes are com- 
pared to those of propiolic and acetylenedicarboxylic esters, it is 
found that the cyano compounds are considerably more reactive. 

Somewhat surprisingly, dicyanoacetylene also reacts readily with 
hydrogen halides and with halogens. Thus hydrogen chloride, 
hydrogen bromide and hydrogen iodide add to dicyanoacetylene 
at room temperature to give halodicyanoethylenes of unspecified 
stereochemistry430*49G. Addition of bromine to dicyanoacetylene 
also occurs at room temperature to give the trans adduct, dibromo- 
fumaronitrile, in 57 yo yield (cquation 209) 2Gg. Iodine adds more 

(209) 

slowly than bromine, and ferrous iodide has to be used as an  iodine 
carrier. T h e  mechanism of this reaction has not been elucidated, but 
it may well proceed by a radical, rather than an ionic path. 

Formal addition of hydrogen chloride and hydrogen cyanide to 
cyanoacetylene is the result of a n  apparent attempt to Prepare 
dicyanoacetylene from hydrogen cyanide and cyanoacetylcne 
(equation 210)415. Again, nothing is known about the mechanism 

NC 

NCCszCCN + Br, + xBr 
Dr CN 

CU2CI, 
I-IGzECCN + HCN 4 NCClCHCII,CN 

HCI, O2 
30" 

of this reaction. Carbon-metal bonds are formed in the reaction of 
dicyanoacetylcne with pentacyanocobaltate ion497 and mercuric 
chloride490 to give products 236 and  237, respectively. These 
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(NC) $0 CN 
I 

Hg(C=CClCN), 
NC Co( CN) [ >-<"" (236) T- (237) 

reactions also proceed with unactivated a~etylenes49~7-49~. Reaction 
of dicyanoacetylene with triphenylphosphine at  room temperature 
gives a 3:'2 adduct believed to be the diphosphorane 23Ssz4; the 
previ0usly18~ assigned tetracyanophosphole structure was shown to 
be wrong. 

Ph,P CN 

c-c C N  
\ /  

/ \ /  
CN NC c-c 

/ \ /  

/ \\ 
NC c-c 

NC PPh, 
(238) 

3. Cycloaddition reactions 

Dicyanoacetylene is one of the most powerful dienophiles known. 
I t  reacts with cyclopentadiene, 1,3-~yclohexadiene and butadiene 
at or below room temperat~re4~2*490*~00*501 and adds, albeit with 
decreasing ease, to anthra~ene4~0*5~~*~0' ,  naphthalene500-501 and 
even benzene itself484. The latter addition requires heating to 180" 
for extended periods and the yields are low, since retro-diene cleavage 
of the adduct 239 to give phthalonitrile and acetylene takes 
place to some extent (equation 211). However, the reaction can be 

&N + QCN CN -t- K C r C H  

CN (239) 
48 h + N C C r C C N  (2' 1) 

& - N  + &LN 
CN 

\ \  
(239) 

catalysed with aluminium chloride and aluminium bromide. High 
yields of the adduct 239 are obtained at room temperature; small 
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~ ~ o u n t s  of PhenYlmaleo- and  phenylfumaronitrile, the products of 
a Friedel-Crafts addition of dicyanoacetylene to benzene, are also 
isolated484. The  catalysed addition almost certainly proceeds by 
initial formation of a n  aluminium halide-dicyanoacetylene complex. 
Whether the subsequent addition to benzene is concerted, or pro- 
ceeds through a dipolar intermediate, has not yet been deter- 
mined484. Weaker Lewis acids, such as antimony pentachloride or 
boron trifluoride, are not effective as catalysts in this addition, nor 
could it be extended to other acetylenes, such as cyanoacetylene or 
acetylenedicarboxylic ester. By comparison, the reaction of tetra- 
cyanoethylene with aromatic hydrocarbons in the presence of 
aluminium chloride produces tricyanovinylbenzenes~~~; tctracyano- 
ethylene does not react thermally with benzene a t  temperatures up to 
300” 48G. 

The  ultraviolet spectra of the adducts of dicyanoacetylene to 
aromatic hydrocarbons are of intcrest since they all exhibit a long 
wavelength absorption that has been ascribed to a charge-transfer 
transition, the dicyanoethylene bridge being the acceptor and the 
two remaining double bonds the donors500~501. This concept is 
supported by the fact that 2,3-dicyanobicyclo[2.2.2]oct-2-cne (240) 
shows only the maximum due to the maleonitrile chromophore, 
but no lower energy band. Furthermore, increased substitution of 
the donor bridges with methyl groups moves the charge-transfer 
transition to longer wavelengths as shown in Table 5 (only the 
longest wavelength maximum is given)484e501. That the maleonitrile 
grouping is a better acceptor than the corresponding diester is borne 
out by comparison of the ultraviolet spectra of the adducts 241 and 
242 (Table 5)501. The adducts of dicyanoacetylene to 1,3-cyclo- 
hexadiene and anthracene have been reduced electrolytically to the 
corresponding anion radicals (EA - 1-59 and - 1-4 V, respectively, 
versus SCE in a c e t o n i t r i l ~ ) ~ ~ ~ .  

Dicyanoacetylene reacts with styrenes by a sequence of Diels- 
Alder addition and ene reaction to give 1 : 2 adducts as illustrated 
in equation (2 12). T h e  intermediate 1 : 1 adduct could not be isolated. 
Again, the reaction occurs under exceptionally mild conditions ; 
otller activated acetylenes, such as hexafluoro-2-butyne and acctylcne- 
dicarboxylic ester, also undergo this reaction, but higher tempera- 
tures arc reqUirCd502. Other examples of the high reactivity of 
dicyanoacetylene in the Diels-Alder reaction are its additions to 
furan490 and furan deri\iative~4~G*so~, f u l ~ e n e s ~ ~ ” ~ ~ ~ ,  1,4-diphenyl- 
Ilaplltl11alene81oy c y c l o ~ c t a t e t r a e n e ~ ~ ~  and 
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H CHMePh 

W C N  

Dicyanoacetylene reacts at  room temperature with quadricyclane"jO 
and n o r b ~ r n a d i e n e ~ ~ O * ~ ~ ~  to give adducts 243 and 244, respectively. 
With bicyclo[2.1 .O]pentane it undergoes both a cycloaddition and 
an ene reaction; the products are 245 and 246504. Dicyanoacetylene 
acts as a 1,3-dipolarophile in reactions with d i a z ~ r n e t h a n e ~ ~ ~ ,  ethyl 
diazoacetateSO5 and benzonitrile oxide490. 

TABLE 5. Ultraviolet spectra of Diels-Alder adducts of dicyanoacetylene. 

& &  CN CN & CN 

(240) 238 rnic 266 znp (239) 315 rnp 

Me F \ hN & Me&N 

CN Me CN \ \  Me 
3G1 m p  

Me CN 
318 rnp 339 mp 

Me, ,Me Me, ,Me 

CN 
(241) 308 m p  (242) 280 mp 



523 9. Cyanocarbon and Polycyano Compounds 

+ NCCrCCN - 
%N 

(243) 

NC‘ 

(244) 

- ITCN + 
% CN 

(245) 

I n  summary, dicyanoacetylene is a more active 

\ 
CN 

CN 

(246) 

dienophile than 
any other activated acetylene including hexafluoro-2-butyne and 
acetylenedicarboxylic e~ter4~0,~~O. I t  has the added advantage over 
the latter of being thermally more stable, and excess dicyano- 
acetylene is more readily removed due to its much lower boiling 
point. Although no direct comparison has been made, it seems 
certain that dicyanoacetylene is also more reactive in most Diels- 
Alder reactions than maleic anhydride and tetracyanoethylene; in 
fact, it is probably only surpassed by benzyne, and some of the 
cyclic azo compounds such as 4-phenyl- 1 ,2,4-triazoline-3,5-dione506. 
However, the temperature range within which the latter is stable 
is much smaller than that of dicyanoacctylene. 

4. Polymerization 

Cyanoacetylenes have attracted some attention as potential 
monomers for semiconducting polymers. C y a n ~ a c e t y l e n e ~ ~ ~ - ~ l ~ ,  
methylcyanoacetylene511 and phenylcyan~acetylene~~~ have been 
polymerized with anionic initiators such as triethylamine, or sodium 
cyanide, to give black, low-molecular weight polymers claimed to 
have structure 247; on heating, these are converted to therinostable 
polymers believed to be of tyDe 248, in analogy to the formation of 
black ‘Orion@" (registered trademark of E. I. duPont de Nemours 
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and Co.) by pyrolysis of polyacry1onitrile5l2. The polymers are 
semiconducting and show e.s.r. signals. A polymer of type 247 is 
believed to be the product of the action of anionic initiators on 
di~yanoacetylene43~*~~3*5~~; like the cyanoacetylene polymer, i t  is of 
low molecular weight ( ~ 5 0 0 ) ~  has a resistivity in the range of 
109-1011 ohm cm, but  apparently does not undergo further cyclo- 
polymerization to structures of type 248. Poorly characterized 
homopolymers of dicyanoacetylene and a copolymer with styrene 
have also been made by radical initiation433. Cyanoacetylene is 
stable in the presence of benzoyl peroxide at 70" 415. Polymerization 
of cyanoacetylene by coordination catalysis using a Ziegler-IVatta 
type catalyst gives a trimer, 1 ,2,4-tricyanobenzene, in addition to 
a polymer believed to have structure 247515. Cyanoacetylene, unlike 
methyl propiolate, is not trimerized by bis( triphenylphosphine) - 
nickel d i ~ a r b o n y l ~ ' ~ .  

VI. POLYCYANOBENZENES AND RELATED C O M P O U N D S  

A. Tricyanobenzenes 

Of the three isomeric tricyanobenzenes 249, 250 and 251, only 
the latter has been characterized and invcstigatcd to any extent. 

CN 
(2 4 9) (250) (251) 

1,2,S-Tricyanobenzene (249) and the 1,2,4-isomer 250 are  formed 
from the corresponding trichlorobcnzenes on reaction with hydrogcn 
cyanide over a copper-manganese517 or copper-silvers1* catalyst a t  
elevated temperatures. In the case of isomer 250, a nickel catalyst 
has also been usedjls. A more convenient laboratory synthesis of 
1,2,4-tricyanobenzcne is the trimerization of cyanoacetylene with 
Ziegler-Natta catalysts at  room tcmperatureSl5. lY3,5-Tricyano- 
benzene (251) has been prcpzred from trimesic acid via the acid 
chloride and arnide520.521, by reaction of the tris acid chloride of 
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trimesic acid with phenylsulphonylphosphorimidic t r i c h l ~ r i d e ~ ~ ~ ,  by 
oxidation of mesitylene in the presence of ammonia over vanadium 
~ a t a l y s t s ~ ~ ~ - ~ ~ ~  and by the catalysed reaction of 1,3,5-trichloro- 
benzene with hydrogen ~ y a n i d e ~ " * ~ ~ ~ .  Complexes of 1,3,5-tricyano- 
benzene have been studied to a limited e~tent~~~.~~1.527,52*, and it 
has been concluded that it is a poorer +acceptor than 1,3,5- 
trinitrobenzene520.627. 

1,3,5-Tricyan0-2,4,6-trimethylbenzene (252) has been prepared 
from 3,5-dicyano-Z,4,6-trimethylaniline by a Sandmeyer r e a ~ t i o n 5 ~ ~ ,  
from tribromomesitylene with copper cyanide in pyridine at 205" 530, 
and by dehydration of 3,5-dicyan0-2,4,6-trimethylbenzamide~~~. 
The methyl groups in 252 are rendered acidic by the presence of 
three cyano groups ; thus, condensation withp-nitrosodimethylaniline 
gives the black aldimine 253 (R = p-dimethylaminophenyl) , which 
on hydrolysis yields the aldehyde 254532. Similarly, reaction with 
ethyl nitrite and sodium ethoxide gives the oxime 253 (R = OH) 
as well as the dioxime 255, both in the form of their sodium salts 
(equation 2 13). 2-Bromo- 1,3,5-tricyanobenzene (256a), prepared 

1 
CH=NOH 

HON=HC Me 

CH-NR CHO 

R OH 

""d-"" 
I 

CN 

(2568 ,R = Br; 

b,R= F; 

c , R = N  0)  
n 
W 

Nc*cN 
I 

CN 
(257) 

by standard methods from brornomesitylene, can be converted to 
the fluoro derivative 256b by halogen exchange with potassium or 
cesium fluoride, a reaction that is facilitated by the presence of the 
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three cyano The halogen in these compounds is subject 
to ready nucleophilic displacement. Thus, whereas 256a and 256b 
react with morpholine at room temperature to give derivative 
256c, heating to 80" is required to effect this reaction in the corre- 
sponding dicyano compound533. Reaction of 256a with aqueous 
potassium hydroxide at room temperature results in the instanta- 
neous formation of the fluorescent tricyanophenolate ion. The  
corresponding free phenol 257 has a pK value of 1.0, similar to that 
of picric acid. Tricyanophenol (257) has also been prepared from 
2-methoxytrimesic a~id5~4.  

The trichloro, and especially the trifluoro derivatives of 1,3,5- 
tricyanobenzene, are even more susceptible to nucleophilic attack535. 
Reaction of 2,4,6-trichloro-l,3,5-tricyanobenzene (258a) with 

R 

CN 

(258% R = c1 ; b, R = F ; C, R = NH,) 

ammonia in benzene at  80" introduces one amine group, whereas 
two chlorine atoms are displaced using a more polar medium 
(acetonitrile). By comparison, the trifluoro compound 258b reacts 
with ammonia in benzene at room temperature to give the tri- 
substitution product 258c directly. 2,4,6-Triamino-l,3,5-tri- 
cyanobenzene (258c) is a remarkably stable compound, which 
decomposes only above 400". Strong nucleophiles, such as azide or 
benzylmercaptide ions give trisubstitution product even with the 
trichloro compound 258a. 

The analogous reaction of halotricyanobenzenes with N ,  N- 
diphenylhydrazine has been used to prepare precursors of a series 
of remarkably stable mono-, di- and t r i r a d i c a l ~ ~ ~ ~ .  Oxidation of 
the monolydrazine derivatives 259a and 259b with lead dioxide 
produces the nionoradicals 260 (equation 2 14) ; diradical 261 and 
triradical 262 are made analogously from the bis- and tris (diphenyl- 
hydrazine) derivatives, respectively. All are obtained in the form 
of stable black crystals having a metallic lustre. They are monomeric 
in solution. The  monoradicals show five-line e.s.r. spectra, whereas 
only one broad line, due to interaction between the spins, is observed 
in the spectra of the di- and triradicals. T h e  radicals are oxidizing 
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N Ph, 
/ 

NH 
NPh2 

/ 
" ""*: R 22% Nc*cN R R 

527 

CN CN 

(259) (260) 

( a , R = H ,  b , R =  Cl) 

agents, for instance for dihydropyridines and hydroquinone, and 
are easily reconverted to the parent compounds by catalytic hydro- 
genation. I t  is of interest to compare the stabilities of these radicals 
with those of the corresponding nitro compounds. N,N-Diphenyl- 
picrylhydrazyl (263) is comparable in stability to the monoradicals 
260, whereas the trinitrodiradical (corresponding to 261) is very 
unstable. A triradical has not been obtained in the picryl series. 
This diminished stability of the picryl radicals has been explained 
as being a consequence of steric inhibition of resonance53G. 

B. Tetracyanobenzenes 

Of the three possible isomers, only 1,2,4,5-tetracyanobenzene 
(264) is known; the dimethyl derivative of one of the other 
isomers, 1,2,3,5-tetracyanobenzene, has been described532. 1,2,4,5- 
Tetracyanobenzene has been prepared via the tetraamide of 
the corresponding a ~ i d ~ ~ ~ - ~ ~ ~ ,  by treatment of 7-0xa-2~3~5~6- 
tetracyanobicyclo[2.2.1] hepta-ZY5-diene with triphenylphosphine436, 
and from 3,6-diamino- 1,2,4,5-tetracyanobenzene (see below) 540. 
1,2,4,5-Tetracyanobenzene forms an anion radical 265 on electrolytic 
reduction (E4 -1.02 v versus Ag/AgClO, in DMF541; E& -0.66 v 
versus SCE in a~etonitrile134-~~~*~"~) or chemical reduction with alkali 

This ion radical can also be generated by treatment of 
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264 with ion radicals derived from compounds having lower electron 
affinities, e.g. tercijhthalonitrile (equation 2 15) or n i t r ~ b e n z e n e ~ ~ ~ .  

(215) 

T h e  e.s.r. and ultraviolet spectra of 265 have been measured and 
the data compared with those derived from molecular-orbital cal- 
c u l a t i o n ~ ~ ~ ~ * ~ ~ ~ * ~ ~ ~ .  Such calculations have also been carried out on 
the parent molecule 26454GG. A second electron can be added to 
the anion radical 265 (Ek -2.07 v versus Ag/AgC104 in DMFj41; 
E4 -1-63 v versus SCE in a ~ e t o n i t r i l e ~ ~ ~ ) ,  but the nature of the 
product has not been determinedj". 

A large number of complexes of 1,2,4,5-tetracyanobenzene with 
aromatic hydrocarbons and nitrogen bases has been prepared in 
sol~tion"2*~47-~j~; the crystal structures of three such complexes 
have been determined by x-ray t e c h n i q ~ e s ~ ~ ~ - ~ ~ j .  Based on polaro- 
graphic and spectral data, 1,2,4,5-tetracyanobenzeiie is a poorer 
7r-acceptor than tetracyan~ethylene"~ and about comparable in 
this respect to pyromellitic anhydride (266) 542. 

(266) (267) 

(R = NH2, MeO) 

Heating 1,2,4,5-tetracyanobenzene with cuprous or 
copper a c e t o n y l a c e t o n a t ~ ~ ~ ~  gives black amorphous products, 
considered, mainly by analogy to the corresponding reaction of 
phthalonitrile, to have phthalocyanine-like structures. They are 
semiconducting556 and have been used as cocatalysts for the polym- 
erization of methyl mcthacrylate5j7. Reaction of 1,2,4,5-tetra- 
cyanobenzenc with methanol, hydrogen sulphide or ammonia 
produces compoiinds considcrcd to have structures 267: pyrolysis 
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of these gives black semiconducting linear or phthalocyanine-like 
Heating 1,2,4,5-tetracyanobenzene in quinoline 

gives a black solid for which a triazine-type structure has been 
A red copolymer stable to 600" is obtained from 1,2,4,5- 

tetracyanobenzene and diamines, such as  p-phenylenediamine, in 
the presence of base5". Semiconducting polymcrs are also formed 
on pyrolysis of complexes of 1,2,4,5-tetracyanobenzene with 
naphthalene and a n t h r a ~ e n e ~ ~ ~ .  

The  interesting orange-red 3,6-diamino- 1,2,4,5-tetracyanobenzene 
(268) is formed in low yield on heating tetracyanoethane with 
potassium acetate in acetic acid5d0; the proposed mechanism, involv- 
ing a double Thorpe condensation as the first step, is shown in 
equation (2 16). Other products of the reaction are tetracyanoethylene 

N C T N  + H F  ----+ 

NC CN H CN NC CN CN 
NH2 NH 

H CN 

anion radical, potassium pentacyanopropenidc, hydrogen cyanide 
and potassium heptacyanopcntadienide. Reaction of 3,6-diamino- 
1,2,4,5-tetracyanobenzene (265) with nitrous acid and hydrochloric 
acid produces a mixture of the yellow monochloroamine 269 and 
the colourless dichloro compound 270 (equation 2 17). Reaction of 
the latter with diphenylhydrazine gives a monosubstitution product 
which on oxidation gives a stable radical analogous to the ones 
described in the tricyanobenzene ~ e r i e s ~ 3 ~ .  Treatment of 3,6- 
diamino-l,2,4~,5-tetracyanobenzcne with nitrosyl fluoroborate 
followed by hypophosphorous acid produces lY2,4,5-tetracyano- 
benzene (264). Hydrolysis of the intermediate, believed to be the 
bis (diazonium)salt 271, gives 3,6-dihydroxy-l ,ZY4,5-tetracyanoben- 
zene (272). Solutions of 272 are yellow, showing blue fluorescence; 
the anion is red with yellow 
It; 
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C. Penta- and Hexacyanobenzene 

Although pentacyanobcnzenc itself has not been described, the 
methyl derivative 27s is formed on dehydration of the dioxime 255 
(section V1.A) with thionyl chloride (equation 218) 532. Methyl- 
pentacyanobenzene (273) is colourless and forms salts as a conse- 
quence of the considerable acidity of the methyl protons. Blue 
piperidine, pyridine and morpholine salts, as well as an  unstable 
sodium salt, have been reported532. The  acid character of the 
methyl protons is further demonstrated by the ready formation of 
the black Schiff base 274 (R = p-dimethylaminophenyl) with 
p-nitrosodimethylaniline and the oxime 274 (X = OH) with ethyl 
nitrite in dimethylformamide. Dehydration of the lattcr with thionyl 
chloridc leads to the final member of this class, hexacyanobenzcne 
(275; equation 2 18)532. Hexacyanobenzene is a colourless crystalline 
compound, which sublimes at 200°/10-3 m m  and decomposes above 
310" without melting. As expected for a highly symmetrical molecule, 
its infrared spectrum shows only four bands at 2260 (weak), 1430, 
844 and 748 cm-l (all strong). A structure determination by x-ray 
tcchniques shows that it has a planar benzene ring with Pa3 
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symmetry, a space group rare among organic ~ o m p o u n d s ~ ~ * * ~ ~ ~ .  
Hexacyanobenzene forms coloured complexes with aromatic 
hydrocarbons532; a black 1:2 complex with pyrene has been 
isolated566. The one-electron reduction potential of hexacyanobenzene 
has been measured (El -0.60 v versus SCE) but the nature of the pro- 
duct has not been s t a t ~ d l ~ ~ .  Its electron affinity has been calculated 
(E ,  = 58.6 f 3.3 kcal/mole as compared to 50.8 f 5.1 kcal/mole 
for 1,2,4,5-tetracyanobenzene) 134. Hexacyanobenzene is readily 
attacked by water, alcohols and a r n i n e ~ ~ ~ 2 ;  the course of the reactions 
has not yet been reported. 

With the possible exception of a tricyanoperylene of unspecified 
s t r u ~ t u r e ~ ~ 7 ,  there appear to be no reports on condensed aromatic 
compounds containing more than two cyano groups. 

VII. BETRACYANOQUINODIMETHANES A N D  
POLYCYANO QU I NONES 

A. Tetracyanoquinodimethanes 

The Chemical Abstracts name for 276, 2,5-~yclohexadiene-4~~~:~~~’ 
dimalononitrile is cumbersome, and the simpler 7,7,8,8-tetracyano- 
quinodimethane (TCNQ) will be employed. 

I. Synthesis and physical properties 

Condensation of malononitrile with 1,4-cyclohexanedione in 
aqueous medium with p-alanine as a catalyst gives the intermediate 
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to 276, 1,4-bis(dicyanomethylene)cyclohexane (277). A number of 
oxidizing agents bring about the conversion of 277 to tetracyano- 
quinodimethane including N-bromosuccinimide or  bromine in the 
presence of pyridine or triethylamine (equation 2 19). Selenium 

NC, ,CN 

276 
Br2 -6 C,H,N 

C 
NC' ' CN 

(277) 

dioxide has also been ~ ~ e d ~ 0 * ~ ~ ~ , 5 6 ~ .  The same method of synthesis 
has been used to prepare tetracyanoquinodimethanes substituted 
with alkyl groups in the ringS7O (equation 220). Birch reduction of 

NC/c\ CN 
A NC CN 

(278, R' = Me, R' = H; 
279, R' = n-Pr, R' = H; 
280, R' = R2 = Mc) 



9. Cyanocarbon and Polycyano Compounds 533 

the corresponding dimethoxybenzenes followed by acid hydrolysis 
is a convenient route to the substituted cyclohexanediones (278-280). 

c 
NC' 'CN 

(281) 

A benzo derivative of 276, i.e. 281, has been synthesized by an analo- 
gous method"1. A different synthetic approach has been used for 
the preparation of 1 1 ~ 1 1,12,12-tetracyanonaphtho-2,6-quinodimeth- 
ane (282) (TNAP) (equation 221). 

Physical properties of all the tetracyanoquinodimethanes reported 
to date are  summarized in Table 6. 

P C" 
POCI, 

CHC0,Et ~ H C O N H ~  
NHs 
d 

I 
CN 

I 
CN 

TNAP 

The heat of formation of tetracyanoquinodimethane is approxi- 
mately 160 kcal/molegl. A complete crystal analysis has been carried 

2. Reduction 2nd anion-radical formation 

Each of the tetracyanoquinodimethanes discussed above readily 
accepts a n  electron to form a stable anion radical. Tetracyanoquino- 
dimethane is reduced about as easily as tetracyanoethylene. Substitu- 
tion of the ring with an alkyl group increases the electron density 
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T A n L E  6. Physical properties of tetracyanoquinodimethanes. 

M absorption 
in the infrared 

Compound m.p. (Oc) Colour Amax (m,u)(e) region (crn-1) 
~ ~~~ 

T C N Q  (276)" 293-5-296 
2-MeTCNQ (278) 200-201 
2-n-PrTCNQ (279) 125-1 27 
2,5-diMeTCNQ (280) 265-267 
BenzoTCNQ (281) 244-245 

TNAP (282) > 420 

2-Benzhydryl T C N Q  (288) 350-353 

~ 

Rust 395 (63,600) 2220 
Yellow 396 (-60,000) 
Yellow 397 (-60,000) 
Yellow 403 (-60,000) 
Yellow 288 (69,000) 2210 

Purple 472 (87,000) 2210 

Yellow 361 (25,600) 2220 

392 (34,700) 
409 (33,000) 

258 (14,050) 
248 (18,000) 

258 (6,650) 
221 (17,700) 

a T C N Q  = tetracyanoquinodimethane. 

resulting in a lower reduction potential for anion-radical formation. 
Polarographic half-wave potentials are summarized in Table 7. In  
practice the reduction is carried out with iodides, metals or tertiary 
amines573 (equation 222). Simple salts of tetracyanoquinodimethane 
ion radical have electrical resistivities of from lo4 to 1OI2 ohm cm. 
Certain tetracyanoquinodimethane salts, generally those with large 
cations, will complex with another molecule of neutral tetracyano- 
quinodimethane. The  resulting crystalline complexes have astound- 
ingly low resistivities, ( 1 0-2 to lo3 ohm cm). Moreover, electrical 

TABLE 7. Polarographic reduction of tetracyanoquinodimethancs". 

1st  half-wave 2nd half-wave 
Compound potential (v) potential (v) 

T C N Q  (276) +0.13 -0.28 
2-MeTCNQ (278) +0.12 -0.26 
2-n-PrTCKQ (279) +0.10 -0.3 1 
2,s-diMeTCNQ (280) +0.02 -0.28 
TNAP (282) +0.21 -0.17 
Benzo T C K Q  (281) -0.09 -0.36 
2-Bcnzhydryl T C N Q  (288) -0.28 -0.59 

a In 0.1 M lithium perchlorate in acetonitrile versus SCE. 
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measurements on single crystals have demonstrated marked aniso- 
tropy of resistivity. For example, the resistivity of triethylanimonium 
~etracyanoquinodiniethanide-tetracyanoquinodimethane is 0.25 ohm 
cm along the a axis, 20 ohm cm along the b axis and 1000 ohm cm 
along the c axis. 

The e.s.r. spectrum of tetracyanoquinodimethane ion radical 
exhibits over forty lines. On the basis of the isotropic hyperfine 
contact interaction between the unpaired electron and the lH and 
14N nuclei, forty-five lines are e~pected"~. The e.s.r. of the ion radical 
enriched with 13C at the 1- and 4-positions has been 

The electronic absorption spectrum of tetracyanoquinodimethane 
ion radical exhibits major maxima at 420 and 842 m p  (8 = 24,300 
and 43,000). There is also an electronic absorption band in the near 
infrared region at  6700-10,000 cm-I. 

I n  concentrated aquecus solutions, the green lithium tetracyano- 
quinodimethane assumes a vivid blue colour as  a consequence of 
dimer formation. Dilution of these blue solutions results in reversion 
to the green monomeric ion radica1576. As with other cyanocarbon 
ion radicals, treatment with strong mineral acids brings about 
disproportionation to dihydroquinodiinethane and quinodimethane. 
A similar reaction occurs with tropylium iodide (equation 223) 573. 

LCAO-MO crystal-field splitting calculations indicate that tetra- 
cyanoquinodimethane ion radical complexes will not display proper- 
ties similar to conventional inorganic semicond~c to r s~~~ .  
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In  addition to these stable anion radical salts, tetracyanoquino- 
dimethane forms n-complexes with a great many Lewis bases. 
Aromatic hydrocarbons, amines and polyhydric phenols all react 
to give, with few exceptions, 1 : 1 charge-transfer complexes. 

Much of the research on the tetracyanoquinodimethanes has 
been concerned with their charge-transfer complexes and anion- 
radical salts”8. These are covered in Chapter 10 and no further 
detail 7.vill be included here. 

Two novel uses that have been made of the charge-transfer com- 
plexes of tetracyanoquinodimethane are in the preparation of 
electroconductive polymers570 and as a reagent for metallic ions 
separated by thin-layer c h r o m a t ~ g r a p h y ~ ~ ~ .  

The two-electron reduction of tetracyanoquinodimethane corre- 
sponds to conversion to the anion of 1,4-bis (dicyanomethy1)- 
benzene (253). This reduction can be carried out with thiophenol, 
mercaptoacetic acid or hydrogen iodide (equation 224). 

NC, ,CN 
C 

c 
NC’ ‘CN 

Q CH(CN), 

3. Add ition reactions of tetracyanoqu i nodi methanes 

Additions to 276 occur in the 1 - and 6-positions with aromatization 
of the ring566. Chlorine adds in the presence of a trace of chloride 
ion (equation 225) reminiscent of the addition of chlorine to tetra- 
cyanoethylene208. A sulphurous acid adduct forms when sulphur 

@ 276 4- CIz 

CCI(CN), 

dioxide is passed into an aqueous acetonitrile suspension of 276 
(equation 226). N,N-Dimethylaniline also adds to give the adduct 284 
(equation 227). 



9. Cyanocarbon and Polycyano Compounds 537 

Q 376 + H,O + SO, ---+ 

CN 

(284) 

Free-radical attack occurs in a ly6-manner. Decomposition of 
my or'-azobis(isobutyronitri1e) in the presence of 276 gives the adduct 
285 in good yield. Another free-radical addition is observed when 

NC CN CN CN 

CN CN 

tetracyanoquinodimethane is irradiated with a sunlamp in tetra- 
hydrofuran solution”2. The  adduct 286 is formed in 55% yield 
along with a small amount of the reduction product 283 (equation 
228). T h e  only example of ring substitution is the reaction with 

- hv Q r * c H ( c N ) 2  + 6 c N ) 2  (228) 

276 + Ph?CN, P (y; - @CHPh2 + N2 (229) 

CN 
CII(CN)Z 

276 + c,I 
(286) (283) 

diphenyldiazomethane a t  60-80” 58l. Nitrogen is evolved and 2- 
benzhydryl-7,7,8,8-tetracyanoquinodimethane (288) is the product. 
The  reaction probably involves attack on tetracyanoquinodimethane 
with intermediate formation of a pyrazoline 287 (equation 229). 

(NC),C c (CN), 

(NC),C C(CN), 

(287) (288) 
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4. Displacement reactions 

One or two of the cyano groups of tetracyanoquinodimethane 
may be replaced by reaction with amines (equation 230). Presumably 
an addition-elimination mechanism is involved682. T h e  products of 
reaction with one equivalent of amine are highly coloured crystalline 
compounds, whereas the diamines (290) are pale yellow. If the 
monoamine (289) is secondary a possibility of tautomeric forms, 
291a and 2911b, exists (equation 231). This is presumably the case 

(2918) (291b) 

in the reaction product with n-butylamine (R = n-Bu). Although 
in theory the diamine corresponding to 291a from n-butylamine is 
also capable of existing in a tautomeric form, spectral data suggest 
that only the quinoid form is present. However, the diamino- 
dicyanoquinodimethanes behave much like amidines. For example, 
they are monoacidic bases when titrated with acid. This behaviour, 
combined with infrared spectral evidence, indicates a strong contri- 
bution from forms such as 292. The nitrile absorption is a strong 
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doublet at long wavelengths (2130 and 2175 cm-l) characteristic of 
a monosubstituted malononitrile anion. 

Use of a bifunctional derivative can give a cyclic substitution 
product. An example is the quinodimethane (293) from tetracyano- 
quinodimethane and monoethanolamine. 

539 

n Hq C 

NC’ ‘CN 

($93) 

Nitrite ion also displaces a cyano group from tetracyanoquino- 
dimethane to give an ion believed to be the anion of a,a-dicyano-p- 
toluyl cyanide (294). The acyl cyanide has not been isolated but 
was alkylated with benzyl bromide to give, after hydrolysis, a- 
benzyl-a,a-dicyano-)-toluic acid (295) (equation 232). Related to 

bH2 Ph 

(294) (295) 

this is the reaction of tetracyanoquinodimethane (276) with nitrogen 
dioxide in acetonitrile from which terephthaloyl cyanide is isolated 
in up to 75 yo yield. I n  both cases, presumably an unstable nitrite is 
the intermediate, which breaks down with the elimination of 
nitrosyl cyanide (equation 233). I n  the case of the latter reaction, it 

O N 0  

C(CN)2 

COCN 

(233) 

5 276 + 2 NO2 - [2NOCN] 0 

O N 0  
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is possible to isolate an unstable intermediate, which readily decom- 
poses with the evolution of nitrogen oxides. 

Malononitrile anion readily replaces one of the nitrile groups of 
tetracyanoquinodimethane to form the deep-blue p-tricyanovinyl- 
phenyldicyanomethide ion (296) 208. Here again, addition, followed 
by elimination, seems the most likely mechanism (equation 234). 

CN CN 
I (NG),CHb=C)=C(C", -+HC -H+ ~ ( N C ) , C - C e . C ( C N ) 2  

. .  - . .. 

6. Polycyanoquinones 

Introduction of cyano groups into a quinone results in an increase 
in electron affinity, which is reflected in the reduction potentials 
(see Table 1 in Chapter 10). Thus 2,3-dicyano-p-benzoquinone has 
a half-wave potential of +0-31 v, compared to -0.52 v for p-  
benzoquinone (both in acetonitrile versus SCE). Data on the more 
highly cyanated quinones prepared recently are not available, but 
these may be expected to have yet more positive reduction potentials. 
Chemically, the increased electron affinity results in enhanced 
reactivity of polycyanoquinones in reactions such as  oxidations or 
Diels-Alder additions. 

I .  2,3-D icyano-p-benzoqu i nones 

Reaction of p-benzoquinone with hydrogen cyanide in aqueous 
acid gives 2,3-dicyanohydroquinone (298) 5*3--58G. The proposed 
mechanismGoo is shown in equation (235). Monocyanoquinone, which 4 HCN &H HCN 6; p-benzoquinone more RN 

I I -  __* ______, 
CN CN CN 

0 0 OH OH 
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could arise by aromatization of the first intermediate (297) followed 
by oxidation, has been ruled out as a n  intermediate since it is too 
moisture-sensitive to survive the reaction conditions587. Oxidation of 
the hydroquinone 298 with nitrogen oxides gives the red 2,3- 
dicyano-p-benzoquinone (299) 584*586*588. I t  forms complexes with 
donors such as polymethylben~enes~~~*~~~, a z ~ l e n e ~ ~ ~ ,  hexamethyl- 
b o r a z 0 1 e ~ ~ ~  and p h e n o t h i a z i n e ~ ~ ~ ~ * ~ ~ ~ .  The  black hexamethylbenzene 
complex (m.p. >320°) shows a strong e.s.r. signal in the solid due 
to radical ions trapped in the lattice589. 2,3-Dicyano-p-benzoquinone 
is a strong oxidizing agent. Thus reaction with water gives the 
hydroquinone 298; the nature of the oxidation product of water 
has not been stated584. I t  is somewhat more effective as a dehydro- 
genating agent than tetrachloro-p-benzoquinone, but much less so 
than its dichloro derivative (303; see below) 594. Reduction with 
sodium amalgam is reported to produce 2,3-dicyanocyclohexanc- 1,4- 
&one (300; equation 236)595. The  activity of 299 as a dienophile 

(299) (800) 

is illustrated by the ready reaction with dimethylenecyclobutane 
to give the adduct 30159G. The fact that addition occurs a t  the most 
electron-deficient double bond, the one carrying the two cyano 
groups, has been noted in other cases597. 

(yJD 
0 

(301) 

Addition of hydrogen chloride to 2,3-dicyano-p-benzoquinone, 
followed by oxidation, produces 5-chloro-2,3-dicyano-p-benzo- 
quinone (302) 584*586s588, which by a similar sequence can be 
converted to 2,3-dichloro-5,6-dicyano-pbenzoquinone (303)584*588, 
commonly known as ‘DDQ‘ (equation 237). More direct syntheses 
of 2,3-dichloro-5,6-dicyano-p-benzoquinone from 2,3-dicyanohydro- 
quinone (298) 598 and 2,3-dicyano-p-benzoquinone (299) 599 have 
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&;; a CI$ CN __+ 

0 OH 

(237) 

c1 cl*; 

0 0 

(302) (303) 

been described ; the compound is available commercially. Another 
direct route, which has also been used to prepare a number of other 
substituted 2,3-dicyano-p-benzoquinones (see below), involves reac- 
tion of perhalo-p-benzoquinone with potassium cyanide in aqueous 

cl$:l c1 3 rl&z % :l@cl (238) 

0 OH 0 
(303) 

medium, followed by oxidation of the resulting hydroquinone, as 
illustrated in equation (238)s00. The proposedsOO mechanism of the 
first step is shown in equation (239). The observations that the 
trichlorocyanoquinone 304, synthesized independent l~~~' ,  also gives 

0 OH 0 

HCN -HCI 
d 

Cl CN 
0 0 0 

0 

CN 

0 

(304) 

(239) 

reduction - (bysolvent)' 
- c1- 

c1 c?J 
0 0 H 
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2,3-dichloro-5,6-dicyanohydroquinone under these conditions, and 
the fact that an  oxidizable solvent is required for the success of the 
reaction, has been used as evidence for this mechanism. 
2,3-Dichloro-5,6-dicyano-~-benzoqu~none is a yellow crystalline 

solid. Its first half-wave potential (in acetonitrile versus SCE) is 
0.51 v; a second electron is added at  - 0 . 3 0 ~ ~ ~ ~ .  The ion radical 
305 has been prepared by reduction of 303 with alkali iodides602~603. 
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Q' 

I 
0- 

(305) 

Complete electron transfer is believed to occur also in some of the 
many complexes of 303 that have been studied. Interesting examples 
are the complexes with metallocenes such as ferrocene, cobaltocene 
and bis(tetrahydroindeny1) iron226. Cobaltocene (reduction potential 
Eo -1.16 v) produces cobaltocinium ion radical salts even with 
weaker acceptors such as 3-benzoquinone (Eo -0-52 v), tetrachloro- 
f-benzoquinone (EO -0 v) and tetracyanoethylene (Eo +0.15 v) , 
whereas ferrocene (EO = +0.30 v) forms such salts only with strong 
acceptors such as 303 (EO 3.0-51 v). With the weaker acceptors, 
ferrocene forms n-complexes226. Other donor molecules studied 
include polymethylbenzenes528~547~58g~604~605, condensed aromatic 
h y d r o ~ a r b o n s ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ,  aromatic ethers552, p-phenylenediamine 
and its tetramethyl derivative604*608-610, 1,6-diaminopyrene611, 8- 
hydroxyquinoline and its ~helates5~O, dimethylalloxazincG12, 
phenothiazines592-5g3*603*613*614, h e x a m e t h y l b o r a ~ o l e ~ ~ ~  and bis- 
(tropolono)silicone, -germanium and -boron c h e l a t ~ s ~ ~ ~ * ~ 1 ~ .  Poly- 
vinylaromatics, such as polystryrene, form semiconducting complexes 
with 303617*61s. Anion radicals of 303 are believed to be the active 
species in the polymerization of N - ~ i n y l p y r r o l e ~ ~ ~ ,  N-vinylindole619 
and N-vinylcarbazole620*621, catalysed by 303. In general, the latter 
is a stronger .rr-acid than tetracyanoethylene. 
2,3-Dichloro-5,6-dicyano-p-benzoquinone has found wide applica- 

tion as a dehydrogenating agent, especially in the steroid field. 
This aspect of its chemistry has been rcviewed in detail else- 
 here^^^-^^^. Other reactions have received much less attention. 
Its reactivity in the Diels-Alder reaction has been compared to 
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that  of tetracyanoethyleneGZ4, but a detailed study does not appear 
to have been made. 
2,3-Dibromo-5,6-dicyano-jI-benzoquinone (307) has been prepared 

by oxidation of the dibromohydroquinone 306, which in turn is 
obtained by bromination of 2,3-dicyano-~-benzoquinone (299)584, 
or 2,3-dicyanohydroquinone (298) 6 2 5 ;  the latter can be converted 

OH 0 0 
B r w  B r e % C N  ,, :w 

CN Br 
I 1  

CN 
I t  

CN Br 
0 
O H  0 0 

(306) (307) (308) 

directly to 307 with N-bromosuccinirnide626. The dibromoquinone 
307 and its black-violet diiodo analogue 308 have also been prepared 
by treatment of the corresponding tetrahalo-p-benzoquinones with 
potassium cyanide, followed by oxidation (cf. equation 238). 
2,3-Dicy;;no-5,6-difluoro-jI-benzoquinone could not be prepared 
using this sequence, nor could the remaining halogen atoms in the 
2,3-dicyano-5,6-dihalo-~-benzoquinone be replaced by further cyano 
groups in this way6O0. However, these reactions have been used to 
prepare 2,3-dicyano-l,4-naphthoquinone (309) and its nitro deriva- 
tive 31O6Oo. The latter forms a green-black 1 :  1 n-complex with 
pyrene. With anthracene i t  reversibly forms a n-complex which 
itself is in  equilibrium with the colourless Diels-Alder adductGoo. 

0 

2,3-Dicyano-5-phenylsulphonyl-~-benzoquinone (311) and 5- 
chloro-2,3-dicyano-6-phenylsulphonyl-jI-benzoquinone (312) have 
been synthesized by the reactions outlined in equation (240) ‘jZ7. 
Quinone 311 has a first half-wave potential (E:) +0.52 v versus SCE 

in acetonitrile) similar to that of 2,3-dichloro-5,6-dicyano-p- 
benzoquinone, while that of quinone 312 is considerably higher 

(Eh +0.62 v). A polarographic study of a limited number of 
quinones showed the effect of substituents like chlorine, cyano or 
phenylsulphonyl to be additive627. Both 311 and its chloro derivative 
312 are strong n-acceptors, forming coloured complexes with a 
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N c ~  PhSO,H, ~ ~ $ s o 2 p h  % I@ph 
NC 

0 OH 1. HCI 0 

N C O I ; P h  IV~VS02Ph 
NC SOxPh 

0 oEr 

(313) (313) 

number of aromatic hydro~arbons~~7.  In the Diels-Alder reactions 
of 311 and 312 with dimethylbutadiene, addition occurs at the double 
bond carrying the phenylsulphonyl group. Addition of phenyl- 
sulphinic acid to quinone 311 produces the quinol 3P3, which, 
howevcr, resists oxidation to the corresponding quinoncG2’. 

2.2,5- and 2,6dicyano-p-benzoquinone; tetracyano-p-benzoquinone 

2,5-Dicyano-p-benzoquinone (314) and the 2,6-isomer 315 have 
been prepared by conventional routes from 2,5-dihydroxytere- 
phthalic acid and 1,3-dibromo-2,5-dimethoxybenzene, respectively. 
Both are quite unstable. They form n-complexes with pyrene6O0. 

(314) (31.5) 

2,5-Dichloro-3,6-dicyano-~-henzoquinone (316a) and its dihromo 
analogue (316b) have been synthesized from the corresponding 
2,5-dihalo-3,6-dimetlioxyterephthalic acids600. They react readily 
with methanol to give 2,5-dicyano-3,6-dimethoxy-p-benzoquinone 
(317) and with hydroxide ion to give the corresponding hydroquin- 
one 318 (‘cyanilic acid’; equation 241). Secondary amines react in 
a similar nianner629. Reaction with cyanide ion in methanol produces 
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0 

Rf$; (317i 

NC 
0 

(816 a , R  = C1; 
b, R = Br) 

1 
Q* 

N C T O H  
0 

the yellow tetracyanohydroquinone 319 (section V1.B) in 11 yo 
yield. This compound is remarkable for its ability to form T- 

complexes, a property not normally found in hydroquinones. 
Oxidation of 319 gives tetracyano-p-benzoquinone (320), a yellow 
compound that melts with decomposition at 205" 600.629. It forms 
a blue 1 : l  7-r-complex with pyrene. Chemical reactions of this 
interesting quinone have not been reported yet. 

VIII. AZACYANOCARBONS 

A. Dicyanamide 

Salts of dicyanamide (321) have been prepared by reaction of 
sodamide with cyanogen and more conveniently by 
the action of cyanogen halides on salts of cyanamide (e.g. equation 
242)G31-633. T h e  very unstable free acid 321 is obtained by treatment 
of the sodium or silver salts with hydrogen chloride and hydrogen 
sulphide, respectivelyG31*63*. I t  crystallizes with one mole of water634 
and is an acid whose strength approaches that of hydrogen chloride631. 
The dicyanamide ion is bent and has C,, symmetry as derived from 
infrared spectral st~dies635. The ultraviolet spectra of 321 and some 
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HN(CN)~ (242) 
HCI BrCN + Na2NCN NaN(CN), + 

(321) 

of its derivatives have been Transition metal salts of 
dicyanamide form a series of complexes with dimethyl sulphoxidea37 
and p y r i d i n e ~ ~ ~ * ~ 3 8 - ~ ~ 0 .  

Alcohols631, a m i n e ~ ~ ~ ~ * ~ ~ ~ * ~ ~ 2 ,  hydrogen sulphide643, hydrogen 
halides6d4 and other reagents of this nature add to one or both 
nitrile groups of dicyanamide. Sodium dicyanamide trimerizes on 
heating to give the trisodium salt of tricyanomelamine (322; 
equation 243) 634*645-648. T h e  free tricyanomelamine could not be 
isolated but its strong acid character was proven by conductivity 

N C ~ ~ ~ , N ~ ~ C N  

3 NaN(CN)? 3 Naf (243) 

NYN il'C1.r 

(322) 

A number of aryl derivatives of dicyanamide have been pre- 
pared630. Reaction of sodium dicyanamide with methyl iodide is 
claimed to yield N-methyldicyanamide631; its structure assignment 
has been questioneds30. The aryl derivatives are very prone to 
p o l y m e r i ~ a t i o n ~ ~ ~ .  

B. Tricyanamide 

Tricyanamide (323) has not been reported to date. Attempts to 
prepare i t  by reaction of silver dicyanamide with excess cyanogen 
chloride (equation 244) were not s u c c e s s f ~ 1 ~ ~ ~ .  Reported syntheses 
of 323 by pyrolysis of mercury thi0cyanate6~' and mercury dicyana- 
mide634 are most probably in error. 

AgN(CN), + ClCN __f N(CN), (244) 
(323) 

C. Cyanogen Azide 

Cyanogen azide (324) is prepared by reaction of cyanogen 
chloride with sodium azide in aprotic solvents (equation 245) 640. 

Other cyanogen halides and metal azides may be used650. A com- 
pound prepared from cyanogen bromide and sodium azide in 
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aqueous solution, claimed to be cyanogen a ~ i d e ~ ~ l ,  has been shown 
to be the dimer 3 2 P 2 .  Cyanogen azide is a colourless oil, which 
detonates with great violence on mechanical or thermal shock; 

-NaC1 
NaN3 + NCCl - N,CN 

(324) 
(245) 

N 
>NCN 

(325) 

it may be handIed with relative safety in solution. Photol- 
y~is653-656-66O-~H or thermolysis above 50" 657-659*666--669 produces 
cyanonitrene (see Chapter 1 1). Below 50°, cyanogen azide reacts 
as a highly electrophilic azide. Thus, it adds readily to electron-rich 
olefins to give, in the rate-determining unstable triazolines 
(equation 246). As expected, the nitrogen bearing the cyano group 

N3 

(3 2 7) (328) 

becomes attached exclusively to the most highly substituted carbon 
atom of the olefin6'0. Decomposition of the intermediate triazoline, 
probably via a diazonium ylid of type 326, gives, in addition to 
nitrogen, alkylidenecyanamides (e.g. 327) and/or N-cyanoaziridines 
(e.g. 328) as illustrated in equation (246)670. T h e  ratio of these two 
products varies widely, depending on the type of olefin and solvent 
used. Formation of the alkylidenecyanamides involves hydrogen or 
alkyl migration ; where possible, hydrogen migrates to the exclusion 
of alkyl groups. If two different alkyl groups may migrate, the ratio 
of products is determined by steric factors6'0. Cyclic olefins may 
undergo ring contraction (e.g. equation 247)6i0; this reaction has 
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(247) 

been used to prepare nor- and dinor~teroids~~l.  Alkylidenecyanamides 
are high-boiling, unstable oils which are readily hydrolysed to the 
corresponding ketones by dilute acid, base or silver nitrate649*670. 
The reaction of cyanogen azide with olefins thus provides a general 
ketone synthesis under very mild conditions. 

Reaction of cyanogen azide with acetylenes gives products that 
are equilibrium mixtures of triazoles and diazoimines as  shown by 
spectral studies and chemical degradation (equation 248) 672. 

D. 2,2-Dicyanovinyl Azides 

A series of 2,2-dicyanovinyl azides (329) has been prepared by 
the method outlined in equation (249) 673. Thermolysis of these 
compounds in the presence of hydrogen halides, amines or alcohols 

(329) (R= R, Me, Ph) 

NcH: NC 

(249) 
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produces 2,2-dicyanovinyl amines of type 331. The proposed mechan- 
ism, shown in equation (249), is analogous t~ that of the Curtius 
rearrangement; when R = H the intermediate dicyanoketeneimine 
330 (cyanoform) could be trapped as its tetramethylammonium 
~al t6 '~.  

E .  Azodinitrile 

Gas-phase pyrolysis of cyanogen azide at 200" produces azodi- 
nitrile (332; equation 250), presumably by reaction of cyanonitrene 
with undecomposed azide6$*. Azodinitrile is an orange-red, volatile 
solid which detonates on thermal or mechanical shock. Vapour- 
pressure measurement and gas-chromatographic investigations 
indicate the presence of both the cis and the trans isomer; these have 
not been separated. 

N3CN __f NCN=NCN (250) 

Azodinitrile is a potent dienophile ; thus at room temperature 
it reacts instantaneously with cyclopentadiene or 2,s-dimethyl- 
butadiene, and slowly even with anthracene. The one-electron 
reduction potential of azodinitrile ( E )  +0.40 v versus SCE) is 
considerably more positive than that of tetracyanoethylene 
(+0-15 v). The resulting ion radical, which can also be produced 
chemically, is stable in aqueous and methanolic solution. T h e  
sodium salt, a bronze explosive powder, has been isolated674. T h e  
e.s.r. spectrum of the ion radical has been d e t e r r n i r 1 e d ~ ~ 4 ~ ~ ~ ~ .  , on 
the basis of the available data, it is not known whether it is  linear 
or bent (cis or trans), or a rapidly equilibrating mixture of the cis 
and trans forms. 

2000 

(332) 

F. Cyanodiazo Compounds 

The presence of diazo and cyano groups in a small molecule 
makes for a n  interesting but highly hazardous combination. The  
two examples known to date, cyanodiazomethane (diazoacetonitrile) 
and  dicyanodiazomethane (diazomalononitrile), are both explosive 
a n d  prospective investigators are well advised to heed the cautionary 
statements found in the l i t e r a t ~ r e ~ ~ ~ - ~ ~ ~ .  Both compounds are much 
less stable than their ester analogues, diazoacetic and diazomalonic 
esters. 
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Cyanodiazomethane (333a-333c) is prepared by diazotization of 
aminoacet~nitrile~~~-~~~*~~~. It is a yellow oil of boiling point 35" 
(6  mm), which explodes violently on heating, mechanical shock, 

-N 

(333a) (333b) (333c) 

frictionG79 and contact with materials such as  cuprous 0xide~7~. Its 
isolation and especially its distillation should be avoided. The C=N 
and N-N bonds in cyanodiazomethane are shortened somewhat 
compared to those in diazomethane, whereas the C-N bond is 
slightly longer than the corresponding bond in acetonitrile. This, 
together with the dipole moment of 3.45 D, has been taken as 
indicating considerable interaction between the diazo and cyano 
groups, i.e. as in 333cGB2. Little is known about the chemistry 
of cyanodiazomethane. I t  forms an explosive mercury 
and undergoes 1,3-dipolar additions with dimethyl acetylenedi- 
carboxylate, but not with d i c y a n ~ a c e t y l e n e ~ ~ ~ .  ThermalGa0, 
c o p p e r - c a t a l y ~ e d ~ ~ ~  or photo~hemical~7~*~~~*~84 decomposition of 
cyanodiazomethane gives cyanocarbene (see Chapter 1 1). Two 
derivatives, trifluoromethylcyanodiazomethane (334) and phenyl- 
cyanodiazomethane (335) have been described and the intermedi- 
acy of two others, aminocyanodiazomethane (336 ; section IV.D.4) 380 

and p-nitrophenylcyanodiazomethane686, has been claimed. 334 

F3CL C6H5 H2N 

)=.2 NC > - N 2  
NC 

r N 2  
NC 
(334) (335) (336) 

has been prepared by lead tetraacetate oxidation of its hydrazone087. 
It has been characterized only in the form of its triphenylphosphazine 
derivative and by conversion to cyanotriAuoromethylcarbene~87. 
Phenylcyanodiazomethane, prepared by diazotization of phenyl- 
aminoacetonitrileG88*689, proved to be too unstable to be characterized 
other than by its infrared spectrum (bands at 2080 and 2220 cm-l) 689 

and conversion to cyanophenylcarbene688.68". 
Dicyanodiazomethane (338) has been prepared from dibromo- 

malononitrile via its hydrazone (337) as shown in equation (251)Gu1. 
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NC NC 

(337) (338) 

The unusual stability of the precursor, carbonyl cyanide hydrazone 
(337), and its derivativesGa1 has been attributed to preponderance 
of limiting structures such as 337a. Evidence was derived from the 
n.m.r. and ultraviolet spectra and  the high dipole moment (5.82 D) 

of 337. Dicyanodiazomethane (338) is a yellow explosive solid, which 
melts with decomposition a t  about 75”. I t s  dipole moment (3.8 D), 

low vapour pressure and poor solubility in non-polar solvents all 
point to considerable contribution of the diazonium ylid structure 
338a to  the ground state of dicyanodiazomctliane. The two cyano 

(337a) (338a) 

groups impart pronounced electrophilic character to dicyano- 
diazomethane. This is shown by comparison ofits half-wave potentials 
with that of a number of other diazo compounds (Table 8)G90. 

TABLE 8. Half-wave potentials of negatively substituted diazoalkanes in 
acetonitrile versus SCE, 0.1 M LiCIO, added. 

Compound (NC),CN, (PhSO,),CN, (F3C),CN, Pli,CN, 
Et (v) -0.35 -0.48 - 0.86 -1.55 

Dicyanodiazomethane, unlike any other diazo compound studied 
so far, oxidizes primary and secondary alcohols a t  room temperature; 
in the process it is reduced to the hydrazone 337. It is stable to 
acid, even 2 N sulphuric acid, but is rcadily attacked by nucleophiles 
such as  triphenylphosphine and Grignard reagents (equation 252). 
Like othcr negatively substituted diazoalkanesG”, it undergoes a 
diazo coupling reaction, for instance with N,N-dimethylaniline (equa- 
tion 252). ThermolysisGs2 or  p h o t o l y ~ i s ~ j 3 * ~ ~ *  of dicyanodiazomethane 
gives dicyanocarbene (see Chapter 11). 

Many negatively substituted diazo compounds Iiave been pre- 
pared by reaction ofp-toluenesulphonyl azidc with active methylene 
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(252) 

compoundsG86. Application of this method to the preparation of' 
dicyanodiazomethane results instead in the formation of the very 
stable nitrogen ylid 339 (equation 253) ; using aqueous base in place 
of a tertiary amine results in the formation of the rearrangement 
product 34WG * G94. 

NC 

3-Diazo-6-dicyanomethylene- 1,4.-cyclohexadiene (341), a vinyl- 
ogue of dicyanodiazomethane (338), has been prepared from 
$-nitrophenylacetonitrile (equation 254) 'jg5. The zwitterionic struc- 
ture 341a is expected to make a large contribution to the resonance 
hybrid of 341; this is borne out by its solubility characteristics. 
3-Diazo-6-dicyanomethylene- 1,4-cyclohexadiene is fairly unstable 
at  room temperature. I t  readily forms a phosphazine derivative 
(342) which has a large dipole moment (12.01 D) as expected for a 
charge separated species of this type. The thermolysis and photolysis 
of 341 to give the corresponding carbene is described in Chapter 11. 
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(254) 

The synthesis and chemistry of diazotetracyanocyclopentadielle 
are discussed in section XI.E. 

I X. P O  LYCYAN 0 - S  U BSTlT UTED HETEROCYCLES 

A. Polycyanooxiranes 

1. Synthesis and properties 

Epoxidation with peracids commonly occurs by way of electro- 
philic attack on the olefin. Therefore, olefins bearing electronegative 
substituents are usually not susceptible to epoxidation with a 
peracid. The most widely used reagent for epoxidations of this type, 
has been alkaline hydrogen peroxide. Ordinarily it is successful 
for a,P-unsaturated esters and ketones, but the corresponding 
epoxyamide rather than epoxynitrile is formed in almost all 
instances from a$-unsaturated nitriles. Although some of the 
epoxynitrile is often isolated, it is usually a minor product. I n  the 
simplest case, acrylonitrile, the epoxynitrile is accessible only by 
an indirect routes96. 

It has been proposed that the intermediate in oxidations of a,@- 
unsaturated nitriles is a peroxyimidic acid 343 formed by addition 
of hydrogen peroxide to the carbon-nitrogen triple bond (equation 
255)'jg7. Evidence for this is found in the stoichiometry of the reaction 
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under carefLilly controlled p H  conditions. Only one equivalent of 
peroxide is required to convert the unsaturated nitrile to epoxyamide, 
whereas if the oxidation and hydrolysis were separate reactions, three 
equivalents would be required. 

NH 0 
H20, II / \  

RCH=CHCN 4 RCH=CHCOOH + RCH-CHCONH, (255) 

An olefin with two cyan0 groups and one or two other electro- 
negative substituents creates a special situation. The double bond 
becomes so electron-poor that it is susceptible to attack by hydrogen 
peroxide in the absence of any added base or with just a trace of 
mild base such as an ami11e~~8. Attack on the double bond, rather 
than on the nitrile group, is favoured by the increased resonance 
stabilization of the intermediate anion 344. I n  the case of tetra- 

-N 

NC CN \C CN 

\ I  -C-c-CN f--f \c---LciV 

NC OOH NC / &OH 
/ I  

(344) 

cyanoethylene no added base is required, and the epoxide 345 
rapidly forms in good yield on mixing aqueous hydrogen peroxide 
and a solution of the olefin (equation 256)174-699. 

Synthesis in anhydrous systems is possible and has been carried 
out in ether solution with ethereal hydrogen A more 
convenient preparation in anhydrous medium uses t-butylhydro- 
peroxide in benzene'O". 

Not geiicrally recognized is the fact that peracids can epoxidize 
a very electron-poor double bond by a nucleophilic attack. This has 
been demonstrated by the oxidation of tetracyanoethylene and 
1,l -dicyano-2,2-bis (trifluoromethyl) ethylene (346) with m-chloro- 
perbenzoic acidiOl and peracetic acid702, respectively (equation 257). 

No experimental work on the mechanism of formation of these 
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0 

C(CF3), + CH3C0,H (257) 

epoxides has been reported. There can be little doubt that nucleo- 
philic attack on the olefin is involved, but whether the attacking 
reagent is the peroxy acid or its corresponding anion is not deter- 
mined. During the oxidation of tetracyanoethylene, the solution 
becomes dark amber, but the colour fades to a pale yellow when the 
theoretical amount of peroxide has been added. This implies the 
formation of an intermediate complex, which, however, may not be 
involved in the reaction mechanism. 

Somewhat more complicated is the observation that tetracyano- 
ethylene oxide forms when aqueous solutions of tetracyanoethylene 
anion radical are treated with acidic hydrogen peroxide703. This 
may involve intermediate formation of free olefin by acidification 
of the anion radical, followed by oxidation. 

The  question arises as to the degree of electronegative substitution 
on a double bond that is needed to allow oxidation with essentially 
neutral peroxide. No exhaustive study of this point has been made 
but all of the reported successful oxidations have been carried out 
with olefins that bear two cyano groups and at least one other 
electronegative substituent such as an ester or fluoroalkyl group. All 
of the olefins listed in Table 9 have been epoxidized. 

/ \  

(346) (347) 

(NC),C=C(CF,), + CH3CO3H + (NC),C- 

T A n L a  9. Epoxides of negatively substituted olefins. 

Method of Melting point Yield 
Olefin prepara tiona ("4 (yo) References 

(hTC),C=C( CN), A, B, c 177-1 78 66-1 00 174,700 
HC (CN)=C( CN), A 76-77 31 174 
PhC( CN)=C (CN), A 79-80 72 174 
t-BuC(CN)=C(CN), A 4 4 4 5  76 174 
E t0,CC (CN)==C (CN) CO,E t A 61-70b 93 174 

( CF,),C=C (CN), D 46-47 77 702 

a A = aqueous H202, B = ethereal H,O,, C = f -Eu00I-I  in C,H,, D = peracid. 
Probably a misture of cis and fruns isomers. 

T h e  ease of epoxidation of tetracyanoethylene has been used to 
advantage in the ozonolysis of ~ l e f i n s ~ ~ ~ * ~ ~ ~ * ~ ~ ~ .  Tetracyanoethylene 
itself is not attacked by ozone, but is converted to the epoxide in 
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the presence of another olefin being ozonized. For example, 2,3- 
dimethyl-2-butene and tetracyanoethylene are oxidized directly to 

557 

acetone and tetracyanoethylene oxide with 

(CH3),C=C(CH3), + (NC),C=C(CN), + 0, + 

2 (CH3),C0 + 

Normal ozonides, i.e. 1,2,4-trioxolanes, will 

ozone (equation 258). 

0 
/ \  

(345) 

(NC),C -C(CN), (258) 

not oxidize the cyano- 
olefin. Therefore it is most lik$ly that reaction occurs with the 
primary ozonide (equation 259). This method can be 

O’O3 
+ (NC),C=C(CN), - 2 R ~ C O  + 345 (259) K? 

valuable in cases where normal ozonolysis results in the formation 
of side products, as in the oxidation of  amph hen el'^. Normally, 
ozonization in inert solvents leads to a complicated mixture of 
lactone, hydroxy acid and unsaturated acid. I n  the presence of 
tetracyanoethylene, camphenilone is obtained in 80 % yield. The 
chief disadvantage of this procedure is the difficulty that may arise 
in separation of the product from the crystalline epoxide. A suffi- 
ciently volatile carbonyl compound may be removed by evaporation. 
This is rarely suitable and it may be necessary to resort to chrona- 
tography for separation, or to preferential conversion of the epoxide 
to water-soluble products, for example by reaction with halide ion. 

2. Ring-opening reactions with cleavage of a C--0 and C-C bond 

Tetracyanoethylenc oxide is cleaved by amines a t  
room temperature or below into the elements of carbonyl cyanide 
and dicyanomethylene. With pyridine, for example, pyridinium 
dicyanomethylide (348) forms in better than 80 yo yield (equation 
260) 699*700. The carbonyl cyanide cannot be isolated, presumably 
due to reaction with excess pyridine. In  the similar cleavage of 

a. Amines. 
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l,l-dicyano-2,2-bis(trifluoromethyl)ethylene oxide (equation 261). 
The  other cleavage product, i.e. hexafluoroacetone, was isolated70Z. 

0 
4- (NC)&&(CF,), (CF&CO 4- 848 

T h e  reaction has not been studied with other cyanocarbon epoxides. 
Pyridine derivatives, such as 3- and 4-picolineY pyrazine and iso- 
quinoline also give ylids, but the reaction fails if the pyridine contains 
an  alkyl group in the 2-position as with 2-picoline or quinoline. 
The reasons for this are not clear. T h e  dicyanomethylids of pyridine 
and substituted pyridines are extremely stable. An x-ray analysis of 
348 has been carried 

Decomposition of pyridinium dicyanomethylid at  high tempera- 
ture gives pyridine, but no other products have been is0lated~~0. 
T h e  cyano groups can be hydrolysed with base to give the corre- 
sponding amide (equation 262) whereas treatment with ethanol and 
hydrogen chloride converts only one cyano group to the ethyl 'ester 
(equation 263). The ability of 347 to exert 1,3-dipolar characteristics 

0 +N 

0 + N  

I 
- c (CONN,)~ 

I 
I 

-C-CO,Et 

CN 

has been exploited only in the addition of dimethyl acetylene- 
dicarboxylate. I n  this case, hydrogen cyanide is eliminated to give 
the  aromatic pyrrocoline derivative 349 (equation 264). The only 
reported example of the transfer of a dicyanomethylene group from 
pyridinium dicyanomethylid is that of the photolysis in benzene 
solution707. In  addition to thc (1, I-dicyanoviny1)pyrrole 350, 
7,7-dicyanonorcaradiene (351) was also isolated (equation 265). 

T h e  reactions of tetracyanoethylene oxide with simple aliphatic 
and aromatic amines have been less successful. Part  of the problem 
may be caused by carbonyl cyanide generated in the reaction. More 
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(264) 

success might be achieved with some of the other substituted cyano- 
carbon epoxides, but  these reactions have not been reported. 

Aniline and tetracyanoethylene oxide give N-cyanoformylaniline 
(352) in good yield and small amounts of the anil 353’08. The 
mechanism of formation of the latter is uncertain, although 352 

PhNHCOCN PhN=C (CN), 
(352) (353) 

probably arises from reaction of the amine with carbonyl cyanide 
formed in the cleavage (section X). 

N,N-dimethylaniline and tetracyanoethyleiie oxide give the same 
product (354) as does the amine and carbonyl cyanide7O*. 

(354) 

Reactions of cyanocarbon epoxides with dialkyl 
sulphides or arylalkyl sulphides parallel the reactions with pyridines. 
There is one important difference. In this case, the carbonyl cyanide 
resulting from the cleavage of tetracyanoethylene oxide can be 
isolated and in fact this provides a convenient synthesis of this 

b .  Sulphides. 



560 E. Ciganek, W. J. Linn and 0. \ I T .  Webster 

carbonyl c o m p o ~ n d ~ ~ ~ * ~ 0 9  (equation 266) (section X) . Hexafluoro- 

0 
/ \  + -  

R2S + (NC),C-C(CN)Z RZS-C(CN)z + CO(CN)2 (266) 
(3553 

acetone and the ylid 355, are the products of reaction of 1,l-di- 
cyano-2,2-bis(trifluoromethyl)ethylene oxide with sulphides. Diary1 
sulphides lead to a more complex reaction from which no ylid can 
be isolated. Table 10 lists the S,S-dicyanomethylids that have 
been prepared by cleavage of cyanocarbon e p o x i d e ~ ~ ~ ~ ~ ~ l 1 .  

+ -  
TAXKE 10. S,S-Sulphonium dicyanomethylids R1R2S-C(CN)2 

prepared from sulphides and cyanocarbon cpoxides. 

Melting point Yield 
R1 R2 (OC) (%I 

M e  MC 100-10 1 
Et Et 85-86 
n-Bu n-Bu 29-30 

46-47 Me n-Cl2HZ.5 
M e  Ph 77-78 
Et Ph 75-76 
n-Bu Ph Oil 

M e  p-MeOCGH4 92-93 
Me p-13rCGH4 124-125 

Me 2-Naph thy1 136-137 

Me p-CI13SC,I-I, 136-137 

77 
74 
62 
85 
70 
75 
74 
74 
67 
45 
26 

The suiphonium dicyanomethylids, like thcir pyridinium counter- 
parts, are resonance stabilized and extremely stable. The contribu- 
tion of ionic structures is indicated by the strong doublet nitrile 
absorption bands in the infrared at  2150 and 2180 cm-'. Pyridinium 
dicyanomethylids have similar absorptions. Charge delocalization 
in the crystalline state is supported by x-ray studies showing the 
planarity of the -SC( CN) grouping712. 

The only reported reactions of the sulphonium salts are cleavage 
by cold mineral acid to the original sulphide plus unidentified 
products and their thcrinal decomposition to the sulphide and 
tetracyanoethyleneilO. 

The first member of the series, dimethylsulphonium dicyano- 
methylid (356) has been prepared by two othcr methods (equations 
267 and 268)710.712.713. 
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SOCI, + -  base + -  

(356) 

(CHJZSO + CH,(CN), + (CH3)2S-C(CN),.ZHCl + (CH3)$--C(CN), 

(267) 

(C1-I3),S + ErCH(CN), + (CH3)2S-CH(CN),13r- __+ 35G (268) 

c. Thiocarbonyl compounds. Three different types of reaction 
products have been obtained from thiocarbonyl compounds and 
cyanocarbon epoxides. All three probably result from an  initial 
nucleophilic attack and fragmentation analogous to that described 
above for pyridines and sulphides. I n  general, these reactions are 
cleaner with 347, because the hexafluoroacetone produced does not 
lead to side reactionsi14. However, the reactions described below 
have been observed with both T h e  zwitterionic thio- 
uronium salt 357 from thiourea is stable and is formed in  good yield 

+ base 

0 
/ \  

(269) 
(347) (357) 

(equation 269). Similar salts are obtaincd from N,N,N’,N’-tetra- 
methylthiourea and N,N’-ethylenethiourea. When 357 is heated in 
water i t  cyclizes to the thiazole 358 (equation 270). 

(NH),C=S + (NC),C-C(CF.& + (NH,),C=S=C(CN), + (CF3),C0 

(NH2)2C=S=C(CN)Z - * F12Ny-J (270) 
NC N H2 

(357) (355) 

Presumably an  ylid is also produced from thiobenzamide or from 
S-diphenylthiourea. However, in both cases cyclization occurs 
spontaneously (equations 271 and 272). 
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The third type of reaction is more obscure. Overall, the thio- 
carbonyl group is eliminated as elemental sulphur and a dicyano- 
ethylene is formed. Reaction with thioacetamide is representative 

S 

CH3CNH2 I I  + 347 d CH,C=C(CN), + S + CF3COCF3 (273) 
I 

NH2 

of this type (equation 273). Thiobenzophenone and tetracyano- 
ethylene oxide behave similarly70* (equation 274). 

0 

C(CN), __f CO(CN), + S + (C,H,),C=C(CN), 
/ \  

Ph,C=S + (NC)ZC- 

It is logical to assume that in these reactions the first step is also 
formation of a thiouronium salt (359) which is not as stable as that 
from thiourea wherein the positive charge on carbon is stabilized 
by two amino groups. The charge could be neutralized by cycliza- 
tion to an  unstable thiirane 360 which would be expected to lose 
sulphur readily to give the observed olefin. 

S 
+ - / \  

(359) (360) 

(C6H5)2C-s-c(CN)2 (C6H5',2C---c(CN)2 

d. Miscellaneous nucleophiles. At SO", tetracyanoethylene oxide and 
benzalaniline give two products, neither in high yield (equation 
275) '08. Only one of these products qualifies the reaction for inclusion 
in this section on cleavage of both a C-C and a C-0 bond. The 
A4-oxazoline 361 presumably arises by nucleophilic ring opening 
followed by closure to the five-membered ring and loss of hydrogen 
cyanide. However, the second product 362 appears to be the result 
of addition of benzalaniline to the 1,3-dipoleY 363 (equation 276). 
Confirmation of this is obtained by addition of a better dipolaro- 
phile, dimethyl acetylenedicarboxylate, to the reaction mixture. 
In  this case neither 361 nor 362 is isolated, but the expected addition 
product 364 of the acetylene to 363 is formed (equation 277). The 
initial adduct readily loses hydrogen cyanide on heating to form the 
pyrrole 365. 
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848 + PhN=CHPh + CO(CN), + PhN-6HPh 
I 

(3 6 3) 
-c(cNz 

An even more intriguing reaction of tetracyanoethylene oxide 
occurs when it is heated with benzophenone azine in boiling 

benzene. Nitrogen is evolved cleanly and 1,l -dicyan0-2,2-diphenyl- 
ethylene (366) and the epoxide of this olefin, 367, are isolated in 
good yield7Os (equation 278). The mechanism of this reaction has 
not yet been elucidated. 

0 
/ \  

(366) (367) 
Ph,C=N-N=CPh2 + 345 + N, + Ph,C=C(CN), + Ph2C- C(CN), 

(278) 

3. Ring-opening reactions with cleavage of the C-C bond 

a. Addition t o  olejns. Tetracyanoethylene oxide undergoes a 
thermal addition to olefins with the formation of tetracyanotetra- 
h y d r o f u r a n ~ ~ l " ~ ~ ~ .  With ethylene, the adduct 368 is isolated in 
better than 80 yo yield (equation 279). 

A large number of adducts of tetracyanoethylene oxide have been 
prepared, and it is possible to define rather precisely the structural 
requirements of the olefin. Certain substituents cannot be tolerated, 
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for example basic or acidic groups. The former may lead to nucleo- 
philic fragmentation of the epoxide, whereas the latter presumably 
cause side reactions by attack on a nitrile group. Alkoxy groups 
directly attached to a double bond donate electrons to that bond 
and lead to side reactions which will be discussed below. Almost 
any mono- or disubstituted mono-olefin containing substituents 
other than the three types just mentioned will give an adduct. If 
two substituents are present, they can be on the same or on different 
carbons. In  general, electron-withdrawing groups decrease and 
electron-donating groups increase the reaction rate. 

Addition of tetracyanoethylene oxide to conjugated dienes 
apparently occurs only in a l,Z-manner, but oxidation of the diene 
is usually a competing r ea~ t ion7~~*~ '* .  A non-conjugated diene may 
add one or two equivalents of the epoxide. This is not true of allenes, 
however (equation 280). The exocyclic double bond of the allene 
adduct (369) is inert to the addition of a second mole of epoxide or 
apparently any other reagent. This is attributed to a very strong 
field effect exerted by the four cyano groups on the tetrahydrofuran 
ring. 

(369) 

Three cis-trans pairs have been used to demonstrate that the 
addition of tetracyanoethylene oxide to olefins is stereospecific. In 
addition, a competition experiment with cis- and trans-1,Z-dichloro- 
ethylene showed that the rate of addition to the trans olefin is larger by 
a factor of five (equation 281). A kinetic study of the olefin addition 

c1 c1 c1 

CICH=CHCl 4- 348 ---+ NCQI~ + N C a c :  (281) 
cis-trans NC N C  

5 parts 1 part 

reaction with styrene, stilbene and substituted stilbenes"9 established 
that the reaction follows the rate expression of' equation (282), where 

k,k,[TCNEO] [Olefin] 
k-l + k,[Olefin] 

rate = 

TCNEO = tetracyanoethylene oxide and the rate constants are for 
the reactions (283) and (281). 
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kl 
TCX'EO TCNEO* 

k-1 

k2 
TCNEO* + olefin + product (284) 

T h e  activated species, TCNEO*, of equation (283) must be a 
ring-opened structure with a different conformation than the epoxide 
itself. I t  must approach planarity. Solvent and substituent effects 
suggest that there is vcry little charge separation in the transition state 
and that TCNEO* is a hybrid of zwitterionic and radical species, 
370a-c. 

(370a) (370bj (370c) 

T h e  second step of the reaction, i.e. addition of TCNEO* to a n  
olefin, has the characteristics of a concerted reaction. Criteria that 
have been established for processes of this type and that apply to 
the present reaction include the thermal nature of the reaction, 
insensitivity to solvent and structural changes, stereospecificity 
and faster reaction with the trans isomer of a cis-trans pair. 

O n e  other cyanocarbon epoxide has been reported to add to 
olefins. Phenyltricyanoethylene oxide gives the expected 1 : 1 product 
371 with ethylene (equation 285). 

(371) 

b. Addition to aroinntic compounds. The reaction of tetracyano- 
ethylene oxide and  olefins has no precedent in the chemistry of 
normal olefin epoxides. Still more unusual is the ability to add to 
aromatic hydrocarbons in  the samc manner7I5. For example the 
reaction with benzene at 135-150" gives the monoadduct 372 in  
addition to small amounts of a diadduct (equation 286). The latter 
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can also be made starting with 372 and a second mole of the epoxide. 
The structure of the diadduct has not been determined with 
certainty but is most probably 373. No examples of 1,4-addition of 
tetracyanoethylene oxide to a conjugated diene have been found71*. 
(However, see section IX.4.b.) S teric considerations probably 
require the two heterocyclic rings of 373 to be trans to one another. Ng CN 

C N  
h'c \ 

CN 

(373) 

Although the double bonds of 372 are distant from the four cyano 
groups, there must be a definite field effect. T h e  diene system under- 
goes the Diels-Alder reaction only with difficulty. Also surprising 
is the inability to aromatize the six-membered ring. Most diene 
systems are evidently too electron-rich to give clean 1 : 1 addition 
reactions with tetracyanoethylene oxide. This effect is evidently 
counterbalanced in 372 by the electron withdrawal caused by the 
cyano groups, and the addition of the second molecule of epoxide 
occurs smoothly. 

Additions to other aromatic systems proceed as  one might 
predict715. Addition to naphthalene occurs at positions 1 and 2 to 
give 374. Monosubstituted benzenes, e.g. toluene, give mixtures of 
products as might be expected, however, it appears that the epoxide 
will not add at  a position on an aromatic ring that is already 
substituted if another reaction path is available. Only one product, 
375, is isolated from reaction with p-~ylene"~.  The report of an 
adduct, 376, with durene demonstrates that addition to a substituted 
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position can be forced717e71*. The latter reaction is accompanied, 
however, by oxidation-reduction (see below). 

Although tetracyanoethylene oxide will 
add to an  acetylene in the same manner as it does to ole fin^^^^, the 
reaction is considerably slower. A competition experiment between 
ethylene and acetylene showed the rate of formation of the dihydro- 
furan 377 to be about one-tenth as great as that of the ethylene 
product 368. 

c. Addition to acetylenes. 

The field efl'ect of the four cyano groups shows up again in 377. 
Catalytic reduction to the corresponding tetrahydrofuran is unsuc- 
cessful. Conversion of the cyano to ester groups occurs in good yield, 
however (equation 287),  and the tetraester 378 can be easily 
reduced. 

Another manifestation of the cyano group effect is the reaction 
with diynes. Only a monoadduct (379) of a conjugated diyne is 
formed even under forcing conditions with an excess of tetracyano- 
ethylene oxide (equation 288). If two acetylenic bonds are not 

conjugated, either a monoadduct 380 or a diadduct 381 can be 
formed. 
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d. Addition to carbon-heteroatom bonds. At present there is only 
one example of the addition of a cyanocarbon epoxide to a 
carbon-heteroatom multiple bond708. Tetracyanoethylene oxide and 
benzaldehyde give a 1 : 1 adduct in 10 yo yield. Acid hydrolysis to 
benzaldehyde supports structure 382 for the product. 

4. Ring-opening reactions with cleavage of a C - 0  bond 

As was noted above, nucleophilic 
attack on a carbon atom of the cyanocarbon epoxide ring most 
often results in cleavage of the molecule into two fragments. There 
are reactions where this does not occur. Addition of a drop of pyridine 
to a solution of tetracyanoethylene oxide in acetic anhydride causes 
the precipitation of the diacetate of tetracyanoethylene glycol (383) 
(equation 289). 

a. Acid anhydrides and halides. 

0 NC: CN 
/ \  I I  

I 1  

(383) 

(CH,CO),O + (NC),C---C(CN), + CH30COC-COCOCM, (289) 

NC cx 

Acid halides behave similarly and 2-chlorotetracyanoethyl acetate 
(384) is synthesized in good yield by the same technique from acetyl 
chloride. 

NC CN 
I I  
I I  

c i c - c o c o c ~ r ,  

(384) 

Rupture of a carbon-oxygen bond 
of a cyanocarbon epoxide with 1 : l  addition to a C=C bond 
system is a rare reaction. 

There has been only one reported e ~ a m p l e ~ 1 ~ * 7 ~ 8 .  From the 
reaction of anthracene and tetracyanoethylene oxide, the adduct 
385 can be isolated. Accompanying 385 are oxidation products, 

NC CN 

b. Carbon-carbon unsaturafion. 

(NC)IC, 4 ycx), 

(385; 
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anthrone, anthraquinone and bianthrone, along with tlic tetra- 
cyanoethylene adduct of anthracene. All of the reaction products 
including 385 are undoubtedly the result of nucleophilic attack on 
oxygen rather than carbon (see below). 

5. Nucleophilic attack on oxygen 

I t  has already been mentioned that elcctron-rich olefins do  not 
give simple adducts with tetracyanocthylene oxide. Instead, the 
reaction apparently proceeds by nucleophilic attack of the olefin 
on the oxygen atom of the epoxide ring. One of the examples of this 
is the reaction with 2,3-dirnethyl-2-butenc which occurs readily at  
temperatures below 100". The  products are 2,3-dimethyl-2-butenc 
epoxide (386) and tetracyanoethylene. The overall result is a 
transepoxidation (equation 290). There are numerous other examples 

0 
/ \  

(CH3),C=C(CM3), + (iiC)ZC----C(CX)Z _3 

0 

c(cr33)2 + (KC)~C==C(CN)~ (290) 
/ \  

(C%,C- 
(386) 

of oxidation-reduction occurring in these olefin reactions7l6. Many 
are not as clean-cut as thc one described above, but all probably 
go by essentially the same mechanism. Nuclcophilic attack of the 
olefin on the oxygen atom can produce an intermediate (387) which 

0 

C(CN), 
I I 

C'. -C(CN), 

(387) 

\ I /  \ 
C 

/ I  

collapscs to tetracyanocthylcnc and an oxidation product of the 
olefin. Adducts of tetracyanoethylcne are isolated when the olefin 
used can react with that cyanocarbon. 'l'his type of reaction has 
been observed with dihydropyran'lj, cyclopentadiene, bicyclo- 
12.2. llheptadiene and cyclolicptatricnci16. 

By analogy with the reactions of aniines and sulphides one might 
expcct phosphines to cleave cyanocarbon epoxides to dicyano- 
methylids and carbonyl cyanide. Surprisingly, this is only a minor 
pathway in the reaction of triplieiiylphosphinc and tetracyano- 
ethylene oxide"'. Instc;ld, attack on oxygen occurs witli gencratioii 
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of triphenylphosphine oxide and tetracyanoethylene (equation 29 1) 

Ph,P + (NC)&- / ‘C(CN), + Ph,PO + (NC),C=C(CN), (291 

0 

6. Attack on a cyano group 

Very few transformations of the cyano groups of cyanocarbon 
epoxides can be carried out without disruption of the ring. Hydrolysis 
of 1 ,l-dicyano-2,2-bis(trifluoromethyl)ethylene oxide with dilute 
aqueous sodium hydroxide occurs with formation of the corre- 
sponding diamide (388) (equation 292). This reflects a difference in 
relative base stabilities of 347 and tetracyanoethylene oxide, which 
is completely destroyed by such treatment. 

Reaction of tetracyanoethylene oxide with aqueous halide ion 
should perhaps be classified in section 4 above, for it does involve 
ring opening with rupture of a C-0 bond. However, the most 
likely explanation of this reaction involves removal of cyanide ion by 
direct attack of halide ion (cf. reaction with halide ion in non- 
aqueous media, section 4). The products are the corresponding 
cyanogen halide and tricyanovinyl alcoholate ion (389) (equation 
293). 

0 
11,o 

(NC),C--C(CN), + I- A ICN + (NC)zC=C-O- (293) 
/ \  

I 

(389) 

C N  

This reaction forms a basis for quantitative determination of 
tetracyanoethylene oxide. T h e  cyanogen iodide reacts with excess 
iodide in the presence of acid to liberate iodine which can be 
titrated. Bromide ion attacks the epoxide similarly, but the reaction 
with chloride ion gives 389 in very poor yield. 

B. Tetracyanofuran 

Two methods of synthesis have been reported for tetracyano- 
furan (392)435*i20. When tetraethyl furantetracarboxylate (390) is 
treated with aqueous ammonia in methanol the tetraamide (391) 



9. Cyanocarbon and Polycyano Compounds 57 1 

is formed, and this is dehydrated with POCI, (equation 294). A 
closely related synthesis uses the mixed cyanoester 393, which is 

(392) 
50-65% 

synthesized from succinonitrile and ethyl oxalate according to the 
scheme of equation (295). Tetracyanofuran is a moderately stable, 

NC-c-c-CN 
NaH I I  I I  SOCI, 

Et,O I I  
SO:/, 

NCCH,CH,CN + 2 (CO,Et), + Et0,CC CCO,Et --+ 
NaO ONa 

NC POCI, 392 (295) C,H,N’ 

80% 

NC 

crystalline compound that turns brown on exposure to air and 
slowly evolves hydrogen cyanide. 

T h e  two alpha cyano groups of 392 appear to be the most reactive 
ones, as  evidenced by reaction with ethanolic or aqueous hydrogen 
chloride (equation 296). 

I lCN 
conc. NC CIOH NC 

N H , o c Q C O N H ~  N C I  lCN 3 Ncvz: E t O Z C ~ c o z E t  

(296) 

C. 2,3,4,5-Tetracyanopyrrole 

Salts of tetracyanopyrrole are obtained on treatment of tetra- 
cyano-lY4-dithiin with azide ion (section 1X.H) 521. The free pyrrole 
394, prepared from these salts using an ion-exchange resin (equation 
297), is a tan solid, which can be sublimed at 200” (0.1 mm); it 

(394) 

M c 

(3 9 5 )  
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melts with decomposition at 203-2 12". Tetracyanopyrrole is a 
strong acid whose pK, in water is -2-71. It rtytcts readily with 
diazomethane to  give the N-methyl derivative 395; the latter may 
also be prepared under forcing conditions from the salts of tetra- 
cyanopyrrole with methyl iodide?". 

D. 3,4,5-Tricyanopyrazole 

Tricyanopyrazole (397) has been prepared by two routes outlined 
in equation (298) 505 .  Direct synthesis from diazoacetonitrile and 

NC), ii"" 
NCCECCN + K,CHCOOEt --+ 

COOEt 
XN 

H 
(396a) 

IUC, 
1 .  NH, \ qCN 

CN N.x 
2. P20j I3 

h r , o o c ~ c ~ o M o  /" (3 9 7) 

M c O O C C E C C O O ~ ~ ~  + K,CHCK --+ 
CN 

H 
(3961)) 

(298) 

dicyanoacetylene was unsuccessful505. No evidence has been presented 
that would favour the assignment of structures 396a and 396b to 
the intermediate adducts. Tricyanopyrazole is a strong acid as 
infcrred from formation of stable salts. An N-methyl derivative has 
been prepared by methylation with diazomethane. 

E.  4,s-Dicyanotriazole 

4,,5-Dicyanotriazole (398) is obtained on treatment of diamino- 
maleonitrile (section IV.D.4) with nitrous acid (equation 
299) 3*9*401*403-i2?*723. The claimed existence of two interconvertible 

NC. 

(398) 
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i s o r n e r ~ ~ ~ ~ ~ ~ ~ ~ ’  of dicyanotriazole has been disprovedi2j-i2G. Dicyano- 
triazole is an acid whose strength is comparable to that of chloro- 
acetic acid7ZG. A series of salts has been prepared522*724; the silver 
salt is explosive. Methylation with diazomethane gives an  N-methyl 
deriva tivei23. 

F. Polycyanopyridines 

I .  Tricyanopyridines 

Tricyanopyridine derivatives have been synthesized in a variety 
of ways. One meth0d~~7*~28 starts from 3,5-dicyanopyridine, which 
on N-methylation to 399, and treatment with potassium cyanide 
yields the tricyanodihydropyridine 400 (equation 300). Thermal 

(401) (402) (4 0 3) 

rearrangement of the latter leads to the isomer 401. Both dihydro- 
pyridines 400 and 401 are surprisingly stable to acid. Oxidation of 
401 with dinitrogen tetroxide produces Z-hydroxy-N-methyl-3,4,5- 
tricyano- 1,2-dihydropyridine (402), which on treatment with 
perchloric acid is converted to N-methyl-3,4,5-tricyanopyridinium 
perchlorate (403). The latter is stable in the absence of moisture 
but reverts instantaneously to the dihydropyridine 402 in aqueous 
solution. Comparison of the equilibrium constant of the system 
402 + 403 with that of the corresponding pair involving the 
dicyanopyridinium ion 399 shows that the latter is considerably 
more stable. The pK,+ value for 4Q2 is -1.0, similar to that of 
4,4’-dinletho~ytriphenylcarbinol, whereas N-methyl-2-hydroxy-3,5- 
dicyano-l ,?-dihydropyridine has a pK,,-+ value of +5-5, similar to 
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that of tropyl alcohol. N-Methyl-3,4,5-tricyanopyridinium per- 
chlorate (403) is a strong v-acid; its acceptor strength is comparable 
to that of hexacyanobenzene, but lower than that of tetracyano- 
ethylene or 2,3-dicyanobenzoquinone. 

Reaction of anhydrous hydrogen cyanide with 402 results in the 
formation of 2,3,4,5-tetracyano-N-methyl- 1,2-dihydropyridine (404), 
which on  oxidation yields the pyridone 405 instead of a tetracyano- 
pyridinium salt or its hydration product (equation 301). Reduction 

.c+- Zn NC &cY 

I (210,- 
M C  

(406) (40 7) (403) 

of 402 gives a red compound considered to be N-methyl-3,4,5- 
tricyano- 1,2-dihydropyridine (406). Air oxidation of 406 or treat- 
ment of 403 with zinc, produces solutions of a radical tentatively 
identified as N-methyl-3,4,5-tricyanopyridyl (407) 728. 

The enhanced electron affinity of the tricyanopyridinium ion 403 
is further demonstrated by the observation that it oxidizes tetra- 
methyl-p-phenylenediamine to its cation radical (‘Wurster’s blue’) 
and fluorenol to fluorenone. Isolation of difluorenyl ether in the 
latter reaction indicates that 403 also acts as a Lewis acid. This was 
confirmed by the finding that it catalyses the Friedel-Crafts reaction 
of acetyl bromide with a n i s ~ l e ~ ~ * .  

A series of substituted 3,4,5-tricyanopyridines has been prepared 
by reaction of pentacyanopropenide anion with hydrogen halides 
(equation 302) ’i2g. T h e  initial adducts 408 readily undergo addition- 
elimination reactions with nucleophilcs such as alcohols and amines. 
Reaction of 408 with sodiomalononitrile followed by acidification 

I 
Me 

I 
Me 
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yields 2-amino-3,4,5-tricyano-6-dicyanomethylpyridine (409), a 
fairly strong acid (pK, 2-3) of unusual thermal stability729. 

2,4,6-Tricyanopyridine N-oxide (410) has been prepared by 
reaction of the potassium salt of nitroacetonitrile with formaldehyde 
followed by treatment of the resulting 3-hydroxy-2-acinitropro- 
pionitrile with acid (equation 303) 730. A mechanism for this unusual 

C N  
CN 

I H +  
HOCH,-C=N02- - CH,O O,NCHCN --+ 

0 
(410) 

reaction has not been advanced. T h e  N-oxide 410 is a strong n-acid, 
which forms a red complex with N,N-dimethylaniline730. 

2. Tetra- and pentacyanopyridine 

Although some physical properties of 2,3,5,6-tetracyanopyridine 
(all), 2,3,4,5-tetracyanopyridine (412) and pentacyanopyridine 
(413) have been published, details of the preparation of these 

compounds so far have been reported only in a thesis731. The  charge- 
transfer spectra are discussed in Chapter 10. The electron affinity 
of 412 has been measuredl34, and the ion radicals of 412 and 413 
have been prepared and their e.s.r. spectra 
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G. Tricyano-s-triozine 

Unlike cyanogcn halides and rclated compounds, which readily 
give triazine derivativcs, cyanogeii could not be trimerized to 
tricyano-s-triazine (414). This compound is prepared in low yield 
by an indirect synthesis via cyanuric tricarboxylic acid and its 
amide.733. Tricyano-s-triazine melts a t  1 18-1 20" and is monomerici34. 
I t  is very prone to nucleophilic attack. Thus, reaction with alcohols 
leads ultimately to cyanuric esters (415; R = OR)733; the  inter- 
mediate mono- (Rl, R2 = CN; R3 = OR)520*733 and disubstitution 
products (R1 = CN; RZ, R3 = OR)733 can be isolated (equatio1i 
304). Pyrolysis of 414 gives ~ y a n o g e n ~ ~ ~ r ~ ~ ~ .  Reduction of tricyano-s- 

KC 1 ~ 3  R' y+rcoNH2 __f P*O' y 6 j C . U  + yjj (304) 
H,NOC 

Y 
(414) (415) 

CONH, YV CN R' 

triazine with alkali metals, or irradiation of a mixture of 414 with 
hexamcthylmelamine (415; R = NMe,) results in the formation of 
a stable blue ion radical. Its e.s.r. spectrum is not that  expected for 
a symmetrical species; the observed splitting has been explaincd in 
terms of a species permanently distorted due to the Jahn-Tellcr 
~ffect7~".  This rationalization has bcen questioned more recently 
and replaced by one involving an unspecificd molecular rcarrange- 
ment of the ion radicali32. 

H. Tetracyano-/,Cdithiin 

The  synthesis of tetracyano- 174-dithiin (196) from disodium 
dimercaptonialeonitrilc is described in scction IV.D.3. I t  is a pale 
yellow crystalline substance, which decomposes with formation of 
sulphur and tctracyanothiopliene (416) a t  its melting point of 
207-208" (equation 305)353. I n  the crystal, the molecule is in a 
boat form with a dihedral anglc between the two planes of 124" 736. 

This agrees with the dipole moment of 4 0  f 0.5 D, measured in 

(305) 
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dioxan3j3. Polarog-aphic reduction shows two waves at -0.24 
and -0.72 v (versus SCE in 50% aqueous acetic acid); addition of 
four and six electrons, respectively, is believed to take place3j3. Tetrs- 
cyano-lY4-dithiin forms n-complexes, but it is a weaker acceptor than 
tetracyan~ethylene~~~~~~l. 

The dithiin skeleton in 196 is stable to acid; hydrolysis of the 
nitrile groups is effected without attack on the ring3j3. Attempts to 
prepare sulphoxides or sulphones from the dithiin have been 

However, tetracyano- 1,4-dithiin is very susceptible 
to nucleophilic attack a t  its double bond. The initial adduct either 
ring opens (see below) or undergoes an  intramolecular addition. 
The latter course is followed in the conversion of tetracyano-l,4- 
dithiin to tetracyanothiophene catalysed by e t h ~ x i d e ~ ~ ~  or fluoride 
ions721. The proposed mechanism is shown in equation (306). 

XC CN 

OEt NC 

The cases wherc the initial adduct of the nucleophile with tetra- 
cyano- 1,4-dithiin undergoes ring opening are more numerous. The  
fate of the resulting anion depends on the nature of the nucleophile. 
It can either be attacked by a second molecule of the nucleophile, 
or undergo ring closure; in some cases, dianions derived from the 
initial ring-opened adduct can be isolated. Thus, reaction of the 
dithiin with sodiomalononitrile yields the dianion 417 (equation 
307) ; similar products are obtained using acetate or alkylxanthate~’~~. 
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An example of attack of a second molecule of the nucleophile 
on the ring-opened anion is shown in equation (308)721. The dianion 
418 undergoes homolytic cleavage to produce a mixture of dimer- 

(308) 

NC s' NC . CN 

NC I s - +  NC'cN 

__+ 

NC S-N CN 

(418) 

captomaleonitrile anion radical and tetracyanoethylene anion 
radical. Oxidation of the mixture with chlorine yields tetracyano- 
1,4-dithiin and te t racyan~ethylene~~~.  Ir. other cases, heterolytic 
cleavage of adducts of type 418 has been observed; addition of a 
second molecule of the nucleophile can also occur at the double 
bond not previously attacked721. 

Finally, the formation of tricyano- 1,4-dithiino[c]isothiazole (419) 

SB + I- F -ss,1 

J 
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in the reaction of sulphur with tetracyano-lY4-dithiin illustrates a 
case where the ring-opened anion recloses. T h e  reaction, which is 
catalysed by iodide or ethoxide ion, has been formulated as shown 
in equation (309) 353. The product 419 is isomeric with tetracyano- 
1,2,5-trithiepin (420). This structure was ruled out, and the assigned 
structure confirmed by 13C n.m.r. studies of a sample of 419 prepared 
from tetracyano- 1,4-dithiin labelled at the nitrile 419 
often occurs as a by-product in the formation of tetracyanodithiin 
by oxidation of disodium dimer~aptomaleonitri le~~~. 

Tetracyano- lY4-dithiin reacts with azide ion to give tetracyano- 
pyrrole, isolated in 63 yo yield as the tetraethylammonium salt (equa- 
tion 3 10). Since the yield is higher than 50 yo, both halves of the dithiin 

579 

NC )fxcN& NC "xcN Y CN + 2 S + N2 (310) 
NC CN 

must end up  in the product; tetracyanothiophene is not an inter- 
mediate since it does not react with azide ion under these conditions. 
Possible mechanisms for this remarkable transformation have been 

1. Tefracyanothiophene 

Tetracyanothiophene (416) is obtained in the thermal or catalysed 
decomposition of tetracyano- 1,4-dithiin (section 1X.H). Its physical 
and chemical properties are typically aromatic. Polarographic 
studies show thc first wave of tetracyanothiophenc to occur at  more 
negative potential (-0.7 v compared to - 0 . 2 4 ~ )  than that of 
tetracyano-l,4-dithiin353. It is stable on heating to 900". All four 
nitrile groups can be hydrolysed leading ultimately to the tetra-acid 
421 (equation 31 1) ; various intermediate amides and imidcs have 

NC HOOC - I-IOOC Lc::: (311) 
NC 

(416) (421) 

been i~olated35~. Tetracyanothiophene forms semiconducting phthalo- 
cyanine-like compounds on heating with copper acetonylaceto- 
nate327*s5G. Reaction with primary amines yields products of type 
422737, whereas semiconducting polymers claimed to have 422 as 
structural units are formed when diamines are used in this reaction3". 
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YHR 

(4 2 2) 

X. CARBOMYL CYANIDE 

Acyl cyanides exhibit the properties of both simple carbonyl 
compounds and acyl halides. A review of the chemistry of acyl 
cyanides has appeareds38 and no attempt is made to cover this 
subject here. However, carbonyl cyanide has many properties that 
relate i t  to the cyanocarbons. Among these, the formation of r- 
complexes with aromatic hydrocarbons and the cycloaddition to 
certain types of olefins might be mentioned. Reactions of this type, 
along with others, more than justify the inclusion of a section on 
carbonyl cyanide in this chapter. A short discussion of the closely 
related perfluoroacyl cyanides has also been included. 

A. Synthesis 

Early attempts to synthesize carbonyl cyanide by the action of 
ultraviolet light or a silent electric discharge on mixtures of cyanogen 
and carbon monoxide gave only yellow amorphous powders739. 
Ozonization of hydroxymethylenemalononitrile under various 
conditions was also unsucce~sful~4~. 

The first successful preparation74l*'42 of carbonyl cyanide is 
shown in equations (312)-(315). In  spite of an improvement in thc 

0 

HO,C CH,CCI-I,CO,H 

0 

HOiS=CHCCH=NOH 

I I  

It 

0 

0 
Ac,O It 

___f AcON=CHCCH=KOAc (3'3) 

(315) 
11 150-180" I1 

:\cON=CHCCN ___ scccs 
650 Inin 
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method of operation, which is reported to decrease the explosion 
hazard in reaction (3 1 9 ,  the overall yield from acetonedicarboxylic 
acid is still only about 20y0743. 

Nucleophilic cleavage of tetracyanoethylene oxide with a dialkyl 
sulphide (equation 316) gives carbonyl cyanide simply and in high 

0 
/ \  

n-13uzS + (NC),C----C(CN), __f CO(CN), + n-Bu2S=C(CN), (316) 

yield but suffers from the disadvantage of using only half of the 
available cyano groups in the molecule6~9~744. 

A reaction which undoubtedly shows the most prqmise involves 
passing phosgene over a solid bed of silver cyanide at  275-300" 745. 

T h e  conversion to carbonyl cyanide is 40-50y0 based on the silver 
cyanide charged. 

B. Physical Properties 

Carbonyl cyanide is a nearly colourless liquid, which can be kept 
indefinitely in the absence of moisture. Physical properties are 
summarized in Table 11. 

TABLE 11. Physical properties of carbonyl cyanideiA6. 

Property Value 

Boiling point (760 mm) 65.6O 
Melting point -37.9O 
d4,0 1.124 g/m1741 
.IS .4 1.3547746 

nDZo 1.391974' 

Heat of combustion 

D 

Dipolc moment 1.35-1.5 ~ 7 4 7  

331.97 f 0.64 k c a l / m ~ l e ~ ~ ~  

Spectral characterization of carbonyl cyanide has been the 
subject of a number of ~ t u d i e s ~ 4 ~ - ~ ~ ~ .  The Raman spectrum in ether 
solution has been determined and the carbonyl and nitrile absorp- 
tions are found at 1720 and 2238 cm-l, respectivelyi48. The ultra- 
violet spectrum has two ranges, one from 2300 A toward shorter 
wavelengths and the second from 3500 to 2570 A. Irradiation with 
light in either wavelength region results in dissociation to carbon 
monoxide and cyanide radical which undergoes p o l y m e r i z a t i ~ n ~ ~ ~ .  
Pyrolysis of carbonyl cyanide at 750" results in dissociation to carbon 
monoxide and ~ y a n o g e n ~ ~ ~ .  



582 E. Ciganek, W. J. Linn and 0. W. Webster 

As might be expected by analogy with other cyanocarbons, 
carbonyl cyanide readily forms charge-transfer complexes with 
aromatic  hydrocarbon^^^".^^^. T h e  colours formed with aromatic 
~ o r n p o u n d s ~ ~ ~ * ~ ~ ~  range from yellow to red. 

C. Reaction with Alcohols and Amines 

Addition of carbonyl cyanide to water results in almost explosive 
hydrolysis to carbon dioxide and hydrogen cyanide. A transient 
white solid, presumably cyanoformic acid, lSCCO,H, is observed 
when carbonyl cyanide is exposed to atmospheric moisture741. 
Esters of cyanoformic acid result when carbonyl cyanide is added 
dropwise to cold ether solutions of the appropriate alcoho1758. 

Cyanoperformic acid has been suggested as a possible intermediate 
when carbonyl cyanide is treated with alkaline hydrogen peroxide’59. 
The addition of 9,lO-diphenylanthracene or rubrene to the reaction 
mixture produces a moderately strong chemiluminescence. This 
reaction is common to tetracyanoethylene, its epoxide and carbonyl 
cyanide, and it is possible that the reactions are all related by oxida- 
tion of the olefin to epoxide which is in turn cleaved to carbonyl 
cyanide. 

Cyanoformyl amines have been prepared by reaction of carbonyl 
cyanide with the corresponding primary or secondary amine7G0. 

An especially interesting reaction with carbonyl cyanide is that 
with N,N-dimethylaniline. Two equivalents of amine react with the 
carbonyl group to give bis(4,4’-dimethylaminophenyl)dicyano- 
methane (423) (equation 317). The reaction occurs without added 

CN 

(423) 

catalyst in ether solution, but the yield is bctter when acetic acid is 
the solvcnt. An interesting comparison may be made with diethyl 
mesoxalateiG1 and liexafluoroacetone7G~. These molecules condense 
with dimethylaniline to give only 1 : 1 products (equation 318). 

D. Wittig-Type Reactions 

A virtually untapped source of dicyanomethylcne compounds is 
the reaction of Wittig reagents and carbonyl cyanide. The one 
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x .. 
583 

(318) 

A 

(X= CO,Et, CFJ 

reported example (equation 319)681 gives the product 424 under 
very mild conditions. 

E. Acylation of Aromatic Hydrocarbons 

Benzene is acylated by carbony1 cyanide in the presence of 
aluminium chloride"j3 (equation 320). This synthesis can be extended 

AlCI, 

C6Hs + CO(CN), 7 00 C6H5COCN + HCN (320) 

71% 

to substituted benzenes. Only para-substituted derivatives were 
isolated from the reaction of monosubstituted benzenes. Strong 
ortho-para directing substituents in the benzene ring increase the 
yields of the aroyl cyanide, as expected. Cyanoacylation of naphtha- 
lene reportedly gives 2-naphthoyl cyanide, accompanied by a small 
amount  of the 1-isorner7'j3. 

Thiophene and pyrrole are  likewise cyanoacylated, the latter in 
the  absence of a catalyst76o. The  yield of 2-cyanoformylpyrrole is 
reported to be 56 %, whereas the corresponding 2-cyanoformylthio- 
phene was obtained in only 22 yo yield in the presence of aluminium 
chloride as catalyst. 

F. Reaction wi th  Olefins 

Addition of carbonyl cyanide to 1,3-dienes to form dicyanodi- 
hydropyrans (equation 32 1) occurs readily under mild conditions. 
Only the adducts with butadiene and 2,3-dimethylbutadiene have 
been r e ~ o r t e d i ~ 4 - ~ ~ ~ ,  but the reaction is undoubtedly general. 
Although there have been no reported additions to unsymmetrical 
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CI-I, 

----+ "0:; (32 J 1 
lZCR C(CN), 

I< 
+ I I  

0 
I 

RC 
\ 

CH, 
( i i  = 11, a r 3 )  

dienes, i t  is expected that the same type of effects occur as with 
fluorinated ketones7Gi. The  carbonyl group is highly polarized by the 
electron-withdrawing cyano groups and the carbonyl carbon atom 
should add to the most negative end of the diene. 

Carbonyl cyanide undergoes the 'ene' reaction282 with many 
olefins that contain an allylic hydrogen. Illustrative is the addition 
to a-methylstyrene (equation 322) "j8. The dicyanoalcohol 425, as 

CN 
I 20-2 j" 

PhCCH, + CO(CS) ,  ___f PhCCI-1,COM 
I! I I1 hexane 

CH, CH2 k X  

(425) 

CiX 
h 

r PhCCH,COCN 
I 

PhCCH2COH - I( I -HCS (I 
cr-r, CN CH, 

(426) 

(322) 

(323) 

c: N 
I 

11 I 
PhCCH,COCOCS 

CH, CN 
(427) 

expected, is not stable and evolves hydrogen cyanide, when heated, 
to give the acyl cyanide 426 (equation 323). If two equivalents of 
carbonyl cyanidc a-e  used, the product is thc cyanoformate 427iG9. 

As the acyl cyanide 426 does not react with carbonyl cyanide, 
427 probably arises by a simple cyanoacylation of 425. This latter 
reaction has bcen demonstratediG9. 

Most of the olefins that react in the manner of a-methylstyrenc 
give only 1 : 2 adducts, i.e. the products are analogous to 427. Another 
olefin that docs form a 1 : 1 product is 2-methyl-2-butene. Here it 
becomes apparent that  double-bond migration is involved in the 
r e a ~ t i o n " ~  (equation 324). 

This bond migration is accommodated nicely by a concerted 
mcchanism in\.olving a six-membered ring transition state (cquaiion 
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90-100" - 
-HCN 

CH, 

CH,C=CHCH, + CO(CN), ___.f CH,=CCHC(CN),OH I 
I I 

CH3 CH3 

585 

CH3 
CH--CCH-COCN I (324) 

'- I 
CHJ 

57% 

325). Absence of carbonium ion intermediates is indicated in the 
reaction with p-pinene (428) 771 (equation 326). T h e  formation of the 

carbonium ion 429 should lead to skeletal rearrangement. Instead, 
the known carboxylic acid 430 is the end-product, as expected 
from a concerted cyclic mechanism as pictured above. 

(NC)? c- 0 
CHZCOZII 62 I 

6 -  t-- (326) 

(430) (428) (429) 

Other reactions of this type are listed in Table 12. All of the 
products are formed a t  room temperature in an inert solvent such 
as hexane. 

Not all olefins having allylic hydrogen atoms react with carbonyl 
cyanide. Examples of olefins that do not react include the substituted 
propenes 431, 432 and 433. I n  these olefins, the electron-donor 

I 1  
R'C=CCH3 

Ph Rz 

(431) 
(432) 

(433) 

(R' = R2 = H) 
(R1 = H, R2 = CH,) 
(R1 = Ph, R2 = CH,) 

properties of the aryl ring and the hyperconjugative effect of the 
alkyl group do not act together to increase the nucleophilicity of 
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TABLE 12. Reaction of carbonyl cyanide with olefins. 

Olefin Product Reference 

0 
PhCHzCH=CH2 

CH3CI-I=CHCHzCH3 

Ph 

C=CHCH, 
I 
I 

CH, 

cis or trans 

CH -CC (CH,),C (CN),OCOCN 772 
2- I 

CH, 

CN 
I 

772 

CN 

769 
I 

PhCH=CHCHz-C-OCOCN 
I 
CN 

CN 
I 
I 

EtCH=CHCH,COCOCS 768 

C N 

CH, CN 

85% 

768 
I I  

I 
CH3CH-CH-CH-C-OCOCN 

CN 
looyo 

I I 

I I  

Ph CN 

773 CH,=C-CH-C-OCOCN 

CH, CX 

either of the olefinic carbon atoms774. I f  there is an electron-releasing 
substituent in the para position of the ring, reactions of 1-arylpropenes 
and carbonyl cyanide (equation 327)774 do  take place. This reaction 

CH, 
---HCN I 

fi-XC6H4CH=CHCH3 + CO(CK), A p-XC,H,CH=CCOCN (327) 
(X = M e 0  or Mc,N) 

differs from the 'ene' reactions discussed above in that double-bond 
migration does not occur. There is a relationship, however, to the 
addition of carbonyl cyanide to 1 , 1 -diarylethylenes. I n  an inert 
solvent, a t  room temperature, carbonyl cyanide and 1 , l-diphenyl- 
ethylene (or 1,l-di-p-tolylethylene) cycloadd to form the oxetanes 
434 and 435 (equation 328)775. 
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(R = H, CH,) 

(434) (R = H) (58%) 
(435) (R= CH,) (66%) 

Treatment of the oxetane 435 with glacial acetic acid at  low 
temperature causes ring-opening to the hydroxyacetate 436. The 
latter, on mild heating, eliminates hydrogen cyanide an8 acetic 
acid (equation 329) 776. Simple styrenes that bear electron-donating 
groups in the para position (e.g. methyl or methoxyl) also undergo 

CN 
HOAc I I-IOAc 

435 __f (P-CH,C,I-14),CCH,COH (P-CH,C,H,),C-=CHCOCS (329) 
I I 50-60" 

this reaction in acetic acid to give acyl cyanides analogous to 437777. 
Styrene itself does not react with carbonyl cyanide under these 
conditions. However, in chloroacetic acid at  40-60" or in trichloro- 
acetic acid at  room temperature the adducts 438 and 439 have 
been isolated (equation 330). These reactions would appear to be 

(350) 

CN 
I 

I I 
PhCH=CH, + CO(CN), + RC02H __+ PhCHCH,COH 

OCOR CN 
(438) (R = CICH2-) 
(439) (R = CISC-) 

dependent on acid strength and may involve protonation of carbonyl 
cyanide as in equation (331). Until further research is carried out it 

CN CN 
I 4- I 

I I 
(331) PhCH=CH, + +C-OH d PhCKCH,COH 

CN CN 

is not possible to distinguish between carbonium ion and oxetane 
intermediates in the reactions of carbonyl cyanide with styrenes 
and 1,l -diarylethylenes. 

One additional example of a cycloaddition reaction is the addition 
of carbonyl cyanide to ketene giving the /3-lactone 440778 (equation 
332). This same p-lactone was prepared earlier from carbony1 
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CH,=C'O 4- CO(CN)z - (332) 
NC 

CN 
(440) 82% 

cyanide and acetic anhydride, but the correct structure was 
unrecognized779. 

G. Perfluoroacyl Cyanides 

Although dimers of perfluoroacyl cyanides have been known for 
some time780, the first successful synthesis of the monomers has only 
recently been accomplished745. The preparation is carried out by 
passing the perfluoroacetyl chloride through a tube of silver cyanide 
heated to 250-300" (equation 333). 

vapour 

phase 
CF,COCI f AgCN __f CF3COCN + AgCl (333) 

b.p. 0" 

(441) 

Like carbonyl cyanide, 441 undergoes the Diels-Alder reaction 
a t  room temperature (equation 334). Condensation with isobutylene 

CH, 

CH&\ d C H . 0 : : :  CH, (334) 
CH3f 

CF,COCN + 
CII, 73% 

(441) 

also occurs readily. The  resulting adduct 442 readily loses hydrogcn 
cyanide providing an  interesting ketone synthesis (equation 335). 

CF3 0 
I I! 

(CH,),C=CH, + CF3COCN __f CH_-CCH,COH _j CH_-CC€-I,CCF, 
*- I 

CH, 
7 1 

CH, CN 

(442) 
(335) 

The lactone, 443, results from addition to ketene, but cycloaddition 
to the electron-rich olefin, 4-methoxystyrene, gives a 2 : 1 adduct, 
444. The latter reaction is a departure from the analogies to 
carbonyl cyanide and suggests that further work on the chemistry 
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of the perfluoroacyl cyanides will be rewarding. Another difference 
is dimer formation which has already been mentioned. Pyrolysis of 
445, the dimer of trifluoroacetyl cyanide, is a good route to bis- 
(trifluoromethyl) malononitrile (446; equation 336) : 

XI. CYANQCARBON ANIONS 

Cyanocarbon anions are resonance stabilized systems in which a 
negative charge is dispersed over all cyano groups in the structure. 
They are very stable and are thus the end-products of numerous 
cyanocarbon reactions. Because of this stability, some cyanocarbon 
anions are useful intermediates for the synthesis of neutral cyano- 
carbons. T h e  stable anion or dianion is constructed and then it is 
oxidized to the reactive uncharged cyanocarbon. 

Even though the anions possess a full negative charge many of 
them undergo reactions as if no charge were present. By changing 
the cation one can make the cyanocarbon anion soluble in either 
organic solvents or  water. Usually the anions are isolated as tetra- 
alkylammonium salts since these can be handled like organic com- 
pounds, are not hygroscopic and have sharp melting points. For 
simplicity, the cation is not mentioned each time in  this section. 
Most linear cyanocarbon anions are coloured and spectroscopy is 
relied on heavily for structural determinations. I f  an ion radical 
can be formed from the anion by either reduction or oxidation, the 
e.s.r. spectrum of this radical will often provide a conclusive proof 
of structure for the system. 

Most cyanocarbon anions have been named by dropping the 
final ‘e’ from the name of the corresponding acid and adding ‘ide’. 
I f  the acid forms a dianion, the ‘e’ is retained and diide is added. 
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A. Cyanomethanides 

I .  Malononitrile salts 

Sodium malononitrile can be isolated by dilution of its alcohol 
solutions with ether. Its chemistry is similar to that of the salts of 
malonic esters and of /?-keto e s t e r ~ ~ * ~ ~ l .  Only one of the hydrogens of 
malononitrile is removed by sodium hydride even at  160" in diethylene 
glycol dimethyl ether782. 

2. Tricyanomethanide 

section 1II.A. 1. 
T h e  synthesis and chemistry of tricyanomethanide is discussed in 

3. Other negatively-substituted malononitrile ions 

Salts of malononitrile substituted with most of the well-known 
electron-withdrawing groups have been prepared ; these include, 
alkoxycarbonyl (alkyl dicyanoacetate) 7*3 (447) ; a r y l ~ u l p h o n y l ~ ~ ~  
(448), acyl78s (449), cyanocarbonyl (450) 86, nitroso (451) 784, 

carbamoyl (452) 79, p-nitrophenyl (453) 785 and trimethoxymethyl 
(454) (section IV.A.5.c). 

CN 0 C N  CN 0 

C- -C-hOMe -C-S02Ph - I  C!!CI-13 

C N  

I I 

I I I 
CN CiY 

(447) (448) (449) 

CN 0 C N  0- CiL' CN 
I I1 I I  I I 

C-CCN 4-> c======-c 
I I I  I 

CN 

-C--" 4-• c-x--0- - 

cx I 
CN C N  ci\; 

(450) (451) 

NC 0 NC 

-C-CNII, 
I II 
I 
I 

i\;C NC 

(45') (4 5 3) 

NC OMe CN 

-CBr -C-C-OMe 

CN NC OMe 

I 

I 
I 1  
I I  

(454) (455) 
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When bromomalononitrile is added to excess methanolic potas- 
sium hydroxide a t  room temperature, potassium bromodicyano- 
methanide (455) is formed in solution106. This anion absorbs at 
235 m p  ( E  15,000). Bromomalononitrile is recovered if the solution 
is quickly acidified. If the solution is allowed to stand, yellow 
pentacyanopropenide is formed. This suggests that the bromo- 
dicyanomethanide ion is eliminating bromide with formation of tetra- 
cyanoethylene. Tetracyanoethylene then reacts with the base to 
give pentacyanopropenide (section 1V.A). 

A number of dicyanomethane zwitterions (ylids) are known. The 
two cyano groups stabilize these ylids to such an extent that they 
do not have the reactivity commonly associated with ylids. Examples 
are : 456786, pyridinium dicyanomethylid (457) (section IX.A.2.a), 
triphenylphosphonium dicyanomethylid (458) 787 and dimethyl- 
sulphonium dicyanomethylid (459) 788. I n  addition, the zwitterion 
form of dicyanodiazomethane (section V1II.F) no doubt contributes 
heavily to its structure (460). 

CN 

Me3hr-C- 

CN 

+ I  
I 

(456) 

CN 

MeS- + A  - 
I 

(459) 

CN 

CN CN 

B. Cyanoethanides 

Cyanoethanides are considerably less stable than cyanomethanides 
since only two cyano groups can participate in resonance. In  addi- 
tion, the @-cyan0 groups tend to be eliminated as cyanide. 

I .  Pentacyanoethanide 

Sodium pentacyanoethanide results from addition of sodium 
cyanide to tetracyanoethylene (see section IV.A.3.1). I t  is an 
unstable, nearly white solid. Acidification gives pcntacyanoethane 
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(section III.B.2) , chlorination, chloropentacyanoethane and cyana- 
tion with cyanomen chloride, hexacyanoethane (section III.B.3). 
Pentacyanoethanide is stable in solution in the presence of tetra- 
cyanoethylene ; in its absence, it is converted to tetracyanoethylene 
ion radical (section IV.A.7). 

3 

2. Tetracyanoethanide 

Tetracyanoethanides are probably the intermediates in all cyano- 
substitution reactions of tetracyanoethylene (section IV.A.5). Since 
they readily eliminate cyanide, tetracyanoethanides are  rarely 
isolated. This elimination of cyanide is demonstrated by the reaction 
of tetracyanoethanide with sodium m a l ~ n o n i t r i l e ~ ~ ~ .  Cyanidc is 
eliminated and the malononitrile anion adds to the resulting tri- 
cyanoethylene : 

NC CN NC H NC H CN 
I I -CH(CN, I 1 1 

____f 

I I  
I I  

-C-CH- C=C - -C-C-CH 

NC CN 
I I  I 

N C  CN CN 
I I  

NC CN 

NC H CN 
I l l  c=c-c- (337) 

N CI AN 

Surprisingly, the dianion tetracyanoethandiide is quite stable. 
Disodium tetracyanoethanediide can be heated to 168" in refluxing 
ethylene glycol dimethyl ether without decomposition238. Electro- 
static repulsion keeps the two connected malononitrile anions 
orthogonal, thus hindering p-elimination of a cyanide. 

3. T r i cyanoet han ide 

O n e  synthetic route to tricyanovinyl compounds involves cyanide- 
catalysed addition of hydrogen cyanide to a 1 , 1-dicyanoethylene 
derivative. T h e  intermediate here is no doubt a tricyanoethanide, 
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NC, ,cx 
,7 

CN 
I -  

593 

(339) 

since in two examples such salts have indeed been isolatcd (equations 
338 and 339) 780*790. 

C. Cyanopropenides 

I .  Pentacyanopropenide 

Pentacyanopropenide is a dicyanovinylogue of tricyanorxethanide. 
It is made by the base-catalysed hydrolysis of tetracyanoethylene86, 
by reaction of tetracyanoethylene with malononitrile or by treatment 
of bromomalononitrilelOG with basic reagents. Numerous salts have 
been mades6. The acid is too unstable to be isolated. When an 
aqueous solution of the acid is made by ion exchange and the water 
evaporated completely, the rcsidue turns black. Since the negative 
charge never resides on the central carbon atom, this position is 
positive with respect to the two external carbon atoms. Molecular- 
orbital c a l c ~ ~ l a t i o n s ~ ~ ~  indicate an effective charge distribution as 
shown in 461. Conductivity studies show that pentacyanopropenide 
salts are not ion-paired in a ~ e t o n i t r i l e ~ ~ ~ .  

N N-0.372 N--0.494 

111 
C 

I 
111 
C 

N 

I 
111 
C 

N 

Electrolysis of the yellow pentacyanopropenidc anion at - 2.0 v 
versus Ag-AgC10, in diniethylformamide produces the red penta- 
cyanopropene dianion T h e  e.s.r. spectrum shows 25 of 
the theoretical 27 lines. Further reduction at -2.25 to -2.3 v 
produces a pale yellow solution which has no e.s.r. spectrum. 
Electrolysis of this solution at  -2.75 v gives another ion radical 
with an  18 line e.s.r. spectrum. This ion radical has a half-life of 
only about one minute. The spectrum would fit a radical with four 

20 



594 E. Ciganek, W. J. Linn and 0. W. Webster 

equivalent nitrogen atoms and one proton and is probably 1,1,3,3- 
tetracyanopropene dianion radical (equatidn' 340). 

NC CN CN NC CN CN NC CN CN 

AN NC CN NC CN 

I I  I c I I I c > - A  -c-c- I I 
CFC-c- + -c-c-c- - 

I -  I 
(462) 

I '  I I 
NC 

NC CN N C  H CN NC H CN 
-CN- I I 1 1 6  I l l  c I l l  

I .  I 
462 - -C-C-C- -+ C=C-C- ___f -C-C-C- (340) 

NC I CN NC CN CN NC 
I I 

Pentacyanopropenide and 1,1,3,3-tetracyanopropenides ring close 

I 

to pyridines on treatment with hydrogen halides (section 1X.D). 

2. Tetracyanopropenides 

a. I ,  1,3,3- Tetraganopropenides. Sodium dicyanomethanide con- 
denses with ethoxymethyldicyanoethylene or ethoxydicyanoethylene 
to  give the corresponding tetracyanopropenide (equation 341) 792*793. 

I I  I I l l  
I I I  

NC OEt CN NC H CN 

(341) C=C + H C - +  C=C-C- 

CN 
I 

NC 
I 

CN NC H 

A number of 2-substituted tetracyanopropenides can be made 
starting from dicyanoketene acetals. Reaction of dicyanoketene 
diethyl acetal with dicyanomethanide gives Z-ethoxytetracyano- 
propenide (463)86 (equation 342). In a similar reaction, Z-methyl- 

NC OEt CN NC OEt CN 
1 1  I I I  I 

I I I  I 
(342) C=C +HC- C=C-C- 

C N  
I 

NC NC OEt C N  
(463) 

thiotetracyanopropenide is prepared from dicyanoketene dimethyl 
thioacetal. Treatment of the ethoxy derivative with ammonia, or 
amines, gives 2-aminotetracyanopropenide (464) (equation 343). 

NC NHRCN 
I I  I 

I I 
463 + RNH, ---+ C=C---c- 

CN NC 
(464) 

(343) 
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Nitrosation of 464 does not give a stable diazonium inner salt. 
The  2-chloro- or 2-bromotetracyanopropenide is produced depend- 
ing on which acid is used to generate the nitrous acid (equation 

595 

344)V 
N 

464 + Hh'Oz + 
I 

CN 
I 

NC 

Reaction of tricyanovinyl compounds with dicyanomethanide 
gives the corresponding 2-substituted tetracyanopropenide (equation 
345) 259, 

CNCN CN NC Ph CN 

AN AN N(!I CN 

I I  I 
Ph-C=C +HC- __f (345) 

I 

2-Trifluoromethyltetracyanopropenide is produced by replace- 
ment of the amino group of 1 -amino- l-trifluoromethyl-2,2-dicyano- 
ethylene with d i c ~ a n o m e t h a n i d e ~ ~ ~  (equation 346). Amino groups 

I I  I I I  I 
I I I  I 

NC NH2 CN NC CF, CN 

C=C +HC-----t C=C-C- 

CN 

(346) 
I 

N C NC CF, CN 

are not ordinarily replaced under the mild conditions employed in 
this reaction. 

The reaction of 1,2-dicyano-1,2- 
bis(4-tolylsulphonyl)ethylene with sodium dicyanomethanide pro- 
duces 1,1,2,3-tetracyano-3-(4-tolylsulphonyl) propenide (equation 
346a) l 2 I .  

b. 1,1,2,3- Tetrayanopropenides. 

CGH4Me-4 

CN N C  CN CN 
I 

NC soz 
I I  c=c 
I I  so* cx 
I 

C,H,MC-.I. 

( ! I  ' (346a) 
I 
I 

+HC- + =C-C- 
I 

S O , C ~ ~ - I ~ M ~ - +  
I 

N C  CN 

A tetracyanopropenide containing a cyanocarbonyl group 
(pentacyanobutadienolate) is produced by hydrolysis of hexacyano- 
butadiene (section 1V.E) or by oxidation of hexacyanobutadiendiide 
with nitrous acid (equation 347) 795. 
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1 
I 

(347) 

A=c-A=c 
Nd: AN NC I ACN NL AN 0- 

' I  A I I 1  -c-c=c-C- + HNO, C=C- - t3 

II 
0 

D. Cyanobutenides 

1. Hexacyanoisobutenediide 

The reaction of dicyanoketene diethyl acetal with two moles of 
dicyanomethanide salt gives hexacyanoisobutenediide (equation 
348)aS. Salts of this dibasic acid are colourless with 1.",2,", 335 mp 

NC I I  OEt CN I Nc$l; (348) 
c=c + 2 13c- 

CN 
I XC I I  

NC OEt 
C N  

( E  32,700). X-ray studies show that the ion is propeller shaped with 
the arms tilted about 24" 796*797.  This tilt does not reduce ther-overlap 
appreciably, but does relieve intramolecular steric strain con- 
siderably. 

2. Tetracyanobutanedionediide 

The condensation of malononitrile with diethyl oxalate produces 
tetracyanobutane-2,3-dionediide in quantitative yield4'2 (equation 
349). The ion is not orange as originally reported but is colourless, 
2::: 280 mp ( e  13,400) 238. 

0 0  CN NC 0 CN 
I1 I1 I I I1 I 

f -c--c--c-c- EtOC-COEL -t 2 HC- - 
I 
CN 

(349) 

3. Hexacyanobutenediide 

Heating disodium tetracyanoethanediide with a catalytic amount 
of acid produces hexacyanobutenediide in quantitative yield 
(section 1V.E). The diidc exists as a mixture of interconvertible 
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precipitation from ly2-dimethoxyethane-acetonitrile with ether. 
cis-trans isomers (465 and 466), which are isolated by fractional 

597 

Nchx NC C N  CN N : P c :  NC CN 

(4 6 5)  (466) 

precipitation from 1,2-dimethoxyethane-acetonitrile with ether. 
The equilibrium mixture in 1,2-dimethoxyethane-acetonitrile con- 
tains approximately 25 yo of the cis and 75 % of the trans form. As in 
the case of hexacyanoisobutenediidc, the dicyanomethylene functions 
are probably twisted out of plane in both the cis and trans isomers. 

E. Cyanopentadienides 

1. Cyanocyclopentadienides 

T h e  cyanocarbon anion with the strongest conjugate acid is 
pentacyanocyclopentadienide. It can be heated in air to 400" without 
decomposition and it is not protonated by perchloric acid. This 
anion and all the other possible cyanocyclopentadienides are made 
by the stepwise cyanation of cyclopentadiene with cyanogen 
chloride7s8. The  first three cyano groups are introduced in the 
presence of sodium hydride which serves to regenerate the cyclo- 
pentadiene anion. Introduction of the fourth and fifth cyano groups 
(to form 471 and 472) requires aluminium chloride to increase the 
reactivity of the cyanogen chloride. The reaction can be stopped at 
the mono-, di- or tricyano stage merely by limiting the amount of 
cyanogen chloride (equation 350). The ratio of 1,3- (467) to 1,2- 
isomer (468) in the dicyano anion is 1 : 6, whereas that of the 1,2,4- 
(469) to Iy2,3-isomer (470) in the tricyano anion is 1 : 2. 

Methyltricyano- and methyltetracyanocyclopentadienides are 
synthesized from methylcyclopentadiene in a similar fashion. Indene 
does not give 1,ZY3-tricyanoindene. The  product is the neutral 
1 , 1,3-tricyanoindene (equation 35 1). Cyanation at  the 2-position 
would require a high-energy o-quinodimethane-type transition state. 
a. Tetracyanocyclopentadienide. Another route to the cyanocyclo- 

pentadienides is through protonation of hexacyanob~tenedi ide~~~ 
(473). 1-Amino-2,3,4,5,5-pentacyanocyclopentadiene (474) is pro- 
duced by a ring closure. The reaction is reversible (equation 352). 
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NC 

467 3. 468 3. NaH +.CICN qCN +Nc+cN 
CN CN 

(469) (470) 

NC 

460 + 470 + ClCN + AlCI, - NC 
N:@cN 

CN 

(471) (472) 

(350) 

This bright yellow cyanoarnine readily loses one of its five cyano 
groups by hydrolysis and decarboxylation on treatment with concen- 
trated hydrochloric acid (equation 353). 

NC 

474 f HCI + H,O + 6 + COP + NHIi (353) 
CN NC 

NH2 

Yet another route to the cyanocyclopentadienide system starts 
with cyclopentane- 1,2,3,4-tetracarboxylic acid. This tetra-acid is 
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converted via the tetra-amide 475 to the tetra-nitrile, which is then 
dehydrogenated with phosphorus p e n t a c h l ~ r i d e ~ ~ ~ :  

Ho2CUco2H A 1. SOCl NH20CwcoNH2 

NC 

NC 
475 + POCI, - 

NC 

2,3-Dicyano- 1,4-diethoxycarbonylcyclopentadienides can be made 
from the diketo diester 476 by dehydration of the bis(cyanohydrin) '99 : 

+ 2 H C N  __+ 

CO, Et 

E:O& ,J-J 
(476) 

AcO OAc 

(477) 

NC CN 

C02Et  

r-BuO- 
477 - 

Et OpC 

I n  general, the cyanocyclopentadienides undergo classical aromatic 
substitution reactions. The basicity of the cyclopentadienide is so 
low that strongly acidic conditions can be used. For example, cold, 
concentrated nitric acid nitrates tetracyanocyclopentadienide (478) 
in 15 minutes799*800 (equation 356) .  

Acylation with acetic anhydridesoo in trifluoroacetic acid or with 
acetyl chloride-aluminium chloride799 gives the acetyl derivative 
479. The keto group of 479 exhibits normal behaviour in that it is 
readily reduced with sodium borohydride. Dilute acids cause the 
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NC NC 

NC &CCN + HNO, NC &CN (356) 

NO2 (478) 

resulting alcohol to form the ether 482, possibly through the inter- 
mediacy of methyltetracyanofulvene. Treatment of the alcohol 480 
with thionyl chloride in pyridine gives the pyridinium zwitterion 
481. When this substance is warmed in pyridbne, vinyltetracyano- 
cyclopentadienide is obtained, and this polymerizes readily at  135” 
to an acetonitrile-soluble polymer (equation 357) Formaldehyde 

NC CN NC 
SOCI, 

p y r i d i m  ’ NaBH, 

NC F C N  NC CN 

HC-OH 
I 

Me 
/C=O 

Me 
bl e 

(47 9) 

NC CN NC CN 

NC 
(357j  

NC CN 

481 + pyridine -p 
NC 

H/  C ac/ H 

I 
H 

reacts with 478 to give a methylene compound (482a) rather than a 
hydroxymethyl derivative8°0. 

Chlorine79”800 and brominegO0 but not iodine halogenate tetra- 
cyanocyclopentadienide at room temperature (equation 358). The 
pseudohalogen trifluoromethanesulphenyl chloride, however, 
requires a Friedcl-Crafts catalyst (equation 359). 
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I I 
CN C N  

(4SZn) 

YC, ,CN NC, j 

N C  NC 
AICI, + C&SCl - 

NC CN NC CN 

60 1 

(358) 

(359) 

Chlorotetracyanocyclopentadienide (483) reacts with 1 mole of 
chlorine to produce 5,5-dichloro- 1,2,3,4-tetracyanocyclopentadiene 
(484) and with two moles of chlorine to produce tetrachlorotetra- 
cyanocyclopentene (485). T h e  chlorines of the dichloro compound 
are electropositive, and react with chloride ion to produce chlorine. 
The dichloro compound reacts with ethylene a t  one atmosphere and 
a t  room temperature to give the 7,7-dichloro- 1,2,3,4-tetracyano- 
norbornene 486 (equation 360). 

(4 8 6) 

Nitrotetracyanocyclopentadienide is reduced by zinc and hydro- 
chloric acid to aminotetracyanocyclopentadienide (487) , also avail- 
able from the cyclization of hexacyanobutenediide (equations 352 
and 353). The zwittcrion from this amine has a pK, in water of 2.0 
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compared to a value of 4.6 for anilinium ion. These data show that 
the tctracyanocyclopentadienidyl group is electron-withdrawing 
even though it possesses a full negative charge. Aminotetracyano- 
cyclopentadienide reacts with benzaldehyde to form the anil 488, 
and with bromine to give the azo derivative 489 (equation 361). 

NC 

NC *cx* NC xy CN PhCH, 0 NC q NC 
It 

N=CHPh 

N O2 NH* C N  

(4 87) (488) 

(361) 

487 + Br, + N=N 
NC 

b. Diazotetracyano~clopentadiene. When aminotetracyanocyclopen- 
tadienide is diazotized under the conditions ordinarily used to 
prepare aromatic diazonium compounds, diazotetracyanocyclo- 
pentadiene (490) forms (equation 362) 795. This stable, light-yellow 

NC NC CN 

-4- HNO, ---+ NC qcN*-NcNvcN 
N +  N +  
I1 

NC qcx N 13, 

111 
N N- 

NC NC CN 

NC -4- HNO, ---+ NC &cN*-NcNwcN 
N 13, k+ 

I1 
N- 

I 
N' 
111 
N 

(362) 

solid decomposes a t  about 200". Its high dipole moment (1 1-44 D) 

and its stability to acid conditions indicate that it is a diazonium 
rather than a diazo compound. Indeed, its chemistry is remarkably 
similar to that of aryl diazonium compounds. 

Diazotetracyanocyclopentadiene reacts with cuprous cyanide to 
give pentacyanocyclopentadienide and with iodide or bromide ion 
to give halotctracyanocyclopentadienidcs. Chloride ion requires 
copper as a catalyst (equations 363, 364 and 365). These and other 
substitutions proceed by a free-radical mechanism, since use of 
ethanol as  the reaction solvent results in the formation of tetra- 
cyanocyclopentadicnide ion by abstraction of an or-hydrogen from 
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NC 

+ CuCN __f 

NC CN NC 

Ill 
N 

490 + NaI ---+ Ny 
NC CN 

I 

I 
CN 

NC, ,CN 

490 + Cu 4- C1- d 
NC 

603 

(363) 

(364) 

(365) 

C1 

ethanol by tetracyanocyclopentadienidyl ion radical (491, equation 
366). 

The ion radical is generated irreversibly at about 0.23 v versus 
SCE in acetonitrile. I t  could not be detected, however, when the 

NC CN 0 
I1 

491 + CH2CHzOH + CFI,CH 
NC 

I 
H 

electrolysis was carried out in the cavity of an e.s.r. apparatus. The 
four cyano groups and the cyclopentadiene 7r-system providc no 
stabilization for the ion radical since the odd electron is in an orbital 
orthogonal to the system. Thus, this cyanocarbon ion radical is 
comparablc to a phenyl radical rather than to a resonance-stabilized 
cyanocarbon ion radical. I t  is reactive enough to attack phenol or 
benzene but not nitrobenzene (equation 367). With phenol, a 
complex misture of products (assumed to be the ortho, meta and 
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CN 
XC 

491 + 0 -* 
S C  

CN 

(367) 

para isomers) forms. The para isomer 492 was isolated and its pK, 
in water determined as 9.66. Based on a pK, for phenol of 9.92 and 

CN 

(492) 

a reaction constant p of 2.23, the Hammett up for the tetracyano- 
cyclopentadienidyl group is +0-12 (slightly electron-withdrawing) . 
This may reflect only an inductive effect since steric hindrance 
between the ortho hydragens on the phenyl ring and the cyano groups 
on the cyclopentadienidyl ring must force the two groups out of 
conjugation. T h e  electronic spectrum of phenyltetracyanocyclo- 
pentadienide, 300 m p  (E 12,600) and 262 m p  (45,800) com- 
pared to 298 m p  ( E  13,500), 244 m p  (56,800) and 237 m p  
(46,400) for tetracyanocyclopentadienide, points to a lack of conju- 
gation between the phenyl and cyclopentadienidyl groups. 

Carboxytetracyanocyclopentadienide, prepared by the copper- 
catalysed reaction of the diazonium compound with carbon mon- 
oxide and water (equation 368), has a pK, value of 4.11 compared 

cx 

to a value of 4.20 for benzoic acid. Here again the carboxy group 
may be forced out of plane by steric hindrance. The reaction of 
nitrite ion with 490 gives nitrotetracyanocyclopentadienide (equation 
369). The thiol derivative 493 is made by reaction of 490 with 
xanthate ion followed by hydrolysis (eqiration 369a). 
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NC CN NC 

S q SH +; SCOEt *.HC' NC 

CN CN 

(493) 

II 
490 1- -SCOEt + 

KC 

(369a) 

The  reaction of diazotetracyanocyclopentadiene with sodium 
azide produces the coloprless azidotetracyanocyclopentadienide ion. 
The  thermal stability of this compound is lower than that  of aryl 
azides. It decomposes on heating to 80" with formation of the bright 
orange azo derivative 489 (equation 370). T h e  nitrenc intermc- 
diate 494 could not be trapped with cyclohexene. The ir'ine salt 

NC CN NC CN 

NC 

AN 

(494) 

I 
CN 

(495) 

structure 495 may contribute heavily to the resonaiice hybrid, 
making i t  too stable to react with olefins. 

The  diazonium compound 490 couples with N,l\r-dimethylaniliiie 
and with 2-naphthol to give orange azo dyes (equation 371) .  
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As with other diazonium compounds, some reagents prefer to 
add to the terminal nitrogen. Triphenylphosphine gives the orange- 
red phosphazine 496, sodium cyanide, the azocyanide 497, and 
sodium bisulphite, the adduct 498. 

NC 

NC 

NC CN 

NC CN NC CN 

N 
I1 
N 

2. Heptacyanopentadienide and other cyanopentadienides 

The action of malononitrile anion on hexacyanobutadiene gives 
the red heptacyanopentadienide 499. 1,1,2,4,5,5-Hexacyanopcnta- 
dienide (500) results on treatment of 4-methoxy-l,l,2-tricyan~- 
butadiene with tricyanovinyl chloridezo7. 

NC CN CN CN N C  C N  CN CN fLe.- L=LC=C-C- I I  

I\’ CN I LN 

I d- 
N& H I 

(499) (5001 

The corresponding anion with cyano groups only on the terminal 
carbons, 1 , lY5,5-tetracyanopentadienide (501), is also knowns”. 
The chemical properties of these anions have not been studied. 

NC H H C N  

I 
CN 

I 
NC ‘ H  

(501) 

Introduction of nitrogen in the conjugatcd backbone of the 
pentadienide nuclcus gives salts with properties similar to those of 
the all-carbon chains. The reaction of tctracyanoethylene with 
ammonia yields the red 1 , lY2,4~,5,5-hexacyano-3-azapentadienide 
50286. I n  a remarkable reaction, sodium cyanide and ly2-dichloro- 
hexafluorocyclopentene produce 3-fluoro- 1 , lY4,5,5-pentacyano-2- 
azapentadienide (503) in 30 :G yield (equation 372) The  structure 
was confirmed by x-ray analysis. 
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NC CN CN 

C=C-pq=C---C- 

CN CN 

I I  I 
I 1  I 

hT C 
(502) 

607 

F. Miscellaneous Cyunocurbon Anions 

1,1,2,6,7,7-Hexacyanoheptatrienide (507), a bright-blue anion, 
is formed when 4-methoxy-l,1,2-tricyanobutadiene (504) is refluxed 
in methanol. T h e  mechanism is thought to involve addition of 
methoxide to the diene to form 505, followed by condensation and 

(505) 

NC HC(OMC)~ H C N  CN 
I I A-c-c=c - I  I 

504 + 505 + C=C-C 
I 
CN 

I 1  
OMe H 

I I H  
KC CN 

(506) 

NC C N  H CN CN 
I 

(373) 
I I  I I 1  

I I 
506 ---+ k=b-C=C-C=C-C- + HC(OMe)3 

CN 
I 

13 
I 

(507) 

13 NC 

elimination of mcthyl or thof~rrna te~~ '  (equation 373). The corre- 
sponding blue anion with cyano groups on the ends of the chain 
(508) has been made, as well as the next higher vinylogueSo1 509. 
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Rcaction of tetracyanoethylenc with benzamidine gives the phenyl- 
diazaheptatrienide 51OS6.  This ion is dark green (A%:?" 598 mp). 

NC CN Ph CN CN 
I I  I I I  

C=C--N=C-N=C---C- 
I 

CN 
I 

NC 
(510) 

T h e  reaction of tetracyanoethylene with hydrazine gives 1 , 1,2,5,6,6- 
hexacyano-3,4-diazahexadienediide (311)sG. AS mentioned earlier 

N C R N  

NC I- CN 
CN CN 

(512) 

(section 1V.E) one of the products from the reaction of dicyano- 
niethariide with hexacyanobutadiene is 2,3-bis(dicyanomethyl)- 
1,1,4,4-tetracyanobutadiencdiidc (512). Its electronic spectrum 
(Amas 418 mp compared to A,,, 412 mp for pentacyanopropcnide) 
indicates steric inhibition of conjugation bctween the two tetra- 
cyanopropenidc groups. 

As mentior, ed in section VII.A, several cyanocarbon anions 
arc accessible from tetracyanoquinodimethane-type compounds; 
examples are: 513295j, 514"O and 515. 

NC CN 

G. Electronic Spectra of Cyanocarbon Anions 

I n  rnany cases, electronic spectral data must be relied on heavily 
for structural determination of cyanocarbon anions. The data in 
Tables 13 to 17 show the effect of chain length, substitution of 



TABLE 13. Linear cyanocarbon anions with cyano groups a t  the ends of 
the chains. 

Pcsition of longest 
wavelength maxima 

Cyanocarbon anion &lax (w) 6 

N C  H CN 

I I 
NC 

NC H H CK 
I I  I I  c==c-c=c-c- 

I I 
M CN 

1 

C N  

NC 

NC 

CN 
I 

NC 

346 3,150 

410 8,300 

540 

632 

16,000 

TABLE 14. Cyanocarbon anions with cyano groups on all positions. 
~ ~~ ~ ~~ ~~~ ~~~ 

Position of longest 
wavelength maxima 

Anion &lax (mpu) & 
- -- 

C N  

NC-C- 211 37,400 
I ,  
I 

C N  

N C  C N  C N  
I 1  I c=c-c- 

1 I 
KC 

NC CN C N  C N  
I I  I I  c=c-c=c---c- 

I 
CN 

I 

CN 

C N  
I 

N C 

NC 

N C  

412 

528 

29 1 

22,100 

33,000 

10,250 

C N  
609 
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TABLE 15. T h e  effect of nitrogen in the chain of a cyanocarbon anion. 

Anion 

Position of longest 
wavelength maxima 

Amax ( m ~ )  

NC CN CN CN 
I I  I I  

I 
CN 

I 
NC 

NC CN CN 
I \  I 

I I I 
NC 

NC CN CN CN 
I I  I I  c=c-c==c-c- 

I 
CX 

I 

C=C-N-C-C- 

C=C-C=N-C- 

CN F 

CN 
I 

NC 

464 45,300 

502 35,200 

528 33,000 

nitrogen for carbon and substitution of cyano groups by hydrogens 
on the electronic spectra of selected cyanocarbon anions. ‘The 
following generalizations can be made : the position of the lowest 
energy maximum shifts about 100 m p  to longer wavelengths for 
each added double bond in a linear cyanocarbon anion (Tables 13 
and 14). Substitution of nitrogen for a C-CN group causes a large 
blue shift if the C-CN group is in an odd-numbered position, where 
it stabilizes the negative charge (Table 15). An increase in the 
number of cyano groups on a system usually causes a red shift 
(Table 16). A notable exception is the cyanocyclopentadienide 
series, in which the position of the longest wavelength maximum is 
fairly constant (Table 17). 

Several linear cyanocarbon anions have very high extinction 
coefficients (Table 16). 

H. Cyanocarbon Acids 

1. Acidities 

The reversible protonation of a number of cyanocarbon anions in 
sulphuric and perchloric acid solutions has been studied spectro- 
~ c o p ~ c a l l y ~ ~ ~ ~ * ~ ~ ,  An indicator acidity function H- has been set up 
for sulphuric acid solutions up to 12 molar (80 wt. yo) based on 
equation ( 3 7 4 ) 8 0 5 .  This H- ,scale has roughly the same values 
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H + + A - ~ H A  

61 1 

(374) 

as the familiar €3, scale based on the protonation of neutral 
bases. The H- function was used to determine the pK, values of 
p-  (tricyanovinyl) phenyldicyanomethane, methyl dicyanoacetate, 

T A ~ L E  16. The  effect of the number of cyano groups on the electronic 
spectrum of an anion. 

~ ~~~~~~ 

Position of longest 
wavelength maxima 

Anion Amax ( m ~ )  

I 
CN 

I 
NC 

N C  CN CN 

c==c-c- 
CN 

I t  I 
I 1 

1 1  I I  

NC 

NC H H CN 

c=c--c=c-c- 

346 3,150 

412 22,100 

440 8,300 
I 
CN 

I 
H 

I 
NC 

NC CN CN CN 

c=c-G=c-c- 
CN NC 

NC CN CN CN 

c=c-c4--c- 
ChT 

538 
I I  I I  

I I I 

I I  I t  
I I I 

1 1  I I I  
I 

H 

528 

CN NC 

NC CN H CN CN 

c=c -c=c-c=c---c- 635 

CN 
I 

H 
I H  I 

NC 

82,000 

33,000 

165,000 

NC H H H CN 

c=c-c==c-c=c-c- 540 16,000 I I  I I I  
I I 

CN 
I 

H 
I 

H NC 
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TABLE 17. Electronic spectra of cyanocyclopcntadicnides. 

Longest wavelength 
maxima 

Cyclopcn tadienide Solvent A,,, (mp) 

264 15,900 
1,2-Dicyano- CH,CN 
1,S-Dicyano- CH,CN 277 29,000 

I ,2,4-Tricyano- CH,CN 267 5,620 
Tetracyano- CH,CN 298 14,500 

282 16,200 
Monocyano- H2O 

1,2,3-Tricyano- CH,CN 298 18,200 

Pentacyano- CH,CN 29 1 10,200 

hexacyanoheptatriene, cyanoform, tricyanovinyl alcohol, bis- 
(tricyanoviny1)amine and hexacyanobutenediide (see Table 18). 

Tetracyanopropenide, pentacyanopropenide and hesacyanoiso- 
butenide are not protonated by 80% sulphuric acid. Above this 
concentration the nitrile groups begin to hydrolyse. The pKa values 
of a number of cyanocyclopentadienes have been determined, the 
weakly acidic ones in water and  the strongly acidic ones in aceto- 
nitrile798. The pK, value for 1,2-dicyanocyclopentadiene is 9.1 units 
higher in acetonitrile than in water. Thus, to get a continuous scale 
for comparison with pK, values determined in aqueous perchloric 
acid and sulphuric acid, 9.1 was subtracted from the pK, value 
determined in acetonitrile. These corrected pK, values are listed in 
Table 18, along with the pK, values of various other cyanocarbon 
acids. I n  cases where protonation could occur on more than one 
position, such as in 1,3-dicyanocyclopentadienide (equation 375 for 

example), the individual pKa values were calculated from those 
observed for their mixture by using the expression798 

The isomer ratios were determined by n.ni.r. spectroscopy. 
The  striking strength of the cyanocarbon acids is due to resonance 

stabilization in the anion that is not possible in the protonated form. 
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2. The nature of the protonated species 

The positions of protonation of several of the cyanocarbon 
anions have been studied spectroscopically79~~~~~. Protonated tri- 
cyanomethanide is transparent down to 200 my which shows that 
the proton has destroyed conjugation and is attached to the central 
carbonao3. When a n  aqucous-ethereal solution of tricyanomethane 
is partially evaporated, a white, sublimable solid crystallizes8°. 
This solid does not have the tricyanomethane structure 516 since 
its infrared spectrum, (YE::’ 2500 (w), 2280 (w), 2200 (s), 1790 (w), 
1250 (w), 1025 (s) and 823 cm-l) contains unsaturated nitrile 
absorption. The product was therefore assigned a zwitterion struc- 
ture (518)80 (section II .A. l ) .  

C N  CN IN .+ I I 
I 

HC-CN C=C=NH f--f - --C-=wr 

(516) (517) (518) 

I 
CN AN C N  

Methoxycarbonyldicyanomethanide is protonated on the central 
carbon to give 519, but tricyanovinyl alcoholate is protonated on 
oxygen as evidenced by the similarity of the spectra of the protonated 
form 520 and the anion. 

CN NC OH 
L==G I 

AN NA Ax 
€3 c: -C02Me 

(519) (520) 

p-  (Tricyanovinyl) plienyldicyanomethanide is protonated on the 
methyl carbon. The spectrum of the protonated form 521 (2%; 

NC CN CN 

.Q-L=A I 
CN 

I 
NC 

332 mp) is comparable to that of tricyanovinylbenzene 
335 m p )  rather than tctracyanoquinodimethane 395 my). 
This cyanocarbon acid can be isolated as a colourless covalent species. 
Solutions in water are blue as a consequence of complete ionization. 
T h e  protonated form of hcxacyanoheptatriene is probably that 



TABLE 18. pKa values of cyanocarbon acids. 

Acid PK, Reference 

HCN 
CHBr(CN) C0,Et 

CH(CN),Br 
PhC(CN),H 

HC (CN)& (CN)zH 
HC(CN)&(CN)zSOa- 

NC 

U H :  

CN 
I 

p-[(NC), C=C +Cc%C(C"H 

CN 

1-1- L -COzhle 
I 

CN 

NC CN CN CN 
L L = C - C - H  I 1  

I 
CN 

I 
H 

I 
NC 

HC (CN] 

11.19 

9.78 

9.2 1 
6 
5.80 
5 
3.9 
2.6 

2.40 

1 *89 

1-40 

0.81 

0.81 

0.60 

-2.5 

-2.78 

-3.55 

-5.13 

806 

7 98 

807 
803 
95 
806 
97 
97 

798 

695 

798 

798 

798 

803 

803 

803 

803 

803 

(Table  confinued) 



TABLE 18. (continued) 

Acid & Reference 

NC OH 

c=c 
NC CN 

NC 

I 1  
I 1  

Me x g  
CN 

NC CN CN CIT 
I 1  I I  

c==C-N=C-C--H 

N c: AN 

NC 

T H Y  

CN 

CN 

KC H CN 
I l l  

C=C-C-l-I 
I I 

CN NC 

KC' CN 

-5.3 803 

-5.7 798 

- 6.07 803 

-6.1 798 

-7.2 798 

-a a03 

- 8.5 803 

-9 798 

<-11 798 

.+ -- 12 808 R - k N H  
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shown in formula 522, since the ultraviole,t spectrum 
requires three double bonds in conjugation. 

347 mp) 

NC CN H 
I 1  A y , ,  

C=C-c= -C= -C-H 

H I AN 
I 

NC!2 H 

(522) 

Cyanocyclopentadienide is protonated exclusively to give 1 - 
cyanocyclopentadiene809 (523) rather than the 2-cyanocyclopenta- 
diene as originally p~s tu l a t ed '~~ .  

p 
CN 

(52 3) 

1,2-Dicyanocyclopentadienide is protonated to give equal amounts 
of isomers 524 and 525. Statistically, the ratio should be 1 : 2. This 

(524) 

NC 

8: 
(525) 

indicates that thc methylene hydrogens in 524 are less acidic than 
those in 525. 

1,3-Dicyanocyclopentadienide is protonated to give 526 and 527 
in a ratio of about 10: 1. The cyclopentadiene (526) is favoured 
because it is fully conjugated. 

NC 
H2 

(526) (527) 

XC G C N  

Protonation of 1,2,4- and 1,2,3-tricyanocyclopentadienides gives 
528 and 529, respectively. 
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pentacyanocyclopentadiene cannot be protonated in acetonitrile. 
Indeed, if conditions strong enough to protanate this anion were 
used (SbFS-FSOJI, for example), the protonation would probably 
occur on one of the nitriles. Since simple nitriles are only partially 
protonated in 100 yo sulphuric acidsos with an estimated H- of - 11, 
their pK, value is probably around - 12. 
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1. INTRODUCTION 

Molecules having electron-deficient sites tend to form complexes 
or compounds with molecules having electron-rich sites and this 
tendency is defined in general tcrms as an acid-base interaction. 
When the interacting site in the electron-deficient component is an 
ethylenic or benzenoid .rr-molecular orbital which is depleted of' 
electron density by conjugation with clectronegative (clectron- 
withdrawing) substituents, this component may be referred to as 
a .rr-acceptor or .rr-acid. Conversely, the electron-rich component 
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may be a n-donor or n-base and a complex formed from such com- 
pounds is then referred to as a n-molecular complex. Sincc this 
review is mainly concerned with a particular type of n-acceptor, 
namely, cyano-substituted unsaturated compounds, we shall refer 
to the complexes as .rr-complexes irrespective of the nature of the 
donor component, be it a n- or a 6-donor. 

The  bonding or  interaction between components in  complexes of 
this type may be of such a nature that the complexes are  not isolable, 
bu t  are detectable only by, for example, spectral properties in 
solution. I n  other instances, union betwcen components may be 
sufficiently strong that the complexes can be isolated in the solid 
state. Two excellent monographs on the general subject are avail- 
able1s2. Interest in the subject was greatly stimulated by the dis- 
covery and investigation of the exceptional properties of the n-acids 
tetracyanoethylene3s4 (1) and tetracyanoquinodimethane5*G~ (2). 

NC CN 
\ /  

NC /c=c\ CN 

Since that time a n  extensive literature dealing with molecular 
complexes of these and other polycyano compounds has accumu- 
lated. This review will deal almost exclusively with complexes 
derived from r-acids containing three or more cyano groups per 
molecule conjugated with ethylenic, benzenoid or  quinonoid 
unsaturation; some attention will also be given to n-acids having 
only two cyano groups but with acidity augmented by other electro- 
negative substituents such as halogen, nitro or carbonyl groups. 
This review will not  discuss the involvement of such complexes 
as reaction intermediates, since this aspect was reviewed recently6b. 

11. THEORETICAL ASPECTS AND IMPLICATIONS 

As expressed by Mulliken in  his classical work on the theory of 
molecular complex formation’, the interaction between an  electron 
donor (D) and an electron acceptor (A) can result in electron 
transfer from donor to acceptor with the formation of a new species, 
the molecular complex, whose structure is described by combination 
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of a no-bond form (D:A) and a dative or charge-transfer form 
(DtA') (cquation 1). 

D + h + D : A  f - - -~ DtA' (1) 

Weissa had earlier referred to the latter as a 'charge-transfer' salt. 
T h e  electronic spectrum of such a complex contains a new band 
which is absent in the spectra of either component and which is 
referred to as a charge-transfer band since it is generated by energy 
uptake in transferring an eIectron from donor to acceptor. The 
energy of this electronic transition must thus relate to the ease with 
which the donor can provide electrons (determined by its ionization 
potential, I,) and the avidity with which the acceptor receives 
electrons (determined by its electron affinity, E J .  I t  should be 
emphasized that a strong donor will have a small I, and a strong 
acceptor will have a large E,. Among the relationships cxpressing 
the energy of the transition is one due to McConnell and co- 
workers9 (equation 2) 

/2vCT = r, - E* - w 
where vCT is the charge-transfer absorption maximum, h is Planck's 
constant and W is the dissociation energy of the charge-transfer 
excited state, the ground state dissociation term being negligibly 
small. Other relationships have been proposed, but this will suffice 
for the present discussion. The  relative magnitudes of 1, and E, 
may be such that the absorption band will appear in the visible 
spectrum accounting for the striking colours which often appear 
with complex formation. 

I n  solution, the formation of a complex (C) according to equation 
(3) is an equilibrium process with an equilibrium constant K given 
by equation (4). 

D + A e C  (3) 

where [A], [D] and [C] arc the molar concentrations offree (uncom- 
plexed) acceptor, the donor and the complex, respectively. [A] 
and [Dl0 are thc iotal concentrations (both free and complexed) of 
acceptor and donor. The  intensity of an  electronic absorption band 
resulting fi-om complex formation will then be related to this 
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equilibrium. Thus, following the method of Benesi and Hilde- 
brandlO*ll, when D is present in large excess, equation (4) is reduced 
to equation (5). 

Substituting for [C] the value of its extinction coeficient E at the  
wavelength of maximum absorption for the charge-transfer band 
by using the relationship [ C ]  = O.D./EI,  where O.D. is the optical 
density at this wavelength and  I is the cell length in cm, equation (6) 
is obtained. 

1 +- YE-=- O.D. E K[D]E 
[f41& 1 

Thus a straight line plot of y versus 1/[D] would provide E as the 
reciprocal of the intercept and K E  as the reciprocal of the slope 
with K in units l/molc*. 

Clearly, K ,  E and A,,, relate to various characteristics of donor 
and acceptor, to the stability of the derived complex and to the 
bonding forces involved. In a common non-interacting solvent, a 
common donor with a series of structurally related acceptors will 
give values of K and Amax which increase in a more or less parallel 
fashion as the acceptor strength or  donor capacity increases. How- 
ever, the magnitudes of the extinction coefficients usually do not 
parallel K and but  discussion of this fact is beyond the scope 
of this review. Attention is drawn to the recent critique by Dewar 
and Thompson12 concerning inferences from spectral measurements 
and their relationship to the bonding forces in complex formation. 
Nevertheless, these experimentally accessible properties are of 
great importance in the study of molecular complexes and a discus- 
sion of them is essential. However, caution must be exercised in  
comparison of acceptor strengths or complex stabilities based on 
electronic effects alone, since complex formation is very sensitive 
to a number of complicating factors such as steric effects and geometry 
of interacting  specie^^*^*^^*^^. 

A recent review by Bricgleb15 extensively covers the general 
literature on the electron affinities of polycyano 7-r-acids including 
polarographic reductionlG. 

* Some equilibrium constants cited in the literature were determined using mole 
fractions and are thus dimensionlcss and differ from K by a factor dependent on the 
molar volume of the solvent. See References 2 and 4. 
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+* 

111. ACCEPTOR STRENGTHS O F  POLYCYANO x-ACIDS 

A. Molecular-Orbital Calculations 

An electron acceptor, or n-acid, is a molecule whose n-electron 
system can undergo addition of a n  electron without increasing the 
energy of that system. A strong acceptor would thus be one in which 
the lowest unoccupied molecular orbital is a bonding orbital, or if 
not bonding, then at  least only slightly antibonding. Using the 
LCAO-MO approximation, Phillipsl' has calculated the sr-eiktron 
energy levels of tetracyanoethylene (TCNE) and tetracyanoquino- 
dimethane (TCNQ) using Coulomb and resonance integral values 
suggested by Orgel and coworkerslB. Both molecules were assumed 
to have DZh symmetry, and the n-electron levels therefore fall into 
the A,, B,,, B,, and B,, symmetry species. The five lowest levels of 
TCNE are occupied by its ten .Ir-electrons and the eight lowest 
levels of TCNQby sixteen n-electrons. T h e  results of the calculations 
are depicted in Figures 1 and 2 in which orbitals with energies 
greater than zero are bonding and those less than zero antibonding. 
For TCNE (Figure 1) i t  is seen that the lowest unoccupied orbital 
has an  energy of +0-15/3' and this is actually a bonding orbital. 
For T C N Q  (Figure 2) the orbital of concern has an energy of 
- 0.238 and thus is antibonding, although only slightly so. The 

e. 0. 

0. X=+1.83 X=+?,83 
x = + 2 . 0 0  80 

X= + 2.4 6 

-2 I X =  -2.13 

FIGURE 1. rr-Electron energy level diagram for TCNE. The following parameters 
were used: 

Coulomb integrals: a(C) = a, a(-x=) 
Resonance integrals: 8 ( C C )  = 8, p(CN) = 1-28 

cx -k p 

Energies are expressed in units of B. 
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-2 

-1 

0 

+I 

+2 

A" Bl " 
X=-2.49 

x= - 2.02 

+3! 
FIGURE 2. a-Electron energy level diagram for TCNQ. See legend of Figure 1. 

results of the calculations are consistent with the acceptor properties 
of the two compounds and are qualitatively in the same order as  
determined by other means, i.e. with most donors TCNE is the 
stronger acceptor. 

B. Polarographic Reduction 

Methods for the measurement of donor ionization potentials are 
well established. For example, in addition to the mass-spectrometric 
appearance potential method, the more recent photoion current 
method of \Vatanabelg and molecular photoelectron spectroscopy 
method of Al- Joboury and Turner20 are noteworthy. However, 
direct determination of electron afinities is a less developed area; 
a comprehensive review of the subject has been given by Brieglebls. 
One particularly useful method of determining acceptor strengths 
is by means of polarographic reduction since it has been shown that 
for rr-electron systems the polarographic half-wave potential, 
(EJ red) for reversible one-electron reduction to the anion radicals, 
is directly related to electron affinitiesl'j. The half-wave potentials 
for the first one-electron addition themselves mcasure qualitatively 
or semiquantitatively the acceptor strengths even without conversion 
to the related electron affinitiesGR*1G*21. Oualitatively, - the more positive 
the reversible Eg red, the more facile the reduction and the greater 
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the acceptor strength*. However, in comparing a series of compounds 
a Cm-mOn reference electrode must be used or corrections applied 
for differences in reference electrodes. In addition, the possible 
effects of changes in solvent and .supporting electrolyte on Ei red 

values must be considered. 
I n  Table 1 are listed the first polarographic half-wave rcduction 

potentials for reversible one-electron reduction of a series of poly- 
cyan0 n-acids. For comparison purposes, values for the typical 
non-cyano n-acids p-benzoquinonc and chloranil are also given. 

As tabulated, the order of E4 red values (first column, not indented) 
determined in the same solvent with the same reference electrode 
and essentially identical electrolytes generally parallels acceptor 
strengths determined by other methods where such comparisons 
have been madelj. The high positive reduction potential of hexa- 
cyanobutadiene is noteworthy and implies that i t  should be the 
strongest n-acid among those listed. 

The ability of a given acceptor to be reversibly reduced in this 
manner does not, however, necessarily mean that it will form readily 
observable molecular complexes. For example, although 2-bcnz- 
hydryl-7,7,8,8-tetracyanoquinodimethane (3 )  can be reduced to 
the anion radicsl27, it does not form visible complexes such as those 
which unsubstituted tetracyanoquinodimethane will form. Pre- 
sumably the steric effect of the bulky benzhydryl group lowers the 
association constant, K ,  to such a small value that the concentration 
of complex is below the limit of detection. 

The reasons for the irreversibility of reduction of 2-chloro-5,6- 
dicyanoyuinone and 9-dicyanomethylene-2,4,7-trinitrifluorene (4) 
are not clear, particularly since the fluorenone can be chemically 
converted to an anion radical which is stable in s ~ l u t i o n ~ ~ * * ~ .  

(3) (4) 

In addition to the first, usually reversible, reduction the acceptors 
listed in Table 1 also undergo a second, usually irreversible, 

* 1 3 r i c g l ~ b ~ ~  suggests that negative values should bc used For strong acceptors, but herc 
XVC shall retain the electrochemical convcntion. 
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TABLE 1. First polarographic half-wave reduction potentials ofpolycyano acceptors"at 25O. 

Ea red Supporting 
Acceptor (v) Solvent electrolyte Electrode Rcfcrencc 

Hexacyanobutadiene 
2,3-Dichloro-5,6- 

dicyanoquinone 

2-Chloro-5,6-dicyanoquinone 
2,3-Dicyanoquinone 
TNAPC 
Tetracyanoethylenc 

7,7,8,8-Tetracyanoquino- 
dimethane 

2-Methyl-7,7,8,8-tetracyano- 
quinodimethane: 

2,5-Dimethyl-7,7,8,8-tctra- 
cyanoquinodimethanc 

Z-Dicyanomethylene-l,3- 
indanedione 

Chloranil 

9-Dicyanomethylenc-2,4,7- 
trini trofluorene 

2-Benzhydryl-7,7,8,8-tc tra- 
cyanoquinodirnethane 

Benzoquinone 

3-0.6 
+ 0.5 

+0.51 
+0.7a 

+0*41d 
3-0.31 
3-0.21 
+0.15 
+0.25 
+0.54 

f0.57 
+0.13 

+0.12 

+0.02 

+ 0.02 
+ 0.02 

+0.35 

-O.Ogd 

-0.28 
- 0.52 

a b 
a b 
a C 

a d 
a b 
a b 
a b 
a b 

a d 
a b 
a d 

a b 

a b 

a e 
a C 

f d 

a b 

a b 

a C 

a C 

SCEb 

SCE 

SCE 

J%/AgI 
SCE 

SCE 

SCE 

SCE 

SCE 

Ag/ AgI 

i\sl'w 
SCE 

SCE 

SCE 

SCE 

SCE 

Ag/AgI 

SCE 

SCE 

SCL? 

22 
23 
16b 
21 
23 
23 
24 
6 

16b 
21 
6 

21 

24 

24 

25 
16b 
21 

23,26 

27 
1Gb 

All reductions were carried out at  25' with a dropping mercury electrode. With two 
exceptions these reductions were rcvcrsible one-electron changes; for exceptions see 
superscript d. 

Aqueous saturated calomel. 
1 1,11,12,12-Tetracyanonaphtha-2,6-quinodimethane. 

d Not reversible. 
a: acetonitrile. 
b: lithium perchlorate. 
c: tetraethylammonium perchlorate. 
d : tetrabutylamrnoniurn perchlorate. 
e: tetrapropylarnnionium perchlorate. 
f: dichlorornethane. 

reduction at more negative potentials presumably corresponding 
to conversion to a dianion. 

Briegleb has given a fairly detailed discussion directly relating 
reduction potentials to electron affinities, but examples specific to 
cyano compounds are not included15. Cha te r j eP  determined the 
electron affinity (E,) of 2-dicyanomethylene-l,3-indanedione (5 )  
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(5 )  

by applying 'the relationship of equation (7) 

where -E$ red is the reversible polarographic reduction potential 
relative to the saturated calomel electrode and AFsolv is the solution 
energy of the anion; AFsOlv was assigned an averaged value of 
-3.66 ev for a number of acceptors having analogous structures. 
T h e  value of E, (1-38 ev) agreed well with the value obtained from 
charge-transfer spectra (1 -33 ev) determined versus chloranil as a 
standard acceptor with an  assigned EA = 1-37 ev. This consistency 
is seen also in the values for 5 and chloranil listed in Table 1, 
which imply equivalent acceptor capacity for the two compounds. 

C. Electron Affinities of Polycyano Acceptors 

Using a series of structurally related condensed polynuclear 
aromatic hydrocarbons as reference donors, Briegleb estimated the 
electron affinities of a series of acceptors including a number of 
polycyano C O ~ P O U ~ ~ S ~ ~ ,  using, among others, the relationships in 
equations (8), (9) and (10). The  first expression relates the electron 
afinity (E,  expressed in ev) to the energy difference between the 
highest occupied and lowest unoccupied orbital of the donor ( + o ) ,  
and the charge transfer transition energy (FCT) : 

(8 )  

The second expression relates the relative acceptor capacities of 
one acceptor to another with the same donor to their electron 
affinities by the expression 

ijcT = O.7O1i jo + 0.81 - EA 

where EAi is the electron affinity (in ev) of a reference acceptor, 
in this case chloranil which is assigned an E,% = 1.37 ev, E,, is the 
electron affinity of the new acceptor in question, and and 
(ijCT) are the charge-transfer transition energies of the reference 
acceptor (chloranil) and new acceptor, respectively, with the same 
donor(s) as determincd from electronic absorption spectra and 
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converted to appropriate energy units (ev) . The third expression 
rclatcs the electron affinity to the transition energy of the complex 
and the  polarographic oxidation potential of the donor (E+ .,) : 

(10) 

T h e  results for several cyano compounds are summarized in  
Table 2 which includes for comparison the values for chloranil and 
benzoquinone. 

E, = -QCT + 1.4.73EhOs + 1.52 

Thnm 2. Electron affinities (EA) of selected x c c p t o d 5 .  

Acceptor 
From From From 

Eq. (8) Eq. (9) Eq. (10) 

2,3-Dichloro-5,6-dicyanoquinone 1.91 1.9 1.71 
Tetracyanobenzoquinonc 1.66 1.8 1.60 
Tc tracyanoethylenc 1.53 2.2 1.5 
2,3-Dicyanobenzoquinone 1.7 
7,7,8,8-Tetracyanoquinodirncthanc 1.7 
Chloranil I .2 1.37 1.14 
Benzoquinone 0.46 0.7 040 

Excepting the value determined for tctracyanoethylene from 
equation (9), the orders of acceptor strength are  self-consistent among 
the three methods. Also from equation (9), tetracyanoethylenc and 
2,3-dicyanobenzoquinone are out of order with respect to their 
relative strengths inferred from reduction potentials (Table 1) and 
other spectral data (see below). Among the  quinones, acceptor 
strengths generally follow the order expected from the degree and 
type of substitution except for tetracyanobcnzoquinone, which 
would be expected to be the  most potent acceptor of all. The  
extraordinarily high value of 2.2 ev for tetracyanoetliylene dcter- 
mined from equation ( 9 )  is suspect, and probably reflects errors im- 
posed by the attempt to relate its rr-electron system to the geomctrically 
quite different cyclic n-system of the reference acceptor chloranil. 
These apparent anomalies serve to emphasize the dificulties in 
assigning absolute or even relative values to acccptor strengths. 

More recently, Farragher and Page28 have determincd electron 
affinities of a number of polycyano compounds using the magnetron 
technique which presumably depends upon dircct electron capture 
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by the acceptors". T h e  electron afinities determined in this way 
were considerably higher than those shown in Table 2 (e.g. -2.9 cv 
for both tetracyanoethylene and tetracyanoquinodimethane, 2-46 ev 
for chloranil and 1-38 ev for benzoquinone) but the order for any 
given structural type (substituted ethylene or benzene) showed a 
definite increase in electron affinity with increasing cyano substitu- 
tion. Unfortunately, no quinoncs were included in this work, but 
hexacyanobutadiene was shown to have a very high electron 
affinity (-3.3 ev). 

IV. E L E C T R O N I C  A B S O R P T I O N  SPECTROSCOPY 

A. Absorption Maxima of Complexes 

It has been mentioned that extinction coefficients E,,, do not 
parallel in any reasonable way either the association constants K or 
Am,,,. On  the other hand, straightforward observations of K and 
A,,, can afford rapid and mcaninghl information concerning 
complex formation. 

The  relationship between the energy corresponding to the 2,,,, 
the electron affinity of the acceptor and the ionization potential of 
the donor have already been discussed. Thus, the larger the Ed 
of the acceptor and the greater thc electron donating capacity of 
thc donor (small I,) the lower will be the energy of the charge- 
transfer process responsible for light absorption, i.e. thc longer 
the wavelength. 

In  Table 3 are listed thc I,,,, values for the first absorption band 
of a series of complexcs of polycyano acceptors with several mcthyl- 
atecl bcnzenc and condensed polynuclear hydrocarbon donors in 
dichloromethane. I,,,, values for the chloranil and benzoquinone 
in CCI, are also included. It should be noted that direct comparison 
is justified only for data in identical solvents since it will be shown 
that the position of the 3,,,, for a given complcx is affected by thc 
solvcnt. 

* In tliis tcchniquc the compound under study is introduced as a gas a t  low pressure 
( 10-2--10-4 mm Hg) into a chamber haviilg a coaxial filament-grid-nnodc assembly 
rnountcd in a soIcnoidal coil. I n  the presence of a magnetic field, electrons from the 
heated filamcnt arc capturcd by the grid whilc hca\-ier ions pass to the anode. Thc  
logarithm of the electron-ion currcnt ratio is plotted against the reciprocal of the filament 
tcmpcrature and thc slopc of the plot gives the electron afinity at the mean of thc tcmpcr- 
ature rangc investigatcd. This apparent clcctron affinity is thcn corrcctcd to O'K by an 
appropriatc madlcmatical cspression. 
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For a given class of donors, e.g. the methylated benzenes, the 
increases as the degree of methylation or increased rr-donor 

propensity increases. This parallels the lowering of the ionization 
potentials from benzene to hexamethylbenzene4. Altering the class 
of donor to the condensed polynuclear hydrocarbons gives another 
set of A,,, values related to the changed rr-orbital system of the 
donor, its sizc and geometry. Thus a given acceptor with naphtha- 
lene gives a A,,, considerably greater than with mesitylene even 
though naphthalene has the greater ionization potential (8-3 ev 
versus 8.14 ev4). Geometry effects i n  the donor are reflected i n  
complexes with anthracene versus phenanthrene, the angular isomer 
phenanthrene producing a much lower A,,,. Among the most often- 
used polynuclcar hydrocarbon donors, the highly symmetrical 
pyrene (6 )  gives complexes with very high Amnx values. 

(6) 

These general considerations are, of course, not unique to com- 
plexes derived from polycyano compounds. What  is uniquc about 
polycyano compounds is their singularly high electron affinities 
shown in previous sections of this review and further reflected in  thc 
long wavelengths of the elcctronic absorption maxima of their 
complexes. I n  any given series, substituted quinones, cthylcnes or 
pyridines, the higher the degree of cyano-substitution, the greatcr 
the acceptor strength, as might be expected from the increased 
depletion of electron density in the parent nucleus by the powerfully 
electron-withdrawing cyano groups. Thc  cyanoquinone complexes 
in particular exhibit bands a t  very long wavelengths, A,,,, with any 
given donor being considerably higher than that  from the analogous 
acccptor chloranil. A comparison of pentacyanobenzene and pcnta- 
cyanopjlridine is of interest, since in all caws the pyridine produces 
the longer wavelength absorption ; this augmentation reveals the 
cffect of the electronegative heterocyclic nitrosen atom assisting in 
electron deplction of the ring r-orbital. The  ring nitrogen, howe\;cr, 
is not as effective as the additional cyano substituent in hexacyano- 
benzene. ‘The isomeric tetracyanopyridines show an interesting 
position effect, the symmetrical 2,3,5,6-isomer affording loxlger 
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wavelength absorption with the polynuclear hydrocarbons and the 
less-symmetrical 2,3,4,5-isomer longer wavelength absorption with 
the methylated benzenes. Finally, the imposition of a permanent 
positive charge on the heterocyclic nitrogen of 3,4,5-tricyano- 
pyridinium perchlorate is more effective in rr-electron withdrawal 
than the additional two cyano groups in the neutral pentacyano 
compound. T h e  very high 3b,,, of the hexacyanobutadiene-pyrene 
complex implies again a very high electron affinity of this acceptor 
a,siwas also inferred from polarographic reduction data. 

Many complexes exhibit two or more charge-transfer bands and 
the second band, of lower wavelength, is listed in Table 3 for pyrene 
complexes. The  existence of two such bands has been attributed to 
the existence of two closely located occupied orbitals in the donor so 
that the energy difference between the absorption bands (AvCT) is 
about equal to the energy difference between the two highest 
occupied orbitals of the donor1. For example, in Table 4 the AY,, 
values for tetracyanoethylene and chloranil are closely similar with 
any given donor. Iwata and coworkers14 have suggested that this 
explanation cannot be applied to the two bands observed for tetra- 
cyanobenzene complexes, since with this acceptor AyCT is relatively 
constant, irrespective of the donor. Furthermore, the observed 
energy difference for the tetracyanobenzene complexes coincides 
closely with the calculated energy difference between the two lowest 
vacant orbitals in the acceptor thus leading to a corollary explanation 
of multiple banding in some complexes. T h e  relative constancy of 
AyCT values for complexes of pyrene with scveral other acceptors 
(Table 4) supports the Briegleb explanation1, but more data would 
be desirable. 

The eEect of solvent changes on LmnX for complexes has already 
been mentioned and Table 5 clearly shows such effects with poly- 
cyano complcxes. Insufficient cxamplcs exist to allow detailed 
correlations to be made, b u t  in gcnei-a1 the differences are not 
large with a given complex among the closcly related chlorinated 
hydrocarbons, although highly polar solvents can affect significant 
changes. Solubility considerations may of coursc dictate the solvent 
to be used, but i t  is desirable that measurements in scveral solvcnts be 
made in order to facilitate comparison with data already available. 

B. Equilibrium Constants 

The equilibrium constants (I() for 1 : 1 complcx formation with 
a variety of polycyano acceptors are cited in Table 6. To thg extent 
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TABLE 5. Solvent effects on charge-transfer absovtion maxima. 

Complex 
L a x  

Solvent (rnp) Reference 

1,2,4,5-Tetracyanobenzene/hexarnethylbcnzene CHCI, 427 36 
CH,OH 399 36 

1,2,4,5-Tetracyanobenzene/naph thalene CHCI, 405 36 
CH,CN 372 29 

CH,CN 460 29 

2,3-Dicyanobenzoquinone/hexamethylbenzene CCI, 573 30 
CH,CI, 581 30 

2,3-Dichloro-5,6-dicyanobenzoquinone/hexa- CCl, 615 30 
methylbenzene CH,CI, 629 30 

1,2,4,5-Tetracyanobcnzene/pyrene CHCI, 495 37 

CH,OH 449 36 

2,3-Dicyano-5-nitro- 1,4-naphthoquinone/pyrene CH,CI, 760 35 
CH,CN 725 35 

that  equilibrium constants measure the stability of the complexes, 
the order of increasing H for a given series of measurements reflects 
in general the acceptor capacities, as inferred from previous sections 
of this review. With respect to solvents we see here that marked 
changes in observed K’s result from what might be thought to be 
relatively minor changes in  solvent, so that in comparing K’s i t  is 
mandatory that reference be made to the same solvent2. 

We have commented previously on the differences in magnitude 
and dimensions of K determined from molar concentration data 
versus mole fractions and some confusion on this point exists in the 
literature. For example, to compare the data with K’s expresscd in 
llmole, Peoverzl has appropriately taken the dimensionless K’s of 
Merrifield and Phillips4 and divided by the molar volume of the 
solvent; this conversion was also made for the purposes of Table 6. 
I n  other instances those same data have been used incorrectly, 
without conversion, for direct comparison with K’s expressed in 
l/niole (see Reference 2, p. 28). 

I n  any case, the K values in Table  6 again reflect the greater 
stability of the polycyanoquinone complexes and thus the high 
r-acceptor capacity of the quinones. However, anomalies relative 
to previous criteria are evident. With respect to polarographic 
reduction and A,,, with pyrene, hexacyanobutadiene was inferred 
to be a much stronger acceptor than, for example, tetracyanoquino- 
dimethane, and yet the K with pyrene ranks the butadiene consider- 
ably below the quinodimethane. A similar inconsistency in the 
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TABLE 6. Equilibrium constants K for complex formationa. 

Mesi- Hexamethyl- Dimethyl- Refer- 
Acceptor tylene Durene benzene Pyrene aniline ence 

2,3-Dichloro-5,6-dicyano- 19.2b 72.3b 

2,3-Dicyanobenzoquinone 4.9b 12.3b 
benzoquinone 

2,3-Dicyano-5-nitro-I ,4- 
naphthoquinone 

Tetracyanoethylene 1.1 3.5 

Chlorotricyanocthylene 0.6 
Tricyanoethylene 0.4 
Pheny 1 tricyanoethylene 0.6 
Tetracyanoquino- 0.4 

Hexacyanobutadiene 
Chloranil 

dimethane 

574b 
97.5 
73.ab 
13.4 

16.7 
3 5d 

0.8 
0.9 

3.2 
2.ld 

30 

30 

12.0 35 
5.2' 
1.9 8.5d*e 4, 21, 

38 
31 
31 

5.0 17 
0.4 0.4C~f 32 

2.7 
1.5 

22 
21 

a I n  units of l/mole; where the original literature cited dimensionless K's based on 
mole fractions, the value has been converted by dividing by the molar volume of the 
solvent. Temperature 22-25", solvent dichloromethane except where noted. 

* Carbon tetrachloride solvent. 
Acetonitrile. 

d Chloroform. 

f N,N-Dimethyl-b-toluidine. 
= 48". 

relative order of tetracyanoethylene versus tetracyanoquinodi- 
methane is seen using K or A,,, as criteria with the structurally 
different donors hexamethylbenzene and pyrene6. This again 
emphasizes the need for caution in assigning relative acceptor 
strengths without reference to the particular criteria and geometry 
or chemical constitution of interacting species. 

C. Thermodynamic Considerations 

Analysis of the temperature dependence of equilibrium constants 
affords estimations of heats of formation ( A H " ) ,  free energies of 
formation ( AF") and entropy changes ( AS") which accompany 
complex formationl.2. I n  general these are small compared to those 
encountered in covalent bond-forming reactions. We do not intend 
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to consider these properties in detail, but by way of illustration the 
hcats of formation of several cyano complexes and of chloranil are 
listed in Table 7. Since equilibrium constants, and thus AH", are 

TABLE 7. Heats offormation ( - A H ,  kcal/mole). 

2,3-Dicyano- Tetracyano- 1,2,4,5-Tetra- Chlora- Refer- 
Donor bcnzoquinone ethylene cyanobcnzene nil ence 

Benzene 2.3a 0 0.4b -1.7' 1, 4, 14 
Mcsity lene 5.lC 4.5a 4, 30 
Durene 6.gC 5.1" 4.4c 1,4, 30 
Hexamethylbenzene 7 . a ~  7 . a ~  5.4= 30, 40, 

39 
N, N-Dimethylaniline 6 .gd  5.OC 38,40 
N, N,N',N '-Tetrameth yl- 3.6d 36 

p-phenylcnediamine 

a Solvent CI-IzClz. 
Solvent CzH,C1,. 
Solvent CCI,. 
Solvent CHCI,. 

very sensitive to solvent changes some of the values in Table 7 are 
not directly comparable, but, within a self-consistent series of 
measurements, AH" should reflect increased strength of interaction 
in complex formation. This is seen to be the case for a given acceptor 
with a series of donors of increasing donor capacity. The values for 
2,3-dicyanobenzoquinone and chloranil are directly comparable 
since they were determined in the same solvent, and here we see 
further confirmation of the greater acceptor strength of the cyano- 
quinone. 

V. ION-RADICAL FORMATION 

A. General 

The possibility of complete electron transfer from donor to acceptor 
as  depicted in equation (1) (tantamount to a one-electron oxidation- 
reduction reaction) implies the possibility of formation of cation 
radicals and anion radicals from donor and acceptor, respectively. 
Such ion-radical formation could occur either in solution or in the 
solid state and should be detectable by magnetic susceptibility 
or electron spin resonance (e.s.r.) niea~urement~4~.  If there were 
no exchange interaction between the ion-radical pairs D !-AT then 
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the individual components would exist in double electronic states 
such that the paramagnetic or e.s.r. signal intensity (I) would 
follow simple Curie-law temperature dependence (equation 1 1). 

I c c  1/T (11) 

If, however, there is extensive exchange interaction between pairs 
so as  to give a singlet ground state and triplet excited state separated 
by the  exchange energy J ,  then the intensity would follow equation 

(12) 

At low temperatures thc intensity would then be small or zero and 
would increase with temperature as the paramagnetic triplet state 
becomes thermally populated, reaching a maximum a t  a tempera- 
ture of approximately J / k ,  and should then follow Curie-law depend- 
ence above that temperature. Conversely, a triplet ground state 
with excited singlet state should show greatest signal intensity a t  
low temperature and decrease with increasing temperature more 
rapidly than Curie-law behaviour according to equation (1 3) .  

(13) 

(12) 
I cc l/T[exp ( + J / k T )  + 31 

I cc l/T[exp ( - J / k T )  + 31 

B. Anion Radicals in Solution 

In  early work on the reaction of tetracyanoethylene (TCNE) with 
N,N-dimethylaniline (7) i t  was observed that the reaction mixture 
first assumed a blue colour (J,,,,, 650 mp) which slowly disappeared 
with the formation of a red colour characteristic of the final reaction 
product, the tricyanovinyl dye 8 (Amas 520 m , ~ ) ~ ~ .  The  blue colour 

N(CHJ2 

(Nc),c=C(cN), f- 0 4 [intermediate] d 0 (7) 

(8) 

of the intermediate was ascribed to the formation of a .rr-complex 
and Phillips17 reinvestigated the intermediate by e.s.r. using NyN- 
dimethyl-ptoluidine to suppress the substitution reaction. The  e.s.r. 
22 
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spectrum of the solution in tetrahydrofuran exhibited a well- 
resolved nine-line pattern characteristic of the TCNE anion radical 
(TCNE') superimposed on a broad resonance ascribed to donor 
cation radical. Subsequent detailed analysis of the nine-line spectrum 
showed the line intensity ratios to be very close to those expected 
from splitting by four equivalent 14N (nuclear spin I = 1) nuclei". 
A variety of other reducing agents such as iodide, cyanide and 
various metals will also serve to reduce TCNE to the anion radical 
providing a variety of stable anion radical s a l t ~ ~ 3 - ~ ~ .  Among the 
more interesting donors, the organometallic ferrocene (9) was found 
to interact with TCNE to give a complex which in solution exhibited 
a strong e.s.r. signal and was thus assigned the salt structure ferri- 
cenium TCNE' (10) by Webster and coworkers, even though in the 

Fe + TCNE __j Fe+ TCNE: 
I I 

(9) (10) 

solid state the product was d i a m a g n e t i ~ ~ ~ .  However, subsequent 
x-ray work by Adman and coworkersd6 and Mossbauer spectroscopy 
by Collins and P ~ t t i t ~ ~  showed that in the solid state the compound 
is the molecular complex and not the charge-transfer salt. A variety 
of other metallocenes do, however, form salt-type structures with 
TCNE48 (see below). 

A number of other polycyano compounds have been converted to 
anion radicals either e l c c t r ~ l y t i c a l ~ y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  or chernicallyG,13.22.26,44 
and their solution e.s.r. spectra determined. Thus the anion radical 
of 7,7,8,8-tetracyanoquinodimethane (TCNQ') in 'THF solution 
exhibits over forty lines compared with the forty-five lines expected 
on the basis of hyperfinc interaction between the unpaired electron 
and the lH and 14N nuclci6. Electrolytic reduction of 2-dicyano- 
methylene-lY3-indanedione ( 5 )  gave a twenty-five-line spectrum 
arising from splitting by two 14N atoms and four equivalent  proton^'^. 
The solution e.s.r. spectrum of hexacyanobutadiene anion radical 
( l a )  gave a forty-five line pattern consisting of nine major lines 
arising from splitting by the terminal nuclei each being further 
split into five lines by the internal 141S nuclei'2. 
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(11) 

The  e.s.r. spectrum of the TCNQ? ion radical in aqueous solution 
is of special interest. I n  dilute solution, the signal is strong as a result 
of absorption by the monomeric anion radical; in concentrated 
solution, the signal is very weak and this attenuation is ascribed to 
formation of radical dimers (12)6*51. The  two forms have distinctly 

2 TCSQ'  [TCNQI2' T. 

(12) 

different electronic absorption spectra and their designation as 
monomer and dimer was verified by equivalent conductance 
measurements5*. The  signal strength of the dimer solution increases 
with increasing temperature in a manner which suggests singlet- 
triplet behaviour as discussed above. This solution behaviour of 
the anion radical parallels the behaviour of the diaminodurene 
cation radicalG.53. 

C. Ion Radicals in the Solid State 

T h e  formation of solid, often crystalline, complexes by reaction 
of appropriate acceptors and donors is a common phenomenon and 
the possibility of their existing as charge-transfer salts has long been 
recognized*. E.s.r. examination of such complexes and temperature 
dependence of signal intensities was first carried out  by Bijl, Kainer 
and  Rose-Innes working with complexes derived from substituted 
quinones and j-phenylenediamines5". I n  all cases, they found strict 
Curie-law dependence (equation 11)  indicating that the ion radicals 
existed in a doublet electronic ground state. Subsequently, Singer 
and Kommandeur observed singlet-triplet behaviour (equation 12) 
in the perylene-iodine complex5~. I n  examining the solid 1: 1 
chloranil-diaminodurene complex 13, Chesnut and Phillips found 
that the e.s.r. behaviour could best be described by the singlet- 
triplet model: but with the solid containing as little as 0.04% of a 
doublet-state impurity". Thus, the apparent Curie-law behaviour 
found by Rijl and coworkers was ascribed in part  to the presence of 
dominating doublet statc impurities. 
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(13) 

In any case, only a very small percentage of donor-acceptor 
molecules exist as paramagnetic species in complexes such as 13; 
quantitative e.s.r. measurements showed only about 1021 unpaired 
electrons per mole of donor-acceptor pairs. Small spin concentrations 
are also found in  a variety of polycyano complexes such as those 
listed in Table 8. 

TABLE 8. Electron spin concentrations of solid polycyano complexes. 

Acceptora 

Unpaired 
electrons 

Donor per moleb Refcrence 

TCNE 3,3'-Dimethoxybcnzidinc 
T C N Q  p-Phenylenediamine 

N,N-Dimethyl-p-phcnylenediaminc 
1,5-Diaminonaphthalcne 

2,3-Dichloro-5,6- Dibenzo[c,d]phenothiazine 
dicyanobenzoquinonc 

Durenc 
Pyrcne 

57 
G 
6 
6 

58 
58 
30 
30 

a Acceptor: donor mole ratio 1 : 1 unless otherwise noted. 
* E.s.r. absorption intensity measured versus diphenylpicrylhydrazyi as standard. 

Accuracy estimated to be 525%.  
C Acceptor: donor ratio 1 : 2. 

Resonance absorption observed, but not evaluatcd quantitatively. 

Table 8 illustrates that irrespective of the nature of acceptor and 
donor the unpaired electron concentrations are very similar. The  
case of the 2,3-dichloro-5,6-dicyanoquinone(DDQ)-pyrene complex 
is of interest since the tctracyanoethylene analogue shows no e.s.r. 
absorption at room temperature". This reflects the very high 
acceptor strength of the quinone, assuming that the observed 
resonance was not an impurity artifact. It would be valuable to 
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have e.s.r. data on the solid hexacyanobutadiene-pyrene and 
-1iexamethylbenzene complexes22 since the butadiene has a very 
high acceptor strength ; unfortunately such data are not available. 
In  solution, these complexes have electronic absorption spectra 
showing the presence of the hexacyanobutadiene anion radical, but, 
as we have seen with the ferrocene-TCNE complex, extrapolation 
from solution data  to the solid state can be misleading. 

Stable anion radical salts represent the extreme of the charge- 
transfer phenomenon, and such salts arc: now known to be readily 
accessible from polycyano acceptors because of the high degree of 
resonance stabilization resulting from the multiplicity of conjugated 
or cross-conjugated cyano groups. For example, stable, solid salts 
of TCNE-, TCNQ- and hexacyanobutadiene (HCBD') anion 
radicals can be isolated with appropriate precipitating ~ a t i o n s ~ * ~ ~ * ~ ~ * ~ ~ .  
Metallocenium salts of TCNE' and DDQ: have been prepared48, 
as has the tropylium salt of DDQ- 5'. T h e  derivatives of T C N Q  
coiistitute a unique series of compounds, since this acceptor will 
form typical 7r-molecular complexes with a variety of donors ranging 
in complexity from benzenoid hydrocarbons to planar metal 
chelates; it also forms simple anion radical salts of constitution 
MfTCNQ' where the cation may be organic, inorganic or organo- 
inorganic; finally i t  forms a series of complex salts of types 14 and 
15 all of which can be isolated in the solid stateG. Type 14 constitutes, 

M+(TCNQ) IvI,+(TCNQ) (TCNQ'), 

(14) (15) 

in effect, a simple anion radical salt containing an  extra molecule 
of neutral T C N Q ;  from the formulation one could infer that the 
electron is shared by two T C N Q  moieties, but e.s.r. and 
x-ray s t ~ d i e s ~ ~ s 5 ~  would suggest the molecular formulation 
(M+),(TCNQ),T to account for the pairwise spin correlation 
implied by the singlet-triplet e.s.r. behaviour. Type 15 is similar to 
14 but the formulation indicates one mole of neutral T C N Q  
combined with two moles of simple salt; again singlet-triplet e.s.r. 
behaviour was observed with this typeSGe5g and detailed x-ray 
analysis of the ( C S + ) , ( T C N Q ) , ~ ~  salt showed that the T C N Q  
moieties are packed face-to-face forming somewhat irregular 
columns of triadsj9*". Other extensive x-rayG1-'j3 and 
studies have been undertaken on T C N Q  salts in relation to their 
unique properties as organic semiconductors. 
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One of th 

VI. E L E C T R I C A L  PROPERTIES O F  
P Q L Y C Y A N O  C O M P L E X E S  

most intriguing aspects of solid organi mol cular 
complexes is that of electrical conductivity and their behaviour as 
semiconductors. Complcxes of polycyano compounds have been of 
singular interest in this regard because some of them have been 
found to exhibit extremes of the properties rclated to semiconduction 
in organic compounds and have been a fruitful subject for elucidation 
of its theoretical aspectsGG. 

Conductivity in semiconductors is often referred to by the 
reciprocally related term ‘volume electrical resistivity’ ( p )  , expressed 
in ohm cm. Resistivity is operationally determined by equation (14), 

R x A 
P = -  L 

where R is the electrical resistance (ohms), A is the cross-sectional 
area (cm2) and L the length (cm) of the specimen being examined. 
Resistivity may further be defined by equation (15), wherc n is the 

1 
P = -  nLle 

number of charge carriers, ,u is their mobility and e the charge on 
each carrier. For insulators and semiconductors carrier production 
is a thermally activated process and so their resistivities show 
exponential temperature dependence according to equation ( 16) , 

(16) 

where E is the activation energy, k is Boltzmann’s constant and T 
is absolute temperature. A major distinction between insulators 
and semiconductors lies in the magnitude of their resistivities, which 
typically. are of the order of 1014-1022 ohm cm for insulators and 
10-2-1 O9 ohm cm for semiconductors. For intrinsic semiconductors 
the activation parametcr is usually described by the energy gap, 
which is equivalent to twice the activation energy; for example, 
the typical intrinsic semiconductor, germanium, has a room-tempera- 
ture resistivity of about 60 ohm cni and an cncrgy gap of about 
0.7 clcctron volts (ev), corresponding to an activation energy of 
0.35 ev. Throughout this discussion the activation parameter cvill 

P = Po exp ( E l W  
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be expressed in terms of the activation energy. In  contradistinction 
to semiconductors, metallic conductors exhibit room-temperature 
resistivities of the order of ohm cm and their resistivities 
increase (conductivities decrease) with temperature. 

Among organic derivatives, complexes of perylene with bromine 
or  iodine have very low resistivities, in the range of 1-10 ohm cm, 
but such complexes are rather unstable6'. The  stable complexes of 
substituted quinones with p-phenylenediamines are highly conduc- 
tiveG8, e.g. the 1 : 1 chloranil-diaminodurene complex has a room- 
temperature resistivity of -3 x lo3 ohm cm, with a n  activation 
energy for conduction of 0.25 evG9 *. For comparison, the resistivities 
and conduction activation energies for 7;-molecular complexes 
derived from a number of polycyano 7;-acceptors and  assorted 
7;-donors are listed in Table 9. Clearly the resistivities run  the gamut 
from values typical of insulators to values near the lower limit for 
semiconductors and there is no obvious correlation with either the 
structure of the acceptor or the donor. Values for the series of 
p-phenyleiiediamines with tetracyanoquinodimethane tend to suggest 
that  within this group the greater the opportunity for coplanarity 
of the amino groups and the phenylene nucleus, the lower is the 
resistivity (i.e. the smaller the acceptor-donor separation, the greater 
the 7r-electron interaction) ; but even here the values for the N,N- 
dimethyl and N,N,N',N'-tetramethyl derivatives are inconsistent. 
O f  particular note arc  the values for the anomalous 1 : 2 and 1 : 3 
complexes of the 2,3-dihalo-5,6-dicyanoquinones with dibenzo- 
phenothiazine which are the lowest reported for 7;-complexes. 
M a t s ~ n a g a ~ ~  has drawn attention to the analogy of these with 
respect to the highly conductive complex salts of tctracyanoquino- 
dimethane (see below), but in the absence of further information 
on the state of ionization of the donor and acceptor components in 
the phenothiazine derivatives the analogy is a t  best a tenuous one; 
in the tetracyanoquinodimethane salts the 'donor' portion of the 
complex is in fact a stable cation while the anion portion is an anion 
radical complexed with its neutral counterpart. 

In addition to monomolecular donors, a number of complexes of 
polycyano acceptors with polymeric donors have been investigated. 

* This value for the resistivity was determined on a single crystal in the long needle-axis 
direction. \\'hen crystal size precludes single crystal measurements, resistivities are 
determined on mechanically compacted samples of polycrystalline material. Such com- 
paction resistivities are higher than single crystal values by Factors of about 10-100 
because of electrical resistance conferred by imperfect interparticle contact. 
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TABLE 9. Volume electrical resistivities and conduction activation energies of solid 
polycyano a-complexcsa. 

Pb 6 Refer- 
Acceptor Donor (ohmcni) (ev) encc 

Tetracyanoethylcne Naphthalene 
Hexamethylbenzene 
Ferrocene 

Hexacyanobutadiene 

7,7,8,8-Tetracyano- 
quinodimethanc 

2,3-Dichloro-5,6- 
dicyanoquinone 

2,3-Dibromo-5,6- 
dicyanoquinone 

CobaltoccncC 
Bis (tetrah ydroindcn yl)ironC 
Violan threne 
3,3'-Dimcthoxybenzidine 

Hexamethylbenzened 
Pyrened 

Pyrcne 
Anthracenc 
1,5-Diaminonaphthalene 
Diaminodurene 
N,N-Dimethyl-fi-phenylencdiamine 
N,N,N',N'-Tetramethyl-fi- 

2-Meth y l-fi-pheny lcnediamine 
N,N'-Dimethyl-p-phcnylenediamine 
p-Phenylenediamine 

CobaltocencC 
FerroceneC 
Tropyliumc 
Perylene 
Dibenzo[c,d]phenotliiazinc 
Dibeiizo[c,d]phenothiazine" 

Di benzo[c,d]phenothiazine 
Dibenzo[c,d]phenothiazinee 

phenylenediamine 

3 i(j'5 

4 x 1013 
3 x 10'2 
5 x 109 

10'2 
109 

5 x 108 
4.5 x 105 

7 x 10'0 
3 x 109 

10'2 
10" 
109 
109 

2 x 109 

3 x 105 
1 06 

2 x 104 
3 x 103 

3 x 1013 
3 x 10'0 
5 x 10'0 

106 
5 x 103 

17 

108 
240 

1.24 70 
0-58 70 

48 
45 

2.6 48 
48 
70 
57 

22 
22 

6 
6 
6 
6 
6 

6 
6 
6 

0.28 6 

0.9 48 
0.7 48 

57 
71 
58 

0.1 58 

58 
0.13 58 

a Acceptor:donor mole ratios are 1 : 1 unlcss otherwise noted. 

C These are ion radical salts, fully ionized in the solid state. 
For polycrystalline compactions. 

Acceptor:donor mole ratio is 1 :2. 
Acceptor:donor mole ratio is 1 :3. 

Thcse included hydrocarbon polymers72 and poly-p-dimethylamino- 
~tyrene7~. The hydrocarbon polymers gave complexes with resistivi- 
ties in the rangc 1013-1014 ohm cm, not appreciably different From 
the uncomplexed donors. The polyamine gave complexes with 
resistivities from 1 O l o  to 10'5 ohm cm depending upon the nature 
of the acceptor. 
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Although the simple anion radical salts of TCNQT are not 
molecular complexes they lead to a family of complex salts which 
can be regarded as derivatives of an anionic moiety consisting of 
the anion radical TCNQT complexcd with its neutral counterpart 
TCNQ.  Such complexes are unprecedented and remain unique 
with respect to composition and, among organic compounds, to  
their electrical properties. Many of these TCNQT derivatives are 
obtainable in niacrocrystalline form such that resistivities are 
measurable in three major crystal directions ; these measurements 
have revealed a marked anisotropy of resistivity with respect to 
crystal axes"74. Anisotropy of resistivity has also been observed in  
complexes of the quinone-aromatic amine type but in these the 
resistivities vary only by a factor of about lo2 relative to crystal 
direction75, whereas with T C N Q r  salts the values vary in some 
instances by as much as lo4. The availability of these TCNQ' 
derivatives in macrocrystalline form has permitted considerably 
detailed study of properties related to the mechanism of conduction 
in organic solidsG6. It is not the purpose of this review to consider 
the physics of these conduction processes, but only to cite examples 
illustrating the magnitude of the values which have been observed 
and to make some qualitative observations with respect to composi- 
tion and conductivity. In  Table 10, are collected resistivity data and 
conduction activation energies for a number of TCNQ' salts, both 
simple and complex. 

With organic cations it is generally true that the complex salt 
is much more highly conductive than the simple 1 : 1 salt, as illus- 
trated by the triethylammonium derivatives. This is also true for a 
great variety of salts which are not listed in Table 10. T h e  macro- 
crystalline forms of the triethylammonium and methyltriphenyl- 
phosphonium complex salts show very clearly the anisotropy of 
conduction in these salts, the resistivities varying by factors of about 
103 and lo4, respectively, with regard to the most conductive and 
least conductive crystal directions. In conjunction with x-ray data, 
it has been shown74 that the most conductive direction is that 
perpendicular to the faces of the face-to-face stacked 
TCNQ'TCNQ moieties; thus these are inferred to bc the pre- 
dominant mediators of charge movement. The  simple morpholinium 
salt illustrates the absence of anisotropy of conduction in this type 
of salt. Within the group of complex salts of the type M+(TCNQ),-, 
(where Mf is a generalized cation) with aromatic cations, it is 
generally true that the nature of the cation does not greatly affect 
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TAULE 10. Resistivities of TCNQ- saltsa. 
- 

Resistivityb E C  

Salt (ohm cm) (ev) 

Cs+TCNQ- 3 x 104c 0.15 

(Cs+),(TCNQ) (TCNQ-;), 0.36 
Cu+TCNQ7 2 x 102c 0.13 

Morpholinium TCNQ- 

500; 6 x lo4; 6 x lo4; (9 x 

Cu2+( T C  NQ- ) 2 x l02C 0.12 

(Morpholinium)2(.TCNQ) (TCNQ-), 
N-Mcthylphenazinium TCNQ- 

N-Ethylphcnazinium TCNQy 109; (1011)~ 
N-Ethylphenazinium (TCNQ),- 1.2c 
Trietkylammonium TCNQ- 109c 

6 x lo8; 6 x lo8; 6 x lo8; (lo9). 
5 x 103; (105)~ 
7 x 10-3; (0.5)~ 

N-Methylphenazinium (TCNQ)2-: 1 * 4 c  

Triethylammon i urn (TCNQ), 0.5; 40; lo3; (20)C 0.13 
Quinolinium (TCNQ),: 10-2 0.0 13 
Mcthyltriphenylphosphonium (TCNQ),: 60; 600; lo5 0.25 

a Values taken from References 6 and 76. 
Determined on single crystals except where noted; where three values arc given they 

correspond to measurements perpendicular to principal crystal faces, the lowest value 
arbitrarily citcd first. Where only one value is given, it corresponds to the long needle 
direction of t h c  crystal. 

Determined on polycrystalline compaction. 

the magnitude of the resistivity. It is also generally true that simple 
salts are much less conductive than the complex salts, but several 
notable exceptions to these generalizations are known. Thus, the 
simple N-methylphenazinium compound is the most highly con- 
ductive of the compounds listed, indeed it is the most highly con- 
ductive organic compound known. O n  the other hand, the simple 
N-ethylphenazinium salt has a low conductivity typical of usual 
simple salts; the presence of the ethyl versus methyl group must 
confer, among other things, a major difference in crystal structure 
in a manner that disrupts the conduction path7G. X-ray da ta  have 
shown that  in the N-methyl compound the TCNQ: ions are stacked 
face-to-face in fairly regular columns; unfortunately x-ray data  are 
not available on the ethyl homologue. However, the higher density 
of the methyl derivative suggests a more efficient molecular packing 
within its crystal. 

The  copper salts formulated as simple salts of cuprous and cupric 
ions further complicate attempts a t  generalization. The  cuprous 
salt is quite highly conductive with respect to other simple salts. 
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The alleged cupric salt, which is very similar in electrical behaviour, 
could conceivably be formulated as the complex cuprous salt 
Cu+(TCNQ) 2T. However, other criteria such as magnetic suscepti- 
bility are not consistent with either formulation, so the existence of a 
complicated solid-state equilibrium involving Cu+, Cu2+, TCNQ' 
and neutral TCNQhas been proposed to account for the propertiess. 
In any event, knowledge of the detailed electronic structure of many 
of these compounds remains vague and will require further study. 

Finally, it should be noted that TCNQ' derivatives of polymeric 
quaternary ammonium salts have also been prepared and these also 
show increased conductivities resulting from the inclusion of neutral 
TCNQ,  consistent with the behaviour of derivatives of monomeric 
cations7707*. 

In  summary, these TCNQT anion radical derivatives exemplify 
some of the structural requirements and attendant properties which 
may be sought or expected in the continuing search for practical 
organic semiconductors. 
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1. INTRODUCTION 

The cyano substituent is quite inert to attack by free radicals. A 
wide variety of free-radical reactions are known where the cyano 
group is unaltered by the reaction. I t  does not follow, however, that 
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the cyano group has no effect on the behaviour of free radicals. 
The  following general characteristics may be given concerning the 
effects of the cyano group on free-radical reactions. 

[I] As a substituent on a hydrocarbon the cyano group can 
activate or deactivate the hydrogen abstraction reaction. Its effect 
is very dependent upon the nature of the attacking radical. Abstrac- 
tion reactions by acceptor (electrophilic) radicals such as halogen 
atoms are deactivated, but abstractions by donor (nucleophilic) 
radicals such as alkyl are promoted. 

[2] As a substituent on an olefin, the cyano group greatly 
activates the olefin for radical attack. This effect is more pro- 
nounced for donor radicals, but acceptor radical addition is also 
promoted. 

131 cr.-Cyanoalkyl radicals are appreciably stabilized by electron 
delocalization. 

R C-CEN R C=C=h' 2 2 

[4] While alkyl radicals are donor radicals, the electron-with- 
drawing cyano group makes cyanoalkyl radicals acccptor radicals. 

I I .  HYDROGEN ABSTRACTION FROM N I T R I L E S  

Many studies have been made of polar effects in the hydrogen 
abstraction reaction by radicals. I t  is generally true that polar 
effects relating to the stability of the radical to be formed will be 
more important in reactions of high activation energy. This follows 
because the transition state will be closer to the (radical) products 
than in reactions of lower activation energy'. Even though adjacent 
cyan0 groups would stabilize a radical by electron delocalization, 
they could be deactivating in a hydrogen abstraction reaction by 
an acceptor radical, Re. 

R- f H-X- [Ra-. . . I - 1 . .  . Xd'] + R-H + X. 

Activation energies for hydrogen abstraction from acetonitrile 
and propionitrile by trideuteriomethyl radicals are 10 and 8-5 
kcal/mole, respectively2. The  former value is only slightly smaller 
than the value of 10.4 kcal/mole for hydrogen abstraction from 
ethane. 

The  reactivities of the three types of hydrogen in butyronitrile 
have been determined in photochlorination3 and in chlorination 
with 1-butyl hypochlorite" and are given in Table 1, Deactivation 
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?'ABLE 1. Isomer distribution in chlorination of 
butyronitrile. 

Isomer distribution 

(Yo) 
a P Y Rcagen t 

C & ( ~ V ) ~  0 69 31 
l-C4H,OCl4 22.4 43.7 33.9 

673 

by the cyano group is greater for hydrogen abstraction by chlorine 
atoms than it is for t-butoxy radicals. The overall deactivation of 
the cyano group was shown by determining the relative reactivities 
of the three types of hydrogen of butyronitrile versus the primary 
hydrogen in 2,3-dimethylbutane in t-butylhypochlorite photo- 
chlorination. The  values obtained were a 0.67, /? 1.3 and y 0.67 
versus 1-00 for the primary hydrogen in  2,3-dimethylbutane4. 
Similar studies of isomer distribution in photochlorination have 
been done with propionitrile, isobutyronitrile and valeronitrile3. 

Rromination of nitriles with N-bromosuccinimide and benzoyl 
peroxide was shown to be a much more selective reaction5. Abstrac- 
tion of primary hydrogen does not occur, so that good yields of 
a-bromonitriles werc obtained from propionitrile and isobutyro- 
nitrile. Deactivation by the cyano group was observed, for valero- 
nitrile gave 30 ?& a- and 70 y-broni~valeronitrile~. Hydrogen 
abstraction by bromine atoms is 15 kcal/mole less exothermic than 
hydrogen abstraction by chlorine atoms, so i t  would be expected 
that resonance stabilization of intermediate radicals would be  more 
important in brominations than in  chlorinations. The  deactivation 
of hydrogen abstraction by adjacent cyano groups is not as great in 
bromination as in  chlorination, for toluene underwent photochemical 
bromination with N-bromosuccinimide only twice as rapidly as 
phenylace tonitrile6. 

T h e  effect of /?-substituents in  chlorinations with sulphuryl 
chloride initiated by azo-bis(isobutyronitri1s) has been examined'. 
Pivalonitrile was only 0.1 7 times as reactive as t-butylbenzene. The  
cyano group was more deactivating than the benzoyl or chloro- 
carbonyl groups. 

CH3 
I 
I 

CH3 
I 
I 

CH3 

CH3C-X + sO2c1, + C1CEI&-x 

CH, 
(>( = CX, C6H,, C,I-I,CO, cico) 
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Cyanoalkyl radicals have been generated from nitriles by reaction 
with hydroxyl radical. In  aqueous solution, dimers were obtained*. 
Acetonitrile gave an  18 :h yield of succinonitrile, propionitrile gave 
a 60 yo yield of a dinitrile mixture and pivalonitrile gave a 52 yo 
yield of 2,5-dicyano-2,5-dimethylhexane. A claimed electrochemical 
formation of cyanomethyl radicals from acetonitrileg has been , 

refutedlO. 

111. FREE-RADICAL ADDITION O F  
NITRILES TO OLEFINS 

A. Cyonoesters 

Although a n  adjacent cyano group does not activate hydrogen 
for abstraction by donor radicals, many nitriles are reactive enough 
to undergo the free-radical chain olefin addition reaction. In most 
cases, hydrogen abstraction was accomplished by alkyl, acyloxy or 
alkoxy radicals. The  following sequence of reactions is common to 
the olefin additions : 

R1,CHCN + X- ___f R',C- + HX (1) 

(2) 

I 

I I 

CN 

R',C. + R2CH=CH, __f R12C-CH2CH* 

CN R2 
I 
CN 

(1) 

R1,C-CH2CH- + R1,CHCN __f R12C-CH2CH2R2 + R1,C- 
I 

(3) 

c iY 
I 
CN 

I I 
CN R2 

(1) (2) 

In  order to obtain good yields of thc 1 : 1 adduct (2), the rate of 
reaction (3) must be larger than the rate of reaction of (1) with more 
olefin which leads to telomer or polymer formation. To increase 
the yields of 2 large ratios of nitrile to olefin are used. I n  the t-butyl 
peroxide initiated addition of ethyl cyanoacetate to 1-octene, a 
molar ratio of nitrile to olefin of 4.5 to 1 gave a 31 yo yield of 1 : 1 
adduct, while a ratio of 20 to 1 gave a 67 94 yield". By the use of 
a very large excess of acetonitrile to I-octene an 18% yield of 
1 -cyanononane was obtained12 in the benzoyl peroxide initiated 
reaction. 

Ethyl cyanoacetate has been shown to be twelve times more 
reactive tha,n ethyl malonate in addition to 1-octene by product 
analysis in competition  experiment^'^. At best the competition 
method measures relative rates of reactions exemplified by equation 
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(3). Product analysis does not measure the relative reactivities 
(equation 1) bccause of the other reactions which the intermediate 
radkals can undergo (disproportionation, dimerization, telomeriza- 
tion, etc.). I n  view of reaction complexities, such as reactions of the 
products with free radicals, the figures have probably only qualita- 
tive significance. Ethyl cyanomalonate has been added to 1-octene 
with bis(isopropy1) peroxydicarbonate as initiator14 and has been 
shown to be about four times more reactive than ethyl malonate in 
addition to 1-octene13. 

Ethyl cyanoacetate underwent trans addition to l-methylcyclo- 
hexene to give ethyl cis-2-methylcyclohexyl ~yanoacetatel~. Ethyl 
cyanoacetate was added to 1-hexyne to give 3.5 yoof ethyl hexylidene- 
cyanoacetateI6. The expected initial adduct (ethyl 2-cyano-3- 
octenoate) probably tautomerized to the observed product. 

A variety of intramolecular cyclizations of unsaturated cyano- 
acetates have been accomplished by free-radical chain reactions. 
Ethyl 1-cyanocyclohexanecarboxylate (4) was prepared in 5 1 yo 
yield by the reaction of ethyl 2-cyano-6-heptenoate (3) with benzoyl 
peroxide in refluxing cyclohexanel7. There are several important 

(3) (4) 

differences between the intramolecular and intermolecular addition 
reactions. The intramolecular cyclization is best run in very dilute 
solution in order to minimize intermolecular reactions. Doing this, 
however, decreases the rate of reaction of equation (3).  This can be 
circumvented by running the reaction in a hydrogen donor solvent 
such as cyclohexane. With a hydrogen donor, chain lengths are small 
and larger amounts of initiator are required. The effect of dilution 
has been studied in the preparation of 4 from 318. The yield of 
4 was increased from 35 to 70% by increasing the amount of 
cyclohexane diluent eightfold. A number of other cyclizations have 
been accomplished and are given in Table 2. 

I n  view of the generality of low yields obtained in free-radical 
additions to internal double bond~24~, the first three entries of Table 
2 are of considerable interest. Evidently steric factors are less critical 
in intramolecular additions than in intermolecular additions. 
Example 7 indicates that the preference for a six-membered ring 
transition state rather than a seven-membered ring is of greater 
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importance than the energy differences between the primary and 
secondary radicals. The failure to observe cyclization in example 12 
is probably the result of favourable geometry for abstraction of the 
allylic hydrogen. Polyherization takes precedence over cyclization 
in example 16. The cyclization to a seven-membered ring in example 
20 occurs (in contrast to example 7) because of the rigid linearity 
of three of the carbon atoms. 

A recent study has shown that the amounts of cyclization to 
five- and six-membered ring products in example 1 are very depend- 
ent upon temperature and upon solventzqb. The absence of six- 
membered ring products in examples 21, 22 and 23 suggests that 
more cyclization to a five-membered ring occurs when the initial 
radical is less stabilized. Initiation of the cyclization of example 23 
was by bromine atom extraction rather than by hydrogen abstrac- 
tion. 

The products of example 1 have been shown to be those of thermo- 
dynamic rather than kinetic control. Decomposition of the peresters 
5 and 7 generated the isomeric radicals 6 and 8 which gave nearly 

15% 85% 

identical product  composition^^^. The product composition was also 
that obtained in the cyclization of example 1. The interconversion 
of radicals 6 and 8 is probably not dircct but rather by way of the 
ring-opened radical 9. 
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5. Halonitrifes 

A variety of bromonitriles have been added to olefins in peroxide 
induced reactions. These reactions proceeded by bromine atom 
rather than hydrogen atom abstraction. 

x* 
R’CHBr-CN + XBr f RICH. 

I 

I I 

CN 

R’CH. + R2CH=CH2 R’CHCH,CH- 

CN Rz 
I 
CN 

AN R2 

RICHCH,CH. + RlCHBrCN + R’CHCH,CHBrRZ + RICH. 

CN 
I I 

CN 
I 

Bromomalononitrile gave nearly quantitative yields of 1 : 1 adducts 
with olefinsZG. The reaction was shown to be accelerated by light, 
slowed by oxygen and inhibited by t-butylcatecholZ6. The products 
of the reaction , /3-bromoalkylmalononitriles, were honverted in high 
yields to dicyanocyclopropanes by reaction with triethylamine. 
The reaction of broinomalononitrile, olefins and triethylamine to 
give dicyanocyclopropanes had previously been thought to involve 
dicyanocarbene27, but this interpretation is no longer tenable. The 
stereochemistry of addition of bromomalononitrile to cyclic olefins 
has been examined28. I n  most cases, slightly greater yields of trans 
than of cis adducts were obtained. 

Dibromomalononitrile also has been added to ole fin^^^^^^. With 
an excess of dibromomalononitrile 1 : l  adducts such as 10 were 

CBr2(CN), + PhCH=CH, + I’hCHBr-CN2CBr(CN)2 

(10) 

formedz9. The products readily reacted with more olefin to give 
1 :2 adducts such as 1130. The 1 :2 adducts were hydrolysed by base 

10 + PhCH=CH, ---+ PhCHBrCH2C(CN),CI-IzCHBrPh 

(11) 

to ~pirolactone~30. The radical nature of the olefin addition reaction 
was deduced by the structures of the products and by the initiation 

,o-co ,c/ct12\ 

11 f NaOH --* pI&H CH Ph 
\ /‘co-0’ 

CH? 
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of the reaction by peroxides, azonitriles or copper30. The formation 
of radicals by the reaction of dibromomalonmitrile with copper 
indicates that the formation of tetracyanoethylene probably involves 
a radical dimerization rather than a carbene reaction as was 
suggested3'. 

CBr2(CN), + Cu (NC),CBr- 

(NC)2CBr. ---+ [(NC),CBr-CBr(CN)2] __j (NC),C=C(CN), 

The benzoyl peroxide induced addition of bromoacetonitrile to 
1-octene has also been reported to give a 66% yield of the 1 : l  
adduct, 3-bromo- l - ~ y a n o n o n a n e ~ ~ .  The addition of dibromo- 
acetonitrile to allyl acetate gave a 52% yield of 4-cyano-2,4- 
dibromobutyl acetate32. Trichloroacetonitrile gave only a trace of 
the 1 : l  adduct with ethylene but a 66% yield of adduct with 
1-octene32. The 1 : 1 adducts 12 and 13 were obtained from 2,2,3- 
trichloropropionitrile with 1-octene and allyl acetate, respec t i~e ly~~.  

CH,(CH,),CHCH,CClCN CH,COOCH,CHCH,CClCN 

A1 CH,CI 
I c 1  I AH,Cl 

(12) (13) 

IV. CYANOBENZYL RADICALS 

I n  1889 it was observed that an acetic acid solution of tetraphenyl- 
succinonitrile (14) developed a red colour when heated and that 
the colour disappeared upon cooling33. I t  was not until 1925 that 
the phenomenon was attributed to the formation of cyanodiphenyl- 
methyl radicals34. Tetra-p-anisylsuccinonitrile was shown to dissociate 
into radicals more readilyS5. Dissociation was confirmed by the 
formation of di-p-anisylacetonitrile upon reaction with phenyl- 
hydrazine35. 

A thermal and base-catalysed isomerization of tetraphenyl- 
succinonitrile to 15 has been observed3G. Although 14 dissociated to 

(14) (15) 

radicals in boiling naphthalene, there was no isomerization to 15 
unless base was present37. The  isomerization 14 + 15 can also be 
accomplished at temperatures as low as 50" in the presence of triethyl- 
amineS7. No transient colour is seen at this temperature. The 
kinctics of the isomerization showed the reaction to be first order in 
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14 and nearly independent of triethylamine concentration. The 
probable mechanism is outlined below. The  intermediate cyano- 
diphenylmethyl radicals have been trapped with NO, to give 

1 I .  Radicals with Cyano Groups 

PhPC 

14 2 Ph,C' I ' b C ( C N ) P h  __+ base 15 

CN 

cyanonitrodiphenylmethane (16) 38, with styrene to give 2,2,3,5,5- 
pentaphenyladiponitrile (17) 39 @and with benzyl alcohol to give 
benzaldehyde and d iphenylace t~ni t r i le~~.  T h e  polymerization of 
styrene was also initiated by 14 a t  100" 39. 

PhCH=CFI, 

Ph~C-CHPh-CH~-CPh~CN 
I 

CN 
PhCHO 

.$ (17) 
PhCH,OH + Ph2CHCP! 

Similar reactions have been observed with sym-diphenyltetra- 
cyanoethane (18)41. Isomerization of 18 to 19 occurred a t  room 

temperature and was unaffected by the presence of oxygen or 
styrene. The reaction of phenylmalononitrile with t-butyl peroxide 
also gave 1941. Intermediate radicals in the isomerization 18 -+ 19 
were trapped with dinitrogen tetroxide, tetrahydrofuran (hydrogen 
abstraction) and diphenylpicrylhydrazyl. The  following reaction 
scheme was suggested. The nitrate ester is probably formed by 
oxidation of the initially formed nitritc. The isomerization of the 
intermediate cyclohexadiene to 19 did not require a basic catalyst. 

Diphenylpicrylhydrazyl was found to be an  efficient trap for 
polycyano radicals and  was used to establish a qualitative ranking 
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CN 
I 

CN 

18 PhC' . C(CN, - 19 

CN 

A H 

of ease of dissociation of polycyanoethanes into radicals41. The rate 
of disappearance of diphenylpicrylhydrazyl was assumed to be 
indicative of the rate of homolytic dissociation of the substituted 
ethanes. Products containing one diphenylpicrylhydrazyl radical to 
one cyanoalkyl radical were isolated. 

C N  CN CN CN CN CN 

I I  I I  
Ph3C-CPh, >> PhC-CPh I I  - 0 2 N ~ C - - C ~ N 0 ,  I 1  > Ph,(!!-&Ph? 

CN CN 

(18) (14) 

CN CN 

) (NC),C-C(CN), ) 

Dimerizations of other cyanobenzyl radicals have been observed 
in reactions of arylacctonitriles with peroxides. I n  the conversion of 
20 to 21 with t-butyl peroxide at 140-150", yields diminished as the 

PhCHRCN - > PhCR-CRPh 
I I  

(20) (21) 

size of the alkyl group increased4'. This probably means that the 
steric requirements €or the radical dimerization are greater than 
for disproportionation. The relative yields of meso and dl isomers of 
21 did not vary in  any way of apparent significance. Very high 
mesoldl ratios have been reported for the dehydrodimerizations of 
p-chlorophenylacetonitrileQ3 and phenylacetoni trile43*44. The  numbers 
obtained have only qualitative significar,ce, for they were based 
upon product isolation. 

CN CN 
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The meso and dl isomers of 2,3-dimethyl-2,3-diphenylsuccinonitrile 
have been thermally interconverted at  125 to 175" 45. At equilibrium 
a dl to meso ratio,of 1-23 was obtained. This amounts t o  an energy 
difference of only 1 - 12 kcal/mole. The isomerization proceeded by 
way of radicals as was shown by the formation of 2-phenylpropio- 
nitrile when the reaction was run in the presence of benzenethiol. 
The intermediate radicals appeared to react only slowly with oxygen. 

A dicyanobenzyl radical may have been an  intermediate in the 
formation of 22 in the reaction of N,N-dimethylaniline and dicya- 
n o d i a z ~ m e t h a n e ~ ~ .  

11. Radicals with Cyan0 Groups 

CN 

V. AZO N lTRl LES 

A. Structure and Decomposition Rates 

Azonitriles are a class of compounds which have been extensively 
used as initiators of free-radical reactions. Since the discovery of the 
utility of azonitriles as polymerization initiators4', decompositions 
of azonitriles have been widely studied and have led to fundamental 
understanding of free-radical processes. Tbe azonitriles are easily 
prepared by oxidation of cyanoalkylhydrazines which are  prepared 
from ketones, hydrazine and hydrogen cyanide4*. The azonitriles 

RzCO + K2H4 + I lCN + R,C(CN)NHNHC(CN)R, + 
R,C( CN)-N=N-C (CN)Rz 

serve as useful sources of radicals because they decompose at moderate 
temperatures and  are not subject to induced decomposition as so 
many peroxides are. Azo-bis(isobutyronitri1e) (23) has a half-life 
of 17 hours at 60" and 1.3 hours at 80". 

The energy of activation for decomposition of azo-bis(isobutyr0- 
nitrile) was found to be approximately 3 1 k ~ a l / m o l e ~ ~ .  T h e  activa- 
tion energy for azo-bis(isobutane) decomposition was 43 k c a l / r n ~ l e ~ ~ .  
The difference in values suggests that bond breaking has proceeded 
to a considerable extent in the transition state, and that electron 
delocalization into the cyan0 group significantly stabilizes the 
transition state in azonitrile decomposition. The decrease of rate 
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of decomposition of 23 with increasing pressure was explained by 
suggesting that in  the transition state bond stretching had occurred 
to about 10 There is no chemical or  physical evidence to suggest 
that  the carbon-nitrogen bonds are broken successivcly in thermal 
decompositions of azonitriles. A much higher activation energy 
than 31 kcal/mole for decomposition of 23 would be expected if 
radicals 24 and 25 were formed rather than nitrogen and 25. I n  
the photolysis of 23 in matrix at - 196", a n  electron spin resonance 
signal was seen which has been assigncd to the radical 2452. T h e  
spectrum consisted of five peaks separated by 65-70 gauss and in  a 

CH3 
I 
I 

(23) (24)  (25) 

CH3 
I 
I 

CH3 CH3 

I 
CH3--C-N=N-A--CH3 I CH,-C--N=N. CH3-C- 

CN CN 
I 

CN CN 

1 : 2 : 2: 2 : 1 intensity ratio. After a few days at - 196" the spectrum 
changed to that of the 2-cyano-2-propyl radical (25). The electron 
spin resonance spectrum of 25 was obtained independently by 
photolysis in matrix a t  - 196" of phenylazoisobutyronitrile~~. 

The  rate of decomposition of 23 was not greatly influenced by 
the nature of the s0lvent53-~~. Maximum rate differences of 15 yo 
have been observed. The decompositions were uniformly first order 
kinetically. This indicated that  the azonitriles werc not subject to 
radical induced decomposition. Catalysis of the thermal decomposi- 
tion of 23 has been observed, however. Triethylaluminium and 23 
form a complex as judged by changes in  infrared spectra56. The 
complex has an activation energy for decomposition of only 12 
kcal/mole as compared with 31 kcal/mole for 23 alone. Diethyl- 
aluminium chloride also formed a complex with 23 which also 
decomposed at greater rates than 23 alone. Both complexes served 
as good initiators for radical polymerizations a t  4.0" 56. Silver 
perchlorate also apparently formed a complex with 2357. The  rate 
of decomposition of the complex was four times that of 2F7. Copper, 
lithium and zinc salts did not affect the rate of decomposition of 
23j7. 

Coordination of 23 with silver ion or triethylaluminium probably 
occurred at the nitrile nitrogen, The  observed shift of 30-4.0 cm-1 
of the nitrile absorption to lower frequency upon coordination is 
typical for such coordination. I t  will be interesting to learn whether 
the coordinating species plays any role in  the subsequent reactions 
of the 2-cyano-2-propyl radical. 
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Many different azonitriles have been synthesized. Their rates of 
decomposition are given in Table 3. With few exceptions the spread 
of decomposition rat& is quite small. The increased decomposition 
rates of the azonitriles with isobutyl and neopentyl substituents has 
been attributed to steric interactions between the groups destabilizing 
the ground state. T h e  azonitriles with cyclopropyl and phenyl 
substituents also decomposed at higher rates. The cyclopropyl 
substituted compounds gave products which were different from 
those of the other azonitriles (see below). The benzyl-nitrogen bond 
in azo-bis(phenylpropionitri1e) would be expected to be of lower 

11. Radicals with Cyano Groups 

TABLE 3. Rates of decomposition of azonitriles R'R2C(CN)N=NC(CN)R1R2 at 80°. 

R2 R2 
I I 

R~C-N-N-CR' 
I 

CiG 
I 
CN 

R' R2 104k (5-l) Reference 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
IVlC 
Me 
MC 
Me 
Me 
Me 
Me 
hiZe 
MC 
Me 
i-Bu 
i-Pr 
Et 
Et 
n-Pr 

Cyclopropyl 
M e  

Me 
Et 
n-Pr 
i-Pr 
n-Bu 
i-Bu 

i-Bu 
i-Pr 

i-Pr 
n-Pr 

Et 

Cyclopropyl 
PI1 

1-7 
0.9 
1-7 
1 *o 
1-6 
7- 1 
0.896 
1-16 

1 *oo 
1-51a 
1*30a 
2.27 

0.88 

33 

158b 
136b 

1.63 

1.25 
0.84 
0.95 
1.15 
0.00 173 
0.726 
0.063 

49.5 

12.2 
83.5 
18.42 
0.0743 

347 
Very fastc 

54 
54 
54 
54 
54 
54 
53 
58 
58 
58 
59 
60 
60 
60 
61 
61 
61 
61 
61 
62 
61 
63 
64 
64 
64 
64 
64 
64 
64 
65 
66 

a Both stcreoisomcrs decomposed at same rate. 
6 Stereoisomers. 
C Compound decomposed in solution at room temperature. 
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bond energy than the other carbon-nitrogen bonds. Increased 
electron delocalization in tlie transition state for the incipient benzyl 
radical is to be expecpcd. 'The variation in decomposition rates 
of the azo-bis( cyanocycloalkanes) with ring size parallels variation of 
solvolysis rates of I-chloro- I-methylcycloalkancs~4. Both types of 
reactions have transition states in which a tetrahedral carbon atom 
is converted to a trigonal intermediate, and rate differences were 
ascribed to ring strain energy differences. 

B. Decomposition Products 

The products of decomposition of azonitriles have been examined 
in almost all cases. Usually high yields of tetraalkylsuccinonitriles 
were obtained. Azo-bis(isobutyronitri1e) has been studied most 
extensively. The ultimate products from 23 in refluxing toluene wcre 
nitrogen, tetramethylsuccinonitrile (84 yo) , isobutyronitrile (3-5 :h) 
and 2,3,5-tricyano-2,3,5-trimethylhexane (26) (9 yo) 67. Yields as 
high as 96 yo of tetramethylsuccinonitrile have been obtainedG8*. 
The  isobutyronitrile and 26 resulted from radical disproportionation. 

(CH3)2C-C(CH3)2 
I I  

CN CN 

23 + 

\ CH3 
'A I 

(CH,)ZCHCN+ CI-I,=C-CN 

CN 

CH3 I (CN, ) ,L  
CHZ=C-CN + (CH3)ZC. A (CH3)zC-CH,-C-CI-13 ___f 

I 
CN 

I 
CN 

I 
CN 

CH, CH3 
I 1  

I 1  
CN CN 

(CH3)2C-CHz-C-C-CH3 
I 

CN 

(26) 

T h e  reaction is more complicated, however, and additional work 
has shown that the 2-cyano-2-propyl radicals also combine to give 
the ketenimine 27G9*70. Compound 27 was shown to be thermally 
unstable and to undergo thermal dissociation into radicals, so that 
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II,O 
25 - (CH3),C=C=N-C(CH3)2 + (CH,),CHCONH-C(CHJ,CN 

I HCI 

CN 
(27) 

the ultimate products were as given above. The  amount of 27 
formed was determined by decomposing 23 in refluxing toluene 
containing some aqueous hydrochloric acid. The  ketenimine 27 
underwent rapid irreversible hydration to the amide 28 and a 
54.4% yield of 28 was obtained71. This was in close agreement with 
a value of 59 yo found for the photochemical yield of 27 from 2372. 
Pure 27 has been isolated and its thermal decomposition studied73. 
I t  decomposed a t  a rate almost as great as 23. 

Similar products have been isolated from the azonitrile 2974. I t  
is very probable that ketenimines such as 30 are way stations in most 

Q N = N O  O C i V  4 O C = N O  

CN CN CN 
(3 0) 1 (29) 

w CN CN 

thermal and photochemical decompositions of azonitriles. An 
interesting exception to this was the photolysis of 23 on silica gel 
suspended in benzene’s. Nitrogen and tetramethylsuccinonitrile 
were obtained, but 27 was not. The quantum yield for disappearance 
of 23 was the same as without the silica gel. Evidently the radicals 
on the silica gel surface are not free to rotate to give the unsym- 
metrical coupling product as they can in solution. 

Cyanoalkyl radicals were also generated by e l e ~ t r o l y s i s ~ ~ ~ * ~ ~ b  and 
by peroxydisulphate 0xidation7~c of cyanoacetates. The products 
were dialkylsuccinonitriles and amides formed by hydration of 
ketenimines76n. The  major products were the amides rather than the 

~cr-rco,I-I RCH. + RCH-CHR 3- RCH~COXHCHRCN 
I I  

CN CN 
I 

CN 
I 

C N  

succinonitriles. The electrolytic and the peroxydisulphate reactions 
complement the use of azonitriles as cyanoalkyl radical sources, for 
monosubstituted azonitriles normally do not decompose by radical 
p a t h ~ a y s ~ ~ d .  

23 
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The amounts of coupling versus disproportionation products 
varied with azonitrile structure. Compound 31 gave a 7 %  yield of 
the tetraalkylsuccinonitrile 3277. The major products were those 

t-Bu-C (CH,)-N=N-C(CH3) -Bu-l 
I 

I I 

CN 
I 
CN 

t-Bu-C(CH3)C(CH3)-Bu-f + f-Bu-CHCH3 + t-Bu-C=CH, 
(31) 

I 
- 

CN 
I 

CN CN CN 
(32) 

of disproportionation. The symmetrical coupling reaction was more 
subject to steric hindrance than was the disproportionation reaction. 
Intermediate ketenimine formation was not investigated. 

Thermal decomposition of 33 in benzene solution gave only a 
19 yo yield of the succinonitrile 3478. The major product was a 
polymer, and a 7.4% yield of the azine 35 was obtained. The 
decomposition of 33 in the solid state gave a 63 yo yield of 34 with 

~ c - N = N - c ~  - CH3 
I 
I 

CH3 
I 
I 

CN CN 

(3 3) 

CH, CH3 
I I  D - 7 - 7 4  + 

CN CN 

(3 4) 

+ polymcr 

a lowered yield of the polymer. A radical isomerization mechanism 
for the unusual formation of 35 was suggested78. 

An internal disproportionation reaction was found to be the major 
reaction path for 3679'80. 

Many other indications that azonitrile decompositions are free- 
radical processes have been obtained. Oxygen was rapidly incor- 
porated into azonitrile solutions undergoing dccomposition63. 
Free-radical polymerizations of vinyl monomers including ethylene 
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16-26% 3.9% 

+ CH,CH(CN)-(CH,),CH=C(CN)CH, 

2 8-38% 

have been initiated by decomposing azonitrilessl. The rate of 23- 
initiated polymerization of methyl methacrylate was proportional 
to the square root of the concentration of 23F  Polymerization using 
14C-labelled 23 gave polymers with radioactivity incorporated into 
thems2. Meso and racemic isomers of 3V3  and 3gs4 have been 
separated and decomposed. Each isomer gave the same amounts 
of meso and racemic 38 and 39, respectively. Similarly, decomposition 
of a mixture of 23 and 41 save a mixture of succinonitriles including 
the crossed product 4283. 

CH, CH3 
I I  
I I  

CN CN 

T CH3 
I 

I 
i-Bu-C-X=h-- -Bu-i _3 i-Bu-C-C-Bu-i 

I 
CN CN 

(37) (38) 

CH3 
I 
I 

CH, 
I 
I 

H02CCH2CH2-C-hT=N-C-CH2CH,C0,H d 

CN CN 

(39) 
CH, CH, 
I I  

H,0CCH2CH2-C-C-CH,CH,C02H 
CB 1 -  CK I 

(40) 
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N=N -* (CH,)&--C(CI-I,), + 
CN CN 

I 1  23+cr- CN 13 c AT CN CN 

C. The Cage Effect 

Although decompositions of azonitriles unquestionably involve 
radical production, quantitative assays of radical production have 
given values which are much lower than lOOyo. The amount of 
radioactivity incorporated into polymers when initiation was 
caused by 14C labelled 23 was only 52-63y0 with polymethyl 
methacrylate, 66-82 yo with polystyrene 68-83 yo with polyvinyl- 
acetate and 70-77 yo with polyvinyl chlorides2. A similar study showed 
70 % radioactivity in polystyrene with most of the remainder in 
tetramethylsuc~inonitrile~~. Addition of a variety of different radical 
trapping reagents to solutions of 23 decreased the yield but did not 
eliminate the formation oL tetrainethylsuccinonitrile. For example, 
the addition of increasing amounts of mercaptans to carbon tetra- 
chloride solutions of 23 cut its yield down to 200/,68a, but further 
increases in mercaptan concentration did not lower the yield any 
more. T h e  conclusions reached were that there were two reactions 
which produced tetramethylsuccinonitrile, only one of which could 
be intercepted by radical scavengers. Other radical scavengers 
which have been used to determine the efficiency of free-radical 
production from 23 were diphenylpicrylhydrazy108il.86, iodineG8n, 
ferric chloride in dimethylf~rmamide~~,  triphenylmethyl radica16j 
and the stable nitroxide radical 4388. In  all cases some tetramethyl- 
succinonitrile was formed. The only reported case where formation 

PhN-C( CH3)2-CH2-CCH3 
II 
NPh 

J 
A- 

0 
(43) 

of the symmetrical dimer was completely prevcnted was the 
decomposition of 23 in liquid bromine89. 

The percentage efficiency of radical production from 23 (or the 
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percentage of radicals that  can be trapped by scavengers such as 
mercaptans, iodine, oxygen or diphenylpicrylhydrazyl) is greatly 
dependent upon the solvent. A variation between 46% in carbon 
tetrachloride and 75 yo in nitromethane has been observed6*a. T h e  
efficiency of radical production varied more with solvent than did 
the rate of decomposition of 23 (at 62.5”, k,,,(CH,NO,) = 13.4 x 
10+ s-l and kdec( CCl,) = 11 -8 x 

I t  has been shown that the efficiency of radical production from 
the ketenimine 27 is lower than that of the azonitrile 2373*90*91, even 
though the two are producing the same radicals. The  differences in  
efficiency of radical production were attributed to differences in 
spatial distribution at  the moment of radical formation. 

The portion of the decomposition reaction of 23 which cannot be 
intercepted by radical scavengers is thought to occur within a 
solvcnt cage. ‘The cage reaction of a radical pair is their combination 
before diffusion into the solvent occurs. Recently, striking effects on 
cage combination of alkoxy radicals with changes in solvent viscosity 
have been observed”. The  variation in radical efficiency with solvent 
in the decomposition of 23 can thus be understood if a diffusive 
process to leave the cagc is required before scavenging occurs. At 
very high concentrations of scavenger where scavenger molecules 
have high probability of being nearest neighbours to the radicals 
where they are formed, the amount of cage radical combination 
was diminished93. 

The mechanism of thcrmal decomposition of azo-bis(isobutyro- 
nitrile) may be summarized by the following scheme, where RN,R 
is thc azonitrile, RR the symmetrical dimer tetramethylsuccino- 
nitrile, RR’ the unsymmetrical dimer-ketenimine 27, R the 
2-cyano-2-propyl radical 25, S a scavenger and reactants in the 
cage arc indicated by supcrscribed linesg3. 

s-1). 

KN,R ---+ 2 I<- + N, 

2 I<. + x2- t KR + N, 

2 R- + N, d RK’ + K2 

1 I<- + N2 __f 2 I<- + N 
R. + S -t RS 

- 
KR‘ 2 I<- 

~ + R K  

2 I<. - h 2 R .  
- 

2 l<. + S, -* disproportionation products 

2G disproportionation products 
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While a scheme such as this accounts very adequately for the 
thermal decomposition of 23, a complication arises in the photo- 
chemical decomposition. I n  principle, photodecomposition of either 
singlet or triplet azonitrile or ketenimine could give birth to a 
radical pair. A triplet radical pair might diffuse apart more readily 
than spin inversion occurs, and thus decrease the cage combination 
of radicals. While this does not appear to happen in the direct or 
sensitized photolysis of the azonitrile 29, a decreased amount of 
cage recombination was found with the sensitized photolysis of the 
ketenimine 30g4. 

It should be mentioned that the cage effect in azonitrile decom- 
position has not been universally accepted95. 

D. Reactions of t h e  2-Cyano-2-propyl Radical 

1. Addition reactions 

The decomposition of 23 in p-xylcne with oxygen gave t-butyl 
alcohol, hydrogen cyanide, cyanogen, acetone, p-tolualdehyde, 
tetramethylsuccinonitrile and the hydroperoxide 449'j. T h e  hydro- 
peroxide is thermally stable up to 120°, but is subject to induced 

0 1  
23 __f (CH3),C- + (CH3)ZC-0-0. 4 (CH,),C-OOH 

I 

(44) 

CN 
I 

CN 
I 

CN 

decomposition. The pcroxy radical precursor of 44 was trapped with 
2,6-bis(t-butyl)-4-methylpheno197~98. This peroxy radical evidently 

f-13u * OH I3u-I , 1- ll,, Q 0 Ru-l  

(CH, C - 0 -0' + - 
I 
C N  

CH3 o-o-c(ci-13j, 
I CH3 

CN 

reacted with diphenylpicrylhydrazyl to give diphenyl nitroxide 
radical and 45". This type of reaction probably accounts for the 
previously discovered inaccuracy of radical counting with diphenyl- 
picrylhydrazyl when traces of oxygen are present68:L. The reaction 
of the Z-cyano-2-propyl radical with sulphur gave the disulphide 
45a and none of the moxosuIphide'j8b. 
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x02 

NO2 - f * (CH,),C-O-O' 4 Ph,N-N' 
I 

SO2 CN 

(C H,),C-S-S-C (CH,), 
I 
CN 

I 
CN 

(453) 

Radicals from azo-bis(isobutyronitri1e) have been added to 
benzoquinone to give the mono- (46) and bis(cyanoalky1ethers) 
(47)loo. Similar products have been obtained by additions to 

chloranil, 2,5-diacetoxybenzoquinone, toluquinone and phenan- 
thraquinonelO1. An anomaly has been observed in the reactions of 
azonitriles with chloranil in refluxing toluene1°2. In addition to 
products analogous to 46 and 47, the benzyl ether 48 was obtained 
in moderate yields. If the precursor of 48 was thc phenoxy radical 
49, i t  did not seem reasonable that compound 50 would be absent, 
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as found. The suggestion was made that the precursor of 48 might 
be a n-complex between chloranil and the benzyl radical. Additions 
of the 2-cyano-2-propyl radical to quinone imineslo3 and to the 
9,lO-positions of anthracenes104*105 have been observed. 

2-Cyano-2-propyl radicals react with nitric oxide to give the 
trialkylhydroxylamine 51 (R = ( CH,),CCN)los. With aryl nitroso 

R Ar 

compounds, aryldialkylhydroxylamines 52 (R = (CH?) +XN) were 
obtainedlo3. Dinitrogen tetroxide reacted with azonitriles to give 
Z-nitronitriles107. 2-Cyano-2-propyl radicals underwent stepwise 
1,3-addition to nitronesl08. Thc  intermediate nitroxide radicals have 
been observed in some cases10s. Addition of 2-cyano-2-propyl 
radicals to furfuralllo and to 6,6-diphenylfulvene111 have been 
reported. 2-Cyano-2-propyl radicals added 1,4 to cyclooctatetraene 
to give 5 W 2 .  

2. Abstraction reactions 

Cyanoalkyl radicals from azonitriles abstracted hydrogen from 
thiols113*114, ~ u m e n e ~ ~ ,  tetralinll5 and fluorenex16. Less reactive 
hydrogen donors such as toluene were not attacked, although it 
has been suggested that the 2-cyano-2-propyl radical can abstract 
hydrogen from methanol to give the hydroxymethyl radicalll'. 
Cyanoalkyl radicals reacted readily with iodine and bromine to give 
the Z-halonitriles'l*. 2-Halonitriles were also obtained from reactions 
of azonitriles with various positive halogen compounds119. Azo- 
nitriles were also useful as initiators in brominations with AT- 
bromosuccinimidc120, and in the addition of hydrogen sulphide to 
O l C f i l l S 1 2 1 ~ .  
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3. Oxidation2 and reductions 

Oxidation of cyanoalkyl radicals to carbonium ions would be 
expected to be difficult because of thc electron-withdrawing proper- 
ties of the cyano group. This was found to be the case, for attempted 
electrochemical oxidation of the 1 -cyano-2,2-dimethylpropyl radical 
gave less than 1 yo of products derived from the carbonium i0n7~b. 
The approximate oxidation potential of cyanoalkyl radicals has been 
estimated to be slightly less than 0.15 v versus the saturated calomel 
electrodes4. This value seems much too low, for the oxidation poten- 
tial of the 2-propyl radical has been calculated to be + 1-35 v versus 
the saturated calomel electrodelZ1b. It appears probable that other 
more readily reactive intermediates were present in the cxperi- 
mental work. More recently the ionization potentials of 2-cyanoalkyl 
radicals have been determined by mass spectrometry122. The 
ionization potentials of the cyanoalkyl radicals were nearly 2 ev 
higher than the analogous alkyl radicals. Oxidation by ligand 
transfer can occur readily, however. The decomposition of azo- 
bis (isobutyronitrile) in aqueous dioxan with cupric chloride gave 
a 55 yo yield of a-chloroisobutyronitrile along with formation of 

(CH,),C- + CuCI, (CI3,),CClCN + CuCI 
I 

CN 

cuprous chloride123. I n  acetonitrile yields as high as 84% of the 
cc-chloroisobutyronitrile have been obtainedlZ4. Here the cupric 
chloride is as good or better a radical trap as oxygen. The cupric 
chloride oxidized the radical by a ligand-transfer process rather 
than by electron transfer. With cupric acetate in acetic acid or 
acetonitrile solution the decomposition of the azonitrile gave no 
a-acetoxyisobu tyronitrile, but 42 yo tetramethylsuccinonitrile and 
47% of the amide 54 were obtained (from reaction of the 
ketenimine) . In  aqueous or alcoholic solutions cupric acetate 

(CH,),CHCONH-C (CH,),CONH2 

(54) 

oxidized a-cyanoalkyl radicals to carbonium ions and products 
resulting from incorporation of solvent were found1"*1". 

Reduction of the 2-cyano-2-propyl radical to the carhanion by 
tetraethyl-p-phenylenediamine has been 
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VI. RADICAL REARRANGEMENTS 

The  effect of substituents on migrating aryl groups in free-radical 
rearrangements has been examined in  several instances. The relative 
migratory rates in  the t-butyl peroxide induced decarbonylations 
of ,8-aryl isovaleraldehydes varied over a factor of 5O1Z8. The p-  
cyanophenyl substituted aldehyde had the greatest rate which was 

ArC(CH,),CH,CHO 
ArC(CH,), + ArCH,CH(CH,), + ArCH,C(CI-i3)=CH2 + ArCH=C(CH,), 

19 times faster than that of the phenyl derivative. A similar study 
of the thermal decomposition of t-butyl peresters of /3-arylisovalcric 
acids showed the f-cyanophenyl group to migrate 35 times faster 

than phenyll””. The  data indicated that the ability of the aromatic 
substituent to accommodate negative charge stabilized the transition 
state for the rearrangement. Similar but smaller effects were observed 
in photorearrangements of arylcyclohexenones which occurred by 
triplet excited states130’131. 

VII. RADICAL ADDITIONS TO ACRYLONITRILE AND 
O T H E R  CYANOOLEFI N S  

A. Acrylonitrile and Vinylidene Cyanide 

I .  Polymerizations 

Acrylonitrile is very susceptible to free-radical attack. Polymeriza- 
tion can occur at room temperature if inhibitors such as oxygen are 
absent. An extensive literature is available on homopolymerization 
and copolymerizations of a ~ r y l o n i t r i l e ~ ~ ~ - ~ ~ ~ .  The  polymerization 
of acrylonitrile is cxothermic ( A H  (polymerization) = 17.3 kcal/ 
mole)‘37, and difficult to control in  bulk polymerization. Acrylo- 
nitrile has frequently been polymerized in aqueous solution or  in 
emulsion using redox initiation systems such as persulphate ion with 



11. Radicals with Cyano Groups 699 

ferrous ion and bisulphite or thiosulphate ions138. In  these systems, 
the actual initiator is probably the sulphate anion radical (S037)13D. 

I n  general, acrylonitrilc is less reactive to radicals than are styrene, 
butadiene and methyl vinyl ketone, and is more reactivc than 
acrylates, vinyl chloride, ethylene, propylene, vinyl acetate and 
vinyl ethers. If an initiator can combine a nucleophilic attack with 
a mechanism for radical propagation, acrylonitrile polymerization 
becomes faster than that of styrene. Tris (trifluoroacety1acetonato)- 
manganese (111) (55)  increased the rate of polymerization of 
acrylonitrile by nearly two powers of ten over th ratewith tris(acety1- 
acetonato)manganese (111)~~~. While 55 increased the rate of methyl 
methacrylate polymerization, it retardcd the thermal polymerization 
of styrene. The following scheme was suggested for initiation : 

- 
(55) 

CN C N  
I 

CH'--C H., 
\- 
/ 

i 
GI-I-CI-I.. 

\- C HCOC Fs CHCOCF3 --+ \kn+ 
/ /' 1 ?b=C-CH, 

f l  1 KO=C-CH, 

The initial attack of 55 on acrylonitrile is thought to be nucleophilic 
rather than free radical, but the intermediate zwittcrion can 
propagate homolytically. 

The  polymerization and copolymerization of vinylidene cyanide 
offers some interesting comparisons to acrylonitrile. Homopolym- 
erization of vinylidene cyanide with free-radical initiation is very 

T h e  slow rate of propagation can be ascribed to the unfavour- 
able electrostatic interaction of a strong acceptor radical with an 
electron-poor double bond. Copolyrncrizations of vinylidene cyanide 
occur very readily and show a strong tendency for 1 : 1 a l t e r n a t i ~ n l ~ ~ .  
Vinylidene cyanide and vinyl acetate gave a 1 : 1 alternating copoly- 
mer over a wide rangc of monomer feed ratios. The tendency for 
1 : 1 alternation was less pronounccd with electron deficient comono- 
mers such as maleic anh~dride14~. Copolymerization of styrene and 
vinylidene cyanide could only be prevented a t  room temperaturc 
with high concentrations of t-butylhydroquinonc. Ry contrast, 
copolymers with acrylonitrilc were much more random1". The 
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composition of acrylonitrilc-vinyl acetate copolymer was very 
dependent upon the monomer feed ratio used. 

The  differences in copolymerization behaviour may be cxplained 
by the much greater importance of polar cffects in thc copolymeri- 
zations with vinylidene cyanide. The dicyanoalkyl radical is a 
much stronger acceptor radical than the cyanoalkyl. Thc former 
radical will show a much greatcr tendency to add to electron-rich 
doublc bonds than will the latter. Radical addition to vinylidene 
cyanide will be much more rapid with donor radicals than with 
acceptor radicals. 

. 

2. Meerwein reaction 

Because of the great tendency of acrylonitrile to polymerize, 
most free-radical addition rcactions will result in polymerization 
unless chain transfer is a very rapid process. Such has been found 
to be the case with the Meerwein reaction of aryldiazonium salts 
with a,/?-unsaturated nitriles and copper salts to give 2-halo-/?- ' 
arylacetonitrile~'~~". Although there have been considerable differ- 
ences of opinion on the reaction mechanism144, radicals are clearly 
involved. The  following schcme appears to be most satisfactoryl4j-146: 

ArN,+ + CuCI2- d Ar' + N, + CuClz 

hr' + CH,=CHCN d ArCI3,dHCN 

.4rCH26HCN + CuCI, __f RrCH,CHClCN + CuCl 

Even though the reactions are frequently run with cupric halides, 
cuprous halides which arc essential for the reaction arc formed 
rapidly by reaction with the aqueous acetone medium145**47. T h e  
last ligand-transfer step must be very rapid, for polymerization of 
olefins such as styrene and acrylonitrile is not observed144. Phenyl 
radicals generated from nitrosoacetanilide, phenylazotriphenyl- 
methane and bcnzoyl peroxide have also bcen added to acrylonitrile 
in the presence of cupric and ferric salts to accomplish the same 
overall reaction116. 

Similar reactions of diazonium salts with methacrylonitrile, 
cinnamonitrile and p-nitrophenylacrylonitrilc have been de- 
~ c r i b c d l ~ ~ .  I n  the last two cases, the aryl radical added to give 
the /?-cyan0 radical rather than the a-cyano radical because of thc 
greater stabilities of the benzyl radicals which were formed. T h e  
products wcre a-arylcinnamonitriles. The yields of thc Meerjvein 
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reaction are frequently high and the reaction is synthetically 
useful144. 

The  Meerwein reaction has been used in competition experiments 
in order to determine relative reactivities of attack by aryl radical 
attack on various vinyl monomers148. 

3. Other ligand-transfer reactions 

Additions of radicals from ketone peroxides to acrylonitrile 
followed by ligand-transfer reactions have been r e p o r t ~ d 1 4 ~ , 1 ~ ~ .  
Ethyl radicals from methyl ethyl ketone peroxide with acrylonitrile 
and cupric chloride gave cr-chlorovaleronitrile and with cupric 
bromide a-bromovaleronitrile. Other examples include those below. 

H?5°H FcCI,, CuCI, HOOC (CH,),CHCICN 

There have been many reported examples of the hydrodimeriza- 
tion of acrylonitrile to give adiponitrile. Suggestions have been 
made that the electrolytic hydrodimerization involved addition of 
an electron to acrylonitrile to give the anion radical, protonation 
to give the 2-cyanoethyl radical and dimeri~ationl~l.  A more 
generally accepted mechanism, however, is the addition of two 
electrons to give a dianion, addition of the dianion to acrylonitrile 
to give the 1,4-dicyano- 1,4-butyl dianion and p r ~ t o n a t i o n l ~ ~ .  

6. Cyanobicyclobutanes 

The photochemical addition of mercaptans to 1 -cyano-3-methyl- 
bicyclobutane to give cyclobutanes has been observed153. The 

C l - I , - e C X  + RSH h v  CH, c H 3 0 C N  RS 

preferred (4: 1) attack at the carbon adjacent to the nitrile may be 
a reflection of the donor properties of mercapto radicals. It is also 
likely that the two internlcdiate radicals differ little in relative 
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stability, for the cyanocyclobutyl radical 56 would not be greatly 
stabilized by electron delocalization because of the relative high 
energy of resonance structures involving an exocyclic double bond 
on the four-membered ring. 

[ C H 3 0 C G N  11 s _ C H , > C =  KS C =N' j 
(56) 

C. Cycloadditions of a,p-Unwturoted Nitriles 

When acrylonitrile was heated to 200-300" in the presence of 
polymerization inhibitors, dimerization to cis- and trans- 1,2-dicyano- 
cyclobutane occurred1j4. Thermal cycloadditions of this type are 
believed to involve 1 ,4 -d i r ad i~a l s~~~ .  Ring closurc of the 1,4-diradical 
is sufficiently rapid to prevent scavenging by the polymerization 
inhibitor. I n  addition to the two cyclobutanes, methacrylonitrile 
gave the ring-opened 5715G. The amount of this compound increased 
with increasing tempcrature and it probably resulted from ring 

CH, 
I 

200- 3.100, CII,=C(CH,)C~ ___ 

C H3 

cs C S  
SC I I 

CI-r, + CH,CH-CH2CH,-C=cH2 OS CH, (57) 

opening of the cyclobutanes to give the diradical, which could 
undergo intramolecular disproportionation. Cyclodimerization of 
acrylonitrile has been accomplished photo~hemicallyl5~*1~8. That 
triplet sensitizers arc required for the photodimerization suggests 
that the triplet state of acrylonitrilc is formed and adds to acrylo- 
nitrile to form the same 1,4-diradical which is an intermediate in 
the thermal reaction. 

Allenes and acrylonitrile underwent cycloaddition a t  150-250" 
to givc methylenecyclobutanes15g. Siinilar additions occurred with 
methacrylonitrile and a-acetoxya~rylonitri le~~~. With diniethylallene 
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CN r; CH,=C=CHZ -t CH,=CRCS 

CH, 

703 

isomers were forrnedls9. Acrylonitrile and tetrafluorocthylene gave 
an 84 yo yield of cycloadduct1G0. Ally1 cyanide also gave a cycloadduct 
with tetrafluoroethylenelG0. 1,l -Dichloro-2,Z-difluorocthylene and 

(CH3)2C=C=CI-I, + CH,=CRCN __f dcx + (cHj+ 
(CHJ& CH2 

acrylonitrile gave a similar cycloadduct'G1. Perfluoroacrylonitrile 
also cyclodimerizedlc2. 

150" 
CF2=CF2 $. CH2=CHCN _j CFz-CII2 

I I  
CF2-CIICN 

CF2=CFz + CH2=CHCH2CN _j CF2-CH2 

LF2-AH--CH2CN 

Several a-rnercaptoacrylonitriles have been prepared and been 
shown to cyclodimerize a t  room t e m p e r a t ~ r e l ~ ~ - ~ ~ ~ .  

SR 
I 

CH2=CSR d CH2-CCN 
I CHZ-CCN I I  

CN 
I 
SR 

D. Additions to Cyanocarbons 

A fcw examples of free-radical additions to tetracyanoethylene 
and tetracyanoquinodimethane have been described. Decomposition 
of azo-bis(isohutyronitri1e) with tetracyanoethylene gave 581G6, and 
with tetracyanoquinodimethane 59 was obtainedIG7. Methyl radicals 

CH, CX CN CH, CH, CN C N  CH, 

c I-I,-c--c I l l 1  - c -c- CI I :, c l . 1 3 - L ~ ~ ~ - d - - c n ,  I 
CN CN 

I 
CN CN 

I I I I  
CN CN CN CN 



704 H. D. Hartzler 

from the decomposition of t-butyl peroxide added to tetracyano- 
ethylene to give 2,2,3,3-tetracyanob~tane~~. T h e  preparation of 
terephthaloyl cyanide from tetracyanoquinodirnethane and dinitro- 
gen tetroxide probably involved addition of NOz radicals166. 
Photolysis of a tetrahydrofuran solution of tetracyanoquinodimethane 
resulted in formation of the adduct 6016e. The same product was 

(6 0)  

obtained by a t-butyl peroxide initiated addition. Under the 
photolytic conditions tetracyanoethylene and tetrahydrofuran gave 
a 2 : 1 adduct of unknown structure. 

The addition of bicyclo[2. 1 .O]pentane to dicyanoacetylene 
occurred at room temperature, apparently by way of the diradical 
61170. The  reaction was much faster than the analogous reaction 
with dicarbomethoxyacetylene. 

f NC-C=C-CN d (a;c-..) ___f 

(61) 

C=CHCN 
CN I 

I 

CN 

The electron-poor double bonds of polycyano olefins appear to 
react readily with donor radicals such as  alkyl and alkoxyalkyl 
radicals, while reactions with acceptor radicals arc not facilitated. 

VI II. CYAN OCARBENES 

Very little work has been reported on reactions of cyanocarbene, 
probably because of the very explosive nature of diazoacetonitrile. 
Addition of the carbene to 2,5-dimethylhexa-2,4-diene to give cis- 
and trans-chrysanthemonitrile has been reported171 as has the addi- 
tion to benzene to give ~yanonorcaradiene~72. The latter reaction 



1 1. Radicals with Cyano Groups 705 

product is almost certainly cyanocycloheptatriene. Photolysis of 
diazoacetonitrile in matrix gave cyanocarbene in its ground triplet 
~tate17~*1'". Flash photolysis of diazoacetonitrile produced cyano- 

carbyne (*C-CN) as well as cyanocarbene175. Analysis of the 
spectrum of cyanocarbyne indicated that its ground state is a 
doublet. 

Dicyanocarbene has been more thoroughly investigated. Thermal 
or photochemical decomposition of dicyanodiazomethane generated 
the carbene which inserted into carbon-hydrogen bonds, added to 
olefins to give dicyanocyclopropanes, and to acetylenes to give 
dicyanocy~lopropenes~~~. Dicyanocarbene does discriminate in its 
insertion reactions. T h e  relative rates of insertion into primary, 
secondary and tertiary carbon-hydrogen bonds were 1 :4-6: 12. The 
addition to cis- and trans-2-butene was shown to be non-stereospecific. 
In  neat olefin, less than 10 % of the non-stereospecific adducts were 
formed. At high dilution (with cyclohexane) both olefins gave a n  
identical mixture of 70 % trans- and 30 yo cis-1,l-dicyano-2,3- 
dimethylcy~lopropane'~~. The  data suggested a ground triplet 
state, and this was confirmed by a study of the electron spin reso- 
nance of dicyanocarbene obtained by photolysis of the diazo com- 
pound in matrix177. 

Photolysis of dicyanodiazomethane in benzene gave dicyano- 
norcaradiene (62) in 82 yo yield178*179. The norcaradiene was stable 

(62) 

up to 160" a t  which temperature it rearranged to phenylmalono- 
nitrilelsO. Two isomeric iiorcaradicnes were obtained in the reaction 
with p-xylene and three isomers were obtained from n a ~ h t h a l e n e ' ~ ~ .  
Upon photolysis the dicyanonorcaradienes generatcd dicyano- 
carbene and their aromatic precursor'so. The products obtained 

CN 
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from naphthalene underwent an interesting series of thermal 
1,5-cyano shiftsl80. 

As discussed pi~zviously, dicyanocarbene is not an intermediate in 
the formation of dicyanocyclopropane, from bromomalononitrile, 
olefins and base, and probably not an intermediate in the formation 
of tetracyanoethylene from dibromomalononitrile and copper. 
Pyrolysis of dicyanodiazomethane at 220", however, gave tetracyano- 
ethylene, cyanogen and dicyanoacety1enela1, probably by way of 
dicyanocarbene. Thermal decomposition of tetracyanoethylene at  
800" gave dicyanoacetylene and cyanogen181. 

The thermal decomposition of 63 in benzene gave a 7 7 %  yield 
of the equilibrium mixture 64 of the norcaradiene and cyclo- 
heptatriene1a2. Equilibration is rapid at room temperature. 

Thermal or photochemical decomposition of the sodium salt of 
65 and photolysis of the lithium salt of 65 gave hydrogen cyanide 
tetrameF3 (66). Aminocyanocarbene (67) was suggested as an 

CN 
/ 

NC 

'c-c 
II,N / \  N H? 

Nc\ 
H,N' C=N-NHSO**CH, 

(65) (6 6) 

intermediate in the reactions. The intermediate could not be 
trapped with olefins. Photolysis of the lithium salt of 65 in 2-methyl- 

- .. + -  + 
[H~N-C-C~ZN N,N=C--X ++ H.$'=C-C=N] 

(67) 

tetrahydrofuran glass at  - 196" produced a yellow substance with 
absorption in the 332450 mp region. 'The spectrum was assigned 
to the carbene 67, and from the absence of an electron spin resonance 
signal it was inferred that the carbene had a ground singlet state. 

Cyanophenylcarbene has been generated by photolysis of appro- 
priately substituted epoxides184. Additions of olefins and alcohol to 

PIi-C=O + PhCCN 6 F + 
0 

/ \  
P h CR- C Ph 

I 
K 

I 
C N  
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the carbene were observed. Cyanophenylcarbene was suggested as 
an  intermediate in the formation of trans-dicyanostilbene from the 
reaction of bromoiodostyryl azide (68) with zincla5. 

I Br 
I I Z n  

(68) 

PhC=CN, __f [ P h W - N , ]  __f [PhkC-N PhE-CkN] 

Ph 
1 

NC 
\ /  c=c 

Ph ’ \CN 

Photolysis of the diazo compound 69 generated the intermediate 
70 which reacted as an  aryl radical in its arylation reactions with 
aromaticsIa6. The intermediate 70 has been shown to be a ground- 
state triplet by observation of its electron spin resonance spectrum 
after irradiation of 69 in matrixla’. 

NC-c-CS o-. 
N2 

NC-c-CN 

b 1- 
NC-C-CN 

R - 

H 
NC-7-CN -8 R 

Similar arylation reactions have been observed in the copper or 
cuprous chloride initiated decompositions of 7118*. 

qICN C’ - - E p  Cuor  

N2+ Ar 

(71) 

Cyanonitrene has been generated by thermal decomposition of 
cyanogen azide and found to react with saturated hydrocarbons to 
give alkyl cyanamideslag. I n  diluted hydrocarbon solvent, the 

RH 
K3CS - > [NCN] RNI-ICN 
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relative rates of attack on tertiary, secondary and primary carbon- 
hydrogen bonds were 67 : 10: lIa9. The insertion into tertiary carbon- 
hydrogen bonds in undiluted hydrocarbon was highly stereo- 
specific’ag. The stereospecificity of insertion was diminished as the 
reaction was diluted with an inert solvent, such as methylene 
chloride or ethyl acetatelgo. In  methylene bromide solution, the 
reaction was s:ereorandomlg0. It was suggested that thermal decom- 
position of cyanogen azide initially produced singlet cyanonitrene 

fl N,CN ~ 

CH,Br, 

’CH3 

52 % 48% 

which could undergo collisional deactivation to the ground-state 
triplet cyanonitrene. The  singlet nitrene was presumed to insert 
stereospecifically and the triplet nitrene non-stereospecifically 
(presumably by a hydrogen abstraction/radical recombination 
mechanism). 

Photolysis of cyanogen azide also generated cyanonitrene’”. 
T h e  insertion of the photo-generated nitrene into cis- 1,2-dirnethyl- 
cyclohexane was found to be stereospecific, and it was concluded 
that the singlet nitrene was produced. T h e  same stereochemical 
result was obtained over a range of wavelengths. 

Cyanonitrene has been observed spectroscopically by flash 
photolysis of diazomethane19z as  well as cyanogen azide1g3-196. It 
was claimed that photolysis of cyanogen azide with wavelengths 
greater than 2750 A gave triplet cyanonitrene by way of a primary 
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photochemical p r o c e ~ s ’ ~ ~ ~  This interpretation would be in conflict 
with the stereospecificity of the carbon-hydrogen insertion of 
photogenerated cyanonitrene at  these wavelengthslD1. The electron 
spin resonance spectrum of triplet cyanonitrene has been obtained1”. 

Thermal decomposition of cyanogen azide in aromatic solvents 
produced N-cyanoazepines which were probably formed by way of 
the azanor~aradienes’~~. Thermal decomposition of cyanogen azide 

1 I .  Radicals with Cyano Groups 

CN 

in cyclooctatetraene gave 72,73 and 74, the latter two being products 

(72) (73) (74) 

of the nitrenel98. It was determined that triplet NCN gave primarily 
the 1,4-adduct 73 and singlet NCN primarily the 1,2-adduct 74. 

IX. THE C Y A N 0  RADICAL 

T h e  cyano radical has been extensively studied by physical chemists, 
but very little work has been done in organic systems. Photochemical 
and thermal decompositions of cyanogen and the cyanogen halides 
have been the principal methods of generation of the cyano radical. 
Two recent papers1”~200 provide entry into the physicochemical 
literature. 

Photolysis of cyanogen chloride in hydrocarbons201 or ethers202 
produced nitriles and hydrogen chloride by a free-radical chain 
reaction. The  cyano radical is only formed in the initiation step, 
for the chlorine atom is the chain-carrying radical. If there is chlorine 

k V  

ClCN c1- + CN. 
HCI + R. CIS + RH 

R. + ClCN __f RCN + CIS 

present in the cyanogen chloride, the cyano radical is probably 
not involved in the reaction at all. The yields of nitriles (based 
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upon the cyanogen chloride consumed) were quite high. With 
ethers it was necessary to perform the photolysis in the presence OF 
a hydrogen chloride acceptor such as sodium bicarbonate. 2- 
Ethoxypropionitrile was formed in high yield from ethyl ether. T h e  
a-cyano ethers are the major isomers obtained from cyclic ethers. 
Homolytic cyanation of cyclohexane and heptane was obtained with 
cyanogen chloride and acetylcyclohexylsulphonyl peroxide203. Cyano 
radicals were probably not intermediates in this reaction. 

Aromatic nitriles have been obtained by photolysis of cyanogen 
iodide204*205. The  reaction appears to be a typical radical aromatic 
substitution reaction. It is possible that the iodine atoms oxidize 
the intermediate cyclohexadienyl radicals to the aromatic nitrile. 

hv 
ICN __+ I' -I- CN' 

R e  + CN' - R ~ : N  .-- 

Several suggestions have been made that the cyano radical is 
formed in thermal reactions of mercuric cyanide. At 100" cyano- 
trichlorosilane was formed from mercuric cyanide and disilicon 
hexachlorideZo6, and triphenylmethyl radical reacted with mercuric 
cyanide to give triphenylacetonitrilezo7, but in neither reaction has 
there been evidence to substantiate these suggestions. 

The  formation of aromatic nitriles by electrochemical oxidation 
of aromatic compounds with sodium cyanide was originally sug- 
gested to be a homolytic reaction involving the cyano radica1208. 
There now appears to be general agreement205*209-211, howcver, 
that the reaction is polar. 
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1. INTRODUCTION 

The literature on the biochemistry of the cyano group was almost 
non-cxistent five years ago. However, in the past few years a number 
of investigations have revealed the central role of nitriles in plant 
biochemistry. At the present state of our  knowledge there exist no 
unifying principles by which one may classify the biological trans- 
formations of the cyano group. As a consequence in this review each 
type of cyano compound is discussed separately. 

II. CYANOGENIC GLYCOSIDES IN PLANTS 

A. Occurrence 

H C N  is released from a wide variety of plants when the stcm or  
leaf is crushed. Cyanogensis, i.e. the formation of hydrogen cyanide, 
was one of the earliest approaches to chemical plant taxonomy and 
many plant species have been tested for hydrogen cyanide produc- 
tion1-3. Detailed isolation and structural investigations have shown 
that the hydrogen cyanide is iisually bound as a cyanohydrin 
glycoside such as amygdalin (1) 4. Some representative cyanogenic 
glycosides are listed in Table 1. 

CN HOCH2 py-fJ0-q) 
HO 

OH OH 

(1) 

I t  had bcen generally assumed that these compounds are end- 
products of thc plant's metabolism, essentially biochemical ref~ise3. 
However, i t  has recently been dcmonstratcd that one of these 
substances is rapidly mctabolized with the rcsulting synthesis of 
asparagines. Furthermore, thc relcase of hydrogen cyanide from 
damaged plant cells may also serve as a defense against further 
attack as in the case of somc anthropods (section 1II.A). 



719 12. Biological Function and Formation of the Cyano Group 

TABLE 1. Cyanogenic glycosides. 

CN 
I 
I 
K2 

R1-C-OR3 

Compound R' R2 R3 

Linamarin CH3 CH, d-Glucose 

H d-Glucose 
H d-Glucose 
H d-Glucose 

Vicianin C,*S H Vicianose 

Gynocardin R'RZC = cyclic Glucose 

CH, d-Glucosc Lotaustralin C2h5 
Prunlaurasina C6H5 
Sam bunigrinb C6H5 
Prulaurinc CGH5 

d-p-Glucosyloxymandelonitrile p-C6Hl,0,-O-C6H4 H H 

H d-Glucose Dhurrin )-HOC6H4 

I 
OH 

(I d-Form. 
L-Form. 

c d,l-Form. 

6. Biosynthesis 

The pathway for the biosynthesis of these cyanogenic glycosides 
has been the subject of a number of recent investigations6. A priori 
one might postulate that these substances were formed in the plant 
from hydrogen cyanide and the appropriate aldehyde and sugar. 
Administration of H W N  gas and 1%-acetone to the roots of Linztm 
usitatissimum yielded no labelled linamarin'. However, administra- 
tion of labelled acetone cyanohydrin to L. usitatissirim resulted in 
labelled linamarins. Further labelling experiments demonstrated 
that amino acids were the precursors of the aglycone portion of 
glycoside. For example, tyrosine (2) is the precursor of dhurrin (3). 
Double labelling experimcnts revealed that the cyano group is 
formed directly from tyrosine without cleavage of the C-N bond. 
Furthermore, other labelling studies showed that the intact amino 
acid, with the cxception of the carboxyl group, is incorporatcd as a 

NH, CN 

H O ~ - C H , A H - C O , H  __f H O e  AHO-glucose 
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unit in the cyanogenic glycoside"-". Similar experiments have 
established the biosynthesis of linamarin (Table 1) from leucine', 
lotaustralin from isoleucine7, prunasin from phenylalanine12*13, 
$-glucosyloxymandelonitrile from tyrosine5 and amygdalin from 
phenylalanine14. Gynocardinlj is an apparent exception to this 
general biosynthetic pathway. 

I t  was suggested several years ago that oximes may be the bio- 
synthetic precursors of nitriles16-18. This hypothesis is supported 
by the recent observation tha t  a-ketoisovaleric acid oxime and 
isobutyraldoxime (5)  are efficiently incorporated into linamarin (8)  
by flax seedlings (Linum usitalissimum) 19. Further investigation 
revealed that isobutyronitrile (6) and cc-hydroxyisobutyronitrile (7) 
are  also biosynthetic precursors of linamarins-20. The  observation of 
the direct conversion of valine (4) to the oxime 5 and the observa- 
tion that  isobutyraldehyde itself is not converted to linamarin 
provides support for the following biosynthetic pathway : 

NH, NOH 
U 

% __f + (CH,),CHCH + 
( 5 )  

(CHJZCH 1 'HC0,H - 
(4) 

CN CN CN 
I I I 

(6) (7) ( 8 )  

(CH,),CH M (CH,),COH (CH3),CO-glucosC 

T h e  corresponding oxime and  nitrile derivatives are also incor- 
porated into prunasin by Prunus Zauroceranis, a result which suggests 
the same biosynthetic pathway being operative for prunasin8*20. A 
glucosyl transferase has been isolated from Linun usitatissium L. which 
catalyses the formation of linamarin from UDP-glucose and acetone 
cyanohydrin8. 

No details are  known concerning the enzyme system responsible 
for the conversion of the amino acids to the aglycones of the glyco- 
sides. It has been noted that  a single set of enzymes probably 
catalyses the formation of both linamarin and lotaustralin6. The  
biosynthesis of these compounds is basically the same and the 
compounds occur together in the Leguminosne, Liiinceae and Compositae 
families. 

C. Hydrolysis 

The  hydrolysis of the cyanogenic glycosides to an aldehyde 
hydrogcn cyanide and a sugar is catalysecl by an  enzyme system in 
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the plant, referred to as emulsin. Presumably two steps are  involved, 
the cleavage of the sugar moiety catalysed by a @-glycosidase21 
and  the dissociation of the cyanohydrin to the aldehyde and cyanide 
catalysed by an  oxynitrilaseZ2". The  hydrolysis of amygdalin (1) 
proceeds in three stages and requires three different enzymes. The  
first stage is the formation of prunasin by the cleavage of one glucose 
unit. Enzymatic hydrolysis of prunasin cleaves the second glucose 
unit with the formation of the cyanohydrin of benzaldehyde. T h e  
third stage is the cleavage of the cyanohydrin to benzaldehyde and 
HCN22b. 

The oxynitrilase enzymes from Sorghum vulgare and Prunus 
amygdalus have been obtained in a high degree of p ~ r i t y ~ ~ . ~ ~ : ' .  The  
substrates of the enzymes differ only slightly (fi-hydroxymandelo- 
nitrile and  mandelonitrile, respectivcly) yet the enzymes differ 
considerably. T h e  molecular weights of the enzymes differ by a 
factor of two (being 1.8 x lo5 and 8.2 x lo4, respectively) and the 
Prunus enzyme contains a flavin prosthetic group which is not present 
in the Sorghum enzyme. The  differences between thcse enzymes and 
the function of the flavin moiety is not understood. 

The glucosidase enzyme linamarase in Linum usitatissimurn has 
been purified 100-fold from the crude materialzl. This purified 
enzyme exhibits a moderate degree of aglycone specificity when 
tested with various cyanogenic glucosides. Two P-glucosidascs have 
been isolated from Sorghum vulgare ; one catalyses the hydrolysis of 
cyanogenic glucosidcs and  the second aryl g1uc0sides~~". 

D. The Role of the  Cyanogenic Glycosides in Asparagine Biosynthesis 

The role of the cyanogenic glycosides in the synthesis of asparagine 
has only been discovered recently. Administration of HI4CN to 
plants producing cyanogenic glycosides results in the formation of 
labelled asparagine (section 1V.B). It has now been observed that 
administration of tyr0sine-2-~~C to Nnndina domestica results in 
incorporation of 60 to 90 yo of the radioactivity in the amide carbon 
atom of asparagine5. In  a similar experiment, radioactivity from 
valine-2-14C administcred to Lotus arabicus also appeared in the amide 
carbonyl of asparagine2j. These experiments suggest that the cyano- 
gcnic glycosides serve as a reservoir of hydrogen cyanide in the 
plant which is utilized in  thc synthesis of asparagine by the following 
route (shown a t  top of nest  page). 

2.1 
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* 
CONH, 
I 

CH2 + K'R2C=0 + ~ I U C O S C  ( ?) I 
CHNH, 
I 

C02H 

Hohever, it has not been possible to establish this as the biosyiithetic 
route to asparagine in the blue lupine (Lupinus angustifl ia) .  Use of 
appropriately labelled phenylalanine, tyrosine, valine and isoleucine 
resulted in asparagine that was labelled in several positionszG. 

Some of the plants which produce cyanogenic glycosides also 
respirc trace amounts of hydrogen cyanide27. Apparently the 
cyanogenic glycosides are being degraded to hydrogen cyanide in 
the intact plant, a result which supports the hypothesis that these 
compounds have an important role in plant biochemistry. 

111. CYANOGENIC COMPOUNDS IN ANTHROFODS 

A. Occurrence 

I n  millipedes (Diplopoda), hydrogen cyanide serves as a defensive 
agent28-30. Of the ten species which have been found to emit hydrogen 
cyanide, three havc been found to emit benzaldehyde as well. 
This suggests that the hydrogen cyanide is stored as mandelonitrile 
(9) or some derivative of mandelonitrile such as the glucoside. In  
one instance, the glucoside of p-isopropylmandelonitrile (10) has 
been identified3l. In  il systematic study of the secretion of Polydesmus 
collaris collaris, the cyanogenic compound was identified as mandelo- 
nitrile benzoate ( 1 1 ) 2 8 .  The source of hydrogen cyanide in Alpfieloria 
corrugata has been positively identified as mandelonitrile (9). The 

0--gluc0sc 
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cyanogenic compound is stored in the inner compartment of a 
gland. T h e  outer compartment contains the enzyme which catalyses 
the hydrolysis of mandelonitrile. When attacked, the mandelo- 
nitrile is released from the inner into the outer compartment where 
it is mixed with hydrolytic enzyme and the mixture discharged 
from the gland32-35. 

The larvae of the Australian leaf beetle (Paropsix atomaria) secretes 
a defensive fluid which contains hydrogen cyanid+. Other coin- 
ponents of this fluid include benzaldehyde and glucose. These 
results suggest that  the cyanide is stored by the larvae as the 
glucoside of mandelonitrile. I n  the same study, both hydrogen 
cyanide and benzaldehydc were tentatively identified in the defen- 
sive fluids of Chryro$hthasta variicollis and Chrysophtharta amoena. 

The crushed tissues, eggs, larvae and pupae of the moths Zygaena 
jil$endulae and Zygaena lonicerae release hydrogen cyanide. I t  is not 
clear whether this factor is helpful in the defense since the moth also 
secretes a defensive fluid which does not contain hydrogen cyanide37. 

B. Biosynthesis 

No investigations on the biosynthesis of these compounds have 
been undertaken. It would be especially interesting to know if 
cyanohydrins are formed by the sarne biosynthetic pathway in 
anthropods as in plants. The  hydrogen cyanide is not derived from 
feeding on cyanogenic plants and must be synthcsized by the 
a n t h r ~ p o d ~ ~ .  

IV. LATHYROGENIC C Y A N 0  COMPOUNDS 

A. Occurrence and Physiological Activity 

Consumption of lathyrus meal sometimes results in a nutritional 
disease, lathyrism, which is characterized by leg weakness and reflux 
irritability, or spastic paraplegia and occasionally dcath. Initially, 
N-(y-~-glutamyl)-~-aminopropionitrile~~ was isolated as the active 
factor of Lathyrus pusillus and Lathyus odoratus. Its physiological 
effects have received extensive study. This substance interferes with 
collagen formation and causes skeletal deformations and other 
teratogenic effects in  a variety of test animals. This factor has been 
of considerable medical interest as a chemical agcnt whose cffects 
can simulate Marfan’s syndrome, a heritable collagen disease39. 
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However, since the neurotoxic effects of lathyrus meal were not 
0bserved38'4~, this compound and  substances of similar biological 
activity have been designated os t e~ la thy rogens~~ .  

It was found that Lathyrus sylvestris, Latiyrus lntifolius and Vicia 
sativa did produce neurotoxic symptoms in test animals. T h e  
neurotoxic effects associated with L. satiuus consumption in  humans 
have sometimes been attributed to contamination by V. s a t i ~ a ~ ~ .  T h e  
active principles of V. satiua are P-cyanoalanine (12) and its N- (y -  
glutamyl) derivative ( 1 3 ) 4 2 - 4 5  and the neurotoxic principle of L. 
syluestris and L. Zatifolius is chiefly a,y-diaminobutyric acid ( 14)46. 
Also present in the latter are much smaller amounts of 8-N-oxalyl- 
a,y-diaminobutyric acid and ~-N-oxalyl-2,3-diaminopropionic acid4', 
a factor isolated from L. sativus, a plant often associated with human 
l a t h y r i ~ m ~ ~ - ~ ~ .  

A series of cyano compounds with relatcd structures have been 
tested for their neurotoxicity in  rats. P-Cyano-L-alanine when fed 
a t  the 1 % level causes hyperirritability, tremors, convulsions and 
death within 3-5 days. I n  chicks, less than 0.1 yo of i t  in the diet 
causes death with convulsions within 11 days. The  D isomer is 
approximately one-third as active in the rat42 and the homologous 
y-cyano-L-a-aminobutyric acid produced toxic symptoms only a t  
higher levels. Studies on other cyano compounds revealed that  the 
osteolathyrogenic properties increased in the order bis( 2-cyano- 
ethyl) amine, P-aminopropionitrile (15) , glycine nitrile, mcthylene- 
aminoacetonitrile. No osteolathyrogenic symptoms were observed 
with cyanide ion, acrylonitrilc, acetonitrile, propionitrile, alanine 
nitrile, indoleacetonitrile, tris(2-cyanoethyl)amineY succinonitrile, 
cyanamide and cyanoguanidine51*52. 

The metabolism of 8-aminopropionitrilc by rats has been investi- 
gated"*S4. Urine analyses showed that 40 yo of the P-aminopropio- 
nitrile is recovered unchanged, 20-30 % is converted to cyanoacetic 
acid and 3 yo is converted to thiocyanate. 

The osteolathyritic aminonitriles inhibit the germination of fungi 
and produce deformations in those fungi which do grow. This 
activity may be due only to the amino group, since simple amincs 
cause the same biological response". 

The  osteolathyrogenic effect of glycine nitrile on rats can be 
moderated by administration of thyroxine, triiodothyronine and 
cortisol", 

The neurotoxicity of a single dose of P-cyanoalanine on  rats is 
reversed by injection of pyridosa15'. The  nature of this protective 
effect is not known. B-Cyanoalanine is not a n  inhibitor of pyridoxal 
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phosphate and produces few signs of vitamin B6 deficiency58.59. 
Administration of /3-cyanoalanine to rats does result in the excretion 
of large amounts of cystathionine, but pyridoxal does not reverse 
this effect. In uitro cxperiments demonstrated that r>-/?-cyanoalanine 
inhibits rat  liver cystathionase and suggest that this is the reason for 
the formation of cystathionine in U ~ U O ~ ~ .  I t  was observed that cc-cyano- 
glycine, N- ( y-glu taniyl) -/?-cyanoalanine, L-y-cyano-cc-aminobutyric 
acid and malononitrile are also inhibitory. In  studies using other 
compounds, it was found that the L-configuration (D-/?-cyanoalanine 
was ineffective), and both the cyano and amino groups are probably 
essential structural features of the inhibition in uitro. Malononitrile 
is a n  obvious exception to this generalization”. 

T h e  metabolism of /3-cyanoalaninc in rats was briefly investi- 
gated58. It can enter the brain. I t  is detoxified by the liver and 
possibly other tissues by conversion to the tripeptide N-(y-glutamy1)- 
/?-cyanoalanylglycine. This peptide is an analogue of glutathione, in 
which the cysteine residue is replaced by /?-cyanoalanineGO. How- 
ever, this compound is probably hydrolysed by the kidney, since 
appreciable amounts of P-cyanoalanine are recovered in the urine. 
N- (y-Glutamyl)-/3-cyanoalanine is also excreted as /?-cyanoakmine 
by rats. 

Pseudomonas bacteria produce a nitrilase which converts 8-cyano- 
alanine to aspartic acid without formation of asparagine. This 
enzyme differs from the enzyme produced by the same bacteria for 
the hydrolysis of ricinine (section V1.C) G1. 

B. Biosynthesis 

When H14CN is administered to Lathyrus, Vicia and many other 
specics, asparagine-4-I4C (16) is the principal radioactive product 
in most i n s t a n c e ~ ~ ~ * 6 ~ * ~ ~ .  Tracer studies have established that cyanide 
combines initially with serine or cysteine to form P-cyanoalanine (12) 
which in turn is hydrolysed to asparagine (16)43*64-G6. Acetone ex- 
tracts of Sorghum uulgare, Vicia satiua, Lupinus augustifolia and Lotus 
tenius catalyse the conversion of cysteine to /L~yanoalanine~’~. A puri- 
fied enzyme preparation has been isolated from blue lupine (Lupinus 
angustifolia) which utilizes only cysteine as a s ~ b s t r a t e ~ ’ ~ , ~ .  These re- 
sults suggest that cysteine is the direct biosynthetic precursor of 
P-cyanoalanine. 
N-(y-Glutamy1)-P-cyanoalanine (13), and not asparagine, is 

produced by Vicia sat i~a43~*4j .  The efficiency with which volatile 
cyanide is incorporated in uivo into N-(y-glutamyl) -/?-cyanoalanine 
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is notewrorthy (30-60 %  yield^)^^,^^. N- (y-Glutamyl)-/?-cyanoalanine 
accumulates because V. sativa docs not contain the nitrilase enzyme 
necessary for the hydrolysis of j3-cyanoalanine to asparagine74. 

Labelled N- (7-glutamy1)-/?-aminopropionitrile (17) is also pro- 
duced by feeding H14CN to Latfvrus 0d07atUS68. This substance is 
probably formed by the conversion of j3-cyanoalanine to P-amino- 
propionitrile (15) and then condensation of /?-aminopropionitrile 
with glutamic acid. The  synthesis does not proceed by the alternative 
route, /?-cyanoalanine (12) -+ N- (y-glutamyl)-P-cyanoalanine (13) 
--+ N-(y-glutamy1)-B-aminopropionitrile (17) 69. 

Labelled asparagine and N-substituted asparagines have been 
isolated from Cucurbitaceae seedlings fed with H1"CN. T h e  N-substi- 
tuted derivatives (18, R = alkyl) were formed by an  exchange 
reaction between asparagine and  the corresponding amine70. 

has been reported to be labelled when H14CN was fed to V. sativa and 
L. odoratus scedlingsG8. Presumably the diaminobutyric acid was 
formed by reduction of B-cyan~a lan ine~~ .  However, i t  has been 
reported by other workers studying Lathyrus sylvestris, which has 
a high content of a,?-dianiinobutyric acid, that  only 0.27 yo of the 
radioactivity of ,9-cyanoalanine-4J4C was incorporated into a,?- 
diaminobutyric acid while 33.5 :4, was incorporated into asparagine. 
T h e  latter group found that homoserine and aspartic acid were the 
precursors of a,?-diaminobutyric acid'l. 

T h e  conversion of amino acids to asparagine via the cyanogenic 
glycosides is described in section 1I.D. These biosynthetic reactions 
a re  summarized on the next page. The alpha carbon of the original 
amino acid is marked to assist in following the transformations. 

It has been demonstrated tha t  similar transformations of cyanide 
take place in insects. Administration of HI4CCN to Sitophilus granarius 
resulted in excrction of most of the radioactivity as a peptide. 
Hydrolysis of the peptide showed that most of the label was present 
in  C(l) of aspartic acid. If the aspartic acid was formed via the 
asparagine pathway in plants, the label would have been in the 
4-position. I t  is of interest that none of the mammalian detoxication 
products (section VIII) were observed in this study72. 

Extracts of E. coli cells will also catalyse the conversion of serille 
to /?-~yanoalanine'~. I n  contrast to similar studies on Lotus teTlius 
extracts66, ATP is required for this transformation. I t  is suggested 
that this represents a non-specific action of cysteine sulphydrase, 
an  enzyme which converts serine to cysteine, and is without physio- 
logical significance. In support of this contention, i t  was observed 

Q 

Finally the neurolathyrogenic factor, a,y-diaminobutyric acid (14) 
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NH, 
I 

I 
CN CN CH, 

NH 

* 
I 

CH, CH, 
- 1  - I  

I 
CH2 

I 
NH, CH, 

I 

I 
CH2 

I 
(15) 

CHNH, 
I 
(17) 

CN I I * 
AHNH, co 

R(!ZHOR ---+ HCN 

cysteirie 

CONHR * CONH, * J F * CN CO,H 

NH, 
I 

CH, 
I I 

I 

I I 
CH, 
I 

CH, 
I 

I I 

(18) (16) (13) 

CHNH, t-- CHNH, CHNHCOCH,CH,CHCO,H 

C02H CO,H CO,H 

that the Lolus tenius enzyme has an affinity for cyanide that is lo4 
times as great as the E.  coli enzyme6. 

V. CYANIDE FORMATION BY MOLDS 
AND MICROQRGANISMS 

A. Occurrence 

A number of fungi and bacteria are known to be ~yanogen ic~~- '~ .  
I t  is not clear whether the hydrogen cyanide is always combined in 
a cyanogenic compound or if in some instances free cyanide is 
present. Cyanogenic substances of unknown structures were isolated 
from the Marasmus oreades fungus and the snow mold fungus. The 
purpose of the cyanide may be defensive and/or as an intermediate 
in the synthesis of amino a ~ i d s ~ ~ , ~ ~ .  
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Diatretyne 2 (19), a nitrile antibiotic, has been isolated from the 
fungus CZitocybe diat~eta’~. T h e  corresponding amide (diatretyne 1) is 
also present in the fungal extracts but exhibits no antibiotic activity. 

(19) 

HOOCCH=CH--CC-&C-CN 

6. Biosynthesis 

1. Hydrogen cyanide formation 

I n  those ifistances studied, it appears that hydrogen cyanide is 
produced from glycine by a route that is similar to the conversion 
of the amino acids to the cyanogcnic glycosides. 

Cyanide formation from the bacterium Chromobacterium violaceurn 
was enhanced by the addition of glycine or glycine esters0. A similar 
effect was noted in Pseudomonassl. In  Chromobacterium, methionine 
and other methyl donors exhibited a synergistic effect in the hydro- 
gen cyanide ~ynthesis’~. Studies with glycine labelled at C(l) and 
Ccz, revealed that C(L! is eliminated as CO, and C(2) is incorporated 
into hydrogen cyanide. None of the biosynthetic intermediates 
betweeil glycine and hydrogen cyanide have been isolated. However, 
the formation of cyanoformic acid has been postulateds0. 

Glycine was also found to stimulate hydrogen cyanide synthesis 
from the snow mold funguss2:’. Serine was less effective and other 
amino acids had no effect. Glycine esters were also stimulatory but 
N-methyl g!ycine clerivativcs had ~ I G  effect. Preliminary evidence 
with labelled glycine suggests that C(2) is incorporated into the 
hydrogen cyanide. 

Recently the synthesis of linamarin and lotaustralin by the snow 
mold fungus was reported. The biosynthesis of these cyanogenic 
glucosides proceeds from valine and isoleucine, respectively. In  
addition, there are enzymes present in the fungus which catalyse 
the hydrolysis of the glucosides to glucose, acetone and HCN. These 
data suggest that HCN biosynthesis proceeds by the same pathways 
in both fungi and higher plantss2”. 

2. Amino acid synthesis from hydrogen cyanide 

The synthesis of /?-cyanoalanine and asparagine from glycine 
has been observed in Chromobacterium vioZaceums3. Labelling studies 
have established that all of the carbon atoms of p-cyanoalanine 
originate from the glycine. When K%CN and serine are incubated 
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with non-proliferating cells, the resultant P-cyanoalanine is labelled 
on the nitrile carbon atom. These results suggest that  glycine is 
converted to both cyanide and the cyanide acceptor in  P-cyano- 
alanine synthesis. P-Cyanoalanine is hydrolysed to asparagine in the 
culture fluid. This pathway for asparagine biosynthesis in bacteria 
is almost identical with that cbscrved in some plants (section 
1V.B). 

Fungi synthesize alanine and glutamic acid via a Strecker 
synthesis. Prcsumably the overall biosynthetic pathway is glycine -+ 

HCN -+ alanine and glutamic acid. T h e  individual steps in the 
sequence have been demonstrated but the overall process has not 
been verified experimentally. 

a-Aminopropionitrile (alanine nitrile) and alanine are  produced 
when cultures of a psychrophilic basidiomycete were fed H13CN84,85. 
Early incorporation of label into alanine nitrile was observed. The 
amount of labelled alanine nitrile decreased as the amount of 14C 
alanine incrcased. Double labelling with HI4CN and IICI5N 
revealed that the cyano group was incorporated intact into alanine 
nitrile. Only a small amount of the I5N appeared in the amino 
group of the nitrile. 

An extract of the fungus catalysed the addition of HCN and NH, 
to acetaldehyde, so presumably this is the biosynthetic pathway 
in the fungus. Cell free extracts will also hydrolyse alanine nitrile 
directly to alanine without formation of a n  amide intermediate. 

Cyanide is also converted t G  glutamic acid (22) by the same 
psychrophilic basidiomycete f u ~ i g u s ~ ~ , ~ ~ .  The  rates of incorporation 
of H14CN into alanine and glutamic acid are independent of each 
other, suggesting the presence of two separate pathways for the 
biosynthesis of these compounds, A biosynthetic intermediate for 
the formation of glutamic acid, 4-amino-4-cyanobutyric acid (21), 
has been isolated. When H14CN was administered, the cyano group 
of the 4,-amino-4-cyanobutryic acid was labelled and this in turn 
led to glutamic acid- 1-14C. 

When I<13CW (15N/13C = 1) and uniformly labelled 14C-succinic 
semialdehyde (20)  were administered to the fungus it was noted that 
the 15N/13C ratio was near unity in  the 21 formed as would be 
expected by direct addition of cyanide. Degradation studies showed 
that all the 14C was in carbon atoms other than the nitrile group, 
indicating that  the main carbon skeleton is supplied by  succinic 
semialdehydc. The synthesis of 21 and 22 from cyanide and succinic 
semialdehyde was also carried out in cell-free extracts. 
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CN CO,H 
I 

CHNH, 
I I I 
CH, HCN CH2 CH, 

- 1  - I  
I I 

CO2H 
I 

CO,H 

(20) (21) (22) 

I 
CHO CHNH, 

&H, XHs CH, CHZ 

CO,H 

VI. CYANOPYRIDINE ALKALOIDS 

A. Occurrence 

Two cyanopyridones have been isolated from plant sources, 
ricinine (23) from Ricinus cornnunis L. (castor bean)B6 and nudiflorine 
(24) from Trezwia nzidzJ?ora L i n ~ i ~ ~ * ~ ~ .  

B. Biosynthesis 

T h e  biosynthesis of ricinine (23) has been investigated in some 
detail. When labelled nicotinaniide (27) and nicotinic acid (26) are  
fed to the castor bean, the label is incorporated into ricinine. Double- 
labelling experiments have shown that both 5-3H, 6-3H and I5N- 
amide of nicotinamide are incorporated equally into ricinine. 
Furthermore, 5-3H, 6-3H and 14C-carboxyl of nicotinic acid are  
uniformly incorporated as well. These experiments show that the 
nicotinamide skeleton is incorporated intact into ricinine and that the 
nitrile is formed directly by dehydration of the amidesO. 

I t  was suggested that the first step in the conversion of 
nicotinamide to ricinine was formation of the nitrile 28”. This 
proposal was based on the observations that an enzyme preparation 
from castor bean plants catalysed the oxidation of l-methylnicotino- 
nitrile to a mixture of the 2- and 4-pyridones, while the corresponding 
amide was not oxidized by this enzyme. However, recent experiments 
have shown that I -methylnicotinonitrile is incorporated into ricinine 



12. Biological Function and Formation of the Cyano Group 73 1 

only one-tenth as effectively as nicotinamide, a result which suggests 
that nitrile formation may take place at a later stage in the ricinine 
biosynthesis”. However, these data do not eliminate the possibility 
that nicotinonitrile is the next step in the biosynthesis and that this 
substance is converted to ricinine as a nucleotide derivative. The 
hypothesis of nucleotide intermediates receives some support from 
the observations that the nicotinic acid mononucleotide, nicotinic 
acid adenine dinucleotide and nicotinamide adenine dinucleotide 
are converted to ricinine as eficiently as nicotinamide and nicotinic 
acidg1. Compounds (25 ) ,  (26) and (27) are likely intermediates in 
the biosynthesis of ricinine. I t  is not certain whether the non-alkylated 
pyridine derivative is present as such, or whether the pyridine 
nucleotide derivative is the true biosyntlietic intermediate. 

High activity is observed in the cyano group of ricinine when 
H14CN is fed to Ricinus communis922a. Since i t  has been found that the 
amide group of asparagine (16) is aIso labelled when H14CN is fed 
to R. Conzmunis, the biosynthesis of ricinine may proceed from cyanide 
via asparagine or @-cyanoalaninc (12)‘j8. The metabolic products of 
ricininc have recently been reportedsz2”. 
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C. Hydrolysis 

Pseudomonas bacteria grown on ricinine as  the sole carbon source 
produce an enzyme which catalyses the hydrolysis of the nitrile 
group of ricinine to the acid61*g3. A low yield of the amide (9%) is 
also obtained. This enzyme will also effect the hydrolysis of other 
3-cyanopyridones. The mechanism postulated for ricinine nitrilase 
is similar to that first postulated for the related enzyme called 
nitrilase (section VI1.B) 94. 

NH 
II H*O 

RCN + EXH d RC-XE b R-C-NH? __* 
I b  

X E  

0-H 0 
I I  HL' Id I1 
0 

R-c-XE L R-+~E---~Rc-oH + EXH 
+ 

NH3 

(enzyme =EXH, where X =  S or 0) 

VII. I NDOLEACETONlTRl LE 

A. Occurrence 

Indoleacetonitrile (30) is one of a family of plant hormones 
structurally related to indoleacetic acid (31) s5. The nitrile was first 
isolated from cabbageg6sg7 and since then has been found in a 
number of plantsg8. 

B. Biosynthesis 

Tryptophan (29) is undoubtedly the biosynthetic precursor to 
the indole growth hormonesg9. Indolcacetic acid is produced from 
tryptophanlOO but it is not certain if indoleacetonitrile or indole- 
acetaldehyde (33) is the direct precursor of the acid in vivo. Indole- 
acetonitrile may be formed directly from tryptophan in a manner 
analogous to the biosynthesis of the cyanogenic glycosides (section 
1I.B); it may be formed from indolepyruvic acid (32) via the 
oximel7*lS*lo1. Alternatively tryptophan may be converted to the 
mustard oil glycoside, glucobrassicin (34), which is hydrolysed to 
either the nitrile or the a ~ i d ~ ~ ~ - ~ ~ ~ .  The  conversion of mustard oil 
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glycosides to nitriles by the enzyme myrosinase is a general phenome- 
non. Ally1 cyanide, benzyl cyanide, p-hydroylbenzyl cyanide 
and compounds 35 and 36 are examples of nitriles formed in  this 

There exists the possibility that  indoleacetonitrile is an arte- 
waY105-107. 

fact”*lO*. 

I 
H 

(34) 

0 O H  
I 

(35) (3 6) 

CHz=CH-CHCH2CN 
t 

CH3SCHZCHZCHzCN 

C. Hydrolysis 

T h e  activity of indoleacetonitrile as a plant growth hormone varies 
markedly. This is because the nitrile itself is without activity and it 
only exhibits activity in plants which have the requisite enzymes for 
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its hydrolysis to indoleacetic acid109J10*. Of  twenty-nine plant 
tested (representing twenty-one families) only in ten was indole- 
acetonitrile hydrolysed to the acidlloa. The  enzyme which catalyses 
the hydrolysis of indoleacetonitrile (nitrilase) has been isolated from 
barley and investigated in detai19*"J10". It is not specific for indole- 
acetonitrile and will also catalyse the hydrolysis of aromatic, aliphatic 
and heterocyclic nitriles to the corresponding acids. However, the 
enzyme does not catalyse the hydrolysis of ricinine (33) yet it does 
catalyse the hydrolysis of 3-nicotinonitrile (28). As might be expected, 
ricinine nitrilase (section I I .C) has no effect on indoleacetonitrile93. 

Xiirilase hydrolyses the nitrile group directly to the acid without 
formation of an intermediate amide. All the activity of the enzyme 
is associated with a single protein fraction so that the two stages in 
the hydrolysis are probably carried out a t  one time by the same 
enzynief'". The  mechanism proposed to explain the action of nitrilase 
is virtually identical with that  described previously for ricinine 
nitrilase (section VI.C)D4. A model system for nitrilase was recently 
repor ted1Iob. 

The  red algae Furcellaria fastigiata and hrernalion mulliJdiiriz and the 
green alga Cladophora rujostris hydrolyse indoleacetonitrile to indole- 
acetic acid. Indoleacetamidc has been demonstrated as a reaction 
intermediate with Furcellaria. Various brown algae (Fuctts vesiculoszrs ; 
Pylaiella litoralis and Halidrys siliquosa) oxidize indoleacetonitrile to 
indolecarboxaldehyde and indolecarboxylic acid"'. 

VIII. DETOXICATION OF NlTlPlLES AND CYANIDE 

The toxicity and metabolism of cyanide and organic nitriles has 
been reviewed previously so only an  outline of the earlier aspects 
of the work will be presented as background inaterial for more 
recent findings'l"113. 

A. Cyanide Toxicity 

The toxicity of cyanide is due  to the complexes it forms with 
iron(1n; and other metals present in the respiratory enzyme systems 
of the cell. I n  particular, the cytochrome oxidase enzymes Tvhich 
catalyse oxidative phosphorylation arc inactivated by very low 
concentrations of cyanide. Hydroxycobalamin (vitamin BIZ) and 
methemoglobin (iron(II1) haemoglobin) also form compleses with 
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cyanide. These two substances bind cyanide as strongly as the cyto- 
chromes and have been used in the treatment of cyanide poisoning. 
Vitamin B,, is injected114 and  methemoglobin is produced by ad- 
ministration of amyl nitrite or nitrite ion. A rat  liver enzyme converts 
cyanocobalamin to hydro~ycoba lamin l~~ .  The  inhibition of growth 
of the T3 bacteriophage by cyanide may be a consequence of 
inhibition of oxidative phosphorylation in either the phage or the 
host bacterium. T h e  cyanide inhibits the penetration of the phage 
into the bacterium116. Cyanide also produces chromosome aberra- 
tions in plants but the molecular basis of this effect is not known117.118. 

Carbonyl cyanide phenylhydrazones are more effective than 
cyanide in uncoupling oxidative phosphorylation in mitochondria1 
systems. Solutions 10-5 M in  37 and M in 38 completely inhibit 
oxidative phosphorylation. The mechanism of action of these 
compounds is not kn0wn119-1~~. 

735 

CN F,CO-@HN=C I 

'CN 
(37) (3 8) 

T h e  toxicity of cyanide is probably due  mainly to inhibition of 
oxidative phosphorylation. However, its physiological action may 
be due to other effects as well. Cyanide stimulates some enzymes 
by chelation (e.g. 6-phosphogluconate dehydrogenase122) by an  
anionic effect (kynurenine hydrosylasel") and by disulphidc bond 
cleavage (inosinic acid dehydrogenasclZ4). Undoubtedly cyanide 
has many other biological effects which may contribute to the 
observed toxicity. 

B. Cyanide Detoxicotion 

1. Conversion to thiocyanate 

T h e  main pathway for cyanidc dctoxication is conversion to 
thiocyanate. The liver enzyme rhodanese catalyses this reaction125. 
Rhodanese is a novel enzyme which when activated with sodium 
thiosulphate, binds a sulphur atom in a charge-transfer complex to 
the indole nucleus of tryptophan. Thiocyanate is formed by 
a nuclcophilic attack of cyanide on the sulphur-rhodanese 
~ o r n p l e x ~ ~ ~ - ~ ~ ~ .  
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E + SSOS2-  M ES + SO3,- 

ES + CN-+E f SCN- 

(E = rhodanese) 

2. Conversion to 24 m inothiazol id ine-4-carboxyl i c acid (40) 

Cyanide reacts directly with cystine (39) in uiuo to form 40. This 
is a secondary pathway of cyanide metabolism since it was demon- 
strated that 80% of the cyanide is detoxified by formation of 
thiocyanate and 15 yo by formation of 40l3I. 

HzC- CI-IC0,H + HSCH,CHCO,H 
I 

NH, 

(--SCH2CHC0,H), + HCN ___f 1 I 
S N H  I 

NH, 
'C' 

I1 
NH 

C. Metabolism of Aliphatic Nitriles 

Most aliphatic nitriles are readily hydrolysed in the body to 
hydrogen cyanide. Compounds such as cyanogen, acetone cyano- 
hydrin, benzyl cyanide, te t racyanoethylen~l~~,  cyanogen halides133 
and diamin0maleonitrile13~ are also rapidly hydrolysed to hydrogen 
cyanide in uiuo and cause the same symptoms as cyanide. Cyanide 
formation may involve more than a simple solvolysis of the cyano 
group, and in many instances the toxicity of organic nitriles is less 
than an equivalent amount of ~ y a n i d e l 1 ~ e ~ ~ ~ .  For example, cyanide 
is probably produced from cyanogen chloride by reaction with 
glutathione (41). Haemoglobin also reacts with cyanogen chloride 
to give an  adduct which releases cyanide on treatment with 
g l ~ t a t h i o n e l ~ ~ .  

Symptoms other than that of cyanide poisoning have been 
observed with some aliphatic nitriles. The  lathyrogenic nitriles 
(section 1V.A) are good examples. Acrylonitrile is a toxic compound, 
however; the toxic symptoms differ from those produced by cyanide 
itself. Presumably the molecule as a whole has a direct toxic 
eff~ctl3~. 
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CII,SH 0 h'H, 
I I1 I 

I 
II 

CHNH-C-CH2CH,CHCO2H + NCCl 

C-NH C H2C 0 2H 

0 
(41) 

C d S \  

CH ?=,, 
I " 

I 0 NH, 
I I  I 2 RSH 
C-CH2CH2CHC02H + HC1 __j 

C--NHCH,C02H 

0 
II 

CH,SH 
0 NH, I I1 I 

CH~VH--C--CH2CH,CHCO,H + HCN + RSSR 
I 

C-NHCH,CO,I-I 
II 
0 

(RSH = 41) 

Not all aliphatic nitriles are toxic. Compounds with the general 

CH, R' 
I I  

formula 42 are central nervous system stimulants with low 

PhCH,CH--i\CHR 
i 
CN 

(42) 

D. Metabolism of Aromatic Nitriles 

The metabolism of aromatic nitriles has been studied in some 
detail after i t  was observed that substituted benzonitriles are 
l~erb ic ides '~~ .  These substances do  not release hydrogen cyanide 
and hence exhibit a much lower level of toxicity than do aliphatic 
nitriles. The main detoxication process is oxidation to the cyano- 
phenol in the liver and excretion as the glucuronic acid or  the 
sulphuric acid ether. 

Benzonitrile is oxidized and  eliminated as o-, m- and fi-cyanophenol 
and only a small portion of it is converted to benzoic acid. T h e  
major pathway of m- and p-tolunitrile metabolism is oxidation to 
the corresponding m- and p-cyanobenzoic acids113. o-Tolunitrile 
undergoes both oxidation of the methyl group and hydrolysis of the 
nitrile. Here nitrile hydrolysis is probably assisted by participation 
of hydroxymethyl and carboxyl groups in thc ortlzo position. 
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The  herbicides 43  and 44 are also hydroxylated in mammalian 
systems. Both compounds a re  converted to the 3- and 4-hydroxy 
derivatives 45 and 46. Presumably the metabolism of 43 involves 
the initial conversion to the  nitrile 44138*139. Compound 44 is con- 
verted to the corresponding acid when metabolized in plant~13~. 

CN CN 

44% 

I 

OH 
4.9% 

(45) (46) 

It was observed that injection of 44 results in damage t.0 the 
liver140. The observation tha t  45 and 46 uncouple oxidative phos- 
phorylation in  rat liver mitochondria and yeast cell suspensions 
explains this result. I n  low concentrations, compound 44 is oxidized 
and combined with sulphuric acid or glucuronic acid in the liver 
and is readily eliminated. However, high concentrations of 44 result 
in the accumulation of high concentrations of 45 and 46. These 
substances block oxidative phosphorylation and thereby prevent 
the ester formation which results in their elimination from the body. 

(47) 

Some organic nitriles (47, 48) have been reported to be potent 
antibacterial agents. The  metabolic fate of these compounds is not 
known141. 

I X. ACKN 0 W LEDG E M E N T S  

I wish to thank E. Conn, H. Herbrandson, T. Eisner, R. Raffauf, 
C. Ressler and T. Robinson for reading and commenting on a 
preliminary draft of this chapter. This work was supported by a 
Career Development Award (GM 6380) from the National Institutes 
of Health. 



739 12. Biological Function and Formation of thc Cyano Group 

X. REFERENCES 

1. R. HcgcIlaur, CheniolaxonomiederPJZanzen, Vol. 1 (1962), V01.2 (19G3), ~ 7 ~ 1 . 3  (1g64), 

2. R. Darnlcy-Gibbs, Chemical Plant Taxonomy, (Ed. T. Swain), Academic press, N~~ 

3. (a) E. Alston and B. Turner, Biochemical Systematics, Prenticc-Hall, xcw York, 

Vol. 4 (1966), Birkhauser Vcrlag, Basel. 

York, 1963, pp. 58-88. 

1963, pp. 181-190; 
(b) E. E. Conn, J .  A g .  Food Chern., 17, 519 (1969). 

Vcrlag, Bascl and Stuttgart, 1958, pp. 947-~67. 
4. W. Karrer, Konsfitufion wid Vorkomnien der Organischen PJanzcnsloffe, Birkhauser 

5. Y. P. Abrol, E. E. Conn and J. R. Stoker, Phyfochemisfy, 5 ,  1021 (1966). 
6. L. Fowden, Rev. Plant Phy?YsiOl., 18, 85 (1967). 
7. G. M’. Butler and E. E. Conn, J .  Biol. Chem., 239, 1674 (1964). 
8. K. Hahlbrock, B. A. Tappcr, G. M’. Butler and E. E. Conn, Arch. Biochem. Biophjjs., 

9. J. E. Gander, J .  Biol. Chenz., 237, 3229 (1962). 

? 

125, 1013 (1968). 

10. J. Koukol, P. Miljanich and E. E. Conn, J .  Biol. Chem., 237, 3223 (1962). 
l!. E. G. Uribe and E. E. Conn, J .  Biol. Chem., 241, 92 (1966). 
12. J. iMcntzer and J. Faure-Bonvin, Conipl. Rend., 253, 1072 (1961). 
13. S. Ben-Yehoshua and E. E. Conn, Plant Physiol., 39, 331 (1964). 
14. Y.  P. Abrol, Indian J .  Biochem., 4, 54 (1967). 
15. R. A. Coburn and L. Long, Jr., J. Org. Chem., 31, 4312 (1966). 
16. MI. N. Dannenburg and  J. L. Liverrnan, Plant Physiol., 32, 263 (1957). 
17. A. Ahmad and I. D. Spcnser, Can. J .  Chem., 39, 1340 (1961). 
18. A. hhmad  and  I. D. Spenscr, Can. J .  Chem., 38, 3625 (1960). 
19. B. A. Tappcr, E. E. Conn and G. W. Butler, Arch. Biocheni. Uiofihys., 119, 593 (1967). 
20. 13. A. Tapper and G. W. I{utler, Arch. Biochem. Bioptys., 120, 719 (1967). 
21. G. W. Butlcr, R. \Y. Bailcy and L. D. Kennedy, Phyfochemistry, 4, 369 (1965). 
22. (a) C. Bove and E. E. Conn, J .  Biol. Chenz., 236, 207 (1961); 

23. M. K. Seely, R. S. Criddle and E. E. Conn, J .  B id .  Chetn., 241, 4457 (1966). 
24. (a) M’. Bcckcr and E. Pfeil, Biochem. Z., 346, 301 (196G); 

25. Y. P. Arbol and E. E. Conn, Phytochemisfy, 5 ,  237 (1966). 
26. E. E. Conn, private communication. 
27. Y .  P. Abrol, Indian J .  Exp. Biol., 5 ,  191 (1967). 
28. G. Casnati, G. Nencini, A. Quilico, M. Pavan, A. Ricca and T. Salvalori, I{x@ricntiu, 

29. T. Eisner, ,4nil. Rev. Entoviol., 7, 107 (1962). 
30. M. Jacobson, Ann. Rev. Enfoniol., 11, 403 (19GG). 
31. E. Sodi Pallnrcs, Arch. Biochem., 9, 105 (1946). 
32. T. Eisner, H. E. Eisner, J. J. Hurst, F. C. Kafatos and J. P\lleinwalcI, Science, 139, 

33. 13. E. Eisner, T. Eisncr and  J. J. Hurst, Cliem. I d .  (Lotidon), 1963, 124. 
34. 1-1. E. &,ner, D. M’. Alsop and T. Eisner, P-yche, 74, 107 (1967). 
35. T. Eisner and H. E. Eisner, ?\ratiiruf Ifisto7JJ, 74, 30 (1965). 
36. B. p. Moore, J .  Australian Enf. SOC., 6 ,  36 (1967). 

(b) D. R. Haisman and D. J. Knight, Biocheni. J., 103, 528 (1967). 

(b) C. H. Mao and L. :\ndcrson, Phyfochetnistry, 6, 473 (1967). 

19, 409 (1963). 

1218 (1963). 



740 J. P. Ferris 

37. D. A. Jones, J. Parsons and M. Rothschild, Nafure, 193, 52 (1962). 
38. E. D. Schilling and F. M. Strong, J .  Am. Chem. Soc., 77, 2843 (1955). 
39. V. A. McKusick, fieritable Disorders of Connective Tissue, 3rd. ed., C. V. Mosby Co., 

40. G. F. iMcKay, J. J. Lalich and F. M. Strong, Arch. Biochem. Biophys., 52, 313 (1954). 
41. L. Fowden, D. Lewis and H. Tristan, Adu. Enzymol., 29, 89 (1967). 
42. C. Ressler, J .  Biol. Chem., 237, 733 (1962) and references therein. 
43. (a) C. Ressler, Y.-H. Giza and S. N. Nigam, J .  Am. Chem. SOC., 85, 2874 (1963); 

(b) C. Ressler, S. N. Nigam and Y.-I-I. Giza, J .  Am.  Chem. SOC., 91, 2758 (1969); 
(c) C. Ressler, Y.-H. Giza and S. N. Nigam, J. Am.  Chem. SOC., 91, 2766 (1969); 
(d) Y.-H. Giza and C. Ressler, J .  Lab .  Conipds., 5, 142 (1969). 

St. Louis, 1966, pp. 129-131. 

44. C. Rcssler, Federation Proc., 23, 1350 (1964). 
45. C. Ressler, S. N. Nigam, Y.-H. Giza and J. Nelson, J .  Am. Chem. SOC., 85, 3311 

46. C. Rcssler, P. A. Redstone and R. H. Erenberg, Science, 134, 188 (1961). 
47. E. A. Bell and J. P. O’Donovan, Phytochemistr~, 5, 1211 (1966). 
48. S. L. N. Rao, P. A. Adiga and P. S. Sarrna, Biochemistry, 3, 432 (1964). 
49. V. V. S. Murti, T. R. Sechadri and T. A. Venkitasubramanian, Phyfochemisfry, 3, 

50. E. Jacob, A. J. Patel and C. V. Ramarkrishnan, J. Neiirochem., 14, 1091 (1967). 
51. I. V. Ponseti, S. Wawzonek, R. S. Shepard, T. C. Evans and G. Steams, Proc. SOC. 

52. S. Wawzonek, I .  V. Ponseti, R. S. Shepard and L. G. Wiedenmann, Science, 121, 

53. J. J. Lalich, Science, 128, 206 (1958). 
54. A. Khogali, Nature, 214, 920 (1967). 
55. T. B. Norton and W. Dasler, Proc. SOC., ExpL. Biol. Med., 116, 62 (1964). 
56. I. V. Ponseti, Proc. SOC. Expt. Biol. Mzd., 96, 14 (1957) and references therein. 
57. C. Ressler, J. Nelson and M. Pfeffer, Nature, 203, 1286 (1964). 
58. C. Ressler, J. Nelson and M. Pfeffer, Biociiem. Pharmacol., 16, 2309 (1967). 
59. M. Pfeffer and C. Ressler, Biochem. Pharnmcol., 16, 2299 (1967). 
60. K. Sadaoka, C. Lavinger, S. N. Nigam and C. Ressler, Biochem. Biopbs. Acfa, 

61. R. H. Hook and W. G. Robinson, J .  Biol. Chem., 239, 4263 (1964). 
62. S. 13lumenthal-Goldschrnidt, G. W. Butler and E. E. Conn, Nature, 197, 718 (1963). 
63. B. Tschiersch, Flora, 153, 115 (1963). 
64. H. G. Floss, L. Hadwiger and E. E. Conn, Nafure, 208, 1207 (1965). 
65. S. N. Nigam and C. Ressler, Biochem. Biophys. Acfa, 93, 339 (1964). 
6G. H. G. Floss and E. E. Conn, Nafure, 208, 1207 (1965). 
67. (a) S. G. Dlumenthal, 13. R. Hendrickson, Y. P. Abrol and E. E. Conn. J .  Biol. 

(1963). 

73 (1964). 

Expt. Biol. Meed., 92, 366 (1956). 

63 (1955). 

156, 128 (1968). 

Chetn., 243, 5302 ( 1  968). 
(b) H. R. Hendrickson, Federation Proc., 27, 593 (1968). 
(c) H. R. Hendrickson E. E. Conn, .I. Biol. Cllem., 244, 2632 (1969). 

68. B. Tschiersch, Phytochemistry, 3, 365 (1964). 
69. L. Fowden and E. A. Bell, Nature, 206, 110 (1965). 
70. D. M. Frisch, P. M. Dunnell, H. Smith and L. Fowden, Phyfochemislry, 6,921 (1967). 
7 1. S. N. Nigam and C. Ressler, Biochemisfry, 5 ,  3426 (1966). 
72. E. J. Bond, Can. J .  Biochem. Phjqsiol., 39, 1793 (1961). 
73. P. M. Dunnill and L. Fowden, Nature, 208, 1206 (1965). 



12. Biological Function and Formation of the Cyano Group 741 

74. R. Michaels and W- A. Corpe, J .  Bacteriol., 89, 106 (1965). 
75- E. W- 13- Ward and G. D. Thorn, Can. J .  Bot., 44, g j  (1966). 
76. E. W. 13. Ward, Can. J .  Bot., 42, 319 (1964). 
77. G. A. Strobel, J .  Biol. Chem., 241, 2618 (1966). 
78. G. A. Strobel, J .  Biol. Chern., 242, 3265 (1967). 
79. M. Anchel, Science, 121, 607 (1955). 
80. R. Michaels, L. v- Hankcs and W. A. Corpe, Arch. Biochetn. Biol/ys., 111, 121 

81. 13. Lorck, Physiol. Plantaruni, 1, 142 (1948). 
82. (a) I:. M'. B. \\lard and G. D. Thorn, Can. J .  Bot., 43,997 (1965) ; 

83. M. M. B V k ,  M'. A. C o v e  and L. V. Hankes, Bacteriol. Proc. Abstr., p. 182, 132 

84. G. A. Strobcl, Can. J .  Biochem., 42, 1637 (1964). 
85. G. A. Strobcl, J .  Biol. Cheni., 241, 2618 (1966). 
86. L. Marion in The Alkaloids: Cheniistry and Physiology, Vol. 1 (Ed. R. H. E. Manske 

87. R. Mukhcrjee and A. Chatterjcc, Chem. Ind. (London), 1964, 1524. 
88. R. Mukhcrjee and A. Chatterjee, Tetrahedron, 22, 1461 (1966). 
89. G. R. Waller and L. &I. Hcnderson, J .  Biol. Chem., 236, 1186 (1961). 
90. T. Robinson, Plptociieniisfry, 4, 67 (1965). 
91. G. Waller, K. S. Yang, R. K. Gholson, L. A. Hadiniger and S. Chaykin, J .  Biol. 

92. (a) U. Schicdt and G. Bocckh-Behrcns, Z .  Plysiol. Chem., 330, 58 (1962) ; 

(1965). 

(b) 11. L. Stevens and G. A. Strobcl, J .  Bact., 95, 1094 (1968). 

(1967). To be published in Proc. SOC. Expt. Biol. Med. 

and H. G. Holmes), Academic Press, New York, 1950, pp. 206-209. 

Chem., 241, 441 1 (1966). 

(b) G. R. Wallcr, L. Skursky and J. L.-C. Lee, Abstracts 156th National A4eeting Am. 
Chem. SOC., p. B-19. 

93. W. G.. Robinson and R. H. Hook, J .  Biol. Chem., 239, 4257 (1964). 
94. S. Mahadevan and K. U. Thimann, Arch. Biocheni. Biophys., 107, 62 (1964). 
95. K. V. Thimann, Am. Sci., 42, 589 (1954). 
96. E. R. H. Jones, H. 13. Hcnbcst, G. F. Smith and J. A. Bcntley, Nuttire, 169, 485 

97. H. U. Henbest, E. R. H. Jones and G. F. Smith, J .  Chem. SOC., 1953, 3796. 
98. J. A. Uentley, Ann. Rev. Plant Plysiol., 9, 47 (1958). 
99. S. A. Gordon, Enncyclofiedia of Plant P/g>siolog, VOI. 14, (Ed. W. Ruhland), Springer- 

(1952). 

Vcrlag, Berlin, 1960, pp. 620-646. 
100. R. A. Khalifall, Physiol. Plant., 20, 355 (1967). 
101. U. B. Stowe, Fortschr. Chem. Org. Natiirstofl, 17, 248 (1959). 
102. A. S. Anderson and R. M. Muir, Physiol. Platlt., 19, 1038 (1966). 
103. \V. Zenk, Colloq. Int. Centre Nat .  Rech. Sci. (Paris), 123, 241 (1964). 
104. R. Hegnaucr, Chemotaxonornie der PJanzen, V O ~ .  3, Birkhauscr Verlag, Easel, (1964), 

1oj. F. Challenger, Asbects of the Organic Cheniislry of Sulphur, Academic Press, xew York, 

106. A. I. Virtanen, Plrytocheniisty, 4, 207 (1965). 
107. bf. E. Daxenbichler, C. H. VanEtten and I. A. WOlf f ,  Chem. Conlnlun., 1966, 526. 
108. 13. Schraudolf and F. Ikrgmann, Planta, 67, 75 (1965). 
109. K. V. Thimann, h c h .  Biocheni. Biopbs., 44, 242 (1953). 
110. (;,I K. u. Thimann and S. >lahadwan, Arch. Biochem. B io l /w ,  1053 133 (19G4); 

pp. 587-605. 

1959, pp. 115-161. 

(b) c. zcrvos and E. 13. Cordes, J .  Am. C/ieni. SOC., 9% 6892 (1968). 



742 J. P. Ferris 

11 1. U. Schiewer and E. Libbert, Planfa, 66, 377 (1965). 
112. D. IV.  Fassett, Industrial Hygiene and Toxicology, (Eds. D. W. Fassett and D. D. 

113. R. T. Williams, Uetoxicaliori Mechanisms, John \.Viley and Sons, New York, 1959, 

114. J. Delga, J. Mizoulc, B. Veverko and R. Bon, Ann. Pharm. Franc., 19, 740 (1961). 
115. L. Cima, C. Lcvorato and R. Mantovan, J .  Pizarnz. Pharnzacol., 19, 32 (1967). 
116. H. Kieter, Virology, 21, 636 (1963). 
117. B. A. Kihlman, J .  Bioplys. Bioclzein. Cyfol., 3, 363 (1957). 
118. B. A. Kihlman, T. Merz and C. P. Swanson, J .  Bio/dGis. Biochenz. Cytol., 3,381 (1957). 
119. P. G. Heytler and \V. 14’. Prichard, Uiocliem. Sioplys. Res. Conzmun., 1, 272 (1962). 
120. B. Diehn and G. Tollin, rlrch. Biochem. Biophzs., 121, 169 (1967). 
121. E. S. Bamberger, C. C. Black, C. .+. Feivson and h t .  Gibbs, Plant Physiol., 38, 483 

122. B. L. Horecker and P. Z. Smyrniotis, Methods in Enzyniology, (Eds. S.P. Colwick 

123. 0. Hayaishi, Methods in Enzyrnology, (Eds. S. P. Colwick and N. 0. Kaplan) 

124. G. Wcinbaurn and K. J. Sulmdolnik, Biochem. Biojdys. Acla, 81, 236 (1964). 
125. B. Sorbo, Acta. Chem. Scand., 16, 2455 (1962) and previous references in this series. 
126. J. Westlcy and T. Nakarnoto, J .  Biol. Chem., 237, 547 (2962). 
127. B. Davidson and J. U’estley, J .  Biol. Cilern., 240, 4463 (1965). 
128. R. Mintel and J. Westlcy, J .  Biol. Chenz., 241, 3381 (1966). 
129. R. Mintel and J. Westley, J .  Uiol. Chem., 241, 3386 (1966). 
130. M. Volini, F. DeToma and J. ’LVestley, J .  Biol. Chem., 242, 5220 (1967). 
131. J. L. Wood and S. L. Cooley, J .  Biol. C/zenz., 218, 449 (1956). 
132. E. I. du I’ont Technical Information Docurncnt ES-3178. 
133. W. N. Aldridge, Biochenz. J.,  48, 271 (1951). 
134. C. Bedel, J .  Phatm. Chiin., 30, 189 (1924). 
135. L. Magos, Brit. J .  Znd. Afed., 19, 283 (1962). 
136. J. Klosa, Ger. Pat. 1,112,987, Chern. Abstr., 57, 3409 (1962). 
137. H. Kooprnan and J. Doame, Natute, 186, 89 (1960). 
138. M. 13. Griffiths, J. 

139. J. G. \Vi t  and H. van Genderen, Biochenz. J., 101, 698 (1966). 
140. J. G. Wit and H. van Genderen, Biochem. J., 101, 707 (1966). 
141. A. Vccchi and G. Mclone, J. Org. Chz. ,  22, 1636 (1957). 

Irish) Vol. 2, 2nd. rev. ed., Interscience, New York,  1963, pp. 1991-2036. 

pp. 390-1109. 

(1963). 

and N. 0. Kaplan) Vol. 1, Academic Press, New York,  1955, p. 327. 

Vol. 5, Academic Prcss, New York,  1962, p. 807. 

Moss, J. A. Rose and D. E. Hathway, Biochcm. J., 98, 770 
(1966). 



CHAPTER 13 

isotopically labelled 

LOUIS PICHAT 
Labelled Compounds Division 
C. E. N.-Saclay, Gif-JUT- Yvette (91), F r a m e  

I. 

11. 

111. 
IV. 
V. 

INTRODUCTION . 
A. Unusual Starting Materials . 
€3. High Cost of the Isotope . 
C. hTecessity of Working with Microquantities 

A. Reduction of Carbon Dioxide or of a Carbonate by an Alkali Metal 

. 
h K I \ L I  cYI\NIDEd4C OR -l3C AND IlYDROCEN cYANIDE-’4c OR -l3c 

in the Presence of Ammonia or an Ammonium Salt . 
1. Carbon dioxide . 
2. Barium carbonate . 

Ammonia . 
1. Potassium carbonate . 
2. Barium carbonate . 

1. Without addition of alkali metal 
2. With addition of alkali metal 

sium Cyanide . 

B. Reduction of a Carbonate with Zinc Dust in the Presence of 

C. Reaction of Barium Carbonate with Azides . 

. 
D. Direct Exchange of Labelled Carbonate with Unlabelled Potas- 

E. Miscellaneous Methods . 

SODIUM CYANIDE-W . 
METIIODS OF P R E P A M T I O N  OF l4C- AND l3C-T\T1TRILES 
A. From Metallic Cyanides and Hydrogen C~anide- ’”C(-~~C) .  . 

1. Additions of cyanides to unsaturated compounds 
2. Additions of hydrogen cyanidc-14C or -13C to carbonyl com- 

pounds . 
3. Addition of hydrogen cyanide-14C or -13C to carbonyl com- 

pounds in the presc-nce of ammonia: the Strecker synthesis . 

CUPROUS CYANIDE-14C . 
. 

. 

743 

744 
745 
745 
745 
746 

746 
746 
747 

747 
747 
747 
748 
748 
748 

749 
749 
75 1 
751 
752 
752 
752 

752 

758 

The Chemistry of  the cyan0 group 
Edited by Zvi Rappoport 

Copyright 0 1970 by John Wiley & Sons Ltd. All rights reserved. 



744 Louis Pichat 

4. 

5. 
6. 
7. 

8. 

9. 

10. 

11.  

12. 

Addition of hydrogen cyanide-14C or J3C to carbony1 com- 
pounds in the presence of ammonium carbonate: Bucherer's 
modification of the Streckcr synthesis. 
Condcnsation of alkali cyanides-14C with 1,2-epoxides . 
Condensation of alkali cyanidcs-"W with lactones . 
Reaction of nietallic cyanides and halogen compounds . 
a. Saturated alkyl halides . 
b. Aralkyl halides 
c. Dibromoalkanes . 
d. Maloalcohols and haloethers . 
e. Haloacids and haloestcrs . 
f. Unsaturated alkyl halides . 
g.  Aryl halides and heterocyclic halides 
h. Acyl halides . 
i. Phthalimidoalkyl halides . 
Condcnsation of metallic cyanides and alkyl sulphates or 
alkyl p-tolucnesulphonates (tosylates) . 
Nuclcophilic displacement of phthalimido group by alkali 
cyanides . 
Replacement of amino groups by cyanide in Mannich bases or 
their quaternary ammonium salts . 
Replacement of a diazonium group by cyanide: the Sandmcyer 
method . 
Reaction of alkali cyanide with thiocarbanilide 

. 

. 

. 

. 
B. From 14C- and 13C-Carboxylic Acids and their Derivatives . 

1. Dehydration of amides . 
2. Catalytic dehydration of 14C-carboxylic acids in the presence 

3. Eschange of 14C-carboxylic acids with nitrilcs 
4. Reaction of cyanogen bromide with the sodium salts of 14C- 

ofammonia . 
. 

carboxylic acids . 
C. By Alkylation of Kitriles 
D. Synthesis of a-Deuterated Alkyl Nitriles 

VI. TRANSFORMATIONS AND USES OF LABELLED NITRILES . 
A. Hydrolysis-Preparation of 14C-Carboxylic Acids . 
B. Reduction-Preparation of l4CC-Amines and 14C-Aldehydes. 
C. Preparation of 14C-Ketones by Action of Grignard Reagents 
D. Preparation of hmidincs . 
E. Additions to the Cyano Group to Form 14C-Heterocycles. 
F. Analytical Applications . 

. 
. 

. 

. 

VII. REFERENCES . 

761 
762 
762 
765 
765 
765 
766 
766 
768 
768 
769 
77 1 
771 

772 

773 

773 

775 
776 
776 
776 

776 
777 

778 
779 
779 
779 
780 
780 
782 
783 
783 
789 
789 

1. INTRODUCTION 

T h e  synthesis of isotopically labelled compounds makes use of the 
gcneral methods of classical organic chemistry. However, there are 
some interesting features due to various factors. 
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A. Unusual Starting Materials 

Carbon-14, which is SO often used nowadays in the labelling of 
organic compounds, is produced in nuclear reactors by neutron 
irradiation of aluminium nitride or  beryllium nitride as targets 
according to the  following nuclear reaction : 

14N(n, p)I4C 

Carbon- 14 is isolated from the target material, after oxidation, as 
barium carbonate. It is supplied in this form to the organic chemist 
.who must himself build up the structures from WO, or  barium 
carbonate. ‘The fact that  one is confined to this very unusual raw 
material is the most distinctive feature of the carbon- 14 chemistry. 
The  stable isotope carbon-13 is also provided as barium carbonate. 

B. High Cost of the Isotope 

Carbon- 14 as barium carbonate remains a fairly expensive 
isotope, in spite of successive drops in price. The  same is true of 
carbon- 13. Most carbon- 14 o r  carbon- 13 syntheses pass through 
many stages from carbon dioxide. I t  is obvious that good yields at 
each step are desirable. The best experimental conditions have to be  
determined by a great number of ‘blank experiments’. It is advisable 
to proceed then to a ‘tracer run’ involving only a few millicuries, 
and carry out all the reaction stages, so that the influence of trace 
impurities on the yield is not overlooked. 

It is clear that  in a given reaction involving both labelled and 
unlabelled reagents, a n  excess of the unlabelled reagent is preferably 
used. This means that  very often the proportions of reagents 
commonly used in classical organic synthesis have to be reversed. 
I t  will be seen in  this article that  because of the cost, an  excess of 
metallic radioactive cyanides cannot be employed. This has some- 
times a deleterious effect on the yield and may increase the propor- 
tion of by-products. 

C .  Necessity of Working with Microquentities 

Most frequently, labelled compounds are used in biological studies. 
Great dilution of the labelled compounds occurs in living organisms. 
The demand for high specific activities arises from the fact that  
many of the uses of labelled compounds are in the field of substances 
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highly biologically active or whose normal physiological concentra- 
tion is low. The lower limit at  which five to ten stage organic syn- 
theses with 14C or 13C cease to be practicable is about 1 mmole. If the 
specific activity required for the biological purpose is 40 mCi/mmole 
it can be attained only with a batch size of 40-80 mCi. Individual 
workers rarely or never require such quantities. Therefore the 
preparation of compounds at  very high specific activities has become 
concentrated in a small number of laboratories specializing in this 
field and supplying a large number of users. 

The purpose of this chapter is to present a review of the methods 
of synthesis and uses of isotopically labelled cyanides. A nitrile 
RCH,CN or ArCH,CN can be labelled with 14C, I3C or l5N on the 
cyano group and with carbon or deuterium on the chain. Most of 
the methods which have been devised serve to label the cyano group. 
Quite often the nitrile group is not the final stage; most frequently 
it is only an  intermediate. Some examples of transformations of 
labelled nitriles will be'given. Clearly the way through nitriles is one 
of the most efficient and versatile means of introducing isotopic 
carbon into a molecule. 

I I .  ALKALI CYANIDESJ4C O R  J3C AND HYDROGEN 
CYANIDE-"C Q R  -I3C 

T h e  methods of conversion of '4C-carbonate into cyanide have 
already been reviewed1.2. The present author agrees with Catch's 
statement2 that 'the multiplicity of published methods reflects the 
difficulty in reproducing some of them'. In our laboratory, we had 
opportunities in checking this statement experimentally. 

A. Reduction of Carbon Dioxide or of a Carbonate by an Alkali Meta l  
in the Presence of Ammonia or an Ammonium Salt 

1. Carbon dioxide 

The earliest method was that of Cramer and Kistiakowky3 who 
heated carbon dioxide with ammonia and metallic potassium in a 
sealed tube at 525 O c  for 10 minutes. This reaction was studied in 
greater detail by Lotfield4 who recently gave a revised procedures. 
According to Lotfield, heating 1 mmole carbon dioxide with 1 g 
potassium metal dispersed Over the entire surface of a Pyrex glass 
tube and 2.2 mm&s NH, at  730-760 O c  for 15 minutes gives 
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potassium cyanide with a yield of 90-95 %. I t  seems that this method 
is a rather elaborate one, requiring a skillful and experienced 
operator. Bos6 and Olynyk’ have obtained less satisfactory yields by 
this technique. 

2. Barium carbonate 

Sixmal described in 1964 a simplification of the Cramer- 
Kistiakowsky process which apparently has since been in routine 
use in several laboratories. 1 mmole of barium carbonate, 25 to 
3u mmole potassium metal and 2 mmole ammonium chloride are 
heated at 640 OC i n  a sealed tube (Supremax glass) for 1 hour. The 
chemical yield is about 94 yo and a 5 yo isotopic dilution occurs. A 
further publication by Isbell and Moyer8 gives some more details 
and points out that a great pressure is built in the tube. Lambooyg 
modifies the technique slightly so that a ‘Vycor’ tube can be used. 
Silica reaction tubes are equally satisfactory’. 

8. Reduction o f a  Carbonate with Zinc Dust in the Presence of Ammonia 

I .  Potassium carbonate 

McCarter’o described in 1951 a method of the ‘boat and tube’ 
type which avoids sealed tubes. Cyanide is obtained in radioactive 
yields of 75%, by heating potassium carbonate with zinc dust in a 
porcelain boat in a stream of ammonia which has previously passed 
over a plug of iron wool as a catalyst a t  650 OC. Nystromll and 
Lemmon12 have carried out this procedure on 5 mmole batches of 
carbonate. A drawback of the method is the use of hygroscopic 
potassium carbonate which has to be prepared from barium 
carbonate. 

2. Barium carbonate 

Jeanes’ procedure13 avoids this preliminary conversion of barium 
carbonate into potassium carbonate. Sodium metal is added to the 
mixture of barium carbonate and zinc dust and then one proceeds 
just as in McCarter’s method. Catch2 reports that in his laboratory 
this procedure has not given yields better than 40%. Pichat14 has 
been more successful, but stresses that on a 1 mmole scale an 
importact isotopic dilutiog takes place (chemical yield : 93-96 yo, 
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radioactive yield : only 60-75 yo). This author abandoned Jeanes' 
procedure after he h9d made the observation that the yield strongly 
decreases when the reaction is performed on a 2-10 mmoles scale. 
The same observation is made when sodium is replaced by potas- 
sium. However, OkatovaI5, carrying out the reaction on 18 mmoles 
BaCO, got a radioactive yield of 65-75 %. 

Schuching16 found that the yields varied from 38 to 100 yo. The con- 
trol of the temperature is indeed the governing factor for a high 
conversion yield of cyanide from carbonate. The  yield is quantitatiye 
a t  670-680 OC.  She carried out the reaction in a stainless steel vessel 
and instead of gaseous ammonia, sodamide was used. Two runs 
performed on 0-75 mmole gave an 82-88 yo yield of cyanide without 
isotopic dilution; this was isolated as the silver salt. 

Musakin" reports that the reaction yield is improved by addition 
of finely powdered porcelain. 

C. Reaction of Barium Carbonate with Azides 

1. Without addition of alkali metal 

Adarnsonls first described the preparation of labelled cyanide by 
simply heating barium carbonate (0.5 mmole) with sodium azide 
(15 mmoles) under nitrogen. Very soon some of the difficulties in 
employing this method were published. Explosions have frequently 
occurred. Most publications have been concerned with avoiding 
these by attention to such details as control of the reaction tempera- 
ture1*19; portionwise addition of the reagentsz0; use of inert modera- 
tors1B21; crystal form of the carbonate and the intimate mixture of 
reagentsz2 and preheating the azide to give sodium nitride which is 
then mixed with BaCO, and pyrolized for 15 minutcsZ3. 

I n  conclusion, although this method may give good yields i t  is 
not satisfactory since it is not very reproducible. 

2. With addition of alkali metal 

Some of the above difficulties are overcome in Maimind's workz4: 
potassium metal (15-50 mmole) is mixed with 1 mmole BaCO,, and 
3 mmoles KN,. 'The mixture is heated at 300-400 O c  for 5 min and 
for 2-3 min at 750-780 "c. T h e  yield is 85-90%. This has been 
confirmed by other workerszj. Claus22 uses sodium instcad of 
potassium. Sixma1 has published some minor modifications. Pichat'" 
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has stressed the necessity of a preliminary purification of potassium 
azide in order to get high yields (90-97 yo chemical yield, 83-96 % 
radioactive yield). Sixma' and Rothstein and have noted 
isotopic dilutions of 7 and 11 %, respectively. In the author's labora- 
tory, this process has been in use for some years, and better reproduc- 
ibility was obtained by employing an  automatic temperature 
programmed furnace. 

D. Direct Exchange of Labelled Carbonate with Unlabelled Potassium 

The isotope exchange between K W N  and various 14C carbonates, 
e.g. barium carbonate, has been studied by Andreeva and 
Kostikova". At 800 OC the exchange between K W N  and Ba14C0, 
is complete in about 2 h. The  exchange is initiated when the KCN 
melts and continues between the liquid and solid phases. Separation 
of KCN from the reaction mixture is accomplished by extraction 
with liquid ammonia. Pichat28 has simplified the method and noted 
that during the exchange some radioactive gas was evolved. I t  was 
burnt as carbon dioxide and recovered. The chemical purity was 
about 96%. The  specific activity of the KChT depends on the 
molecular proportions of K12CN and &i14C0,. Usually it is 65-75 yo 
of the specific activity of Ba"C0,. Pichat28 has described an 
apparatus for the extraction of KI4CN by liquid ammonia. Although 
this method is accompanied by some loss in specific activity it has 
been in use in the author's laboratory for many years and found to 
be most convenient. 

Cyanide 

E. Miscellaneous Methods 

Abrams has prepared labelled hydrocyanic acid from elementary 
carbon2s with yield of 60-70y0. However, the difficulty in making 
elementary carbon makes this method unattractive. 

The preparation of sodium cyanide3O by heating sodium formate 
with sodamide has been recorded. This method docs not seem to 
have been much used, probably because it requires two more extra 
stages from barium carbonate. 

The  most recent contribution to this field is that of Ver~ier~1.32. 
In his procedure, barium cyanamide is produced by passing NH, 
gas on Ba14C0, and in the second stage the barium is displaced by 
heating a t  330 O c  for 20 min with divided sodium, to make sodium 
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cyanamide, which is readily decomposed into sodium cyanide by 
heating a t  800 Oc for 10 min in the presence of iron as a catalyst. 

BaC0, + 2 NH, BaCN, f 3 H,O 
330 O c  

. RaCNz + 2 Na ---+ Na,CNz + Ba 
800 O c  

NazCN2 NaCN + 3 Nz + Na 

According to V e r ~ i e r , ~  the addition of titanium dioxide to the 
mixture of barium cyanamide and divided sodium gives very 
reproducible results. The reaction can be performed on 1-20 mmole 
with radioactive yields of 88-93 % and chemical yields of 98-1 10 %. 

Belleau and Heard3, have devised an ingenious five-step method 
of preparing sodium cyanide from barium carbonate through the 
following sequence of reactions which does not require high tempera- 
ture or pressure techniques. 

14c02 1. soc1, p20, 

2 .  w,on 
Ph3CNa - Ph3Cl4CO,H - Ph,C14CONH2 > 

95% 90% 
Na, EtOH 

Ph,C14CN ____f Ph,CH + Na14CN 

97% 90% 

Triphenylacetonitrile undergoes hydrogenolysis to triphenyl- 
methane and cyanide ion rather than reduction to triphenylethyl- 
amine. Overall yields of 68-72y0 from barium carbonate were 
realized. 

Vaughan and McCane34 have reported a method based on the 
same principle through the following scheme : 

1 4 ~ 0 ,  N H 3  Na, EtOH 

silica gel 
PhCHzMgC1 - PhCH$4C0,H PhCH,'4CN ___f 

PhCH, + Na14CN 
92 % 89% 490 Oc 

90% 

The  chief advantage of this procedure over that of Bellcau and 
Heard is the one-step conversion of the acid to the nitrile. However, 
high temperature is required. In spite of their ingenuity, none of 
these two methods has found practical use. 

With the exception of the direct e ~ c h a n g e ~ 7 . ~ ~  method, in which 
potassium cyanide is directly extracted by liquid ammonia, all the 
other methods require that hydrogen cyanide be purified by steam 
distillation from dilute sulphuric acid or phosphoric acid. Alter- 
nately, silver cyanide may be precipitated, and then reconverted to 
hydrogen cyanide by careful distillation from dilute sulphuric acid. 
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Aqueous solutions of sodium or potassium cyanides cannot b e  
evaporated2, even a t  low temperature under vacuum without loss 
of hydrogen cyanide as a result of the equilibrium: 

KCN + H,O KOH + HCN 

which can be displaced towards the. left side by addition of a fairly 
high concentration of potassium hydroxide. The residual mixture 
of cyanide and hydroxide must be thoroughly dehydrated under 
high vacuum, otherwise the presence of moisture would cause 
hydrolysis to formate during storage. This excess of potassium o r  
sodium hydroxide is sometimes the reason of poor yields in replace- 
ment reactions, or in reactions with lac tone^^^. The excess of alkali 
can be removed by extraction of the cyanides by liquid ammonia. 
Hydrogen cyanide-14C can also be neutralized by a solution of 
sodium methoxide in methanol24. 

111. CUPRQ U S  CYANIDE-14C 

The preparation of cuprous cyanide-I4C from alkali cyanides has 
been described on several occasions34~3e~37~186 by adaptations of the 

method of Barber3*. The reduction of cupric sulphate is achieved 
a t  the expense of bisulphite instead of cyanide, one half of which 
would otherwise be lost as 14C-cyanogen. O n  a 5 mmole scale the 
yield is usually 80 yo. Another method39, consisting of shaking 
equimolar amounts of solid cuprous chloride and sodium cyanide 
in aqueous solution, seems to be used much less frequently. 

Anhydrous hydrogen cyanideJ4C is sometimes necessary in the 
synthesis of labelled compounds. A detailed description of its 
preparation has been given by Urban42. 

IV. SODIUM CYANlDE-'5N 

Sodium cyanidc-15N has been prepared40 with a 97-100 yo yield 
by heating potassium phthalimide-15N with sodium metal for 
20 minutes at 700 Oc in a small steel bomb. 
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V. METHODS O F  PREPARATION OF 

Since there is generally no exchange between nitriles and metallic 
cyanides41, the labelled cyano group has to be introduced by 
synthesis. Most of the methods of classical organic chemistry are 
uscd, with suitable modifications. They can be grouped under two 
main categories. Most frequently alkali or cuprous cyanides-14C 
are employed to introduce the nitrik group. Much less frequently a 
1"-carboxyl group is transformed into a 14C-cyano group. 

14C- A N D  13C-NITRILES 

A. From Metallic Cyanides and Hydrogen CyanideJ4C (-1°C) 

Nearly all of the known methods of nitrile preparation have been 
adapted to the use of '%-cyanides and, much less frequently, 
anhydrous hydrogen cyanide. 

1. Additions of cyanides to  unsaturated compounds 

This group of methods has not been used frequently. For instance, 
acrylonitrile- P 4 C  has never been prepared by the direct addition 
of hydrogen cyanide-14C to acetylene, although a laboratory 
procedure43 might well be adapted to semimicro work. 

However, W e ~ t O o ~ ~  has used the addition of sodium cyanide to 
ethyl crotonate (1) to prepare sodium 3-(14C-cyano)butyrate (2) in 
67 yo yield based on sodium cyanide: 

McCH=CHCO,Et + Na14CN + H,O ---+ McCI-ICHzCOzNa + EtOH 
I 

14CN 
(1) (2) 

In this case, the alkaline conditions during the addition reaction are 
sufficiently strong to cause hydrolysis of the ester group. 

2. Additions of hydrogen cyanide-*4C or -1sC to carbonyl compounds 

T h e  addition of hydrogen cyanide to carbonyl compounds gives 
a-hydroxynitriles (cyanohydrins) : 

RCHO + H14CN + RCHl4CN 
I 
OH 

The reaction is reversible, the extent of the cyanohydrin formation 
depends upon the structure of the carbonyl compound. T h e  forma- 
tion of aliphatic and alicyclic cyanohydrins is favoured, the yields 
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of alkyl aryl ketones cyanohydrins are lower and diary1 ketones do 
not react at  a1145*4G. T h e  reaction is base catalysed, e.g. by potassium 
cyanide, or potassium carbonate. T h e  cyanohydrins are thermally 
unstable and decompose by heating to hydrogen cyanide and a 
carbonyl compound. However, some of them can be distilled in 
U ~ C U O  after stabilization with traces of sulphuric or phosphoric acids. 

The usual procedures of cyanohydrin syntheses have been 
employed for 14C-labelling. Some examples of 14C-labelled com- 
pounds prepared through a cyanohydrin synthesis are given in 
Table 1. However, usually the reaction of the carbonyl compound 
with the cyanide is carried out with an excess of cyanide in order 
that the equilibrium will favour the cyanohydrin. This cannot be 
used in 14C-labelling work, where an excess of aldehyde is commonly 
employed, since the radioactive cyanide is the costly reagent, I t  
has been demonstrated that even under these conditions the reaction 
can be accomplished by the following routes : 

[ 11 From a carbonyl compound and anhydrous hydrogen cyanide- 
14C in the presence of an alkaline catalyst. This procedure can be 
exemplified by the preparation of acetone cyanohydrin- 1-14C (3) 
in 96 yo yield; it has been described in detail by Urban42: 
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OH 
K&O3 I 

CH,COCH, + Hl4CX - (CH3),Cl4CN 

Another example is the preparation of D,L-glyceric acid- 1-14C 
( 5 )  from glycollaldehyde (4) and liquid hydrogen cyanide-14C and 
subsequent hydrolysis of the cyanohydrin-1JC which is not isolated4'. 

(3) 

HOCH2CHO + H'4CN __.f HOCH,CH'4CN + HOCH2CH14C02H 
I 

(5 )  

OH [ AH 1 
(4) 

The yield of 3374 reported for the overall synthesis of calcium 
glycerate- 1-14C could not be reproduced by Ashworth**. This 
method is certainly in less use than those below since it requires a 
vacuum manifold. 

[2] From a carbonyl compound and hydrogen cyanide-l'C 
generated in the reaction mixture by the action of an acid (sulphuric, 
acetic, hydrochloric or phosphoric acids). 

This technique can be illustrated by the preparation of lactic 
acid-1-13C by condensation of sodium cyanide-1% with an excess 
of a ~ e t a l d e h y d e ~ ~ .  Hydrogen cyanide-W being generated in situ by 
9.5 
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sulphuric acid and the reaction mixture is then neutralized with 
sodium hydroxide solution. 

CH3CHO + H13CN + CH3CH13CN __f CH3CH13C0zH 
I [ AH 1 OH 

[3] Sometimes, the bisulphite addition product of the aldehyde 
is isolated, purified and then allowed to react directly with an 
alkali ~ y a n i d e - ~ ~ c .  

Schlesier, Koch and BUchnpr5O have used this method, known for 
quite a long time, for the preparation of 2-hydroxynonanonitrile- 1- 
14C (7) by direct action of radioactive potassium cyanide-14C upon 
the bisulphite addition product of octanal (6 )  

O H  OH 
I I 

(6)  (7) 

C H ~ ( C H ~ ) S C H S O ~ K  + KI4CN ___f CN~(CHZ)GCH'~CN + K2S03 

[4] A ~ h w o r t h ~ ~  recently described a modified cyanohydrin 
synthesis which might be generally useful. I t  involves the use of 
benzoyl chloride, instead of the more usual hydrochloric acid, and 
it results in a greatly increased yield, suggesting that by benzoylating 
the initial condensation product the equilibrium of the cyanohydrin 
reaction is shifted in favour of the products. Ashworth employed this 
modified procedure in an improved preparation of glyceric acid- 
1-14c (10). 

'4CN 
PhCOCl I 

HOCHzCHO + Na14CN ____j PhC02CHzCHOCOPh 
NaOH 

(9) ( 8 )  

50% HCI - 
O H  
I 
I 

HOCH2CHl4CO,H 

(10) 

The benzoylated cyanohydrin (9) is insoluble in the reaction mix- 
ture and is thus readily isolated. Ashworth suggests that this proced- 
ure may therefore be of general applicability in obtaining higher 
yields in cyanohydrin condensations. 

[5] Reasoning that the cyanohydrin formation is a base-catalysed 
equilibrium, Kourim and 2ikmundg3 could introduce I4C into the 
cyanohydrin by exchange with H14CN. They studied the exchange 
reaction : 

OH OH 
I 

CH3OCHzCHCN + H14CN CH30CHJCH14CN 
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under catalysis by N-ethylpiperidine or  cyanide ions. In both cases, 
i t  was found that the exchange was complete at room temperature 
after 20 hours. This procedure does not seem to have found practical 
use, probably because of the isotopic dilution. 

From the examples given above, one can already see that carbonyl 
compounds carrying a second functional group undergo the cyano- 
hydrin reaction. The method is of a special importance in the 
synthesis of 14C-sugars and is known as the Kiliani-Fischer 
synthesis of which it constitutes the initial step. This method of 
increasing the length of the carbon chain of sugars is particularly 
suitable for obtaining monosaccharides and disaccharides- 1-1%. It 
is illustrated here with the synthesis of glucose- 1-l4C according to 
the scheme outlined below: 

~-.4rabinose (RCHO) 

cyanohydrin reaction 1 
1 

RCH14CN (epimeric nitriles) 
I 
OH 

hydrolysis 

1ICHl4CO,H (epimeric acids) 
I 

OH 

separation of epirncrs 

I 
RCII1"CO,H 

1 
RC W C  O,H 

I I 
OH 
Gluconic acid 

I 
lactone formation 

Na/Hg reduction 

crystallization or 
chromatography 

1 
1 

Glucose- 1 -14C 

OH 
Mannonic acid 

I 
lactone formation 

Na/Hg reduction 

crystallization o r  
chromatography 

i 
1 

Manno'se-l-14C 

Isbell and coworkerssl demonstrated that combination of an 
aldose with cyanide ion in stoichiometric proportions is nearly 
quantitative under a variety of conditions. This result was very 
important, since it allowed complete use of the 14C-cyanide and a 
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Kiliani-Fischer synthesis usually uses an  excess of cyanide. Another 
problem concerns the relative amounts of the epimeric cyanohydrins 
that are  formed, since these may vary from nearly equal amounts 
for one sugar to almost exclusively one isomer for another sugar. 
Isbell and  coworker^^^*^^ have shown that it is possible to control 
to a certain extent the proportions of the epimeric cyanohydrins by 
changing the experimental conditions. 

The Kiliani-Fischer cyanohydrin synthesis has been successfully 
used on a semimicro scale for preparing a series of 14C sugars, some 
of which are listed in Table 2. A short review on this subject has 
been published54. 
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3. Addition of hydrogen cyanideJ4C or J3C to carbonyl compounds 
in the presence of ammonia: the Strecker synthesis 

Streckersl in 1850 inadvertently observed the formation of alanine 
instead of the expected lactic acid, from the interaction of acetalde- 
hyde first with ammonia, then with hydrocyanic acid followed by 
acid hydrolysis. Since then, the reaction known as the Strecker 
synthesis has become a valuable method for the synthesis of a- 
amino acids. The a-aminonitriles usually formed in the initial step 
are not isolated but directly subjected to acid or alkaline hydrolysis. 

K+/I-I,O 

I I 
RzCO + NH3 +14CN- R2C1"CN - R2Cl4COZH 

Many modifications of the original procedure have been developed. 
The use of anhydrous hydrogen cyanide is not necessary, but has 
been employed by some authors. Indeed the most commonly 
employed method uses a mixture of alkali cyanide and ammonium 
chloride. 

T h e  formation of iminodinitrile (11) and of nitrilotrinitrile (12) is 

RCHCN RCHCN 
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ordinarily minimized by the use of an excess of cyanide. I n  radio- 
active work, once again this is not possible. We have found that the 
method of Holland82 and G a ~ d r y ~ ~ ,  which implies the inclusion of 
ammonia in the Strecker reaction, can be used with advantage for 
the preparation of a-amino acids-[~arboxyl-~~C]. The addition of 
ammonia to the solution containing ammonium chloride, aldehyde 
and cyanide-14C prevents the formation of iminodinitrile, even when 
a large aldehyde to cyanide ratio is used. The reaction mixture is 
left at room temperature for two days. Some results obtained in the 
author’s laboratory are recorded in Table 3 and results from other 
laboratories in Table 4. 

Kourim and Zikmund93 have described an interesting modifica- 
tion of the Strecker’s synthesis of serine-1-I4C (13) : 

NH, 
CN- [CH30CH2CH14C:N - CH30CH2CHCN 3. Hl4CN - 

OH ‘ I  I 
OH 

1. HBr 
CH30CH2CH14CN -d HOCH2CH14C02H 

1 ] 2. C,H,N I 
NH2 NH2 

(13) 

Starting from the inactive cyanohydrin, the exchange with radio- 
active cyanide and the amination are carried out simultaneously in 
liquid ammonia. The  obvious drawback of the method is the isotopic 
dilution. 

Aminoacetonitrile- 1-’4C has been prepared by Strecker’s syn- 
thesis on formaldehydell4: 

H 8 0 ,  
2 CH,O + N a W N  + NH4Cl __j CH2=i\lTCH,14CN - H2NCH214CN 

EtOH 

TABLE 3. Somc amino acids-l-I4C prepared by Streckcr’s synthesis as 
modified by Hollands2 and Gaudrye3 by saturation of the reaction mixture 

with ammonia. 

Yields from Kl4CN after 
Amino acid chromatographic purifications (yo) References 

D,~-t\rgininc- 1 -l4C 
D,L-Glutamic a~id- l - ’~C 
~ , ~ - h k t h i o n i n c - l - ~ ~ C  
D,L-Serinc- lJ4C 
D, L-Valine- i-l4C 

61 
86 
61 
30 
40 

84 
85 
86 
85 
85 
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TABLE 4. Other amino acids-1J4C prepared by Strecker's synthesis from 
K1"CN or K13CN. 

Amino acid Yields from K14CCN (%) References 

D , ~ - A h n i n e - l - ~ ~ c  and l-I3C 38, 48, 87 87-89 
D,L-a-aminobutyric acid- 1 -14C 67 89 

91 
2,2'-DimethyIcy~tine-l-'~C 38 94 
D,L-Leucine- 1-14C - 
D,L-Phenylalanine- l-I4C 34 92 
D,L-SCrinC-l-14C 80 93 
D,L-VaIine- 1J% 51 90 

76 1 

Although the overall yield of amino acids- 1 -I4C can be considered 
satisfactory, i t  has been found in the author's laboratory that a 
fairly large number of impurities are formed, either during the 
initial stage of the Strecker's synthesis or in the subsequent hydrolysis 
step. Column chromatography on ion-exchange resin, sometimes 
associated with preparative paper chromatography, have the 
necessary separation power for the complete removal of these 
impurities. Some impurities are also formed through parallel 
reactions when an impure aldehyde is subjected to the reaction. 
Lotfield89 has found that the most effective way to ensure that the 
starting aldehydes are very pure is to begin with the purest available 
amino acids, which on reaction with ninhydrin yield pure aldehydes. 

4. Addition of hydrogen cyanideJ4C or  J3C to carbonyl compounds 
in t h e  presence of ammonium carbonate: Bucherer's modifica- 
tion of t h e  Strecker synthesis 

Bucherer and his collaboratorsgs demonstrated in 1934 that 
5-substituted hydantoins could be readily prepared in high yields 
by heating 1 mole of the aldehyde-sulphurous acid adduct with 
a 50 yo alcoholic solution of 2 moles potassium cyanide and 4 moles 
ammonium carbonate for 4-5 hours a t  55 O C .  Thc hydantoin crystal- 
lizes out of the reaction medium a n d  is usually isolated. 

(14) 

Hydrolysis to a-amino acids is effected either in acid or basic 
medium. The reaction has been reviewedg0. 
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To be applied to 14C labelling, it was necessary either to use 
stoichiometric quantities of aldehyde and K14CX or an excess of 
aldehyde. According to RothsteinlOl, a large excess of aldehyde does 
not improve the yield based on cyanide but complicates the isolation 
of pure hydantoin. The presence of an  excess potassium hydroxide 
in the radioactive cyanide may sometimes lower the yieldss7. The 
Bucherer method has been extensively used by Lotfields9 (see 
Table 5 ) .  However, this author used the Strecker synthesis for the 
preparation of alanine-1 -14C and a-aminobutyric acid- 1 -lac because 
the hydantoins formed from acetaldehyde and propionaldehyde are 
too volatile. Some syntheses of amino acids-1-I4C (15) by the Biicherer 
method are collected in Table 5. Obviously the employed aldehyde 
should be of high puritysDJo1. 

5. Condensation of alkali cyanides-14C and 1,2-epoxides 

The preparation of 3-hydroxypropionitrile-1 J4C (16) has been 
accomplished by a number of authorslo2-lo5 by reaction of alkali 
~yanides-'~C with ethylene oxide in an  adaptation of Rambaud's 
procedurelO6 : 

Yields of 90% based on cyanide were obtained for 16 which was 
not isolated and used without further purification in subsequent 
steps. 

6. Condensation of alkali cyanides-14C with lactones 

The ring-opening of lactones to form salts of cyano acids by heating 
them with powdered alkali cyanides at 180 Oc has been described 
by Wi~licenus1~~ as early as 1885. Pichat and coworkers have used 
this method as the initial step of several syntheses, for the introduc- 
tion of carbon-14, without isolation of the cyano acid and found it 
well adapt edlo8. 

R2 

-+ K14CX + N"CCII,CHR'CHR'COOK 

(18, R' = H, 

(22, R1 = R2 = H) 

R2 = Me) 

u: 
(17, R1 = I-I, 
(IS, R' = PhCONH, R2 = H) (20, R1 = PhCOKH, R2 = H) 
(21, R' = R2 = H) 

R2 = Me) 
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The possibilities of the method for isotopic work have been 
investigated firstI08 with @-methylbutyrolactone (17). Rather drastic 
conditions were used : shaking the lactone without solvent, under 
nitrogen, in a sealed tube at 280". Because of its inaccessibility, only 
a slight excess of the lactone 17 was used. Compound 18 was 
hydrolysed to /Lmethylglutaric acid-1-14C. 

Later a-benzamidobutyrolactone (19) was submitted28 to the action 
of potassium cyanide-W in order to obtain the polyfunctional 
nitrile-I4C 20 which subsequently could be used in order to obtain 
successively: glutamic a ~ i d - 5 - W ~  ornithine-5-'4C and arginine-5-I4C. 
Pichat, Mizon and Hcrbert28 studied the action of K14CN on the 
lactone 19 and found that the reaction could be conveniently 
carried out at  reflux temperature in dimethylformamide or 'diethyl- 
carbitol' solvents. A 100 yo excess of lactone over K W N  has only a 
slight influence upon the yield (about 58 yo from cyanide). 

When the reaction was appliedlo9 to y-butyrolactone (21) in 
order to obtain 22, the intermediate for the synthesis of proline- 
[ (5-ring)-W], the commercially available lactone, was used in 
large excess a t  its boiling point (190 "c) and played both the role 
of solvent and reagent. However, Muelder and Wassl'O, probably 
unaware of Pichat's w0rk1~~,  preferred another more time-consuming 
reaction scheme for the preparation of 22. 

The method has also been applied1-'1 with the d-lactone 23, for 
the preparation of a-aminoadipic acid-6-14C (24) in 34 yo yield 
from K14CN. 

K"CN 
---+ DM F [N"C(CH,)&H(NHCOPh)COOK 

l 
hydrolysis  1 

KO,"C(CH2)&HCO2H 
I 

NH2 

(24) 

Much milder reaction conditions (20-45") are used for the ring- 
opening of the very reactive @-propiolactonc 25 with K'4CN. 

CH,CH,CO + KI4CCN ___f N1"CCI-I,CH,CO,K 
I 

1-0 

(25) 
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By this method Frank112 obtained 8-cyanopropionic acid-4-14C 
(26) in pure form by chromatography on Dowex-1. Pichat and 
coworkers113 used this reaction as the initial step of a preparation of 
4-aminobutyric acid-4-14C and azetidin-2-carboxylic acid- (-4-ring- 
W) (26a). 
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7. Reaction of metallic cyanides and halogen compounds 

The alkali cyanides react with alkyl halides to provide predomi- 
nantly nitriles. The  interaction of metallic c y a n i d e ~ - ~ ~ C  and halogen 
compounds has been employed extensively for the introduction of 
carbon-14. Very often the intermediate nitriles have not been 
isolated or extensively purified but mainly hydrolysed to the corre- 
sponding carboxylic acid- 1 - l C .  On some occasions, labelled alkyl 
halide was employed with unlabelled metallic cyanide, so that 
nitriles labelled on the alkyl group were obtained. When a nitrile- 
l-14C is required, an excess of alkyl halides has to be used, while 
excess cyanide is used with labelled alkyl halide. 

The  reaction is usually performed in an  aqueous alcohol solvent116. 
Other solvent systems, such as 2 - m e t h o ~ y e t h a n o l ~ ~ ~  or polyethylene- 
glyco1118, have recently been suggested. However, dimcthylsulph- 
oxide119*120, which permits the use of secondary alkyl chlorides in 
this type of reaction and presents advantages in conversion of alkyl 
bromides to nitriles, has been used more often than those in radio- 
active labelling. 

For simple saturated monofunctional 
alkyl halides the carbonation of the corresponding Grignard reagent 
with 14C0, is obviously preferred for the preparation of 14C- 
carboxylic acids. However, in some circumstances a few acids-l-14C 
have been prepared by the nitrile method. Some examples are 
collected in Table 6, which also contains some acids prepared via 
nitriles labelled on positions other than l-W, and doubly labelled 
nitriles. 

6 .  AraZl;yZ halides. Benzyl-type chlorides are converted to the 
corresponding nitriles more rapidly than allylic halides. Phenyl- 
acetonitrile-l-14C 129*130  has been prepared by an adaptation of a 

a. Saturated alkyZ halides. 
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TABLE 6. Synthesis of acids and nitriles. 

Acids and nitriles RX Cyanide References 

Acetic a ~ i d - I - ' ~ C - 2 - ~ ~ C  1 4 ~ ~ ~ 1  1 ~ 1 3 ~ ~  121 

Butyric acid-l-l3C CH3CH2CH21 K13CN 122 
Acetoni t1-ile-2-~~C 1 3 ~ ~ ~ 1  KCN 128 

Butyric acid-l-14C CH3(CH2),1 K14CN 126 
My-ristic acid-l-14C CH3(CH2)12Br K14CN 127 

K13CN 125 
- 124 Propionic acid-2-l4C CH314CH21 

Propionic acid-2-13C-3-14C 14CH313CH21 - 123 
125 

Octnnoic acid-l-13C CH3(CH2)6Br 

Propionic acid-3-'3C 13CH,CH,I - 

standard procedure. More ethylene glycol has been used 
as a solvent for this preparation. Ziegler and S h a b i ~ a ' ~ ~  also prepared 
benzyl cyanide- 1-14C by the standard procedure131, but since their 
sample of labelled sodium cyanide contained sodium hydroxide, a 
compensatory excess of benzyl chloride was used to react with the 
sodium hydroxide, so that the active cyanide was conserved. 
Battersby has prepared 3-methoxy-4-benzyloxyphcnylacetonitrile- 
lJ4C by the same methodl34. 3-Phenylpropionitri1e-1-l4C obtained146 
by reaction of K14CN with 2-phenylethyl chloride in water-ethanol 
solvent has been an intermediate in the preparation of 3-phenyl- 
propanoic acid-1-14C. 

c. Dibromoalkanes. Many 14C-dinitriles have been prepared by 
action of Na14CN or K14CN on polymethylene dibromides. Table 7 
lists some of the dibasic acids-[~arboxyl-~~C] which have been 
prepared by hydrolysis of the corresponding dinitriles. 
4-Chlorob~tyronitrile-l-~4C has been prepared146 from l-bromo- 

3-chloropropane by taking advantage of the different reactivities of 
two dissimilar halogen atoms : 

CI(CH2)3Br + K14CN CI(CH,),14CN + KBr 

d. Haloalcohols and haloethers. Hydroxynitriles- lJ4C are obtained 
from haloalcohols as illustrated by the preparation of 3-hydroxy- 
propionitrile- 1-14C from ethylene ~hlorohydrinl~'. 3-Hydroxy- 
propionitrile-2,3-14C is prepared analogously from l-bromo-2- 
hydroxyethane-1 ,2-14C148 : 

H014CH,'4CH2Br + KCN + H0*4CH,14CH2CN + KBr 

HOCH,CH,CI + K14CN __f HOCH2CH,14CN 4- KCI 

Klenk and PflUge~-l~~ have prepared 7-hydroxyheptanonitrile- 
lJ4C as the primary stage of a nine-step synthesis of oleic acid-8-14C. 

Potassium cyanide-14C and 3-methoxy- 1-iodopropane refluxed in 



13. Synthescs and Uses of Isotopically Labelled Cyanides 767 

TABLE 7. Dinitriles and dibasic acids-[carboxyl-1~C] prepared through polymethylene 
. 14C-nitrites. 

~~~~~~ 

Metallic 
Acids and dinitriles X(CH,),X cyanides 

Adiponitrile-1 ,6-14C Br( CH.J4Br K14CN 
Azelaic acid-1 ,9-14C Br(CH2),Br KI4CN 
Glutaric acid-1,5-14C 23r(CH2)3Br K14CN 
GIutaronitriIc-I ,5-'3C Br ( CH2)3Br K13CN 
Glutaronitrile- 1 ,5-14C Br ( CH2),Br K14CN 
Glutaroni trile-2-13C BrCH2CH213CH2Br KCN 
Pimelic acid-1,7-14C Br( CH2),Br K14CN 
Sebacic acid-1, IO-I4C Br( CH2),Br K14CN 
Succinic acid-1 ,4-13C BrCH2CH2Br KI3CN 
Succinic acid-2,3-14C Br14CHd4CH2Br KCN 

K14CN Tetradecandioic acid-1 ,14-14C Br(CH.2) 12Br 

RefeFences 

142 
137 

135, 136 
144 
141 
144 
143 
138 
140 
141 
139 

methyl alcohol gave 4-rnethoxyb~tyronitrile-l-~~C in 50 yo yield150 
K14CN 

hleOI3 
CH,O(CH,),I - + CH,O(CH,),"'CN 

A novel synthesis via 28 of 2-deoxy-~-ribose-l-~~C, the carbo- 
hydrate component of deoxyribonucleic acid, has been de~cribed''~. 
The initial step of this preparation is based on the smooth reaction 
of potassium cyanide-14C in suspension in anhydrous dimethyl- 
forrnamide with the iodo compound 27. 

CH,I CH2'"CN 

K"CS ~ :fzxcH3 

H 4 = : g H 3  CH,O H CH,O 

(27) (28) 

Some bile acids given below labelled on the side chain have been 
obtained by Bergstrom, Rottenberg and Voltz151 from the appro- 
priate bromides, as exemplified by the preparation of lithocholic 
acid-24J4C (29) through the corresponding nitrile in 80-90 yo yield : 

(29: Lithocholic acid-24-14C, R1 = R3 = H, R2 = OH 
Deosycholic acid-24-14CC, R1 = R2 = OH, R3 = H 
Cholic acid-24-14C, R1 = R2 = R3 = OH 
Chcnodeoxycholic acid-24-l4CC, R l  = H, Ra = R3 = OH 
Cholanic acid-24-I4C, R1 = R2 = R3 = H) 
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Hyodcoxycholic acid-94-14C has also been preparedIx.153 by the 
14C-nitrile synthesis. However, the hydroxyl groups of the bromide 
were protected by acetylation. Muricholic acid-24-l4C has been 
obtained more recently154. 

An additional example is the synthesis of erythro-9,1 O-dihydroxy- 
stearic acid-l-14C 

I OH 
I 

I 
0 H 

OH 

CI-13(CI-12) ,CHCH (CH,) ,14C02H 
I 
OH 

I 

[ 
OH 
I Ii'4CN 

CH,(CH,),CHCH(CH,),Br ___f CH,(CH,)7CHCH(CH,)714CN __j 

I 
OH 

e .  Haloacids and haloesters. Cyano acids are prepared by treating 
the aqueous solutions of sodium halocarboxylates with an alkali 
cyanide-I4C. This is illustrated by the preparation of cyano-14C-acetic 
a~id155*15~*2~~ which is an important synthetic intermediate either as 
the methyl ester150 or as the amide. The dehydration of the latter 
leads to the very useful malononitrile-1 ,3-14C 155. Doubly-labelled 
cyanoacetic acid-3-14C, 15N has been obtainedls' through the use of 

K0rte15~ attempted the interaction of ethyl chloroacetate with 
potassium cyanide in order to avoid the subsequent esterification. 
However, in spite of variations in the reaction conditions, the results 
were unsatisfactory, the yield being only 50% from K14CN, as a 
result of the self-condensation of ethyl cyanoacetate. However, 
ethyl 2-(~yano-'~C) propionate was obtained15s by interaction of 
K W N  and ethyl 2-bromopropionate. 

The reaction has also been appliedl59 to potassium 2,2-bis(chloro- 
methy1)glycollate (30) as the first step in the preparation of 1,5-14C- 
citric acid (31) with an overall yield of 40 yo from K14CN 

1 ~ 1 4 ~ 1 5 ~ .  

CO,K CO,K 
I Kl4CCN I 

1 
OH 

CICH,CCH2CI - HO$4CCH2CCH~4C02H 
I 

(30) (31) 

OH 

f. Umaturated alkyl halides. The formation of ally1 cyanide- 
1 -14C is best accomplished160*161 with dry powdered cuprous 
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cyanide- 1-14C. This avoids the rearrangement to crotononitrile which 
occurs when alkali cyanide is allowed to react with allyl bromide. 

CH,==CHCH,Br - > CH2=CHCH214CN 
Cu%N 

Heating K14CN with allyl bromide at 100 O c  in a sealed tube, and 
hydrolysing and isornerizing with 50 yo H,S04, served to prepare 
crotonic acid-1-14C i69 : 

K14CN 
CH2=CHCHZBr __+ [CII,==CHCH214CIT] - CH3CH=CH14C02H 

Stoffel and Bierwirth"j2 and treated various cis- 
polyene chlorides (32) with radioactive sodium cyanide in dimethyl- 
sulphoxide. The  resulting polyene nitriles (33) were then smoothly 
esterified to the corresponding methyl esters in good yield: 

Xa14CN 
CH3(CH2)p(CH=CHCH2),o,CI __f CH3(CH2)4(CH=CHCH2),0,14CN 

(32) (38) 
x = 2 ,  y = 6  
x = 3 ,  y = 3  
x = 3 ,  - y = 5  
x = 4 ,  y = 2  

Wiirschl65 prepared arachidonic acid- 1 -14C from 5-hexynoic 
acid-1 -14C and K W N  in dimethylsulphoxide. 

Previous a t t e m p t ~ l ~ ~ , ~ ~ '  to exchange the halogen atom in a 
polyacetylene chain by nitrile had failed when other solvents were 
used. 15-Hexadecenoic acid-1-l"C has also been preparedl68 via 
the 14C-nitrile method. 

g. AryZ halides and heterogclic halides. The replacement of an 
aromatic halogen atom by the cyano group can be achieved by the 
action of anhydrous cuprous cyanide with or without solvent. I n  
classical preparative organic chemistry, this has been frequently 
used. 

2.4rX + 2 Cu14CN + [hr14CN]zCuX + CuX 

[Ar'"CN],CuX + 2 Ar'4CN + CUX 

This method has been employed for the preparation of aryl 
cyanides-14C. A typical example is the preparation172 of veratro- 
nitrile-[nitrile-W] (35) by heating and stirring cuprous cyanide-l4C 
with a 10% excess of 4-iodoveratrole (34) a t  250 OC.  
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OCH, 
(3 4) 

OW, 
(35) 

The preparation173 of 3-rnethoxy-2-nitroben~onitrile-[nitrile-~~C] 
(37) , an intermediate in the preparation of 3-hydroxyanthranilic 

@4CN 
Cu"CN+ 

acid from the rather reactive o-nitroaryl iodide (36) is another 
example where this reaction is performed without solvent. o- 
Nitrobenzonitrile-'4C has been preparedlE6 in 80 % yield by heating 
2 mmoles o-chloronitrobenzenc and 1 mmole cuprous cyanide in a 
sealed tube at 160" for 2 h. 

However, the displacement is most commonly effected in excellent 
yields (>85 %) by heating aryl halide with cuprous cyanide in the 
presence of pyridine or quinoline as a solvent. 

The use of pyridine as promoter solvent can be exemplified by 
the preparationl'* of trans-4,4'-sti!benedicarbonitrile-'"C, (38). 

More recently, Friedman and Shechtern5 demonstrated that the 
reaction of aryl bromides and activated aryl chlorides with cuprous 
cyanide occurs advantageously in refluxing dimethylformamide. 
Grisebach and Patschke'76 applied this method to the preparation 
of P-bcnzyloxybenzonitrile-[nitrile-'4C] (40) in 96 yo yield : 

(3 9) (40) 

The replacement of heterocyclic chlorine does not always require 
the use of cuprous cyanide. With reactive heterocyclic halides the 
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replacement can be carried out successfully with potassium cyanide 
in DMSO at 130-140 Oc as i l lu~tratedl7~ by the preparation of 
2-( cyano-14C)-6-methoxybenzothiazole (41) : 

(41) 

h. Acyl halides. The conversion of aliphatic and aromatic acyl 
halides to acyl cyanides requires dry cuprous cyanide. Acyl bromides 
are preferred to acyl chlorides and sometimes are even essential, as 
in the case of the preparation of pyruvonitrile, where the reaction 
fails to occur with acetyl chloride. T h e  method has been used very 
much. Typical examples are the preparations of pyruvonitrile- 1-'4C 
as interlnediate in the preparation of sodium pyruvate-1-14C178*17Q 
and that of p y r u ~ o n i t r i l e - 2 - ~ ~ C ' ~ ~  and benzoylcyanide- l-lW81. 

CuI4CN 
CH3COBr - CH,C014CN - CH,C014COONa 

i. Phthalimidoalkyl halides. Sakami, Evans and Gurin182 treated 
sodium cyanide-I4C with N-chloromethylphthalimide (42) in a 
methanol-dioxan mixture. The  phthalimidoacetonitrile-1 -14C (43) 
formed was hydrolysed to g1ycine-l-l4C (44) 

hydrolysis - NH~CH,%OOH 

(44) 

This method has been employed with some slight modifications 
by several autl1ors183*~~~. Lotfielda9 considers it as the most consistently 
successful synthesis of glycine-l-14C. 

Fromml85 generalized the procedure as outlined below: 

(46) 

(R = H, Me, Mc2CHCH2) 
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T h e  required phthalimidoalkyl bromides (46) are obtained by 
Hundsdiecker's degradation of the silver salts of N-phthaloylamino 
acids (45). It should be mentioned that the method cannot have the 
wide applicability of the Strecker or Bucherer methods discussed 
earlier, since it is restricted to  amino acids which form phthaloyl 
derivatives. 

Unexpected difficulties were encountered by Schilling and 
Strong1*' in the bromine replacement with cyanide in the next 
higher homologue (47) 

(4 7) (48) 

Only traces of the expected nitrile (48) could be isolated when 80 yo 
ethanol was used as a solvent. A small yield (10%) of this nitrile 
was nevertheless obtained when dimethyl formaniide was tried as 
a solvent. 

8. Condensation of metallic cyanides and alkyl sulphates or alkyl 
p-toluenesu I phonates (tosylates) 

It has been known for a long time that dimethyl and diethy1 
sulphate react readily with aqueous solutions of alkali cyanides 
forming respectively acetonitrile and propionitrile, which are 
contaminated with the corresponding isonitriles. The method has 
been used by Roberts's7 for the preparation of pr~pionitrile-l-~~C: 
in a 44 yo yield : 

Na%N 
( C H ~ C H Z O ) ~ S O ~  __f CH3CHz"CN 

Alkyl p-toluenesulphonates (alkyl tosylates) and alkali cyanides 
react also to wive nitriles. Ethylene glycol bis(p-toluenesulphonate) 
(49) and sodium cyanide-I4C in ethanol-dioxan-water solution 
gave succinonitrile-1 ,4-**C (50) in 76 yo yieldlS8. The preparation 

3 

(49) (50) 

of 3- (p-methoxyphenyl) propioni trile-1 -l*C might serve as a further 
e ~ a m p l e ~ 8 ~ .  of the use of this procedure. 
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9. Nucleophilic displacement of phthalimido group by alkali 
cyanides 

Egyed and coworkers1g0 have shown that in compound 51 the 
phthalimido group can be readily replaced by anions of weak acids, 
e.g. cyanide ions in ethand, with the formation of amino acid nitrile 
derivatives (52).  Hydrolysis of the latter produces the amino acid : 

R 
I 

R 
I hydrolyr i s 

N"CCHNHC0,Et - H02"CCHNH2 

(52) 

The carbamic acid derivative 51 was prepared through the 
following sequence of reactions : 

2. 1. h'a" s<m, 
f &x!FIN,,,,,t @-$iHco2H 3. toluene 4- EtOH 

0 12O0 c 0 
(51) 

10. Replacement of amino groups by cyanide in Mannich bases or 

Indole-3-acetonitriles (54) are obtained in good yields by treat- 
ment of gramines or their quaternary salts (53) with a n  aqueous 
solution of alkali cyanides. All reactions of this type described in 
the literature use the alkali cyanide in a large excess, varying from 
three to twelve moles of alkali cyanide per mole of gramine or its 
quaternary salt191.1". For the reaction with radioactive alkali 
cyanides, some modifications to this procedure are required. 

Keglevic-Brovet and coworkers193 investigated the reaction between 
5-benzyloxygramine methosulphonate (53a) and sodium cyanide- 
14C with attempt to reduce the amount of alkali cyanide. Normally, 
when a large excess of alkali cyanide is used the reaction mixture 

their quaternary ammonium salts 
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Na”CN 
6S03CH3 ___+ 

(530, R =  PhCHpO 
53b, R =  H) 

R CH,“CN 

03 H 

(54a, R =  PhCH,O 
54b, R = H )  

remains alkaline during the whole process, although the trimethyl- 
amine formed during the reaction escapes to the atmosphere. When 
stoichiometric quantities are used under the same conditions, the 
alkalinity of the reaction mixture decreases with the evaporation 
of trimethylamine. This results in a poor yield of impure nitrile 
54a. I t  was found that if the reaction of stoichiometric amounts of 
reagents is carried out in a sealed tube under the slight pressure of 
the trimethylamine evolved, and if the mixture is heated for a longer 
period than described in the literature, the nitrile 54a is obtained 
in a 82 % yield. 

S t ~ w e ~ ~ ~  has described the preparation of indoleacetic acid- 
[14C-carboxyl] through the 14C-nitrile (54b) using the same reaction. 
I n  an attempt to reduce the amount of radioactive cyanide, 0 . 2 ~  
K2HP04 was added in order to maintain a basic reaction mixture. 
Erratic yields were obtained (50-80 yo) in ‘blank experiments’. I n  
radioactive runs a t  medium specific activity ( 16.9 mCi/mmole), 
yields dropped to 18-25y0. 

More recently Pichat, Herbert and F a b i g n ~ n ’ ~ ~  reacted potassium 
cyanide-14C with the metbiodide of ethyl dimethylaminomethyl- 
acetamidomalonate (55) in order to obtain ethyl 3-cyano-2- 
acetamidopropionate (56) : 

NHCOMe 

(56) 
1 NHCOMe 

K14CN + [ + I  Mc3NCH,C(CO,Et), I- + Ni4CCH,~H(CO,Et), 

(55) 

The latter is a useful intermediate for the synthesis of some ’‘(2- 
amino acids such as aspartic a ~ i d - 4 - ~ ~ C ,  2,4-diaminobutyric acid- 
4-I4C and homoserinc-4-14C. Very poor yields were obtained when 
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an excess of the methiodide 55 was employed a t  atmospheric pressure 
in a stream of nitrogen as described by Hellmannl86. However, a 65 % 
yield of nitrile 56 was obtained when the reaction was performed 
in a sealed tube with a slight excess of the methiodide. It is likely 
that here too the evolved trimethylamine maintains a basic media 
which decreases the decomposition. 

11 .  Replacement of a diazonium group by cyanide: t h e  Sandmeyer 
method 

The replacement of aromatic amino groups by cyanide is often 
accomplishcd in classical preparative organic chemistry by the action 
of cuprous cyanide with the diazonium compound (the Sandmeyer 
reaction) : 

HCI/NaNO, CuCN 
ArNH2 t ArX2+Cl- ____j ArCN 

Usually a n  excess of cuprous cyanide is used. Pichat, Baret and 
Audinotl* studied the preparation of ~-1iydroxybenzonitrile-14C by 
the Sandmeyer reaction with the diazonium salt derived from p -  
aminophenol, and found that an excess of cuprous cyanide was not 
necessary. The  diazonium salt must be first neutralized to avoid 
losses of hydrogen cyanide-I4C. The yield was higher when a dilute 
( 0 . 1 ~ )  neutralized solution of diazonium salt was used. Somewhat 
better yields were obtained by substituting nickel cyanide for the 
usual cuprous cyanide197. Nickel cyanide-I4C should find wider use 
in the Sandmeyer reaction with radioactive substances since it is 
very conveniently prepared by simply adding K14CN to a solution 
of nickel sulphate. Some I4C-nitriles prepared by the Sandmeyer 
rcaction are shown in Table 8. 

TABLE 8. 14C-Nitriles prepared by the Sandmeyer rcaction. 

Yield based on 
'4C-Nitrile KI4CN (%) References 

5-Cyano-2,2,8- trimethyl-4-lI-m- 20 200 

dioxino-[4,5-C I-pyridine 
fi-Ilydroxybenzoni trile 34 14 

o-h& trobenzonitrile 72-82 198, 193 
3-Mcthoxy-2-nitrobenzonitrile 65 198 
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12. Reaction of alkali cyanide with thiocarbanilide 

EhrensvardZz4 has indicated that ( cyano-13C) -N,N'-diphenyl- 
formamidine (58) is obtained in 90 yo yield by reaction of potassium 
cyanideJ4C with N,N'-diphenylthiourea (57) in the presence of 
basic lead carbonate. Compound 58 is a precursor of g lyc in~-2-~~C.  
This type of reaction has not found general use. 

Pb(CO,), 
S=C:(NHPh)2 + K14CIY - N14CCNHPh 

I I  

(57) (58) 

NPh 

B. From I3C- and 13C-Carboxylic Acids and their Derivatives 

less frequently used for the preparation of 14C-nitriles. 
The synthetic methods belonging to this group have been much 

1. Dehydration of amides 
-H,O 

Rl4C0NH2 __f RI4CN 

The preparation of nitriles by the removal of water from amides 
can be performed in high yields by using a variety of dehydrating 
agents, the most commonly used being phosphorus pentoxide. This 
process has been applied to some carboxy!ic amides-14C. Dehydra- 
tion on a 6 mmole scale of nicotinic a ~ i d - ' ~ C - a m i d e * ~ ~  gave a yield 
of 49 yo of 3-(cyano-14C) pyridine. ( Cyano-14C)acetamide has been 
dehydratedzo2 to mal~nonitrile-l-'~C on a 30-40 mmole scale, in a 
reaction-sublimation apparatus, with yields of 60-70 %. Dehydra- 
tion of acetamide-l-'*C was used2O3 to obtain acetonitrile-l-*4C. 

2. Catalytic dehydration of 14C-carboxylic acids in t h e  presence of 
ammonia 

Lauric acid- 1 J4C (59) has been convertedzo4 into lauronitrile- 
l-l4C (60) by passing its vapour over aluminium oxide in the presence 
of ammonia. A yield of 97 yo of crude radioactive nitrile was obtained 

A ' A  
C,1H,314C02H + NH, - C,,H2314CN + 2 HzO 

(59) (60) 
320-340" c 
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3. Exchange of 14C-carboxylic acids with nitriles 

Noszk6 and Otvos205 have studied the nitrile-carboxyl exchange 
reaction which can take place at  260 O c  in a sealed tube according 
to the two possibilities below: 

RWN + ~2 1 4 ~ 0 , ~  --+ R ~ C N  + R' 1 4 ~ 0 , ~  

R'CN + R2 I4CO2H R2 l 4 C W  + R1C02H 

a t  260 OC in a sealcd tube. 
Two systems were studied : benzoic acid carboxyl-14C + aceto- 

nitrile and benzoic acid carboxylJ4C + p-brombenzonitrile. In  
the first system, ben~onitrile-[cyano-~~C] was obtained in 19 yo yield 
while in the second one its yield was 80 yo. The authors could establish 
that the reaction occurs without rupture of the R1-C and the 
R2-C bonds. The results were explained by the following mechanism 
involving a 0 -+ N acyl migration: 

R l C N  4 R2l4C0OH 

NH 
// 

R'C 

/ 
R2I4C 

0 
// 

R2 14C 

\NH 
/ 

R'C 

\O 

\o e 

0 
// 

/ 

R'C 

R2 14C 

NH 
// 

R'C 

\O 

\O 

\NH 

/ 
R2 14C 

0 
// 

R2 14C 

/ 
R'C 

0 
// 

\ 

/ 

R'C 

0 

R214C 

\NH 

R'COOH + R2I4CN 
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However, this reaction, which has been known since the 19th 
century, has not found general use for the synthesis of radioactive 
ni triles. 

4. Reaction of cyanogen bromide with the sodium salts of 14C- 
carboxylic acids 

The reaction of cyanogen chloride with the sodium salts of 
aliphatic and afomatic carboxylic acids, a t  200-300 Oc, has been 
proposed206 as a method of preparation of nitriles. 

RCOONa + ClCN + NaCl + CO, + RCN 

Douglas and coworkers207 made a tracer study of the reaction of 
cyanogen bromide with sodium benzoate. It was shown that the 
carbon of the carbon dioxide is derived almost entirely from the 
cyanogen bromide according to the following overall reaction : 

BrCN + R14COONa -+ R14C.N + CO, + NaBr 

In  a further study of this reaction with the sodium salts of aliphatic 
acids (acetic, propionic, butyric, valeric, stearic) , Douglas208 observed 
the formation of an a-acyl isocyanate as the primary product with 
the lower aliphatic acids a t  250-300 O C .  The latter undergoes 
subsequent pyrolytic decomposition to a nitrile and carbon dioxide. 
This can be summarized as follows: 

BrCN + RCOONa + RCONCO + NaBr 

RCONCO ___+ RCN f C02 

The observed interchange of carbon atoms between the cyano 
group of the cyanogen bromide and the carboxyl group was 
explained208 by the following mechanism : 

R 
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This method of synthcsis of nitrilcs has not bccn used as a practical 
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means of preparation of radioactive nitriles. 

C. By Alkylation of Nitriles 

The alkylation of the sodium derivatives of nitriles, which are 
prepared by action of sodium amide on nitriles in an inert solvent, 
is a general method of preparation of substituted acetonitriles. This 
procedure as applied to the preparation of radioactive nitriles can 
be exemplified by the preparation of 2-ethyl-2-phenylaceto- 
nitrile209 : 

1 .  NaNH2 

2. EtDr 
PhCH214CN - PhCH14CN + NaBr 

I 
Et 

D. Synthesis of a-Deuterated Alkyl Nitriles 

Leitch210 has shown that ct-deuterated nitriles can be prepared 
by base-catalysed exchange with deuterium oxide. The rate of 
exchange is 40 times as fast as hydrolysis in the system acetonitrile- 
deuterium oxide of slight enrichment. Acetonitrile exchanges rapidly 
when refluxed for 12 hours with a suspension of calcium deuteroxide 
in heavy water. After five exchanges a product containing 93.4 mole yo 
CD,CN and 4-4 mole yo CHD,CN was obtained. Propionitrile and 
butyronitrile required a higher temperature ( 120 "c) .  Equilibration 
took place with the formation of the 2,2-0 derivatives and no 
significant exchange takes place elsewhere in the molecule. 

Acrylonitrile exchanged rapidly at reflux temperature with heavy 
water and calcium deuteroxide, but a fraction of the nitrile polym- 
erized under these conditions. Only the ct-hydrogen atom was 
replaced with deuterium210-212. Base-catalysed deuteration of 
trans-cinnamonitrile employing deuteroethanol and sodium ethoxide 
gives a mixture of a-deuterated trans- and cis-~innamonitriles~~~. 

EtOD 
PhCH=CHCN + PhCH-CDCN 

EtOXa 

VI. T R A N S F O R M A T I O N S  AND USES OF 
L A B E L L E D  N I T R I L E S  

I n  the introduction of this chapter, it has already been pointed out 
that many labelled nitriles have been only intermediates in the 
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preparation of radioactive compounds. Only a brief survey is given 
here of the transformations of the nitrile group most often encountered 
in the literature. 

A. Hydrolysis-Preparation of 14C-Carboxylic Acids 

I n  the sections above, it has often been mentioned that acid or 
alkaline hydrolysis of l"C-nitriles has been used for the preparation 
of 14C-carboxyl labclled acids when the carbonation of a Grignard 
reagent is not feasible. 

Saponification of an intermediate nitrilc without its isolation is 
important in the preparation of: 

[l] amino acids-1-l4C 

11CH14CN RCH14Ci02H (sections V.A.3 and V.A.4) 
I I 

NH, NH2 

[ Z ]  monosaccharides and a-hydroxy acids-l-14C : 

RCH14CN + RCHl4C0,H (section V.A.2) 
I 

OH 
I 
OH 

0. Reduction-Preparation of l4C-Arnines and l4C-Afdehydes 

Nitriles add hydrogen with the formation of primary amines. 

RCN __f RCH,NH, 

The reduction can be performed either by catalytic hydrogenation 
or by chemical methods. 

Some typical catalytic hydrogenations which were used for 
preparing labelled nitriles are: 

[ 13 T h e  preparation214 of methylamine-l"C by the catalytic 
hydrogenation of hydrocyanic acid-l% in the prcsencc of hydro- 
chloric acid. 

1 1 1 4 ~ ~  --+ ~ ~ C H ~ N H ~  
HZPt 

05% 

[2] T h e  preparation215 of @-alanine-@-*4C by reduction of 2- 
(cyano-14C)acetic acid. 

1 1 2 ,  2 ntm 

Rancy Ni 
N14CCH2C0211 - H2N14CH&02H 
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[3] The preparation216 of a mixture of diethylamine-l-"T, 
ethylamine-1 -I4C and ammonia by hydrogenation of acetonitrile : 

H Z  
CH314CN ___f (CH3l4CH2)2NH f CH314CH2NH2 + NH3 

Raney Ni 

[4] The catalytic reduction of some 14C-cyano acids or esters 
(61, 61a and 61b) as intermediates in the synthesis of amino 
a~id~28,109*195: 

CO 2H COaH 
H,/Pl I 

f NH214CH2CH2CH2CHNHCOPh 
I 

(61) 

N1"CCH2CH2CHNHCOPh 
AcOII/HCl 

C0,Et COzEt 

b HdPt 
f NEz1"CH2CH2 HNHCOCH, 

I 
N"CCH2CHNHCOCH3 

AcOHjHC1 
(61b) 

[5] The catalytic hydrogenation of cyanohydrin (62) was used for 
the preparation225 of 5-hydroxy1ysine-6-l4C (63) : 

NHC0h.k  

N1"CCH (CH2) zL(CO,Et) 2 
I I,/I'tOz/HCI 

t N H  214CH 2CH (CH2) zCHC0,H 
I 

AH NH2 
I 
OH 

(62) (63) 

Chemical reduction is nowadays accomplished by action of 
lithium aluminium hydride as exemplified by the preparation217 of 
propylamine- 1 -14C or by the preparation218 of 3-amino- l-propanol- 
l-1% : 

LiAIH, 
CH3Cf1214CN _ ~ f  CH3CH214CH2r\:H~ 

LiAlH, 
NCCH~'4C02Et d H2NCHzCHz14CHzOI-I 

55% 

When the catalytic hydrogenation is carried out in the presence 
of semicarbazide acetate229 the semicarbazone of the 14C-aldehyde 
is obtained as exemplified by the preparation176 of P-hydroxy- 
benzaldehydc-[carbonyl-14CC] semicarbazide 

B z o ~ 1 4 c C N  scrnicarbaride t I , /Raney  Si ' B ~ ~ & ' ~ C H = N -  NH-CONH2 
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In  the sugar series, one mole of a-aminonitrile (64a) takes up only 
one mole of hydrogen (half-hydrogenation) 219 with the formation of 
a-amino aldehydes (a-aminodeoxy sugars) as exemplified in the 
preparations220 of galactosamine- 1 -14C (64b) and glucosamine- 1 J4C. 

7 
14CN H14COH 

A H A NH, H,/HCl H NHrHC1 

HOCH w B a S 0 4  HOAH 
___f I 

HOAH HOAH 

HAOH HC 0 
I 
I 

AH20H CHzOH 
(64a) (64b) 

Half-hydrogenation of the nitrile (65) is used for the preparation1'' 
of 2-desoxyribose-1J4C (66). 

CH2--14CN 
I ?H,--"CHO 

C. Preparation of 14C-Ketones by Action of Grignard Reagents 

with dilute acids gives ketones. 
The addition of Grignard reagents to nitriles followed by hydrolysis 

H+ 

H,O 
R'CN + R'MgX __f R'R2C=NMgX __f R'RzC=O 

The reaction has been used for the preparation of some labelled 

[ 11 3-hydro~y-2-butanone-l-'~C 221 

ketones as exemplified by : 

I .  "CH,MgI 
CH3CHCN CH3CHC0'4CH3 

I 2. €120 I 
OH OH 

[2] 2-pentanone-1-'W z 2 ,  

1. "CH,MgI 
CH3CHgCH2CN 2. H 2 0  f CH3CH2CHgC0'4CE-f3 
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D. Preparation of Amidines 

The addition of ammonia or amines to nitriles leads to am:d' I ines: 

Trans-4,4'-stilbenedicarboxamidine-14C, (68) is prepared174 by 
action of ammonium thiocyanate on the nitrile (67) : 

while ly5-bis (p-amidino-14C2-phenoxy) pentane methanesulphonate 
was obtainedl* by action of ammonium methanesulphonate on the 
bis(imidate) derived from the dinitrile. 

€. Additions to the Cyano Group to Form 14C-Heterocycles 

used to make ring-labelled heterocycles (see Chapter 8) 
A few examples are given here to show how 14C-nitriles had been 

[ 13 4,5,6-Triamin0pyrirnidine-4,6-14C'~~ 

which serves then for the preparation of adenine-4,6-14C. 
[2] 5-(3-Pyridyl) tetrazole-14CZo1 
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[3] Tricycloquiiiazoli1ie-~4C~~~ 

by the deaminative trimerization of o-aminobenzonitrile-[cyano- 

[4] 2-Benzylimidazoline-214 hyrochloride133 from benzyl cyan- 
ide-14C: 

c1q. 

PhCH2"CN + NH2CHZCHZNH2 PhCHd4C 

NH-CH, 
\ 

F. Analytical Applications 

The determination of reducing sugars by application of the 
cyanohydrin reaction could be made more sensitive by employing 
carbon-14 labelled ~ y a n i d e ~ ~ ~ . ~ ~ ' .  Quantities of 0.04-0.2 mg of 
sugars can be determined with a standard deviation of &l.4yo. 
In this method, the sugar or polysaccharide is allowed to react in a 
buffered solution with 14C-cyanide, previously standardized by 
reaction with D-glucose. The excess cyanide is volatilized as hydrogen 
cyanide, and the carbon-14 in the residue is determined by radio- 
activity measurement. 

The  average molecular weight of polysaccharides can be 
measured228 by reaction with 14C-cyanide. Only the end groups 
form a C, cyanohydrin. From the specific activities of cyanide and 
cyanohydrin the molecular weight of the polysaccharide can be 
calculated. 
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1. lMTRODUCTlON 

Nitrile oxides, RCNO, are organic compounds which contain the 
monovalent functional group -CNO bound directly to a carbon 
atom of the organic moiety of the molecule. Only the first member 
of this series, formonitrile oxide, 13-CNO is an exception; accord- 
ingly its chemistry differs in some respects from that of its homologues. 

In the nomenclature of nitrile oxides, the rules established for 
nitriles are generally applicable. Like the nitriles whose functional 
group, -CN, is often referred to as ‘cyano-’, (as derived from the 
parent compound hydrocyanic acid), the term ‘fulmido-’ is used 
sometimes for the functional group -CNO. Likewise, nitrile oxides 
are termed ‘fulmides’ in cases where one would use the term 
‘cyanide’ in naming an organic nitrile. 

The parent compound, formonitrile oxide or fulminic acid, has 
already been obtained as its mercury salt at  the dawn of organic 
chemistry’. The problem of its structure, however, has occupied 
the most brilliant minds of chemistry for more than a century2. 
Although the work of Wieland and Quilico had produced much 
chemical evidence for the nitrile oxide structure, the generally 
accepted formula was that of carbonyl oxime, H-0-N=C, 
first proposed by Nef3. I t  was not before 1966 that W. Beck provided 
unequivocal evidence by infrared spectroscopy for the nitrile oxide 
formula H-CrN-+04. 

Although the first higher homologue, benzonitrile oxide, PhCNO, 
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was prepared by Werner in 18945, no detailed study of the chemistry 
of this new class of compounds was made until H. Wieland’s classical 
work between 1907 and 1910. From 1946 onwards, Quilico and his 
associates have made especially important preparative contributions, 
mainly to cycloaddition reactions of nitrile oxides. I t  is interesting 
to note that both the above-mentioned scientists became interested 
in  this field through their previous occupation with fulminic acid, 
a compound which at the time of their studies was not generally 
recognized as closely related to nitrile oxides. Finally, since 1960 
much light has been shed on the reaction mechanisms by Huisgen’s 
work on  1,3-dipolar cycloadditions. 

Nitrile oxides are isomeric with cyanates (1) and isocyanates (2). 
While in 1 the organic group is connected to the oxygen and in 2 to  
the nitrogen atom, in the nitrile oxides it is the carbon atom which 
provides the link to the organic moiety. The older literature 

R-O-C~ZN R-X=C=O K-C-N R - b V - t O  

‘0’ 

(1) (2) (3) (4) 

ferred the cyclic structure 35-6, but optical data ruled out 3 

pre- 

at  a 
rather early stage in preference of 49, which is the most generally 
accepted simplified expression of the structure of the nitrile oxides. 
Nevertheless, the structure formulation of a nitrile oxide as a 
resonance hybrid between the structures 5a-e is a more accurate 
description10,’l: 

- 
-k :-. - + .. + 

R-ck~N-0:  ++ R-C=hT=O <--+ R-C=N-O: ++ .. .. .. 

i- .. 
R--C-hT-O: f3 R-C-N-0 

- 
(53.) (5b) (5c) 

.. .. .. .. .. .. 
(W (5c)  

Among the above mesomeric structures, the all-octet formulae 
5a and 5b presumably represent the preferred electron distribution 
in the ground state, while the sextet formulae 5c and 5d express best 
most of the reactions of the nitrile oxides, especially the 1,3-dipolar 
additions. 

As nitrogen-containing organic compounds, nitrile oxides are 
derivatives of hydroxylamine ; the most important modes of prepara- 
tion start with organic hydroxylamine derivatives. The complete 
hydrolysis of a nitrile oxide leads to hydroxylamine and the corre- 
sponding carboxylic acid (equation 1) in complete analogy to the 
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corresponding hyQolysis of nitriles to ammonia and carboxylic 
acids (equation 2) : 

RCNO + 2 H,O --+ RCOOH + N H p H  (1) 

RCN + 2 H,O RCOOH + KH, (2) 

Otherwise, however, there are few analogies to the chemistry of 
nitriles. T h e  direct oxidation of nitriles to nitrile oxides has not yet 
been achieved. 

I n  the present chapter, the chemistry of nitrile oxides as defined 
in the first paragraph will be discussed. Accordingly, the chemistry 
of fulminato complexes of transitio netals as well as the considera- 
tion of compounds which may contain a covalent bond between the 
-CNO group and an element other than carbon, e.g. PhSiCNO 
or PhHgCNO, is not in~ludedl'. '~. 

Nitrile oxides as transient intcrmediates have been postulated 
frequently in reaction mechanisms, especially in reactions leading 
to 1,2-0xazole (isoxazole) and 1,2,5-oxadiazole (furazan) derivatives 
(see sections IV.C, IV.G.l and IV.G.2). Such reactions will be 
discussed in this chapter only in cases where unambiguous evidence 
exists for the occurrence of nitrile oxides. 

T h e  various methods for the synthesis of nitrile oxides are discussed 
first, including also procedures whereby 1.he nitrile oxide is generated 
in situ in the presence of a suitable acceptor. I n  view of the instability 
of most nitrile oxides, such techniques have become of increasing 
importance. The physical properties of nitrile oxides will be 
reviewed next. 'There follows a discussion of the reactions of nitrile 
oxides, starting with reactions involving the nitrile oxide only, i.e. 
rearrangement, dimcrization, polymerization and reduction. The 
numerous addition reactions of nitrile oxides are then presented, 
beginning with reactions with inorganic compounds and ending 
with the lY3-dipolar cycloadditions to unsaturated systems leading 
to a wide variety of five-membered heterocyclic compounds, which 
are often rather inaccessible by other routes. 

I I .  PREPARATION OF NITRILE OXIDES 

A. General 

All known methods for the synthesis of nitrile oxides start with 
organic systems already containing the C-N-0 sequence of the 
nitrile oxide structure. There is no indication that any possible 
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organic compound containing a C-N single, double or triple bond 
has ever been converted into a nitrile oxide. The fulminato radical, 
*CNO, has been observed spectroscopically in mixtures of cyanogen 
and ozone subjected to Aash photoly~is'~*'5, but it is not likely that 
such methods will ever be of practical value. Likewise, no example 
is known where an -N-0- compound has been introduced into 
an organic residue to generate directly a nitrile oxide. 

The  most important methods for the preparation of nitrile oxides 
start with aldoximes, from which by various technigues two hydrogen 
atoms are abstracted to form the nitrile oxide: 

-2 H 
RCH=NOH __f R k ? k O  

Less widely-applied methods consist in the dehydration of primary 
nitroparaffins by various procedures : 

- HZO 
RCH2X0, ___f R-X-+O 

Contrary to the chemistry of nitriles, where the reaction of a metal 
cyanide with a n  organic halogen compound is a very important 
synthetic route, the analogous reaction, i.e. the reaction of a metal 
fulminate with an organic halide, has been realized only in one special 
case. Most attempts in this direction have usually resulted in a 
spontaneous rearrangement leading to the isomeric isocyanate : 

R-Hal + MCNO d [RCNO] + RN=C=O 
(M = metal) 

Table 1 includes only those nitrile oxides which have been pre- 
pared by the methods discussed in the following paragraphs and 
have been isolated in pure or approximately pure form. 

B. Preparation of Fulminic Acid (Formonitrile Oxide)  

Because of its unstability, fulminic acid (9) is always prepared 
first in form of its mercuric or silver salts. Although highly explosive, 
with the proper precautions both salts can be stored indefinitely at 
room temperature. T h e  most convenient way to prepare mercuric ful- 
minate is the reaction of ethanol with concentrated nitric acid in the 
presence of metallic mercurylY. Equation (3) describes the mechanism 
first suggested by Wieland2*58*59, and strongly supported by experi- 
mental evidence, since ethanol can be successfully replaced by 
acetaldehyde (6 )  2, glyoxylic acid oxime (7) 59 or methylnitrolic acid 
(8). The silver salt is prepared analogously. Mercuric fulminate is 
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14. Nitrilc Oxides 

HNO, HIVO, HNO, 
C,H,OH - CH,CHO __j IION-CHCHO ---+ 

(6) 

799 

HNO, -co, 
HON=CHCOOH - HON=C(NO,)COOH -+ (3) 

(7) 
- HNO, IIgZ+ 

HON=CHNO, - HCsN-bO - Hg(CNO), 

( 8 )  (9) 

also obtained from malonic acid and a solution of mercury in dilute 
nitric acid60, whereby presumably first mesoxalic acid oxime (10) is 
formed which then decarboxylates to glyoxylic acid oxime (7) 
(equation 4), from which the reaction proceeds according to equation 
(3).  The mercuric salt of nitromethane decomposes directly into 

I,INO, -co* 
HOOCCI-1,COOH 4 HOOC(C=NOII)COOH 2 MON=CHCOOH (4) 

(10) (7) 

water and mercuric fu1minate6l (equation 5 )  : 

2 CHSNO, - + 2CH,=NO,Na - + NaOH Hg?+ 

-2 11,o 
(CI-I,NO,),Hg ___j Hg(CNO), (5) 

Another route to fLilminic acid from nitromethane prcpares first the 
methyl nitrolic acid ( 8 )  (equation 6) which thcn converts to fulminic 
acid by the route of equation (3) .  In this casc, the acid is trapped as 
the silver salt5R*62 : 

OH- HNO, 
CH3N02 & CH,iKO; - HON=CHNO, ---+ HC=N+O (6) 

Silver fulminate can also be obtained from formamide oxime (11) 
by heating with silver nitrate in nitric acid solution63: 

( 8 )  (9) 

As+, HNO, 
I-ION=CIINH, + AgCNO + NH$ (7) 

(11) 

Under the same conditions, the potassium salt of aminomethyl 
nitrosolic acid (12) is likewise converted into silver fulminate63 : 

Ag h ,  HNO, 
H,IVC(NO)=NOK t. N, + H,O + K+ + AgCNO (8) 

(12) 

Because of their complex nature (they actually contain the dibasic 
anion C2N2OZ2-), the silver and the mercuric salts arc not suited for 
many applications in organic chemistry, including the preparation 
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of the free acid64. Therefore, they are often converted into the sodium 
fulminate by reaction with sodium amalgam in ethanol. Sodium 
fulminate is about as toxic as sodium cyanideG5. Contrary to the 
alkali salts of some similarly unstable acids, e.g. hydrazoic acid, 
sodium fulminate is not storable and is also highly explosive16. More 
convenient, probably, is the conversion of mercuric fulminate into 
formhydroxamyl iodide (13) by means of hydroiodic acid and 
potassium iodide16 : 

HI, RI 

Hg(CNO), __f ZHIC=NOH (9) 
(13) 

Compound 13 is storable and non-explosive. Addition of triethyl- 
amine to an  ethereal ice-cold solution of 13 liberates fulminic acid. 
Free fulminic acid can also be obtained by acidification of an  aqueous 
solution of sodium fulminate with dilute sulphuric acid. To prevent 
rapid polymerization, the solution of the sodium fulminate should 
be added to the sulphuric acid, so that there is always an excess of 
mineral acid present. From such aqueous solutions fulminic acid 
can be extracted with ether1'. T h e  acid is volatile with ether vapours 
and has an odour similar to hydrocyanic acid, but much more 
aggressive66n. Recently, the free acid has been obtained in a crystalline 
state by fractional distillation of an  aqueous solution in a high- 
vacuum system and freezing out the vapours of 9 at -78". O n  
warming to room temperature the crystals polymerize far below 0" 16. 
At low pressure the vapour, however, is stable enough to determine 
the infrared spectrum. All reactions of fulminic acid have been 
carried out with dilute aqueous or ethereal solutions. At 0" the 
half-life time of an  aqueous 0.4 N solution containing at least 0.2 N 

sulphuric acid is about 90 min" (for the stability of ethereal solutions 
see Table 1). 

C. Preparation of Nitrile Oxides from Aldoximes 

1. Dehydrogenation of aldoximes 

Aromatic and heterocyclic oximate anions of aldoximes have been 
dehydrogenated to nitrile oxides in alkaline solution by potassium 
ferric cyanide or, preferably, hypohalites3"J9 : 

(10) 

Alkalinc sodium hydrobromite is the most preferable reagent since 
dehydrogenation is very fast occurring at  temperatures around 0 OC, 

Ar-CH=NO- + OHal- ---+ Ar-C=N+O + OH- + Hal- 
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with good to excellent yields. The  reaction with alkali hypoiodite 
is slower and the yields are much inferior. The  reaction of sodium 
hypochlorite with aldoximes, which has been studied much earlier, 
yields a mixture of a minor amount of the desired nitrile oxide, 
together with a dimeric compound resulting from the abstraction 
of only one hydrogen atom from each molecule of aldoxime66b. These 
compounds have been reported in the earlier literature as 'aldoxime 
peroxides', but more recently the structures of an oxime anhydride 
N-oxide (14) or a n  aldazine bis(N-oxide) (15) have been pro- 
p0sed67.~~ (equation 11). Chemical reactions are compatible with 
both structures, but infrared spectra favour 14 : 

or 

2 ArCH=N-0- + H,O -t OCI- __f ArCI-I==NON=CHAr 
1 

(14) 

0 

ArCH-X-N= CHAr + C1- + 2 OH- 
- 1 1 -  
0 0  

The diKerent route taken by the oxidation in the case of hypochlorite 
can be attributed to the higher oxidation potential of this reagent. 
The method has been especially useful in cases where the nitrile 
oxides could not be prepared by the older route via the hydroximic 
acid chlorides because of side reactions during the chlorination 
step25,34 (see next paragraph). However, the synthesis fails in cases 
where the aldoxime contains other functional groups which are 
alkali labile or unstable toward the oxidizing agent. Polyfunctional 
nitrile oxides are usually obtained in poor yields. 

A milder and more selective dehydrogenation of aldoximes has 
been achieved with N-bromosuccinimide in the presence of alkali 
alkoxides or tertiary bases4". This modification allows the prepara- 
tion, for example, of amino-substituted aromatic and heterocyclic 
nitrile oxides as well as  of polyfunctional nitrile oxides, in satisfactory 
to very good yields; i t  is probably the most generally applicable 
procedure for the synthesis of this class of compounds. Dehydrogena- 
tion of aldoximes with lead tetraacetate has been claimed as a 
general method for the synthesis of nitrilc 0xides~~,52. Only a few 
examples are known, however, and under apparently the same 
conditions other authors have obtained instead compounds of a 
different structureGan. 
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2. Dehydrohalogenation of hydroximic acid halides 

Although this route does not start directly from the aldoximes, 
the necessary precursors to the nitrile oxide, the hydroximic acid 
halides, are generally prepared from the corresponding aldoximes. 
For all practical purposes, only the hydroximic acid chlorides (17) 
are used (equation 12) : 

RCH=NOH + CI, + [RCHNO] RC=h’OH + I-ICI (12) 
I 
c1 

I 

(16) (17) 

c1 

The  halogenation of the aromatic aldoximes6*b, which is generally 
carried out either in an inert solvent, such as chloroform and carbon 
tetrachloride, or in acetic acid, water or hydrochloric acid, seems- 
a t  least in some cases-to proceed via the intermediate of a geminal 
chloronitroso compound 16, as indicated by the transient blue-green 
colour of the reaction mixture. Aliphatic hydroximic acid chlorides 
are conveniently prepared in ether at  -60 Oc, via 16 (or its dimer) 
which rearranges to 17 within one h o u P .  Another route to hydrox- 
imic acid chlorides employs nitrosyl chloride as chlorinating agent43: 

RCI-I=iKOH + 2 NOCl + KC=XOH + 2 N O  + I-ICI (13) 
I 

CI 

Finally, hydroximic acid halides have been obtained by reaction of 
concentrated hydrochloric or hydrobromic acid on certain nitrolic 
ac id~70-~~,  e.g. 

KO,CC=NOH + HHal + RO,CC=NOH (14) 
I 

Hal 
I 

NO2 
(R = C2FI6, H; Hal = C1, Br) 

Nitrolic acids, however, can be converted in most cases directly into 
nitrile oxides (see section II.D.2), so this method offers little 
advantage except under special circumstances. 

Hydroximic acid chlorides are stable indefinitely a t  room tempera- 
and are therefore conveniently storable precursors of the 

~enerally unstable nitrile oxides, which can be generated almost ? 
instantaneously from them when needed by dehydrochlorination 
with base : 

R-G.KOI-1 & R - k N - + O  + Base.HC1 (15) 
base 

I 
C1 
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Any base, inorganic or  organic, in  either an aqueous or anhydrous 
medium may be used. Earlier investigators preferred aqueous sodium 
carbonate and by this method, the first nitrile oxide, benzonitrile 
oxide, was prepared5. More recently, the reaction of the hydroximic 
acid chloride, dissolved or suspended in an  inert organic solvent, 
e.g. anhydrous ether, with one equivalent of a tertiary organic base, 
preferably triethylamine, has been recommended". Using this 
technique a t  temperatures as low as -40 O c ,  even the most unstable 
aliphatic nitrile oxides have been succcssfdly prepared24*25. Tertiary 
amines as dehydrohalogenating agents may, however, not be 
applicable in  all cases, since they seem to form with some hydroximic 
acid chlorides rather stable addition compounds, which are  
apparently quaternary amidoximinium salts 1820*70*77: 

R'-C=NOI-I + R,N 

R3N + 
I 

CI 

(18) 

The  main limitations of this synthesis lie in thc chlorination step 
of the oldoximes. Unsaturated aldoximes add chlorine to the double 
bond, e.g. from 1 -oximino-2-methylbutene-2 (19), 2,3-dichloro-2- 
methylbutanehydroximic acid chloride (20) and from l-oximino-2, 
2-dimethylpentcne-4 (211), 4,5-dicliloro-2,2-dimethylpentanehy- 
droximic acid chloride (22) are obtained78 : 

CH,CII=C (CH,) CH=NOI-I CH,CHClCCl(CH,)CCI=~OH 

(19)  ( 2 0 )  

H2C=CHCH2C(CH,),CH=NOH C1GH2CHGIGH2C(CH,),CCI=-N0H 
(21) (22) 

Salicylaldoxime (23) and 2-metlioxybcnzaldoxime (24) cannot be 
transformed into the corresponding hydroximic acid chlorides, but 
products of additional chlorination in the benzene ring are obtained, 
i.e. 3,4-dichloro-2-hydroxybenzhydroximic acid chloride (25) , or 
5-chloro-2-rnethoxybenzhydroximic acid chloride (26)78. Likewise, 
the chlorination of the oximes of mesitylaldehyde (27) or 2,3,5,6- 
tetramethylbenzaldehyde leads to inseparable mixtures of the 
desired hydroximic acid chlorides and products of further chlorina- 
tion of the aromatic ring and of the methyl groups34. By using three 
moles of chlorine, however, 27 is neatly converted into 3,5-dichloro- 
2,4~,6-trimethylbenzhydroximic acid chloride4* (28). Nonetheless, 
the hydroximic acid chlorides route is the most widely used and it 
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CCI'NOH 

CH=NOH CCI=NOH 

H3C+CH3 - Frg*ci33 c I 

CH, cfr3 

(2 7) (28) 

has been successfully applied to the preparation of aliphatic, 
aromatic and heterocyclic nitrile oxides. 

D.  Preparotion of Mitrile Oxides from Primary Nitroparaffins 

1. Conversion to hydroximic acid chlorides 

The aci-salts of primary nitroparaffins, react with anhydrous 
hydrogcn chloride to form hydroximic acid chlorides (17) (equation 
1 7 ) 7 9 ,  which are converted into nitrile oxides according to the 
prcccding paragraph : 

0 
OH- f 2HC1 

RCI-I,NO, + RCH=N -+ RC--NOH + 1-120 + C1- (17) 

0- C1 
I 

(17) 

\ 

(R = CH,, Ph, PhCO, CO,C,Hs) 

Compounds 17 are generally more easily accessible by the routes 
discussed above, and better methods to convert primary nitro- 
paraffins into nitrile oxides are discussed bclow. 
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2. Decomposition of nitrolic acids 

Nitrolic acids (29) are obtained by reaction of primary nitro- 
paraffins with nitrous acid : 

RCH,NO, -f HNO, RC=NOH + H,O (18) I 
h’0, 

(29) 

All nitrolic acids easily lose the elements of nitrous acid with the 
formation of nitrile oxides. Sometimes this decomposition occurs 
spontaneously a t  room temperature ; but generally, it is induced by 
gentle heating: 

RC=NOH + RCsW-+O + HNO, (19) 
A 

I 
NO, 
(29) 

The applicability of this reaction has been only slightly investigated, 
but benzonitrile oxide (R = Ph) and oximino phenylacetonitrile 
oxide (33), were obtained in this rnanner25~3~. 
33, which is obtained by reaction of phenylglyoxime (30) with 

dinitrogen tetroxide, presumably via the intermediate nitrolic acid 
3P (equation 20), was first considered to be phenylfuroxan (34)80. 
A mild treatment with alkali isomerizes the compound to a material 
which was a 4-hydroxy-3-phenylfurazan (35), according to 
Wieland81t82 or the nitrile oxide 33 according to Ponzio and 
co~orkers4~.4~.~3-~5. 

The controversy has been settled in favour of structure 32 or 33, 
since the infrared spectrum of the compound displays the charac- 
teristic frequencies of the C=N -+ 0 groupBG. The properties of 

- HNO, 
C=NOH] PhCCH=NOH ___f [PhC- 

Jw.l 

I1 I 
NOH NO, 

II 
NOH 

OH- 
(30) (a-form) (31) 

PhC-CEN+O PhC-C~N-+O 
I1 
KOH I1 

(32) (33) 
HON 

CH Ph-- C-OH 

? L O  
I1 

Ph-C- 

N 
I1 
N I1 I1 

N 
\ /  

‘0’ 0 
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the primary reaction product, viz. the alleged phenylfuroxan 34, 
suggest that it is a stereoisomer of 33. T h e  assignment of formulae 
32 and 33 for these compounds is arbitrary since it is based only on 
the most probable configuration of a-phenylglyoxime. Homologues 
and their corresponding 0-benzoyl derivatives have been obtained 
a n a l o g ~ u s l y ~ ~ ~ ~ ~ .  

3. Dehydration of primary nitroparaffins 

A reccnt method achieves the dehydration reaction of primary 
nitroparaffins to the nitrile oxides in one step under rather mild 
conditions, using phenylisocyanate, or-less favourably-phosphorus 
oxychloride, as the dehydrating agent in thc presence of catalytic 
amounts of triethylamine21-23*88.89. The original authors have 
suggested the following mechanism21 : 

(21) RCH,NO, + (C,H,),N ---+ (C2H,)3NHf + RCH=N02- 

+PW=c==O 

+H+ L 
RCH=h’-O-C-XHPh + R-CH=N-0-C-NPh 

II 
0 

I 
0 

I 
I I  

0 $ 0  

+ 
R%X-*O + HOOCNHPh 

T h e  reaction proceeded well with nitroethane, 1-nitropropane and 
phenylnitromethane while it takes a slightly different course with 
nitromethane”. The fulminic acid (9) , initially generated, reacted 
immediately with additional phenylisocyanate to give the N- 
phenylcarbamoylfulmide (36) which could be trapped by 1,3- 
dipolar cycloaddition to a suitable olefin present in the reaction 
mixture : 

-€I& PhNCO 
CH,N02 P HC=N-+O ______f 

( 9 )  . .  
CIIz=CHOCzHs 

P h N H C O k N - 0  PhNHCOC- CH2 (22) 
I 

N I 1  CHOC21-15 
\ /  

(36) 

. .  
CIIz=CHOCzHs 

P h N H C O k N - 0  PhNHCOC- CH2 (22) 
I 

N I 1  CHOC21-15 
\ /  

(36) 

‘0‘ 

The original investigators did not attempt to isolate nitrile oxides 
thus prepared, but reacted them in situ, either by dimerization to 
furoxans or by 1,3-dipolar cycloaddition with olefins to isoxazoles. 
It is likely, however, that this method could also be used for isolation 
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of the nitrile oxides. Since the lower aliphatic primary nitro com- 
pounds are more easily accessible than the corresponding hydroximic 
acid chlorides, there is no doubt about the usefulness of this method. 

For the alleged preparation of monomeric carbethoxyfulmide (44) 
from ethyl bromoacetate and silver nitrite, which must involve the 
dehydration of the originally formed ethyl nitroacetate, reference 
is made to the literatureg1-9,. 

E. Preparation of Nitrile Oxides from Fulminates 

Early attempts to react metal salts of fulminic acid with alkyl 
or acyl halides were aimed at  preparing esters of fulminic acid of 
structure 37, a still unknown class of compounds. The only identifi- 
able products obtained were the isomeric isocyanates 38 or products 
derived from them (equation 23) 3.77.94-s7 : 

The reaction of triphenylmcthyl chloride (39) with silver fulminate, 
leading in good yield to triphenylacetonitrilc oxide (40), is the only 
case in which a nitrile oxide has ever been isolated (equation 24.) 
in this type of reaction". If  39 was replaced by diphenylmethyl 
bromide (41), the only product which could be isolated was diphenyl- 
methyl isocyanate (42) (equation 25). Picryl chloride which has a 
very reactive chlorine atom failed to react at  all with silver 
f d  m in a te 98. 

(24) 

PhzCHBr + AgCNO Ph,CHN--C=O (25) 

Ph,CCl + AgClUO __+ Ph,C=N+O 

(39) (40) 

(41) (42) 

Steric hindrance, which is undoubtedly present to a large degree 
in 40, stabilizes nitrile oxides toward dimerization, but does not 
prevent rearrangement to isocyanates (see section 1V.B). At present 
there is no explanation for the apparent stability of 40 under the 
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reaction conditions, but its formation may indicate that nitrile 
oxides are also the primary reaction products in those reactions 
where earlier investigators isolated only isocyanates. I t  is possible 
that the metal halide formed catalyses the rearrangement of the 
nitrile oxide to the isocyanate, and i t  would be interesting to rein- 
vestigate such reactions in the presence of a typical dipolarophile 
in order to trap the nitrile oxide in situ. 

F. Preparation of Nitrile Oxides in situ 

Since most nitrile oxides undergo irreversible changes very quickly 
at  room temperature and above (see section IV.A), many of their 
chemical reactions have been investigated by generating the nitrile 
oxide from a stable precursor in the presence of a partner with 
whom it  would react appreciably faster than with itself. I n  order 
to minimize the tendency toward autocondensation, in most cases 
dimerization to the furoxan (see section 1V.C) or polymerization, 
it is advisable to generate the nitrile oxide very slowly, keeping its 
stationary concentration low. At the same time, the reaction partner 
(dipolarophile) should be present in as high a concentration 
as possible. This technique was first successfully applied by 

Hydroximic acid chlorides are most frequently used to generate 
nitrile oxides in situ. The acid chloride is dissolved or suspended in 
ether together with the dipolarophile, and one mole of triethylamine, 
or another suitable tertiary amine, is added gradually a t  0 to 20 O C .  

I n  cases where the dipolarophile itself might react with the base, 
ethereal solutions of the acid chloride and of triethylamine are added 
simultaneously in equivalent amounts to the solution of the dipolaro- 
phile, or the nitrile oxide is first generated at -20 O c  and then the 
reaction partner is added while the reaction mixture warms slowly 
to room temperature. 

The same technique has been applied to in situ reaction of nitrile 
oxides generated from primary nitroparaffins by dehydration 
with phenylisocyanate in the presence of catalytic amounts of 
triethylamine22*23**”. Here, a solution of the nitro compound and 
triethylamine in a suitable inert solvent, e.g. benzene, is added 
slowly to the solution of the dipolarophile and two moles of phenyl- 
isocyanate. 

Hydroximic acid chlorides seem generally to be in equilibrium 
with the corresponding nitrile oxides (equation 26). The evidence 

Huisgenll. 25.30.33. 
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RC==NOH L-- R(=E=n'-+o + HCI (26) 

for this is supplied by ultraviolet spectroscopy and polarographic 
studies of various hydroximic acid chlorides in aqueous solu- 
tion99-102a*102b. If the dissociation takes place in an inert solvent, such 
as boiling toluene in the presence of a suitable scavenger for the 
nitrile oxide, the method provides a very elegant way of generating 
a nitrile oxide in situ, especially since its stationary concentration is 
presumably very low, the above equilibrium being far on the left 
side of equation (26) even at  the temperature employed (1 10°)103-107. 

Thermal decomposition of nitrolic acids has also occasionally been 
used for the generation of unstable nitrile oxides in situ, e.g. pyruvic 
acid nitrile oxide (43) or carbethoxyfulmide (44) 72*108*109. Such 

(43) (44) 

reactions are probably responsible for the production of a variety of 
heterocyclic compounds, mostly isoxazoles and furoxans from the 
action of concentrated nitric acid or higher oxides of nitrogen on 
unsaturated compounds. I t  is likely that nitrolic acids will form 
under such conditions and that the nitrile oxides resulting from 
them can either add to the unsaturated compound still present, or 
dimerize to the furoxans. An example is the formation of 3,3'-bis- 
(isoxazolyl) (46) , from acetylene and a mixture of nitrogen monoxide 
and nitrogen dioxide in ethyl acetate a t  60 Oc under 10-15 atm 
pressure110 (equation 27) : 

H C ~ C H  + 2 NO + 2 NO, -F HON=C-C=NOH ___f 

I 
c1 ' 

C H 3 C O ~ i - +  0 C2H,00CbYJ-+ 0 

-2  14N02 

I I  
O,N NO, 

(46) 

Although the proposed reaction scheme involves the highly unstable 
cyanogen bis(N-oxide) (45) as an intermediate, yields of 60-70 yo 
of 46 can be obtained. 

This type of reactions is outside the scope of this chapter; they are 
amply covered in several recent 
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G. Nitrile Oxides with Functional Groups 

The wide variety of functional groups (including the nitrile oxide 
function itself) which react spontaneously with nitrile oxides (see 
section IV) considerably restricts the chances of obtaining nitrile 
oxides with functional groups. It has, however, been possible to 
prepare some difunctional nitrile oxides, such as 47, 48, 49 and 50. 

Terephthalic bis(nitri1e oxide) (47) was synthesized via the 
corresponding hydroximic acid chloride ; although earlier workers 
have claimed to have obtained polymers recent investigations 
have demonstrated that  with proper precautions a product can be 
isolated that consists largely of the monomer30*55-57,115. The  wide 
differences in melting points reported for 47 (Table 1) are attributed 
partly to the various states of crystallinity of the different prepara- 
tions and  partly to polymerization during slow heating. Since the 
molecular weight determinations of the purest samples are still 
unsatisfactory, these differences may also be caused by a varying 
amount of oligomers already present in freshly prepared 47. No 
such difficulties seem to have been encountered in the preparation 
of 4SS3. 

C r N + O  
I 

C r N - - + O  

(47) (4 8) 

c=i\l'-+o 

o*--N=c H,C H3C+..:;. H,C 

CEAT-+O 

(49) (50) 

The sterically hindered bifunctional aromatic nitrile oxides 49 
and 50 are  well-characterized compounds, stable indefinitely a t  
room t e m p e r a t ~ r e ~ ~ . ~ ~ .  

Since aromatic nitrile oxides do not react readily with alcoholic 
or phenolic groups without catalysts (section IV.F.Z.a), nitrile 
oxides containing these functional groups could be prepared. The 
nitrile oxide 51 was obtained from the corresponding hydroximic 
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acid chloride 25 (section II.C.2) but was isolated only as a dilute 
solution in CCI, and identified by its infrared spectrum and by 
subsequent dimerization to the furoxan78. An attempt to generate 

C=y+O CEN-+O 

CI 

52 by dehydrogenation of the corresponding aldoxime with hypo- 
bromite failed because of the preferred attack of the oxidant on the 
ringg8. Nitrile oxides in which the phenolic group is alkylated could 
be prepared as shown by several examples of methoxy-substituted 
nitrile oxides listed in Table 1. Other methoxylated aromatic nitrile 
oxides have been characterized only in solution by i.r. spectroscopy78. 

The  stability of nitrile oxides with free carboxylic groups depends 
largely on the acidity of the carboxyl group, since the attack of the 
latter on the C=N 3 0 function starts with protonation to the 
conjugate acid. Thus, sterically hindered aromatic nitrile oxides can 
be recrystallized unchanged from hot acetic acidlls, while formic 
acid causes hydrolysis to the corresponding hydroxamic acid56 (see 
sections 1V.F. 1 .a and IV.F.2.c). This explains the formation of only 
polymeric products in the attempt to convert 3,5-dI~iiethyl-4- 
formoximidophenoxyacetic acid (53) into the corresponding nitrile 
oxide by hypobromite, since the phenoxyacetic acids are generally 
strong acids". An ester group is, however, compatible with the 
nitrile oxide function, and the synthesis of oximinophenylacetonitrile 
oxide (33) has already been discussed. 

c:=s to c:FzA\'+o 1 1c:= 1 0 1 i 

H&-$J-CX~ H3C+CH3 
H & 7 @ c H 3  C5"t 0 

OCH,COOH S(CH3)Z ?!(CH,)? 

(53) (54) (55)  

The ease with which nitrile oxides react with primary and 
secondary amincs makes it unlikely that these functional groups 
will ever be found capable of existing together with a nitrile oxide 
group in a monomeric molecule, but tertiary amines Seem to 
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form stable adducts only in certain cases29*7G.77 (see section IV.F.2.d). 
Thus, the 2,6-dimethyl-4-dimethylaminobenzonitrile oxide (54) and 
the 2,6-dimethyl-4-dimethylaminoisophthalo bis( nitrile oxide) (55) 
could be prepared by oxidation of the corresponding a l d o ~ i r n e s 4 ~ . ~ ~ .  

Attempts to prepare pyrrolo- or pyridinonitrile oxides have so 
far but several pyrimidine nitrile oxides, (Table 11, 
were obtained by hypobromite or N-bromosuccinimide dehydro- 
genation of the corresponding aldoximes~O*4s. The isoxazolonitrile 
oxide (56)  was prepared from the hydroximic acid ~ h l o r i d e z ~ * ~ ' .  

(5 6) (57) 

Nitrile oxides react generally with ethylenic double bonds (section 
1V.G. 1), but the rate decreases sharply with increasing substitu- 
tion25. Thus it was possible to obtain the sterically hindered, a$- 
unsaturated nitrile oxide 57 which was indefinitely stable at  room 
temperature". 

111. P H Y S I C A L  PROPERTIES O F  NlTRiLE OXIDES 

Nitrile oxides are energy-rich compounds ; as derivatives of fulminic 
acid all low molecular-weight nitrile oxides and generally polynitrile 
oxides are to be considered as potentially explosive. Fulminic acid (9) 
and cyanogen bis(N-oxide) (45) explode already far below 0" (see 
Table 1) and even the polymers of 45 detonate violently on 
heating28*29*118. Terephthalic bis(nitri1e oxide) (47) explodes a t  
-160" From the scattered data on the ultraviolet spectra ofnitrile 
oxides, it seems that the CNO group has a similar influence as the 
CN group in conjugated and aromatic systemP. A,,, and log E for 
cyanogen bis(N-oxide) (45) in n-hexane are 312 m p  (3.95), 288 m p  
(4.0) and 256 rnp (3.90)29. 

More data are available on the infrared spectra of nitrile oxides, 
and due to the unstability of so many monomeric nitrile oxides, 
they have often been characterized by their infrared spectrum only. 
Aliphatic and aromatic nitrile oxides are characterized by two 
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strong absorption bands at  around 2330 cm-1 (CGN stretching) 
and a t  around 1370 cm-' (--N - 0 stretching). T h e  former band 
is well suited for the identification of monomeric nitrile oxides. 
I t  is usually stronger and broader than the nitrile band which is 
often weak, but very narrow, and which appears in the corce- 
sponding nitriles in the same region but generally a t  -70 cm-1 
1ower25,38.78.8G.120. The  two simplest nitrile oxides, fulminic acid (9) 
and cyanogen bis(N-oxide) (45) absorb at somewhat different wave 
numbers4.29, their spectra are given in Table 2, together with that 

14. Nitrile Oxides 

T A B L E  2 .  hfrarcd spectra of fdminic acid, cyanogen bis(N-oxidc) and dinitrogen oxide. 

Character of frequency (cm-l) 

-c-13 -ckzN -N=O CN-0 
Compound Strctching Stretching Stretching Deformation 

~~ - 

H-C=NO (gaseous) 3335 2190 1231 538 
ON=ZC-CESTO (in CCI,) - 2190 1235 -a 

N s N O  (gascous) - 2224b 1285 5 8 9  
~- 

O Could not be observed, because of adsorption of solvent. 
a KEN stretching. 

NENO deformation. 

of dinitrogen oxide which is isoelectronic with 9 and shows a striking 
similarity with this compound121-122. T h e  absence of bands around 
3600 cm-1 (OH stretching) and 1400-1000 cm-I (OH deformation) 
excludes definitely the old formula CZN-OH, at least for the 
gaseous fulminic acid. 

The  frequency shift of methanol upon hydrogen bonding to 
various types of N-oxides as proton acceptors, measures thcir ground- 
state basicity. T h e  methanol Av are (in cm-l), for trimethylamine 
oxide 486, pyridine N-oxide 256, bis(t-butyl) acetonitrilc oxide 120, 
mesitonitrile oxide 78. This indicates the decreasing s-character in 
nitrogen from aliphatic amine oxides to aromatic nitrile oxides, 
together with a decreasing electronegativity of the nitrogen and a 
relatively low basicity of the oxygen. Since the electron density of 
oxygen is diminished by delocalization, structure 58 might represent 
a preferred resonance firm of the ground statelZ3. This is attributed 
to a redistribution of .rr-electrons fi-om N towards C, resulting in 
inhibition of the expected increase in polarity for the nitrile oxide. 



814 

Dipole moments of several aromatic nitrile oxides have been deter- 
mined and found to be similar to those of the corresponding nitriles 
(-4.0-4..5 D) 124.125. 

IV. REACTIONS O F  NITRILE OXIDES 

A. General; Stability of Nitrile Oxides 

The nitrile oxide group is very similar in its electronic structure 
to the aliphatic diazo and to the azido groups. Consequently there 
are striking analogies in the chemical behaviour of these three 
classes of ~ o r n p o u n d s l ~ ~ 3 1 - ~ ~ 6 .  On the other hand, there is a certain, 
although more superficial, resemblance between the analogous 
cumulated systems of nitrile oxides and those of ketenes and iso- 
cyanates. But in  general nitrile oxides are far more prone to 
autocondensation than the latter compounds. All simple aliphatic 
and most aromatic nitrile oxides are permanently stable as monomers 
only a t  temperatures below - 70" 24*25*33*1a7. Their most frequently 
observed mode of autocondensation is their dimerization to furoxans 
(1,2,5-oxadiazole-2-oxides). A notable exception is the auto- 
condensation of fulminic acid which does not lead to a furoxan, and 
is discussed separately. 

The electronic influence of substituents on the stability of aromatic 
nitrile oxides is not very pronounced and is apparently superimposed 
by other e f fe~ts1~8.1~~.  For instance, both electron-donor (methyl, 
methoxy) and -acceptor (halogen, nitro) substituents in the para 
position seem to stabilize nitrile oxides whereas the ortho-nitro group 
makes the nitrile oxide particularly unstable. Among the mono- 
chlorobenzonitrile oxides, however, the order of stability is para > 
ortho > meta. 

The  relative stability of cyanogen bis( N-oxide) (45) in dilute 
solution may be attributed to the higher number of mesomeric 
structures resulting from conjugation of the CNO groups, whilc 
cyanogen N-oxide (59), N=C-C-N-+O, is as unstable as any of 
the lower aliphatic nitrile o ~ i d e s ~ ~ * ' ~ ~ .  The  same effect might account 
for the unusual stability of terephthalo bis(nitri1e oxide), while the 
stability of phenyloximinoacetonitrile oxide may be caused by the 
neighbouring oximino group, either by steric hindrance or by 
hydrogen bonding. 
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A very pronounced stabilization can be achieved by substituting 
aromatic o r  heterocyclic nitrile oxides in o,o’-positions with sub- 
stituents of such spatial requirements that will block stcrically the 
dimerization to furoxans without impairing the ability to react with 
other unhindered systems. Studies of Stuart-Briegleb models 
indicate that  suitable groups are CH,, C2H5, CH,O or CH,S, 
whereas Br, I, NO, or S 0 2 R  are probably too large and F, C1 or 
OH too small for this p u r p o ~ e ~ ~ . ~ ~ .  A higher degree of steric hindrance 
is obviously needed in the aliphatic series; t-butyl fulmide still 
dimerizes to the furoxan, although relatively slowly, but bis(t-buty1)- 
acetonitrile oxide is permanently stable at room temperature27 
(Table 1). This approach has led to the preparation of a number of 
nitrilc oxides which are stable permanently as monomers and which 
are very useful in the study of reactions of nitrile oxides, 
especially those occurring a t  a slower rate than the dimeriza- 
tion25.34.3”.40.45.”.52.116.131~ 

Among the multitude of chemical reactions of nitrile oxides 
discussed in  this paragraph, the overwhelming majority consists of 
addition reactions to the 1,3-dipolar mesomeric structures 5c and 
5d, either of a nucleophile or of an unsaturated system. The  most 
notable exceptions to this rule are the dimerization reaction to 
furoxans, which may involve the carbene structure 5e, and the 
addition of  strong inorganic acids in an aqueous medium, which 
proceeds through the protonation of 5a. 

Within the limitations of this chapter, it is impossible to cover 
completely the vast amount of recent literature. The  following 
paragraphs are  therefore mostly confined to some typical examples 
of the reaction under consideration. For more complete coverage, 
reference is made to the l i t e r a t ~ r e ? j ~ ~ ~ ’ - ~ ~ ’ * ~ ~ ~ ~ ~ ~ ~ .  

B. Rearrangement to lsocyonates 

On being heated in xylene solution to 110 O C ,  benzonitrile oxidc 
(GO) rearranges partly to phenylisocyanate (61), while most of the 
material dimerizes to diphenylfuroxan (62) G2*133. When distilled 
under atmospheric pressure, the latter is also convertcd smoothly 
into 61, presumably after initial depolymerization to the nitrile 
oxide (equation 28)6*134*135. 

Nitriie oxides which are sterically prevented from dimerization to 
furoxans by  proper substitution in o,o’-positions, rearrange almost 
quantitatively to isocyanates3**3j. At temperatures between 1 10 and 
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--I PhC=N--+O > 250" T 

(62) 

140 O C ,  this reaction is complete in less than one hour. The iso- 
cyanates formed have mostly been identified as substituted diary1 
ureas 63 following reaction with aniline. The mechanism of this 
reaction is unknown. 

ArNHCONHPh 

(63) 

The polymeric nitrile oxides which are obtained from nitrolic 
acids by reaction with weak aqueous alkali (section IV.D.2) undergo 
the same thermolysis as the dimers, the furoxans. This rearrangement, 
however, seems not to proceed via initial depolymerization to the 
monomeric nitrile oxides. Isocyanates are obtained in moderate 
yields62.13Gu9b: 

The formation of isocyanates from alkyl and acyl halides with 
metal ftdminates, presumably occurs via the initially formed nitrile 
oxides (section 1I.E). 

C. Dimerization to Furoxans (/,2,5-Oxadiazole-2-Oxides) 

This is the most frequently observed reaction of nitrile oxides. 
I t  occurs during the formation of nitrile oxides both in an acidic 
(from nitrolic acids) and in an alkaline (from hydroximic acid 
chlorides) environment and it is their normal reaction during storage 
under neutral conditions a t  room temperature. The dimerization 
rate is already very fast at  0 Oc for the lower aliphatic nitrile oxides, 
the half-life of most aromatic nitrile oxides at room temperature 
being of the order of minutes to days. Bulky neighbouring substit- 
uents increase the stability, and thc 2,2-dimethylpropionitrile oxide 
(t-butylfulmidc) has a half-life of at least two orders of magnitude 



14. Nitrile Oxides 817 

higher than the few known, not sterically hindered aliphatic nitrile 
oxides. Qualitative observations of the reaction rate are given in 
Table 1. Nitrile oxides with bulky enough substituents in the vicinity 
of the CNO group do not form furoxans at a rate comparable with 
that of the isomerization to the isocyanates. However, heating 
mesitonitrile oxide in a inert solvent for a day to 65-70"-conditions 
where the isomerization rate is still low-has produced a small 
yield of the extremely sterically hindered dimesitylfuroxan (64, 
R = 2,4~,6-trimethylphenyl-), as shown by degradation and inde- 
pendent synthesis137a. 

T h e  dimerization mechanism can be written as a 1,3-dipolar 
cycloaddition, where one molecule of the nitrile oxide is reacting in 
the mesomeric form (5c) and the other as the dipolarophile (5b) to 
give the furoxan 64: 

.. 
R-C+ -C-I< R-C- C-R 

(30) 

(5c)  (5b) 

I<-c: + :C-R - f R-CeC-R- 
I I  

ON N O  
I I 
" 
I1 II :o: :o: 

(5e)  

R-C+ N-0 :- K-C -N+O 

C--R 
II (32) + I I  .. - I1 

C--K N 
II 
N 

'0' 
\. . + 

0- .. 
(66) 

However, as pointed out by Huisgen", this mechanism violates 
the principle of maximum gain in  a-bonding, invariably found valid 
in all of the many other types of 1,3-dipolar cycloadditions. T o  
satisfy this principle, the dimerization would have to take the course 
of equation (32) leading to the isomeric 1,2,4-oxadiazole-4-oxides 
(66). Excluding structural elements cornmon to 64 and 66 the value 
of AH" for 64 amounts to 151 kcal/mol (1 CC (81) + 2 NO (70)), 
while AH" for 66 is 186 kcal/mol (1 CN (68) + 1 N O  (35) + 
1 CO (83)). 66 are well known which have never 
been observed, even in traces, in the spontaneous dimerization of 
nitrile oxides. (For an apparent exception, see the formation of 
17 



818 Ch. Grundmann 

3,5-diphenyl- 1,2,4~-0xadiazole 4-oxide (66, R = C,HJ from benzo- 
nitrile oxide (section IV.G.4)). It has, therefore, been suggested that 
the formation of the furoxan might occur in a two-step reaction via 
the dimerization of the mesomeric structure 5e of the nitrile oxide 
with carbene character to a 1,2-dinitrosoethylene 65 (equation 3 1). 
65 will then immediately stabilize itself by a simple regrouping of 
electrons as the furoxan 64. Such a mechanism would naturally 
not interfere with the rule of maximal a-bonding, which is only 
applicable to true 1,3-dipolar ~yc loaddi t ions~3~~*~3” .  This explanation 
is supported by recent n.m.r. studies of benzofuroxan (67) which 
indicate that it is in a mobile equilibrium with a modest amount of 
172-dinitrosobenzene (68) 140-142 : 

(67) (68) 

A regeneration of nitrile oxides from 3,4-disubstituted furoxans 
seems only possible at  temperatures where the former rearrange 
immediately to isocyanates. Monosubstituted furoxans, however, 
seem to cleave more easily1”. Vacuum distillation of 3-carbethoxy- 
furoxan-4--carboxylic acid (69) gave gaseous decomposition products 
and an approximately 50 yo yield of 3,4-dicarbethoxyfuroxan (70) , 
a reaction which can be understood by assuming that initial decarb- 
oxylation to 3-carbethoxyfuroxan is followed by cleavage to 
fulminic acid (which undergoes further degradation) and carbethoxy- 
fulmide which in turn dimerizes to 7091*144 : 

C2H600C-C- C-COOH 
a 
+ II 

N 
I1 

0 +N 
\ /  -co, 
’0‘ 

(69) 
1 

C2H5OOC-C- 
I I  

‘0’ 

H-C=X+O + C,H,OOC-C=S+O _j. 

CZHSOOC -C----C--COOC~I-T5 (33) 
I I  
N-+O 

I I  
N 
\ /  

(70) 

0 

Furoxans obtained by spontaneous dimerization of individual, 
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previously isolated nitrile oxides are listed in Table 1. A number of 
other routes by which furoxans have been prepared, may involve 
nitrile oxides as hypothetical transient intermediate~llJ.1~2a. 

D. Polymerization 

1. Fulminic acid 

Ether solutions of fulminic acid (9) polymcrize readily at room 
temperature. The major isolable compound is a trimcr, meta- 
fulminuric acid, which has the structure of 4.,5-dioximino-A2- 
isoxazoline (74), while a minor portion consists of a tetramer, 
isocyanilic acid, which is furoxan dialdehyde dioxime (73) 2*20.@3a*145. 

T h e  formation of the trimer and tetramer, however, is preceded by 
the formation of a very short-lived dimer whose existence was first 
recognized by kinetic measurements of the polymerization of 9 1 7 .  

Much later, this intermediate was trapped when 9 was generated 
from its alkali salts at  low temperature in the presence of acetylene 
or monosubstituted acetylenes. Besides the expected isoxazole 76, 
a considerable amount of the corresponding isoxazole-3-aldoxime 
75 was always ~ b t a i n e d l " ~ * ~ ~ ~ .  This indicates that the fulminic acid 
dimerizes a t  a rate comparable to that of the 1,3-dipolar cyclo- 
addition and that the formed dimer reacts as oximinoacetonitrile 
oxide (71). 

T h e  kinetics of the subsequent further polymerization to 74 are, 
however, more compatible with a dimer of symmetrical structure. 
I t  is possible that 71 is in equilibrium with a modest amount of the 
tautomer 72, dioximinoethylene. Metafulminuric acid (74) would 
result by a simple 1,3-dipolar cycloaddition of 9 to 72 while the 
familiar furoxan dimcrization of 71 would yield isocyanilic acid 
(73) (equation 34) shown at top of next page. 

Two more oligomers of 9 are known. Fulminuric acid, another 
trimer, is obtained by boiling mercuric fulminate with an aqueous 
solution of potassium chloride1**. Its structure, nitrocyanoacetamide 
(77), was established long before the controversy over the parent 
compound could be ~et t led~~g-1~1,  and did not help to solve the 
latter. The mechanism of the formation of 77 is still unknown, 
earlier explanations being unacceptable by the present knowledge 
of the chemistry of 9*. I t  is not likely that either 73 or 74 are 
precursors of 77. If  nitrous acid is removed from methylnitrolic acid 
(8) in the presence of a mild base, e.g. sodium bicarbonate, fulminic 
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-I-ION=CHC=N-+O L-- HOX=C=C=NOH 

(71) (72) 

+ HCNO 

C=NOI-I C-CH=NOH HOIV=C- HON=CH-C- 
1 dirnerizatiori 1 

l o  I 

‘ O /  BN/ 
HC 

I1 
N - + O  

It 
N 

(34) 

(73) (74) 

HONECH-C---CH H-C--CH 
+ RCECH I1 I1 +RCEC 

C-R C-R - I1 
N 

I I  
IN 

‘0’ ‘d 
L 

(73) (76) 

acid is obtained not as the monomer (as under acidic conditions) 
but  as a solid polymer. This highly exFiosive substance was originally 
thought to be a trimer (‘trifulmin’) having the structure 7P2. This 

I1 

NCCH(NO,)CONH, 

I 
H 

c 
0 

(77) (7 8)  

structure is untenable in the light of our present knowledge of 
s-triazines, and the presumably correct structure (79, R = H) for 
trifulmin and higher homologues is discussed in the following 
section. 

+C-,y-O--[-c=~-~--] -L-N-O- 

(79) 

‘l I 
I< 

I 
R 

I 
R 

(R = 13, CH,, Ph, C0,C,H5, Ciu) 

2. Other nitrile oxides 

If nitrous acid is abstractcd from nitrolic acids by means of mild 
aqueous alkalies, e.g. dilute sodium carbonate or ammonia, poly- 
meric nitrile oxides which differ widely in their properties from the 
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furoxans discussed previously are 0 b t a i n e d 6 2 . ~ ~ ~ ~  (equation 35). A 
polymeric cyanofulmide which apparently belongs to the same class 
has been obtained by the spontaneous dehydrohalogenation of 
cyanoformhydroximic chloride in aqueous solution (equation 
36) 70*130 : 

NOH 

___f [RCNO], 
/ 

RC 
\ -HNO, 

NO2 

NOH 

+ (NCCNO), 
// 

\ 
NCC 

-HCI 
c1 

(35) 

I t  is unlikely that the formation of these polymers occurs via the 
monomeric nitrile oxides, since a t  least benzonitrile oxide is sum- 
ciently stable to be detected under the conditions employed. The 
polymers are obtained as solids, some amorphous, some definitely 
crystalline 2nd are characterized, contrary to the furoxans, by their 
high reactivity. The high sensitivity and the poor solubility of these 
products made a determination of their molecular weight impossible. 
The  originally proposed structure of s-triazine tris(N-oxides) (78, 
R instead of H) had to be abandoncd in view of our recent knowledge 
of the chemistry of s-triazines and the failure to obtain s-triazines 
from them by chemical reduction. In  fact, the latter reaction yielded 
the corresponding nitriles exclusively. This and all other properties 
favour a dipolar chain structure 79ls2. 

These polymers behave in many of their reactions like the parent 
monomeric nitrile oxides. Controlled thermal decomposition by 
heating in an inert solvent leads to the isomeric isocyanates, concen- 
trated hydrochloric acid caused conversion to hydroximic acid 
chlorides or 1,2,4-oxadiazole-4-oxides (66) and amines formed the 
corresponding ureas via the (equation 37) : 

/NOH 

\ 
Cl ’ 

R-C (37) 

A different type of polymeric nitrile oxide was obtained by thc 
spontaneous or thermally induced polymerization of bifunctional 
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nitrile oxi 
( If-oxide) 
mers are 

,des, e.g. cyanogen bis( N-oxide) (45) , isophthalonitrile bis- 
(48) or terephthalonitrile bis(N-oxide) (47). These poly- 

undoubtedly polyfuroxans (equation 38) 28.29.54.55.67.78.115: 

E. Reduction to  Nitriles 

Benzonitrile oxide has been reduced to benzonitrile with acetic 
acid and zinc dust8, or i s o c y a n i d e ~ ' ~ ~ , ~ ~ 4 ,  while triphenylacetonitrile 
oxide was converted to tri?henylacetonitrile by means of tin and 
hydrochloric acid4'. A more generally applicable method uses a 
trivalent phosphorus compound (equation 39) 1 3 1 ~ 1 ~ 5 ~ .  The reaction 

R - k N - + o  + PX, + R - k N  + OPX, (39) 
(X = alkyl, aryl, alkoxyl) 

is so specific that i t  reduces the very sensitive cyanogen bis(N-oxide) 
45 quantitatively to cyanogen and can thus be employed for the 
determination of 45298118. While this reduction is of no preparative 
value, it can be sometimes helpful in establishing the structure of 
the nitrile oxides. 

F. Addition Reactions Leading to  Open-Chain Structures 

1. Reactions with inorganic compounds 

Nitrile oxides are inert towards chlorine, bromine and io- 
dine8*29*116. An exception is fulminic acid which forms the dihalo- 
genoformoxims, Hal,C=NOH, as the primary product~'j5~. 
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The complete hydrolysis of nitrile oxides to 
hydroxylamine and carboxylic acids which is brought about by 
strong mineral acids or alkali has already been mentioned. Mesito- 
nitrile oxide (80) was hydrolysed to the corresponding hydroxamic 
acid (83) by treatment with dilute sulphuric acid at 35 O c l l G .  The  
reaction mechanism probably involves the protonation of 80 to the 
conjugate acid 81, followed by addition of water to form 82, which 
then deprotonates to 83”’: 

a. Water (hydrolysis). 

+ - H+ + H20 
RCGN-0 RCsN-OH __f RC=NOH RC-h’OH + H+ 

I 
OH (40) 

I 

/ \  
0 -I- 

H H 

(80) (81) (82)  (83) 
(R = 2,4,6-trimcthylphcnyl) 

Terephtlialonitrile bis(N-oxide) (47) was hydrolysed to the corre- 
sponding bis( hydroximic acid) (84) by anhydrous formic acid56. 
The formation of hydroxamic acids by the addition of hydroxide ion 
could not be achieved; the action of alkali on aromatic nitrile 
oxides under moderate conditions seems complicated and is not yet 
fully understoods8. 

OH OH 

(84) 

Cyanogen bis(N-oxide) (45) reacts with NaOH to furnish ycllow, 
very sensitive, water-soluble compounds; in absolute ethanolic 
solution an adduct with one mole each of NaOH and NaOC,H, 
was obtained, to which the structure 85, corresponding to a disodium 
salt of aci-nitroethylacethydroximic acid, has been tentatively 
ascribedz9 : 

- -i + - - + - .!. +OH- 
O-N=C-C=N-O ___t O--N=C-C=I\’=O -> 

- i -  + -  - + - E t 0 -  
O-iV=C-C=N-O -+ O-AT=C-CH=N-O -+ 

i 
0 

I 
OH 

- 
0-N=C-CH=N-0 2 Na+ (41) [ b E t  0 J- -1 

(85) 
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6 .  Hydrogen halides. Contrary to earlier statements*, nitrile oxides 
easily add on hydrogen chloride, bromide or iodide to give hydroxi- 
mic acid halides (equation 42). Aqueous hydrogen fluoride, how- 
ever, does not react because of the less nucleophilic nature of 
the fluoride i ~ n 2 4 ~ 2 * ~ 2 Q ~ 3 ~ ~ 3 e ~ 4 7 ~ 6 0 ~ 6 7 .  At higher temperatures, the reac- 

RC=N-+O + H.Ha1 RC=NOH 
I 

Hal 

tion may be reversed, but the generated nitrile oxide will dimerize 
to the furoxan unless trapped by a suitable dipolarophile (sections 
1I.F and 1V.G). 

c. Ammonia. I n  spite of the claim to the contrary by the original 
investigator8, benzonitrile oxide reacts as easily as other nitrile oxides 
with ammonia to yield the corresponding 

P h e N - + O  + NH, + PhC-NH2 (43) 

: 

I1 
NOH 

d. Azide ion. Aromatic nitrile oxides do not react easily with 
hydrazoic acid, but mesitonitrile oxide added azide ion to produce 
the azido oximate ion 86, from which the free azido oxime could be 
isolated as a very unstable compound decomposing above room 
temperature into the nitrile, nitrogen and hyponitrous acid (equation 
44) 116. An analogous decomposition has been observed earlier with 
benzoximinoazide (87, Ar = Ph) prepared by a different routelj6. 
For a long time compounds of this type were considered to possess 
the isomeric cyclic 1-hydroxytetrazoles 88 structure, but recently 
the open-chain structure has been proven unequivocally157. The 
claim, however, that structures of type 87 are unusually stable azide 
derivatives cannot be generalized. 

(88) 

(Ar = 2,4,6-trimethylphcnyI) 
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The reaction of nitrile oxides with sulphide ion 
is dependera on the pH. At pH > 8, where the sulphide ion S-2 
is the predominant species, the thiohydroximate ions (89) (from 
which the free acids (90) can be isolated) are formed in excellent 
yields. At pH < 8, 89 adds a second mole of nitrile oxide to form 
the diaroyl oximinosulphides 91 (equation 45) Il6. The symmetrical 

e. Subhide ion. 

-k - FI + 
ArC=N-0 f S2- --+ ArC=N-0- --+ A r C N H O H  

It 
S 

I 
s2- 

(89) (90) 

+ArC=N-O; + 13+ 1 ' -  
(45) 

Arc-S-CAr 
II II 
NOH NOH 

(91) 

structure of the diadduct was supported by the n.m.r. spectrum of 
91 (Ar = 2,4,6-trimetliylphenyl) and its diacetyl derivative, and, 
indirectly, by the synthesis of a diaroyl oximinosulphide in which 
the two Ar groups were different via two synthetic routes leading to 
the same product (equation 46). 

Na2S ! 
Thc thermal decomposition of 91 (Ar = 2,4,6-trimethylphenyl) 

at 200 Oc gave an almost quantitative yield of 2,4,6-trimethylphenyl 
isotliiocyanate and 4.2 yo of 1,3-bis(2',4',6'-trimcthylpIienyl) urea. 
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91 is an anhydride of a thiohydroximic acid. I t  is known that mixed 
anhydrides of hydroximic acids and carboxylic acids rearrange 
easily by acid migration to the mixed anhydrides of the hydroxamic 
acid and the carboxylic acid, e.g. PhC(N0H)OCOPh -+ 
PhCONHOCOPh 5. An analogous rearrangement of 91, followed 
by a-elimination of the thiohydroximyl group of 91a leaves a 
nitrene intermediate which stabilizes as the isocyanate. The elimi- 
nated thiohydroxamic acid can simultaneously undergo an  analogous 
Lossen rearrangement to the isothiocyanate while the water lost in 
this step converts the isocyanate in the known manner into the 
urea: 

RC(NOF1)-S-(H0N)CR -> RC(NOH)-S-XHCOR _3 

(91) (91s) 

RC(N0H)SH + [!?COK] + O==C=NR (47) .. 
1.1. 

RNHCONHR 
- H 2 0  

[RCSfi] RCSNHOH 

+ 
RN=C=S (R = 2,4,6-trirncthylphenyl) 

Cyanogen bis( N-oxide) (45) yielded both the oxalobis(thio1iydroxa- 
mic) acid (93) and-by further addition of a second mole of 45- 
the cyclic sulphide, tetraoximino- 1,4-dithian (92) 29 : 

f. Thiocyaizate ion. By analogy, the reaction of a nitrile oxide with 
thiocyanate ion would be expected to yicld the thiocyanate oxime, 
RC( =NOH) SCN; however, in boiling methanol an almost quantita- 
tive yield of the isothiocyanate 96 was obtained together with an 
equivalent amount of cyanate ion, while the same reaction carried 
out at room temperature over a longer period of time yielded the 
methyl thiocarbamate 98. These results were explained by assuming 



14. Nitrile Oxidcs 82 7 

an initial nucleophilic attack on the nitrile oxide by the thiocyanate 
ion to give 94 followed by an electron shift to a 1,3,4-thiaoxazoline 
ion 95. 95 then decomposes into cyanate ion and the nitrene inter- 
mediate 97 which stabilizes by rearrangement to the isothiocyanate 
96. Once formed, the isothiocyanates do not react with methanol 
under the prevailing conditions, and therefore it was assumed that 
the addition of the solvent which finally leads to 98 must occur 
during the decomposition or rearrangement of the intermediates 
95 or 97 (equation 49). At 25 "c, the life of these intermediates is 
presumably long enough to allow this reaction to proceed to a 
major extent, while at 64 Oc the decomposition is so fast that the 
isothiocyanate is the main productll6. The proposed mechanism is 
consistent with the known reaction of aromatic nitrile oxides with 
thiocarbonyl compounds30 (section IV.G.3). 

+ 
RC=N-O- + NCS- - F 

(95) (49) 

-03- 

___f RNHCOMe 

1 
\c-==s-l hlcOH 

II 

(96) (97) (98) 

[PL: 1 S 

RN=C=S - 
(R = 2,4,6-trimcthylphenyl, 2,3,5,6-tetramcthylphcnyl) 

g. Cyanide ion. Whereas hydrocyanic acid itself does not react 
with nitrile 0xides1~*29,158, cyanide ion adds quickly to form the 
cyanooximate ion, from which the free a-oximinonitriles can be 
~iberated29~116.150 : 

I 
CN 
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2. Reactions with organic compounds 

Aromatic nitrile oxides are inert to aliphatic alcohols 
unless the addition reaction is promoted by the presence of the 
alkoxide ion (equation 51). The same reaction can be induced with 
dilute sulphuric acid as a catalyst (equation 52). Phenols, being 
more acidic, add without the aid of a catalystlGO. The addition 
products are the alkylhydroximic acids (99), a class of compounds 
hitherto somewhat inaccessiblellG : 

a. AkoAoZs. 

+- RO- 
ArC=N-0- ----+ ArC=N-0- 

ArC=NOH 

--I*+ 

(99) 

(52) 
+ H+ + ROH 

t\r&-N-O- L_ ArCssNOII ---+ ArC=NOII. 
I 
o+ 

R ’ ‘H 
b. Mercaptans. As expected from their higher nucleophilicities, 

mercaptans add easily to aliphatic and aromatic nitrile oxides to 
give the alkylthiohydroximic acids (100) without the aid of a 
catalyst, although the presence of triethylamine is considered 
h e l p f ~ 1 ~ 4 . 1 ~ ~ .  While mechanisms have been postulated which would 
lead as well to the cis as to the trans forms of 100, the cis structure 
according to equation (53) is supported by the use of this route for 
the synthesis of naturally occurring mustard oil glucosides, which are 
alkylthiohydroximic acid derivatives and have been shown by 
x-ray crystallography to possess the cis c o n f i g u r a t i ~ n ~ ~ ~ - ’ ~ ~ .  

i7+ 

C=N (53) 
RC=N RC=N-O- 

P-S-H L. ’ ‘OH 

(1001 

c. Organic acids. Terephthalonitrile bis( N-oxide) reacted with 
formic acid without acylation to furnish the corresponding bis- 
(hydroxamic) acid (section 1V.F) , although sterically hindered 
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stable aromatic nitrile oxides could be recrystallized unchanged 
from hot acetic acid”. I n  the presence of catalytic amounts of 
concentrated sulphuric acid, however, mesitonitrile oxide was 
converted to acetyl mesitohydroximic acid (101) , presumably by 
an analogous mechanism to the acid-catalysed addition of alcohols 
discussed above. Structure 101 is supported by the intensely red 
ferric chloride reaction, indicative of an acylhydroximic acid with 
a free >NOH group5. With acetic anhydride, diacylation takes 
place already at room temperature to form the diacetylmesito- 
hydroximic acid (103) ; in the presence of concentrated sulphuric 
acid, however, Lossen rearrangement occurred and the only identifi- 
able product was N-acetylmesidine (102) : 

AcOI-I, H,SO, 
A r C ~ N - t O  f ArC=NOH 

OOCCH, 
(103) (Ar = 2,4,6-trimcthylpl1cnyl) 

Aromatic nitrile oxides reacted with aliphatic or aromatic sulphonic 
and carboxylic acid chlorides in the presence of triethylamine to 
give arylhydroximoyl chloride esterslG4 : 

XEI, 
A r k K - p O  + CIS0,RI + ArC=NOSO,R’ 

A1 
NEt, 

A r k N - r O  + CLOCK? _j ArC=NOCOR2 
I 
c1 

(55) 

d. Amines and hydrazines. The reaction of nitrile oxides with 
amines which, according to equation (56) , leads to substituted 
amidoximcs, was first discovered by Ponzio with phenyloximino- 
acetonitrile oxide (33) 49, thus correcting contrary statements of the 
older literatures. The reaction is a general one for all types of nitrile 

R2 
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oxides and for aliphatic and aromatic primary and secondary 
amines. 

Bifunctional nitrile oxides react with bifunctional amines to yield 
polyamidoximes of varying degrees of polymerization; these, e.g. 
the polymer 104 from cyanogen bis(N-oxide) (45) and p-phenylene 
diaminegl, possess an interesting chelating affinity for various 
transition metals. 45 underwent ring closure with 1,Z-diamines to 
yield 1,4-diazines ; with o-phenylenediamine, 2,3-dioximino-l,2,3,4- 
tetrahydroquinoxaline (105), and with ethylenediamine, 2,3- 
dioximinopiperazine (106) were obtainedzs. 

Tertiary amines add to nitrile oxides to furnish usually very labile 
compounds which are presumably inner salts of trisubstituted 
amidoximes 107; these can be stabilized in some cases as halogenides 
of quaternary amidiniuni oximes (108) by the addition of hydrogen 
c h l ~ r i d e ~ ~ * ~ ~ .  The same compounds were occasionally obtained by 
the addition of a tertiary amine to a hydroximic acid chloride 
(equation 57) ' 6 - 7 7 .  

- + 
R3N: + R-C=N-O + RLC=N-0- 

I 

(107) 

+NR3 

1 
R3N: + K1-C=XOH + Rl--C=NOH 

I I 

(57) 

C l  



14. Nitrilc Oxides 83 1 

As a powerful nucleophile, phenylhydrazine reacts readily with 
nitrile oxides, but the reaction course is complicated by a con- 
comitant side reaction leading to the destruction of the hydrazine 
and formation of nitrilcs (which may react further with phenyl- 
hydrazine) . Furthermore, the expected primary addition products, 
the hydrazido oximes (R-C( =NOH)NHNHPh), which have been 
synthesized by other routes, are particularly unstable c0mpoundsl5~. 
Only at -40 to -20 Oc, cyanogen bis(N-oxide) (45) and phenyl- 
hydrazine yielded the expected adduct, oxalyl-bis( phenylhydrazide) 
dioxime (log), together with the product of its spontaneous dehydra- 
tion, 3,4-diphenylhydrazino-1,2,5-oxadiazole ( I l l ) ,  Even under 

PhNHNH, 
45 F PhNHNHC-CNHNHPh 

I I  II 

(109) 

PWHNM, H O N  N O H  

-H,O 

1 
1 1 K=C-Ckii 

C-NMN HPh PhNHNH-C- 

x 

PhNI-IKH, 

I1 I1 
N PhNHA'HC-CNHNHPh 

H K  II N H  II '0' 

(110) (111) 

these conditions, appreciable amounts of oxalyl bis(pheny1hydrazide) 
diimide (110), resulting from the known reaction of cyanogen with 
phenylhydrazine were formed. At 0 O c ,  only 110 could be isolated 
(equation 58) 29, Beilzonitrilc oxide yielded a small amount of 
benzohydroximyl phenyldiimide (phenylazobenzaldoximc) (113) 
after reaction with phenylhydrazine and subsequent oxidation with 
ferric chloride. This result is undoubtedly due to the initial formation 
of the hydrazide oxime intermediate (112)lIG (equation 59). 

PhXHNH, -11, 

NOH 

Phk ; \ I -+O [PhCNHKHPh] A PhCi'bKPh (59) 
I I  
NOH 

I1 

(112) (113) 

e .  Grignard compounds. Benzonitrile oxide and methyl magnesium 
iodide added to form the iodomagnesium salt of acetophenone oximc, 
from which the oxime was liberated with acids (equation 60)8. 
Likewise, triphenylacetonitrile oxide and phenyl magnesium 
bromide yielded benzpinacolon oxime (114) 4'. 
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G. Addition Reactions Leading t o  Cyclic Structures (1,3-Dipo/ar 
C ycloadditions) 

With the sole exception of the furoxan formation discussed in 
section IV.C, the reaction between a nitrile oxide and an unsaturated 
compound largely follows the scheme of equation (61), whereby 
the unsaturated dipolarophile always attacks with the more nega- 
tively charged end at the carbon atom of the nitrile oxide (the latter 
reacting in the 1,3-dipolar mesomeric structure 512). Reactions of 
this type are found already in the earlier literature, but without 
understanding of their mechanism1c5. Quilico first recognized the 
nitrile oxide as an intermediate31*1GG, and Leandri postulated such a 
reaction as a 1,3-dipolar c y c l ~ a d d i t i o n ~ ~ ~ ~ ,  but not before Huisgen’s 
extensive studies was the reaction mechanism fully understood and 
its wide applicability reali~edlO*~~-’~S. 

R-C+ X d -  R-C- -X 

N Y 
3- id+ - I I  I (61) II 

N 

(50)  

Recently, a careful investigation of some 1’3-dipolar cycloaddition 
of nitrile oxides has demonstrated that the above scheme does not 
represent the reaction completely; to a minor extent (generally 
< 1 to 10 yo), the inverse addition is also observed18. For example, 
in the addition of benzonitrile oxide and methyl acrylate, besides the 
‘normal’ product (115), a minor amount of the ‘wrong’ adduct (116) 
was also obtained. Methyl p,p-dimcthylacrylate and aliphatic as 
well as aromatic nitrile oxides yielded exclusively the ‘wrong’ 
adducts of type 1 1 G l e 7 b .  This serves to emphasize that no single 
charge distribution formula (5a to 5c) should be considered to be 
solely responsible for the lY3-dipolar cycloadditions and that steric 
factors are far more important in determining the reactivity of the 
dipolaropliile than electronic influences. 
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Ph-C- CH, Ph-C- CH-COOCH, 
II I 
N C H  

I 
CH-COOCH, 

I1 
N 

833 

I n  cases where X and Y are elements other than carbon, the 
principle of maximum gain of o-bond energy is also observed. Since 
the reaction is strictly stereospecific with stereoisomeric unsaturated 
compounds, e.g. maleic and fumaric or mesaconic and citraconic 
esters13g*1G8*169, it is assumed to occur as a true cis addition via a 
four-centre intermediate, where at no time the double-bond character 
of the dipolarophile is lost. As to be expected for this type of reactions 
which requires a high degree of order, large negative entropies of 
activation (- -22 to -40 cal/deg) are observed. Conjugation of 
the dipolarophilic double bond with a C=C or C=X (X = N, 
0, S) double bond enhances the reactivity to a marked degree. 
These general conclusions have been supported by kinetic measure- 
ments139. I t  has also been claimed that a carbon-carbon double 
bond with a length of more than 1.35 A, corresponding to less than 
80 yo double-bond character, will not undergo 1,3-dipolar cyclo- 
additions with nitrile  oxide^"^-^'^. 

1. Reactions with olefins 

Olefins of all types react with nitrile oxides to furnish 4,5-dihydro- 
1,2-oxazoles ( A2-isoxazolines) (1 17) : 

R-C CR11Z2 R-C--CR' ~2 

I \ /  6 0 

I (62) 
CR3R4 

- II 
N 11'  + A K 3 p  N 

(117) 

Monosubstituted ethylenes react faster than disubstituted ones, 
tri- and tetrasubstituted ethylenes react so sluggishly that even the 
technique of generating slowly the nitrile oxide in situ does not lead 
to the formation of appreciable amounts of P1711. With the stable 
mesitonitrile oxide, however, the addition of tetramethylethylene 
can be enforced; after refluxing for several days, an  18% yield 
of 4,4,5,5-tetramethy1-3-( ZY4,6-trimethylpheny1)- 6'-isoxazoline (117, 
R = 2,4,6-trimethylphenyI, R1 = R2 = R3 = R4 = CH,) has been 
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0btained~~j.1~7". Cyclohexene is an example of an especially unreactive 
olefin, while cyclopentene and even the unconjugated 1,4-cyclo- 
hexadiene react much faster under comparable conditions29*137b. 
Using the in sitrt technique, however, the isoxazolines 118 and 
119 can be prepared from cyclohexene and the corresponding 
nitrile o ~ i d e l ~ ~ ~ . ' ) .  Exocyclic double bonds and double bonds in 
quinones add e a ~ i l y ' ~ * * ' ~ ~ ,  while those which are part oftrue benzenoid 
or heterocyclic rings do not react with nitrile oxides under usual 
c~ndi t ionsl '~  ; here also.5however, the reaction can be enforced with 
furans, pyrrole, indole and thiophene by generating the nitrile 
oxide in situ177*178. 

(118, R= C,H,) 

(119, R = C (CH,),) 

Polyolefins will react, depending on the conditions with one or all 
double bond~24,29*~7~, e.g. 120 or 121 were obtained from 1,3-buta- 
diene. Difunctional nitrile oxides, such as 45 or 47, yield with 
difunctional olefins 1 : 1 alternating copolymers containing A2- 
isoxazoline rings"-"*18o. T h e  spirane 122 was obtained from allene 
and benzonitrile o ~ i d e l ~ l . ~ ~ ~ ;  other spiro-systems have been prepared 
from alkylidene and arylidene cycloalkeneP2. 

Ph-C--CH2 
I 

CHCH=CH, 
II 
N 

\O/ 

(120) 

Ph-C- CH, I3,C- C-Ph Ph-C-CTc/O-.I( 

N 
I t  I I 

CII-HC 
I1 
N 

'0' \o/ N-0 I-I,C--C--Ph 

(121) (123) 

Vinyl ethers and esters react normally, the initially formed 5- 
alkoxy or 5-acyl-A2-isoxazolines being easily aromatized to 
isoxazoles either thermally or by acids with the loss of alcohol or 
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H+ PhC- CH 

CH-OR N CH 
ll  +ROH 

CH2 
1 - I1 

PhC- 
I I  
N 

\O/ \*/ 
(R = alkyl or acyl) 

835 

(63) 

/hChlorovinyl aryl ketones form 5-aroyl-4-chloro-4,5-dihydro-l,2- 
oxazoles which are dehydrohalogenated by alkali to 5-aroylisoxa- 
Z O ~ ~ S ~ ~ ~ . ~ ~ ~  (e.g. equation 64) : 

PhC+ CHCl PhC- CHCl -HCI + I1 - II I - 
CH-COPh N CH-COPh 

II 
N 

PhC- CH 
\O/ 

\ 
0- 

I1 (64) 
C-COPh 

II 
N 

' O /  

Even enolates react in the same manner31,187; however, dehydration 
occurs here spontaneously and the corresponding isoxazoles are the 
only products which can be isolated (equation 65) : 

RC+ HCR1 RC- CHR' H+ RC--CR1 

CR2 
- II II I c-0- -H,O N 

__f I I  
N 

II + I I  
N c-o- 

(65) 
\O' 

\ / I  
0 R2 

I 
0- R2 

\ 

(R = Ph; R' = CH3C0, C02C2H5; R2 = CH,, Ph, CO,C,H,) 

An analogous reaction has been observed with carbanions stabilized 
by nitrile groups31, e.g. ethyl cyanoacetate. The nitrile oxide adds 
a t  the C=C double bond, giving rise to 5-aminoisoxazoles (equation 
66) : 

Enaniines react also in a similar Diphenylketene 
adds to aliphatic nitrile oxides with the formation of 3-alkyl-4,4- 
diphenylisoxazolin-5-ones (equation 67) 24.192, whereas ketene acetals 
and dithioacetals yield 5-alkoxy- or 5-alkylmercaptoisoxazoles via 
the intermediate 123 (equation 68) lg3*lg4. 
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R-C+ CPh, RC- CPh, 

N c=o + &  - I1 I (67) I1 
N 

\ /  
0 

I1 
0- 0 

\ 

(X = 0 or S) 

Apart from the exceptions mentioned above, the reaction of olefins 
with nitrile oxides is of such universal nature that benzonitrile oxide 
has been suggested as a suitable reagent for the identification of 
olefinslZG. 

2. Reactions with acetylenes 

The addition of acetylenic compounds to nitrile oxides leads 
directly to isoxazoles (equation 69) and is one of the more important 
synthetic routes to this l i e t e r o ~ y c l e ' ~ l ~ ~ ~ 3 ~ ~ ~ ~  : 

R-C CR1 RC-CR' 
II (69) 
CR2 

1 1 1  +ER" II 

i, ' O /  

N N 
I 

Acetylenes generally add more slowly than the corresponding 
olefins. Comparison of the reactivity of benzonitrile oxide with 
ethyl acrylate and ethyl propiolate and with styrene and phenyl- 
acetylene showcd that the nitrile oxide reacted 5.7 and 9.2 timcs 
faster, respectively, with the ethylene derivative139. In the addition 
of vinylacctylene to benzonitrile oxide, the addition to the double 
bond is preferred, but the enynes HOCH,CH=CHC=CH and 
CH,OOCCH=CHC=CH are reported to add preferably at the 
triple bond195, which seems to indicate that steric effects play a 
large role'", an opinion further supported by the low reactivity of 
butynediol and acetylenedicarboxylic acid toward benzonitrile 
oxi des1*' 97. 



837 14. Nitrile Oxidcs 

Alkoxyacetylenes or dialkylaminoacetylenes react normally to 
produce the 5-alkoxy- and 5-dialkylaminoisoxazoles, respectivcly. 
For example, 124 and 125 have been obtained from methoxy- 
acetylene and benzonitrile oxide, and from phenyldiethylamino- 
acetylene and terephthalonitrile bis( N-oxide) 108-200, respectivcly. 

PhC--CH 
II II 
N \ ,COCH3 

0 

3. Reactions with carbonyl o r  thiocarbonyl compounds 

Aromatic nitrile oxides add to the C=O double bond of aldehydes 
and ketones (but not of carboxylic acids, esters or amides), provided 
it is activated by an  adjacent electron-withdrawing group, to form 
1,4,2-dioxazoles (126) (equation 70), a class of heterocycles otherwise 
almost inacce~sible11*~3. As cyclic acetals, these compounds are 
readily hydrolysed by mineral acids to the original carbonyl com- 
pound and the corresponding hydroxamic acid. Suitable addends 

h-Cf -0 Arc- 0 hC=O 

I I1 I/ H,O+ 
R' 

+ N  C ---+ NI-IOH 
I/ R' 

+C 
II 
N 

0- \ 0 / 'R2 + .R1 
/ o=c 

are, for example, chloral, ethyl pyruvate, 2,3-butanedione, diethyl 
mesoxalate, benzaldehyde, furfural and pyridine-2-aldehyde. 
Unactivated aliphatic aldehydes and ketones will react, however, 
in the presence of boron trifluoride etherate as a catalyst201. 
Enolizable 1,3-dicarbonyl compounds and quinones add to the 
ethylenic bond and not to C=O (section IV.F.l). However, 
o-quinones, which do not contain ethylenic bonds like phenanthrene- 
9,lO-quinonc or chrysene-5,6-quinone, reacted normally, but only 
at one of the C=O bonds202. 
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The C=S double bond reacts with aromatic nitrile oxides not 
only in thioketones, but also if it is part of a thionocarboxylic %id 
ester or amide, with the formation of 1,4,2-oxathiazoles (equation 
7 1). In  this case, too, a similar activation of the thiocarbonyl group 
by electron-withdrawing groups is necessary. The 1,4,2-oxathiazoles 
are characterized by their facile thermal cleavage into the isothio- 
cyanate and the oxygen analogue of the thiono compound 
ernpl0yed30*~0~. Thiobenzophenone, 0,O-diphenylthiocarbonate, 

-S Arc- S 

I ,R1 /I C I / R 1  "'-r 
N +c + N 

0- \o' 'R2 
\ 

l A  R1 

methyl dithio-cc-naphthoate, diphenyl trithiocarboiiate and thio- 
benzoic acid dimethylamide, have been employed in this reaction. 

Carbon disulphide reacts with mesitonitrile oxide at both C-S 
bonds; the presumably formed intermediate (127) decomposes 
spontaneously into mesityl isothiocyanate and 3-mesityl-l,4,2- 
oxathiazoline-5-one (128) (equation 72)204.  

(Ar = 2,4,6-trimethylphenyI) 

4. Reactions with C=N compounds 

The carbon-nitrogen double bond of aldimines (SchifF bases) 
adds easily to aliphatic or aromatic nitrile oxides, apparently with 
much less structural prerequisitions than the C=O double bond 
(equation 73) .  In  this reaction, 4,5-dihydro-1,2,4-oxadiazoles are 
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formed11.22.205 

R-C+ NR' R C ..--hT R1 - II I (73)  
N CHR2 N I I  + EHR2 

0- \O' 
\ 

Ethylidene butylamine, benzylidene aniline and furfurylidene 
niethylamine gave excellent yields in this reaction. Aromatic o- 
quinone monoimides may react in  a similar fashion201. 

If hydroximic acid chlorides were reacted with two moles of an 
alkyl imidate, 1,2,4-oxadiazoles (129) were obtained. Since the 
imidates are rather strong bases, it is likely that the first step of 
this synthesis consists in the dehydrohalogenation of the hydroximic 
acid chloride to the nitrile oxide which then undergoes a normal 
1,3-dipolar cycloaddition to form a 5-alkoxy-4,5-dihydro- 1,2,4- 
oxadiazole (130). This intermediate, however, loses alcohol spon- 
taneoulsy to give 12991*104 (equation 74). 

I I  + R2C(==NII)-OR3 +Nr32.c1- 1 

Nitrile oxides add to the C=N double bond of oximes in the 
presence of boron trifluoride etherate (equation 75) 2oG. Hydroximic 

6 -  

y 3  
I 

R1-C+ N-OH RW-----NOH - jJ J,R2 + BF3 (75) 

N C 
I I I  

\ 
N 

Cb+ 

0- / \ R3 'J  \p R2 

acid chloridcs are apparently more active dipolarophiles. This 
explains an early observation that benzonitrile oxide is transformed 
into 3,5-diphenyl- 1,2,4-oxadiazole-4-oxide in the presence of 
catalytic amounts of hydrogen chloride8. The nitrile oxide adds 
hydrogen chloride to give the benzhydroximic acid chloride which 
then undergoes a normal 1,3-dipolar cycloaddition with cxcess 
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nitrile oxide to form the intermediate 131. This aromatizes 
spontaneously to 132 with the loss of hydrogen chloride, thus 
regenerating the catalyst (equation 76) s1n139. Aromatic carbodiimides 

NOH 
// 
\ 

PhCNO + HCI ---+ PhC 

Cl 
(76) 

reacted with aromatic nitrile oxides on both double bonds in the 
presence of boron trifluoride to form spiro adducts of type 133207. 
Isocyanates, did not react under the same conditionsss. 

Ar ‘ 
I 

5. Reactions with  nitriles 

I n  order to act as a dipolarophile, a nitrile must either be activated 
by an electron-withdrawing substituent or the reaction must be 
catalysed by boron trifluoride. Under these conditions, nitriles add 
to nitrile oxides with the formation of 1,2,4-oxadiazoles (equation 
7 7 ) ,  although the reaction is generally more sluggish than that of 
olefins and acetylenesll.167a.201. The reaction has been carried out 

R’--C N R’C-N 
+ I l l  - > I I  II (77) 

CR2 N 
1 1 1  
N+ C-R2 

0- ‘0’ 
\ 

mostly by generating the nitrile oxide in situ by one of the several 
techniques discussed earlier, which are especially advantageous in 
this case in view of the slow rate of the 1,3-dipolar cyclo- 
additi0n?5.~”~0~,’5*~lG~. Nitriles suitable for this reaction are acetyl 
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cyanide, chloroacetonitrile, cyanogen, carbethoxycyanide and all 
aromatic nitriles. Difunctional nitriles and difunctional nitrile 
oxides yield 1,2,4-p0lyoxadiazoles~~~~~. Sterically unhindered esters 
of cyanic acid, ROCN, reacted with nitrile oxides to form 5-alkoxy- 
or 5-aryloxy- 1,2,4-0xadiazoles ( 134) 208. 

RC- N 
I1 

\ /  
COR 

II 
N 

0 

The synthesis and the chemistry of 1,2,4-oxadiazoles has been the 
subject of a recent exhaustive review138. 

6. Reactions with systems containing N=N, N=S, N=B, C=P 
or M=P double bonds 

No true 1,3-dipolar cycloaddition reactions between a nitrile 
oxide and a N=O double-bond system are known. For the reaction 
of nitrile oxides with aromatic nitroso compounds, see section 1V.H. 

While the reaction of diazomethane with benzonitrile oxide is 
discussed in section IV.33, ethyl diazoacetate and diazoacetophenone 
were inert209. Azobenzene did not react with the stable mesitonitrile 
oxide, even on prolonged refluxing in ethanol98, but dimethyl or 
diethyl azodicarhoxylate reacted with aromatic nitrile oxides in a 
1,3-dipolar cycloaddition at  - 15 O c  to form initially 4-aryl-2,3- 
dicarbalkoxy-2,3-dihydro-l,2,3,5-oxatriazoles (135) : 

Ar-C NCO,R Ar -C-NC0,R 

NCO,R 
- 111 4-11 __3 II I 

iY 

‘0’ 

(135) 

N-O-- 
// 

Ar--C 

(136) 
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These primary adducts 135 are, however, very unstable and 
rearrange very fast at room temperature, probably via the inter- 
mediate 136, to the aroyl oxamidrazone derivative (137) (equation 
78). I n  some cases, 135 is not isolable at  all, but even at -20 O c  

the rearranged product 137 is immediately formed210-211. 
T h e  N=S double bond in aliphatic or aromatic N-sulphinyl- 

amines is a good dipolarophile for aliphatic and aromatic nitrile 
oxides, forming 1,2,3,5-oxathiodiazole 2-oxides (138) (equation 
79)37.212. O n  heating, those compounds of type 138 which are 

(188) (180). 

%p \e 

(QXS/NH 

0 2  

(140) 

derived from aromatic nitrile oxides decomposc almost quantitatively 
to SO, and the carbodiimide 139, whereas when R1 is an aliphatic 
group and R2 = phenyl, 5,6-benzo-1,2,4-thiadiazine-l,l-dioxides 
(140) are formed by rearrangement in yields up to 40%, together 
with 13937*213. 

T h e  B-pentafluorophenyl-N-arylborimides (141) react with benzo- 
nitrile oxide already a t  room temperature almost quantitatively to 
form 1,2,4,5-0xadiazaborolines (142) 214: 

kN=BC,F, + PhCNO __j PhC------ --NAr 
11 I 

(142) 

The P-C double bond of methylene phosphoranes reacted with 
aromatic nitrile oxides as cxpectcd with formation of 1,2,5-oxaaza- 
phospholines (143) 216-217. Thermolysis of 143 led to thc elimination 
of triphenylphosphine oxide while the remainder of the molecule 
stabilized itself as the azirine 144 or as the ketene imine 145 which 
was isolated as the diary1 acetamidine 146 (equation 81). 

In  other cases, where one hydrogen atom of the methylene group 
of the phosphorane was substituted by a phenyl or carbomethoxy 
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RC&-0 2\ 
__+ RC 0 

-t H,C=PPh, U P h ,  
(143) 

-OPPh, 

843 

(144) (14 5 )  
(R = Ph or 2,4, 6-trirnethylphenyl) 

residue, the originally formed cycloadduct was unstable and under- 
went immediate decomposition to 145. This reacted then with 
another molecule of the phosphorane to form 147 (equation 82). 

+R'CH=PPh, 
R~CH=C=NR~ R'C=PPh, 

I 

R~CH,&NR~ (82) 
(145) (147) 

(R' = Ph, CO,CH,; R2 = Ph, 2,4,6-trimcthylpheny1) 

The analogous reaction with N-phenylimino triphenylphosphorane 
did not allow the isolation of the cycloaddition product 148 which, 
under the reaction conditions, decomposed into triphenylphosphine 
oxide and diphenylcarbodiimide218 (equation 83). 

+ - 
PhC S N -  0 Ph,PO 

.+ (83) 

PhN= C=NPh 

+ 
PhN=PPh, 

(14 8) 

H. Miscellaneous Reactions 

I n  this section, a number of reactions of nitrile oxides are described 
which can neither be classified as nucleophilic additions leading to 
open-chain compounds nor as true 1,3-dipolarophilic cycloadditions, 
although in some cases, the reaction sequence may start with one of 
the above alternatives. 

Nitrosobenzene reacts already at  -20 O c  with benzonitrile oxide. 
The initial nucleophilic attack on the nitrile oxide is followed by a 
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cyclization of the insoluble intermediate 149 through abstraction of 
a proton from the o-position of the nitrosobenzene to give l-hydroxy- 
2-benzimidazole-3-oxide (151). 
p-Nitroso-N,N-dimethylaniline gives rise directly to the benzim- 

idazole derivative 152 without permitting the isolation of any 
intermediate of type 149. With @-nitroscphenol on the other hand, 
the intermediate 150 is stabilized as the quinone imide derivative 
153 (equation 84) 219. 

0 0 

Ph-C-N 
I1 

I1 ''a - Ph-C+ f N-CC,H,R-@ _3. 

R 
II 
N\ 

0- 
N\ 0- 

OH 

(151, R = H) (153) 

(152, R = N(CH,),) 

Two moles of diazomethane react with one mole of the nitrile 
oxide with the loss of nitrogen to form l-nitroso-3-phenyl-2-pyrazo- 
line (154). The following mechanism is offered209 : 

r 

L 

PhC-CH 
tI I L  
'S' 

1 

__f N CII: 
-ii 

SO 
I 

NO 



14. Nitrile Oxides 845 

A similar reaction has been observed between benzonitrile oxide 

and dimethyloxosulphonium methylide (155) cII,SO (CH,) 220-222. 

The ylid 155 seems to be able to bring about two consecutive 
transfers of methylene to the nitrile oxide, probably through the 
zwitterionic intermediate 156, from which by further transformation 
according to equation (86), the observed products, 3-phenyl-A2- 
isoxazoline (157) , phenyl vinyl ketoxime (158) and the benzhydrox- 
amic ester of phenyl vinyl ketoxime (159) are derived. Further 
addition of benzonitrile to 158 leads oxide to the isoxazoline (160). 

+ 

I 
0- 

N 
I 



846 Ch. Grundmann 

+ - 
Dimethylsulphonium mcthylide, CH,S (CH,) 2, reacts analogously 
with benzonitrile oxide and compounds 157 and 158 are obtained 
as the major products. 
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1. GENERAL PROPERTIES 

M‘ithin organic chemistry isonitriles are a unique class of compounds, 
being the only stable organic compounds containing formally 
bivalent carbon. About a hundred years have passed since the 
discovery of the isonitriles in 1867 by Gautierl and Hofmann2. Basic 
problems of organic chemistry, such as the problem of is~merisml-~ 
and the question whether carbon can also occur in bivalent form4-*, 
were the reasons for the early investigations on isonitriles, but despite 

a53 
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this and regardless of their versatile reactivity, their chemistry has 
been investigated very little. 

The development of isonitrile chemistry has hardly been delayed 
by the unpleasant characteristic odour of volatile isonitriles. As 
isonitriles can be noticed in traces, the majority of their modes of 
formation was discovered by the occurrence of the isonitrile smell. 
The relatively small number of publications up to 1960 (see review 
articlesg-16) is due primarily to the fact that convenient and generally 
applicable methods for the preparation of isonitriles were not avail- 
able before 1958 (see section 11). 

I n  the early times of isonitrile chemistry, isonitriles were described 
as compounds of divalent carbon ( l ) l * 4  

R-hl=CII 

(1) 

With increased knowledge of the physicochemical properties of 
isonitriles and with advances in understanding of the nature of the 
chemical bond, a semiionic formula, (2) written also as (2s), came 
into uses-8. 

+ -  
R-hkC = R-NSC 

(2) ($8) 

The following physicochemical properties of the isonitriles have 
been investigated : i.r. ~pectral7-~*, Raman spectra”-20, n.m.r. 
s p e ~ t r a ~ ~ s ~ ~ ,  mass spectra25, microwave spectra26-28, dipole moments23 
and bond refractivity data30, bond energies31.32 and heats of forma- 
t i ~ n ~ ~ ,  all of them being in favour of structure (2)33a. A particularly 
interesting property of isonitriles is their ability to accept protons 
to form hydrogen b0nds~4-~6. 

I I .  I S O N I T R I L E  SYNTHESES 

Except for the alkylation of cyanides, the formation of isonitriles 
always occurs by reactions in which a compound of tetravalent 
carbon loses two univalent groups or a bivalent group by cc-elimina- 
tions or redox reactions (reactions 1 and 8). The tautomer (4) of 
hydrogen cyanide (3) already contains formally bivalent carbon 

X 
/ 
\ 

R-XXC d R - - N + C  

Y 
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(reaction 2). The two classical isonitrile syntheses, the alkylation of 

silver cyanide (reaction 3) and the reaction of primary amines with 
chloroform and alkali (reaction 4), remained until recently the only 
preparative access to isonitriles. Both methods are not generally 
applicable, and produce good yields only in exceptional cases. 
Isonitriles are now easily prepared by dehydrating N-mono- 
substituted formamides (5 )  (reaction 5)15*31*37-40. 

A. Alkylation of Cyanides 

The alkylation of the free ambident cyanide ion by alkyl halides, 
alkyl sulphuric acid salts and dialkyl sulphates, predominantly 
yields nitriles ; isonitriles are only formed in relatively low quantities. 
O n  the other hand, if the cyanide ion is complexed it is preferably 
alkylated a t  the nitrogen. Gautierl prepared isonitriles for the first 
time by combining silver cyanide and alkyl iodides to form isonitrile 
complexes, from which potassium cyanide liberates isonitriles 
(reaction 3). 

AgCN KCN 
KI + [(RNC)i\gI] ___f R-NC (3) 

6. Carbylamine Reaction 

T h e  ‘carbylamine reaction’ 2 of primary amines with chloroform 
and strong bases, such as ethanolic potassium hydroxide, solid 
alkali metal hydroxides or potassium t-butylate, was recommended 
for qualitative detection of primary amines and was, for a long time, 
considered the most favourable method for the preparation of 
isonitriles. Nef4 had already interpreted Hofmann’s ‘carbylamine’ 
reaction in 1897 as an addition of dichlorocarbene to primary 
amines and subsequent B- and udiminations of hydrogen chloride 
(reaction 4). An analogous mechanism holds also for the formation 

CHCI,, ~ O H  + -  
R-NH, + R - - N H , - C C I , h  K-NC (4) 

of isonitriles by the thermal decomposition of sodium trichloroacetate 
in the presence of aryl amines41. 
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C. Dehydration of Formamides 

Gautierl mentioned the idea that isonitriles, owing to their 
ease of hydrolysis, are to be considered derivatives of primary amines 
and formic acid. I t  should therefore be possible to prepare them by 
elimination of water from formates of primary amines ( 5 )  (reaction 
5). His experiments in this respect were not successful. 

- H20 -HzO 
RNH, $- HCOOH -2 RNHCHO R-NC 

i H 2 0  +H,O 

(5) 

I n  1938, Wegler42 took the idea up again and reacted N-mono- 
substituted formamides with thionyl chloride ; among the reaction 
products he found traces of isonitriles. I n  connection with the 
elucidation of the constitution of xanthocillin (6), Hagedorn and 
TOnjes3’ for the first time carried out such an elimination of water 
from ‘o,o’-dimethylxanthocillin dihydrate’ (7) in the presence of a 
base. The dehydrating agent was benzenesulphonyl chloride in 

CH,O-Q+=C--C=CH 
1 1  

(7 1 
O H C H N  N H C H O  

C.H,SO,CI 
pyridinc 

pyridine (reaction 6). The antibiotic xanthocillin is the only iso- 
nitrile that has been found to occur in n a t ~ r e 4 ~ .  I t  is presumably 
formed from t ~ r a m i n e ~ ~ .  

The dehydration of N-monosubstituted formamides (5 )  with 
acylating agents and bases takes place in two steps. A base-catalysed 
0-acylation is followed by a-elimination of a proton and an oxyacid 
anion (reaction 7). 
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H 
base 

-> R-NC (7) 
Y-CI 4 RiirxHo --- R-N=C 

0-Y 
\ base 

( 5 )  
(e.g. Y = ArS02, POCI,, COCI) 

Good dehydrating agents are arylsulphonyl chlorides in 
pyridine37*38 or q ~ i n o l i n e ~ ~ ,  phosphorus oxychloride in combination 
with pyridine or potassium t-butylateZ1 and, above all, phosgene in 
the presence of tertiary amines (triniethyl amine, triethyl amine, 
tri-n-butylamine, N-methylmorpholine, N,  N-diethylaniline, pyridine 
and quinoline) l 5 n Q o .  T h e  phosgene method is the method of choice, 
as it can be carried out conveniently and in good yield (70-95 yo), 
is economic, and in most cases the product is stable towards moderate 
excess of the reagent. 

D. Further Modes of Formation 

T h e  reduction of some readily accessible imino compounds of 
tetravalent carbon might be a useful supplement of the other main 
methods for preparing the isonitriles described above, although the 
reduction conditions required are normally drastic and the yields 
are moderate. 

T h e  reduction of isocyanates can be carried out successfully by 
heating them with tricthyl p h o ~ p h i t e " ~  or cyclic phosphorus (111) 

amideP.  Isothiocyanates are reduced by triethyl phosphine"', by 
by trlpheiiyl tin h ~ d r i d e ~ ~  or photolytically (reaction 8) 50. 

rcduction 
RN=C=-Z - R-iVC 

(2 = 0, S) 

Trifluoromcthyl isocyanide, the first representative of perfluori- 
nated aliphatic isocyanides, was prepared by reacting CF,NHCF,Br 
with magnesium in tetrahydrofuran (rcaction 9) 51. The 0-tosyl 

CF3NHCFZ13r + Mg + CF,NC + 1ClgRrI: + HI: (9) 

oximes of 3,5-disubstituted 4-hydroxybenzaldehydes (S) and of 
p-dimethylaminobenzaldehyde yield, by elimination of p-toluene- 
sulphonic acid, mixtures of thc corresponding nitriles (9) and iso- 
nitriles (10). T h e  nitrile formatioil is a ,!?-elimination of a proton and 
a tosylate anion, while the isonitrilc originates from an abnormal 
Beckmann rearrangement of thc syn-isomcr (reaction 1 O)52. The 
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reaction of the syn-oximes of benzaldehyde and some of its derivz- 
tives (11) with methylketene diethyl acetal (12) (reaction 12) is 

(11) 

analogous53. In an attempt to subject y-benzil monoxime (14) to 
Beckmann’s reaction by treating it with benzenesulphonyl chloride 
and alkali, phenyl isocyanide, benzoate and benzenesulfonate ions 
were formedS4 from the oxime sulphonate (15) by fragmentation of 
the rearrangement product (16) (reaction 12). a-Bromo-iV-t-butyl- 

PhS0,CI OH- 
PhCCOPh - PhC-COPh - PhS0,O-C-COPh - 

PhN (12) 
I1 II OH- 

N-OS0,Ph 
II 
N-013 

cyclohexane carboxamide (17) can be cyclized by potassium t- 
butylate to form an a-lactam (18). The a-lactam isomerizes on 
heating to form (19) which undergoes a-cy~loelimination~~ giving 
t-butylisocyanide (reaction 13). 
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E. lsocyano Groups Connected to Heteroatoms (‘Heteroisonitriles’) 

I n  addition to the normal isonitriles ‘heteroisonitriles’, whose 
isonitrile group is attached to nitrogen, have bcen described recently. 
These compounds are obtained by dehydration of formyl hydrazine 
derivatives (20 and 21) (reactions 14 and 15)6G-58. Isonitriles (23) 

-H20 
R,NNHCHO __f R,NNC 

(20) 
-H,O 

R,C=NNHCHO R,C=NNC 

(21) 

which are derived from silanes, germanes and stannanes are in 
equilibrium with the corresponding ‘nitrile? (R,M”CN) and can 
be prepared from metal cyanides (22) by ‘alkylation’ 59-63 (reaction 
16). 

(16) MICN + XMWR, __f R,MnNC + MIX 

(22) (23) 
(MI = K, Ag MW = Si, Ge, Sn X = C1, Br) 

111. ISONITRILE REACTIONS 

A. Cleavage of the C-N Single Bond 

When isonitriles are heated to more than 200 O c ,  they rearrange 
to form zitriles. This reaction has been investigated in great 
detai148*G4-68. The rearrangement of isonitriles whose isonitrile group 
is attached to a chirality centre occurs in some of the cascs with 
retention, but sometimes also with racemization. The rearrangement 
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of 24 takes place, for example, at 250 Oc with complete racemiza- 
tion69 (reaction 17). When t-butyl isocyanide is treated with boron 

r;C 

CH, 
-CH,-C(CN)CO,CH, I 

(241 

(17) 

trifluoride etherate, a ‘dimer’ (25) is obtained70(reaction 18). Sodium 

2 (CH,),CNC + (CH,),CC==NC( CH,), (18) 
m, 

I 
C N  

(25) 

in liquid ammonia reduces isonitriles to form cyanide and the 
corresponding h y d r o c a r b ~ n ~ l . ~ ~ .  

B. Simple a-Additions 

The capability of isonitriles to undergo a-additions was demon- 
strated by the end of the last century on the basis of a few simple 
examples, such as the formation of isonitrile dichlorides (26)4 and 
2-oximidochlorides (27) 4 * 7 3  and served as the essential argument for 
the formal bivalency of the isonitrile carbon (reactions 19 and 20). 

R1-NC + R’COCI + R1N=C-CO-R2 (20) 
I 

(27) 

c1 

Further examples of a-addition, of electrophilic halides are the 
reactions of isonitriles with N,N-dialkylamido chlorides74, trihalo- 
methane sulphenyl chlorides75 and N-chlorosulphonamides7s in the 
presence of alcohols. Many compounds of the HX type are also 
capable of simple a-additions to isonitriles, for example hydrogen 
sulphide77, mercaptans at extremely high pressure78, thiolophos- 
phoric acids79 and hydroxylamine*O (reaction 2 1).  alcohol^^^ and 

H 
/ 

\ 
R-NC + HX + R-N=C (21) 

x 
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aminess2 form adducts only in the presence of catalytically active 
transition metal compounds; amines can also be added to isonitriles 
in the form of their trialkylplumbyl derivatives83. Some amine 
hydrochlorides'34 also add to isonitriles. 

Triphenylphosphonium fluoroborate (28) yields stable adducts 
(29)85 with isonitriles (reaction 22). The reactions of isonitriles with 

H 

BF4- 
c / 

R-NC + HPPh3BF4- __f R-N=C 
\I \ '  

PPh3 

(28) (29) 

pyrroles6 (reaction 23) and hydroxypyrazolonee7~~8 (reaction 24) 
derivatives also formally correspond to this general type of or-addition, 

(R = t-CdH9, ~ - C ~ H I I ,  2,6-(CH,)C&Ha) 

CH=NPh cH3q (24) 
CH, 

OH 
XN + PhxC - 

I 0 13 
H 13 

as well as the syntheses (reaction 25) of a-hydroxyarylglyoxal 
d e r i v a t i ~ e s ~ ~ * ~ ~  and the reaction of isonitriles with benzene azocar- 
boxylates91 (reaction 26). 

Ph--N N-Ph 
II I1 

(25) Ho7QIQfoH + 2 PhXC + 

-0 -+ N=S-c:O-oI-I + CN 43- 
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As was shown for the reaction of phenyl magnesium bromide with 
cyclohexyl isocyanide, Grignard compounds form primarily a- 
adducts (reaction 27) with is on it rile^^^-^^, which subsequently are 
converted into a number of secondary products. Isonitriles react with 
some radical generators by a-addition of radicals95 (reaction 28). 

1 

Just as in the case of a-additions to isonitriles, the reaction cf iso- 
nitriles with chalkogens takes place with transition of the formally 
bivalent isonitrile carbon into tetravalent carbon (reaction 29). 

R-NC + [Y] 4 R-N=C=Y 
(Y = 0, S, Se)  

The oxidations of isonitriles to form isocyanates by means of 
ozonesG, t-butyl hypochloriteg7, dimethyl s u l p h o ~ i d e ~ ~ * ~ ~  and nitrile 
oxides100 are examples of this type of reaction. Sulphur48 or sodium 
polysulphidel'J1 and ~ e l e n i u r n ~ ~ ~ - 1 ~ 5  easily react with isonitriles to 
form isothiocyanates and isoselenocyanates. The reactions of 
isonitriles with dichlorocarbenel06 and arenesulphonyl nitrenel07 also 
belong to this category of reactions. 

The polymerization of isonitriles108 can formally be considered as 
a poly-u-addition. 

C. u-Additions Followed by Secondary Reactions 

I t  is known that numerous further isonitrile reactions, whose end- 
products are not a-adducts, occur via primary a-additions ; stable 
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end-products are formed from unstable a-adducts by fast spontaneous 
secondary reactions. 

The tetrazole synthesis of Oliveri-Mandalii and Alagnalog 
(reaction 30), for example, is a n  a-addition of a proton and an azide 
ion to isonitriles, followed by secondary ring closure. 

1. Passerini reaction and related reactions 

P a ~ s e r i n i l l ~ - ~ ~ 5  found an elegant and generally applicable synthesis 
of a-acyloxycarboxamides (30) by reacting carboxylic acids and 
carbonyl compounds with isonitriles (reaction 3 1). A plausible 

R' 
I 
I 
R2 

(30) 

(31) RC0,H + K'COR2 + R3N=C __f RC0,-C-CONHR3 

reaction mechanisml16, which takes into account the ability of 
isonitriles to enter a-additions, is the a-addition of a hydrogen-bonded 
adduct of the carboxylic acid and carbonyl components, and a 
subsequent intramolecular acylation of the hydroxy group in the 
resulting a-adduct 31 (reaction 32). The Passerini reaction can be 

\ 
R4 

(31) 

used for the synthesis of depsipcptide (i.e. peptides in which some 
of the amide groups are replaced by ester groups) derivatives1". 

The synthesis of a-hydroxycarboxamides (32) 118*119 from iso- 
nitriles and carbonyl compounds in the presence of mineral acids 
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(reaction 33) is closely related to the Passerini reaction, j u s t  as is 
the formation of tetrazole derivativesl1G from isonitriles, carbonyl 
compounds and hydrazoic acid (reaction 34). . 

R3-NC + R1R2C=0 + HX __f R1R2C(OII)CONHR3 (33) 

(32) 

R3 

d N- C 
\ /cR1R20H 

N "\\ //N (34) 

R3 CR1R2011 
\/ 

\ 

// 

R3-NC + R1COR2 + HN, - N=C 
/ \  

x N 
//+ (33) N - 

R3 

d N- C 
\ /cR1R20H 

N "\\ //N (34) 

R3 CR1R2011 
\/ 

\ 

// 

R3-NC + R1COR2 + HN, - N=C 
/ \  

x N 
//+ (33) N - 

The preparation of a,y-diketocarboxamides (34) lZo from iso- 
nitriles, ketenes and carboxylic acids (reaction 35), as well as the 
reaction of acyl isocyanates and carboxylic acids with isonitriles to 
yield 35121 (reaction 36) ,  are further additions in the same category. 

R1 
I 
I 

R2 

(35) R1R2C=C=0 + R3C02H + R4-NC + P~3CO-C-COCONHR4 

(34) 

I 
co (36) 

RICON=C=O + R2C0,M 4- R3-NC + R1-CO-N--CO-CO-iiH-R3 

/ 
R2 

(35) 

2. Carbocations as x-addition partners 

The a-addition of the tropylium122 ion and anions to isonitriles 
(reaction 37), as well as the reaction of N-alkylquinolinium ions123 
and carboxylate ions with isonitriles (reaction 38) are reprcsentatives 
of a-additions of electrophilic and nucleophilic reagents that are 
followed by secondary reactions. They arc closely related to the 
four-component condensations with regard to the reaction mecha- 
nism. It appears advisable to mention these reactions here, since this 
would help to understand more easily the following discussion of 
four-component condensations. 
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RNH 

0 
H 

I 
0-C-R~ 

II 
0 6 

3. Four-component condensations“ 

Isonitriles (40) react with carbonyl compounds (36) (aldehydes 
or ketones), amines (37) and suitable acids (38) to form labile 
cc-adducts (41), which are converted by spontaneous secondary 
reactions into stable end-products (reaction 39)11-14~1G.124.12”130. The 
type of the secondary reaction depends mainly on thc choice of the 
acid component. 

Table 1 shows the various types of four-component condensation 
products (42) that arise from the various acid components (38) 
according to reaction 39. 

* The terms ‘a-aminoalkylation of isonitriles and acids’ ‘I, or ‘cr-addition of immonium- 
ions and anions to isonitriles6 followed by secondary rcactions’ 11, or ‘Ugi reac- 
tion’ 12*10*131*132*135 are also used for the ’four-component condensations’, as well as the 
abbreviation 4CC. 
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R3 R4 

R2COR3 + R4fiHR5 + HX R2C-NR5X- I I  - + 
(36) (37) (38) (39) 

R2 R4 
(39) 

a-addition 1 I secondary 
39 + RlNC A R'N=C-C--NR5 - stable 

I I  rcacmn [end product] 
(40) X R3 

Ammonia, primary and secondary amines and hydrazine deriva- 
t i v e ~ ' ~ ~  can be used as amine components. Water, thiosulphuric acid, 
hydrogen selenide and hydrazoic acid are acid components which 
react with primary and secondary amines in a n  analogous manner, 
whereas hydrogen cyanate and thiocyanate (as well as carboxylic 
acids) are suitable acid components that react in different ways with 
primary and secondary amines. The a-adducts of these acids are 
acylating agents and they rearrange to form stable end-products, 
if the a-adduct contains an acylatable NH-group. If the reaction 
occurs in the absence of acylatable compounds, the combination of 
carboxylic acids and secondary amines leads to the formation of 
diacyl imides. 

Hydrogen cyanide or hydrogen sulphide do not take part in 
four-component condensations as acid components, for these acids 
form stable a-amino alkylation products such as CXR2R3-NR4R5. 

Four-component condensations are very easy to carry out. As a 
rule, the isonitrile component is added to the concentrated solution 
of the other three components while stirring and cooling (instead of 
the amines and the carbonyl compounds, it is also possible to use 
their condensation products, such as aminals, Schiff bases and 
enamines). The reaction product frequently crystallizes out. The 
yields of the four-component condensations are generally rather 
high (80-100 yo). 

T h e  formation of uniform products from four different reactants 
is accounted for by the fact that all possible side reactions are 
reversible, in contrast to the main reaction. As four different starting 
materials take part in the four-component condensation, the number 
of possible variations is exceptionally high. 

T h e  most rewarding preparative result of the four-component 
condensation will probably be the stereoselective peptide synthesis. 
By reacting an N-terminally protected a-amino acid (or a suitable 



Thnm 1 .  

HX Stable end-product Note Refcrcnce 

HNCO N-R4 

c=o HN- 

/ \  

I I 
R'N=C 

Rz R3 

N-R4 
/ \  

I I 
HSCN RIN=C 

H N d - S  

a 

a 

126 

127 

RZ 

K6COOH R'NHCO-C-N-COR~ a, b 128,129 
I 
I I  

R3 R4 

R2 

R6COOH R6CO-NCO-C-NR4 b 128,131 
I 

I ! I  
R1 RS R6 

RZ 

H,O 
I I  

R3 R5 

R2 
I 

R1NHCS-b--NR4 
I I  

I 
I t  

H2S20, 

RS R5 

R2 

H2Sc RIN H C Se-C -NR4 

K3 R5 

RZ R4 
I 1  

RI-N- C-C-NR5 

N ' N R3 
II I 

11,124 

11, 124 

11, 124 

130-1 34 

\ /  
N 

' Rs = H; dcrivativc of a primary amine. 
'Primary aminc components lead to the formation of a-acylamino carboxamides, 

whereas diacyl imides are obtained from secondary aminc components in the abscnce of 
acylatable compounds; a-amino c a r b o x a r n i d ~ ~ ' ~ 8 * ' ~ ~  result in the presence of alcohols 
or amines. 

867 
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peptide derivative) (43) with an optically active primary amine (44) 
that has a selectively-removable alkyl group (RX) Iz9, an aldehyde 
(45) and a C-terminally protected cr-amino acid (or a corresponding 
peptide derivative) with an isonitrile group replacing the amino 
group (46), it is possible to build up peptide derivatives (47). Two 
peptide linkages are formed by one single reaction step, and one 
new amino acid unit is built-up at the same time after removal of 
the R" group to form 4811*14*13G. 

R 

Peptide,-C9OH + NH, + CHO + CN-PeptideI, + I 
I 
R" 

(43) (44) (45) (46) 

R 
I 

Peptide~CONCIICONH-Pepticlc~l --+ 
I 

I<" 
(47) 

R 
I 

(4% 

PcptidcI-CO~HCHCONI-I--Feptidel~ (40) 

T h e  synthesis of peptides by means of four-component condensa- 
tion requires the newly-formed centre of chirality to be built-up 
highly stereoselectively, by using suitable chiral amine components. 
Model reactions have to be carried out as preliminary studies for 
stereospecific peptide syntheses. 

T h e  investigation of the concentration ratio of the diastereo- 
isomeric reaction products of isobutyraldehyde- (S) -cr-phenylethyl- 
imine with benzoic acid and t-butyl isocyanide as a function of 
varied reaction conditions yielded results from which it was possible 
to draw conclusions regarding the mechanism of the four-component 
c o n d e n ~ a t i o n s ~ 3 ~ , ~ ~ ~ .  

I t  is to be hopcd that when the mechanism of the reaction is 
known, i t  may be possible to synthetize peptides by a stereoselcctive 
four-component condensation. This may well not only be superior 
to the classical syntheses regarding ease of operation and yields, 
but also with respect to building long chain peptides which SO far 
could not be prepared for solubility reasons, since the four- 
component condensations allow a wider range of solvciit choice than 
the classical acylation p r o c e d u r e ~ l ~ ~ .  
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D. Cycloadditions and Cyclizations 

As isonitriles are  capable of a-additions, they can undergo a large 
variety of different types of cycloadditions and ring-closure reactions. 
These will be described here in the order of the formal reaction 
pattern, disregarding the assumed reaction mechanism. 

Isonitriles react with nitrosotriflu~romethanc~~* and 1 ,  I-dicyano- 
2,2-bis(trifluorornetl~yl)ethylen~~~~ by (1 + 1 + 2) cyclization (reac- 
tion 4.1). The  formation of glyoxylic acid derivatives (51) from 

isonitriles and carbonyl c o m p o ~ n d s l ~ ~  in  the presence of boron 
trifluoride takes place through an intermediate of the type 50, 
which can be isolated70 if the reaction is carried out under mild 
conditions (reaction 42). T h e  reaction between a-naphthol and 

0 + 2 K S C  ~ t - (COCOSHR 
S R  

phenyl isocyanide141 can be considered as a (1 + 1 + 3) ring closure 
(reaction 43). However, since a carborr atom seems to be lost, 
further investigation is necessary to clarify the reaction course. 

OH 

Cycloadditions and ring closures of the type (1 + 2 + 2) occur 
in many variations. Acetylenedicarboxylic esters (reaction 44.) 142, 

fluoroketones (reaction 45) 139*143*144 and ketenes (reaction 46) l20, as 
well as ketenes in  combination with form with isonitriles 
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C-COOCH, 

C-COOCH, 
RNC + 2 111 - 

CH,OOC COOCH, 

-!- (44) 

CH,OOC COOCH, 4$ N-R N-R 

five-membered ring systems, just like enamines in combination with 
isocyanates or isothiocyanates (reaction 47) 145. Oxazolidine deriva- 
tives are obtained from phenyl isocyanide, aromatic aldehydes and 
tri-n-butyl borane146. 

F3C\ 
c=o - i45) 

Q-NC + 2 RCF2 / 

(X = 0, S) (47) 

(1 + 4) ring closures are frequently encountered in isonitrile 
chemistry. Acy114' and thioacyl i~ocyanates148J~~ undergo (1 + 4) 
cyclization with isonitriles (reaction 48). T h e  union of trifluoro- 
acetaldehyde N-acylimines (52) and isonitriles leads to cycloadducts 
( 5 3 ) 1 4 3 * 1 5 0  that are intermediates for the synthesis of fluorinated 
peptides (reaction 49). The  reaction of the zwitterion (54) that is 
formed by loss of nitrogen from benzenediazonium o-carboxylate, 
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0 
\\ 

(48) 'c-r \ 
R-CX-N=C=O + R'NC w R'N=C 

X-C-R 
(X = 0, S) 

with isonitriles (reaction 50) 151p152 and probably the reaction of 
a-nitroso-/?-naphthol and 4-isocyanoazobenzene (reaction 5 1 ) I53  are 

R3 R3 
CF,-CH CN-CHCOOR' I cF3+-- ,=NCHCOoR~ I 

--j (49) V0 + o  I1 

R' -CHXHCOR~ 

N \ g  
I R' CHCOR3 

(53) 
(5 2) 

additional (1 + 4) cyclizations, although the details of the process 
are  not known. 

NO 

(51) 

T h e  synthesis of indole derivatives (55)  from acetophenone 
derivatives and  isonitriles154 (reaction 52) can be considered as a 
(2 + 3) ring closure. Indigo dianil (56) results from a complex 
tetramerization (reaction 53) 155 of phenyl isocyanide. Compound 
57 is formed from phenyl isocyanide in the presence of nitroso- 
benzene (reaction 54)156. Isonitriles and two moles of thiocyanic 
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R'*COR2 + 2 R3NC (52) 
R' CONHR3 

3 PhNC PhNO_ &," (54) 

(5 7) 

acid form by multistep (2 + 2 + 2) ring closure, 1-alkyl- or 
1 -aryl-5-azadithiouraciles (58) (reaction 55) ' 5 7 ~ ~ 5 8 .  

Six-membered rings are formed from isonitriles and boranes in 
accordance with a (1 + 1 + 2 + 2) pattern. The primarily formed 
polar isonitrile borane adducts (59) are subject to an ylid rearrange- 
ment to the intermediate 60, from which, by dimerization, the cyclic 
compound 61 is formed. This, on heating, is converted into 62 
(reaction 56) 153--1GG. Trialkylalanes and isonitriles also yield polar 

1-i 

R S C  + PHSCN - (55) 
N-N 

/ 
R 

(38) 

R,B + R,~~-&=NR' R,BC=SR' 
I 
R 

(59) (60) 
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adducts, from which it has not been possible, however, to obtain 
cyclic dimerslG7. 

IV. ISONITRILE COMPLEXES 

Numerous types of complexes are derived from the elements of the 
groups IB, IIB, VIB, VIIB and VII I  as well as from the lanthanides, 
but no isonitrile complexes of the elements of the groups IA-VA 
are known. 

Isonitrile complexes of almost al! the valency stages of transition 
metals of the VI-VIII groups are known. These complexes are in 

TABLE 2. 

Complex Reference Complex Reference 

CUI  (CN-CH3) 169 [Ag(CN-C7H7),]NO3.H2Ou 172 
CuCN (CN-C2H6)2 !70 AuCl(CN-Ph) 174 
CuCN(CN-C2H5)3 17 1 AuCl(CN-Ph), 174 
[CLI(CN--P~)~]CI.~ H 2 0  172 ALICI~(CN-C~H~)” 174 
A$XJ(CN-CH3) 173 ZnC12(CiV-C7H7),u 175 
[Ag(CN-C7H,)2]N03a 172 CdC12(CN-C7H7)” 174 

most cases derived from metal atoms and ions with free d-orbitals 
and belong to the ‘inner’ type. Compounds derived fi-om lower 
valencies of the metals are the ruielG8. 

The  isonitrile complexes of the elements of the groups IB and 1133 
are distinguished from the other ones by being derived from metal 
ions with filled outer orbitals of 18 elxtrons. The  metals occur here 
in their usual valency, and the isonitrile complexes largely correspond 
to the complexes with other ligands. Some examplcs are given in 
Table 2. Very thermally stable isonitrile complexes (63) are obtained 
from tricyclopentadienyl derivatives of the lanthanides (76). 

M(C&,) 3 - 0  

(63) 

(M = Yb, Ho, Tb)  

Chromium, molybdenum and tungsten, the elements of group 
1 7 1 1 3  form two classes of isonitrile complexes: complexes in which 
the central atom is zero-valent and complexes in which the central 
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atom is tri- or tetravalent. The latter complexes are normally 
unstable, the stability rising with the atornic number of the central 
atom. 

Isonitrile complexes of Cr, Mo and W are obtained as follows 
(reactions 57-62) : 

(C,H5)4Nf[M(C0)5X]- + R-NC ___f 

M( CO),( CN-R) + M( CO),(CN--R)z + M( CO),( CN-R), (57)’ 77 

0-) h.1 = Cr, Mo, \,V X = C1, I R = Ph, 

3 Cr”- + 18 Ph-NC u Cr(CN-Ph)G + 2[Cr(CN--Ph)6]3f (58)178.179 

2 MoCI, + 12 Ph-NC + 3 Mg + 2 Mo(C!Y-l’h), + 3 MgCI, (59)’81 

(CH,),SO, 
K4[Mo( CN),] f [MO(CN)~(H,O)~(CIV-CH,)~].~ H 2 0  + K2S04 (GO)’,“ 

(61)’82 

(62)lS3 

WCI4 + 6 Ph-KC + 2 MS __t W(CN-Ph), + 2 MgCI2 

Ag,[W(CN),] + 4 CH31 + W(CN)4(Ci\T-CH3)4 + 4 AgI 

Isonitrile complexes of both manganese (I) as well as manganese (11) 

are known. The isonitrile manganese complexes were discovered 
relatively late, because the salts and the coordination compounds of 
bivalent and trivalent manganese do not react with isonitriles. 

SacccP4 found that anhydrous MnI, is an exception (reaction 63).  

2 MnI, + 12 CH,-NC + [Mn(CN-CH3)6]I + [Mn(CN-CH,),]I, (63) 

6 4 1 8 5  is formed from cyclopentadienylmanganese tricarbonyl and 
cyclohexyl isocyanide on irradiation. The isonitrile complexes of 

(6 4) 

manganese(I1) can be obtained from manganese(1) isonitrile com- 
plexes by oxidationlsG. 

Only  a few rhenium (I)  isonitrile complexes have been describedle7. 
An example is 65, obtainable from chloropentacarbonylrhenium 
(I) and p-tolyl isocyanide. 

[Re( CO) ,  (CN-C7H,),]CI 

(65)  

A large variety of isonitrile complexes arc derived from different 
valence states of the elements of group VII I .  T h e  isonitrile complexes 



15. Isonitrilcs a75 

of iron have been investigated in great detail. I n  contrast to iron 
pentacarbonyl, Which reacts with isonitriles only a t  temperatures 
above 70 Ocl' ,  triiron dodecacarbonyl reacts quickly and easily with 
isonitriles at  low temperature (reaction 65) l88. Dinitrosyl iron dicar- 

(65) 

bony11a8 easily reacts with isonitriles to form complexes of the formula 
66, which are also accessible from isonitriles and K,[Fe,(NO) 4S,] 
or NH,[Fe(NO) 2(S203)]189. The  dinuclear complex 67 may formally 

(66) 

be considered as an iron (I) isonitrile complex190. Iron (11) complexes 
of the type 68 can be obtained by reacting iron pentacarbonyl 

Fe,(CO)12 + 3 R-NC + 3 Fe(CO)&N-R 

Fe3(CO),, + 6 R-NC 3 Fe(CO),(CN-R), + 3 CO 

Fe(NO),( CN-R), 

(67) 

with iodine and isonitriles188. Only in exceptional cases, such as that 

FeI,(CO),-,(CN-R), (x = 1-3) 

of reaction (66), is it possible to obtain iron (11) and iron (111) 

(66) 

isonitrile complexes from iron salts and isonitrileslgl. Most iron 
isonitrile complexes are obtained by alkylation of ferro~yanidesl~2-1~~. 
The first example (reaction 67) was given by Freund in 188819?: 

(67) 

As with the iron compounds, the cobalt isonitriles can be obtained 
by reacting isonitriles with cobalt n i t r o ~ o c a r b o n y l ~ ~ ~  (reaction 68) 
or cobalt (11) salts (reaction 69)11)1*200--204, or by alkylation of hexa- 
cyanocobaltates (111) (reaction 70) 193*206*206. Cobalt (11) isonitrile 
complexes can be reduced to cobalt (I) isonitrile complexes (reaction 
7 1 ) 2 0 7 * 2 0 8 .  Cobalt (1) isonitrile complexes can also be obtained from 

(68)  

FeCl, + 4 CH,-NC d FeCI,(CN-CH3)4 

K,[Fc(CN),] + 4 C2F151 + Fc(CN)~(CN-C,H~)~ + 4 KJ. 
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Co(NO)(CO), + 2 R-NC __f Co(NO)(CO)(CN-R), + 2 C O  (68) 

COX, + nCN-R ---+ Co&(CN-R), 
(X  = C1, Br, I, SCN, (210,; n = 4, 5 )  

CH,I 

A&[co(cN)~] + Co(CN),(CN-CH3), + 3 AgI (70) 

(71 1 

dicobalt octacarbonyl (reaction 72) 209--211. The corresponding cobalt 

NZHI 
[ CO (CN-R) 51 (Clod) 2 + [CO (CN-R) 5 J C10, 

Co,(CO)e + 5 R-NC + [CO(CN-R)~]+[CO(CO)~]- + 4 C O  (72) 

(111) compounds are obtained by oxidation of cobalt (11) isonitrile 
complexes212. 

Nickel (XI) isonitrile complexes can also be obtained from isonitriles 
and nickel (11) salts213, but the compounds obtained are not stable 
enough to be well characterized. 

Nickel tetraisonitrile complexes are obtained from nickel tetra- 
carbonyl and aryl isocyanides (reaction 73) 209-214*215. Nickel tetra- 

Ni(CO), f 4 Ar-NC Ni(CN-Ar), + 4 CO (73) 

isonitrile complexes can also be obtained from nickel (11) compounds 
and isonitrile in the presence of reducing agents21G*217. Alkyl iso- 
cyanides and nickel tetracarbonyl preferably form compounds of 
the type 6 9 2 0 9 .  Apart from just a few exceptions, the noble metal 

Ni ( C 0) (CN-R) , 
(69) 

complexes of the group VIII largely correspond to the complexes 
of iron, cobalt and nickel. Some examples to illustrate this are given 
below. 

R ~ & ( C N - - R ) , ~ ~ ~  
[Rh(CN-C,H7),]C10421” 
[Rh (CN-R),Ph3Y,]X220 

[RIi,12(CN--Ph)8] I,221 
Pd(CN-c-CGHI1) 2222 

PdX,(CN-Ph) 2223 

P t X,( CN-Ph) ,221 

[Pt(CN-Ph)4][PtCl~]z25 
[ (CH,-NC),Pt (NHNH,),Pt ( CK-CH3)4] ( C104),.2 H2OZ2‘ 

X = C1, Br, I, CN 

R = fi-CHSOCGH,, 
x = c1, I, CIO,, 
Y = P, As, Sb 

X = I  
X = C1, Br, I, NO? 
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V. BIOLOGICAL PROPERTIES AND 
TECHNOLOGICAL USES 

The biosynthesis of ~ a n t h o c i l l i n ~ ~  shows that living organisms are 
capable of producing isonitriles. Only a few investigations on the 
biochemical properties have been carried 0 ~ t ~ ~ ~ - ~ 2 ~ .  

A relatively large number of isonitriles have a very strong acaricidal 
effect. This property, in combination with their insecticidal and 
fungicidal effects, as well as their generally low toxicity to warm- 
blooded animals, indicates possibilities of using isonitriles in 
agricu 1 t u re230-236. 
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1. INTRODUCTION 

Of the many synthctically useful functional groups of organic 
chemistry, the cyano group ranks high in its utility. The  ease with 
which it may be introduced by substitution, both a t  saturated and 
unsaturated carbon atoms, and its ready transformation into 
carbon-oxygen functional groups a t  both ends of the oxidation 
scale are no doubt responsible for this synthetic utility. Some time 
has elapsed since a comprehensive review has appeared on this 

RRi 

The Chemistry of  the cyan0 group 
Edited by Zvi Rappoport 

Copyright 0 1970 by John Wiley & Sons Ltd. All rights reserved. 



886 J. Casanova, Jr. 

topicl. I t  is the purpose of this chapter to examine the literature 
which deals with rearrangement reactions involving the cyano 
groups with particular attention given to : (a) rearrangement 
reactions in which the cyano group is a direct participant; ( 6 )  reac- 
tions involving the carbon skeleton to which the cyano group is 
attached; (c) reactions in which the cyano group appears in the 
starting material or product from a source other than direct substi- 
tution; ( d )  reactions for which the presence of the cyano group is 
considered essential but in which the group maintains its integrity 
during the course of reaction; and ( e )  those reactions in which the 
cyano group has been demonstrated or postulated to play an 
intermediate role. 

I t  is intended to exclude from consideration direct substitution 
reactions involving the nucleophilic cyano group in aliphatic dis- 
placement reactions, addition reactions involving the cyano group 
such as cyanohydrin formation; aromatic nucleophilic substitu- 
tions such as the Sandmeyer reaction, the Roscnmund-von Braun 
reaction', the Houben-Fischer synthesiP and the Hoesch synthesiszb 
or addition of cyano groups to carbon-carbon bonds, as in reactions 
such as the Reissert reaction3. Addition to or eliminations from a 
C-N group in which a cyano group appears in the starting material 
or product, wherein the C-N group does not suffer rearrangement, 
are also excluded, except as they might contribute to the under- 
standing of other closely related rearrangement reactions. Examples 
of some reactions which are not included are the dehydration of 
aldoximes4 or amides5 to produce nitriles-the Wohl degradation6 
being a good example for the synthetic utility of the former-the 
hydration of nitriles to amides, ring-forming addition reactions such 
as the Buchncr synthesis of hydantoins or addition of cyano groups 
to carbon-carbon bonds, as in the Reissert reaction3. These topics 
are the subject of other chapters of this volume, or have been 
treated in other reviews. 

II. REARRANGEMENT REACTIONS DIRECTLY 
INVOLVING THE C Y A N 0  GROUP 

A. lsonitrile-Nitrile Rearrangement 

The thermal rearrangement of isonitriles to nitriles (equation 1) 
was recognizcd a century ago by Gautier" and has been infrcqucntly 
examined since that time7b-h, but received more attention during 
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(1 )  

the last decade. The stoichiometric simplicity of the transformation, 
the similarity ofgeometry of the starting material and product and the 
large free energy difference between them, which diminishes the 
necessity to consider the reverse reaction, suggested that this isom- 
erization might be a useful vehicle for the study of unimolecular 
gas-phase reactions. The free energy difference between nitriles and 
isonitriles has not been calculated for many pairs of isomers. T h e  
most often quoted value is 15 kcal/mole for methyl isocyanide- 
acetonitrilesa.”, in  favour of thc more stable nitrile. The Rossini 
measurcment is based on  differences in heats of combustiona”. Some 
recent work promises to yield more quantitative data’“. I t  seems prob- 
able that  the reverse reaction may not be observable, although no 
attempts to verify this have been noted since the advent of modern 
chromatograpliic techniques. The advent of much improved syntheses 
for isocyanidess, cspecially due to the considerable work of UgiSn made 
these compounds readily available and has stimulated studies of the 
mechanism of the rearrangement. Rabinovitchlo reported the first 
definitive study of the nature of the isomerization. H e  reported 
that p-tolyl isocyanide rearranged smoothly between 180-220” both 
in hydrocarbon solution and in the gas phase to give p-toluonitrile 
in high yields, free of the meta isomer (equation 2). The  latter 
result suggests that the reaction does not lead to cross-products. 

h 
R K z C  ___+ RC=N 

The  reactions were first order in isocyanide and twice as fast in the 
gas phase as in solution in mineral oil over the temperature range 
180-220”. However, the  similarity in rates is due to a balancing 
effect bctween the activating energy (En (solution) = 36.8 kcal/mole, 
Ea (gas) = 33.8 kcal/mole) and the preexponential factor (A (solu- 
tion) = 1013.7 sec-l, A (gas) = lO’”’sec-’). Rabinovitch hassuggested 
a structure for the activated complcx in which the development of 
the new C-C bond is nearly synchronous with breaking of the 
N--C bond. T h e  work of other groups has served to reinforce this 
view, both experimentallyll and theoretica1lyl2. Casanova and 
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coworkers demonstrated the stereochemical similarity between this 
rearrangement and other 'saturated' rearrangements such as the 
Hoffmann, Curtius, Schmidt, Lossen and Wolff rearrangement~l~ 
by rearranging R- ( +)-s-butylisonitrile (1) to R-( +)-2-methyl- 
butyronitrile (2) with 87 yo retention of optical activity (equation 3).  
These compounds were shown to be of the same absolute configura- 
tion by independent synthesis *. Two optically active isocyanides 

Me Me 

H+N=C --+ A H~+C=N (3) 
Et Et 
(1) (2) 

(3 and 4) of low optical purity had been previously reported14 and 4 
was thermally rearranged to an  optically active nitrile. However, 
the asymmetry centre in this case was not located a t  

N=C 
Me r& CH? IVZ C 

Me Et 
(4 1 

d- 
(8) 

the migrating 

(4) 

carbon atom. Wright's has separately rearranged cis- and trans- 
2,2,4,4-tetramethyl- 1,3-diisocyanide (5a and 5b) stereospecifically 

A - 
(5 b) (6 11) 

* A'ofe ndded in proof: Yaniada and coworkers (S. Yamada, K. Takoshima, T. Sato and 
S. Tcrashima, C/tenz. Conm., 1969,811) have more recently provided additional evidence 
in support of these conclusions, reporting that S( -)-a-phenethyl isonitrile gave 57% 
retained configuration in the product. However, they found that carbcthoxymethyl- 
benzylcarbinyl isocyanide gave only 9% retention, and have proposed a radical rearrange- 
ment  to account for racemization. 
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to high yields (85 yo and 83 yo, respectively) of cis- and tra?zs-2,2,4,4- 
tetramethy1-ly3-dicyanide (6a and 6b) (equations 4 and 5). Further 
evidence for the non-polar character of the transition state for the 
rearrangement was found in:  (a)  the failure of cyclobutylisonitrile 
(7) to undergo carbon skeleton rearrangement during its isomeriza- 
tion to the nitrile 8 (equation 6),  (6) by a very small substituent 
efFect in the rearrangement of para-substituted aryl isocyanides 
( p  m -0-12) in diglyme and (c) in alkyl isocyanides in which varia- 
tion in rate of rearrangement from the slowest, t-butylisonitrile, to 

(7) (8) 

the fastest, ethylisonitrile, was less than eight-fold". Thermal 
decomposition of N-acyl-N-formylimides (9) at 400" produces 
nitriles16 in fair yields by a reaction which may be formally likened 
to a reverse Passerini reaction followed by thermal isonitrile-nitrile 
rearrangement (equation 7). Formamidates from isonitriles have 

COR1 OCOR' 

_ic RN=C + HOCORl (7) 
/ 

R-N=C 
/ 

R-N 

\ CHO 'H 

400° 
(9 )  

Rp\'=C + R C z N  

been previously reported1' although acyl formamides have not. The 
isonitrile-nitrile isomerization has also been observed to occur 
readily with neat samples in the presence of di-t-butyl peroxide as  
reported in-the work of Shaw and Pritchardl8nS". These authors have 
proposed a radical-chain process (equations 8 and 9) to account for 

RN=C + 1. + R + NECI (initiation) 

RN=C + R. + R- + NICR (propagation) 
(R = Me or Et) 

(I = initiator) 

their observations. A low activation energy, En = 7.8 kcal/mole, 
and A = 1012.25 cc/molc sec were found for the reaction for which 

McN=C + Me. Me. + i\'=CMe 

the intermediate MeN=CMe had been proposed. Rabinovitch 
reported that in the absence of free-radical initiators the rate of 
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thermal rearrangement was found to be independent of surface 
arealsa for the gas-phase rearrangement. However, polymerization 
of both aryl and alkyl isonitriles by an unusual combination of con- 
centrated sulphuric acid on powdered glass and free-radical sources, 
such as dibenzoyl peroxide or oxygen, have been reported20a.b. 
T h e  formation of resins from phenyl isocyanide during rearrangement 
has been suppressed by the presence of aminesZ1, and  suppression of 
polymerization by ‘preconditioning’ the glass vessel in which rear- 
rangement is conducted by rinsing i t  with pyridine has been 
reported”. Claims by Wade21 that contamination of isocyanides by 
weak protonic acids such as water or the primary amine from which 
the isocyanide was prepared, serve to effectively catalyse the rear- 
rangement (equations 10-12) but not the polymerization of methyl 
and phenyl isocyanide, appear to be unfounded’0.’1*’9a and have 
been disputed by Wright15. 

1-1 
/ 

\ 
RN=C + HA d RN=C (10) 

A 

H R 

( 1  1) 
/ / 

\ \ 
RN=C + HK=C 

A A 

R 
/ 

\ 
HN--C __f HA + SECR (12) 

A 

The  nature of the intermediate or  intermediates which are 
important in the isonitrile-nitrile reactions remains to be elucidated. 
Extended Huckel molccular orbital calculations for this rearrange- 
ment which have been reported by Hoffmann12 support the activa- 
tion energy rcsults previously reported. They also suggest that 
substantial flattening of thc migrating methyl group occurs in the 
transition state for rearrangement of methyl isocyanide, and that the 
methyl group is esscntially equidistant between the seat and terminus 
of migration. Moreover, calculations for phenyl isocyanide suggest 

H 
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that rr-bridging in which the plane of the aromatic ring is perpen- 
dicular to the N-C bond axis in the transition state is energetically 

0 .... .. 
N=c 

n 0 

preferred to a-bridging, in which the plane of the aromatic ring 
contains the N-C bond axis. T h e  former route utilizes primarily 
the 2p-orbital of carbon for overlap in the transition state and the 
latter utilizes primarily the sp2-orbital of that atom. Hoffmann’s 
calculations also suggest a substantial charge distribution in the 
transition state for rearrangement of both methyl and phenyl 
isocyanide. 

High yields in the transformation of amines to isonitrilesga and 
the generally good yields (60 yo) in their stereospecific rearrangement 
into nitriles render the thermal rearrangement reaction of potential 
synthetic value (equation 13). However, the ready transformation 

(13) RNH, __f R&& __f RCES 

of aryl isonitriles to highly coloured tetramers, shown to be the 
dianils of the appropriately substituted indigosz2 (10) , and the 
propensity of many isonitriles to undergo polymerization20, diminishes 
their utility in this regard. 

The careful and detailed analysis of the rcarrangement of 
methyIJ9a*d and methyl-d3 l n e c  isocyanide by Rabinovitch estab- 
lishes this reaction as a model system for the study of unimolecular 
first order reactions in the gas phase. More recently, this same 
rearrangement has been employed as a vehicle for the study of the 
mechanism of deexcitation of methyl-t,-isonitrile, produced by the 
substitution of energetic tritium atoms for hydrogen atoms23 
(equation 14). 

* 
T* -+ Mei\;=C + 13 + C H 2 T K s C  

C H 2 T i X ~ C *  CH,T&N (14) 



892 J. Casanova, Jr. 

I n  contrast to the dissimilar relative free energies of organic 
isonitriles and nitriles, it appears that  trimethylsjlyl isocysnide (11) 
is present in measurable quantity at equilibrium with trimethylsilyl 
cyanide (12) 24 (equation 15). Moreover, there has recently appeared 

what may be the first case of the reverse reaction, namely, a nitrile 
to isonitrile transformatior6 Talat-Erbin25 reported that  under 
gamma irradiation such a transformation occurred. Although the 
cyanides of silver, copper and mercury undergo displacement 
reactions with alkyl halides to produce isocyanides'' (equation 16) 

M k N  + Me1 d MI + Mel\l'=C 
(M = AS, Cu, HgMe) 

i t  appears likely that such behaviour can be attributed to internal 
c ~ m p l e x a t i o n ' ~ * ~ ~  between the covalent cyanide and the organic 
halide. This reaction contrasts the normal substitution reaction 
observed with ionic cyanides. 

B. Electron-Deficient Rearrangements to  the Cyano Group 

Although organic cyanides do not appear to form transition metal 
complexes as readily as do isocyanides28, they do serve as Lewis 
bases for several group I1 and group I11 element reactions. 
Organometallic compounds in which these elements are the 
electrophilic species have been shown to react with nitriles, with 
metal to carbon alkyl or  aryl migration. The Grignard reaction of 
nitriles illustrates this rearrangement2"eb. In  this rearrangement a 
new carbon-carbon bond is formed, and the cyano group is 
destroyed (equation 17). Similar reactions have been described for 

Ph Ph 
-+ - /  I 

P h C E N  + P1iMgL)r __z PhCkdV-Mg + PhC=I\r'MgBr (17) 

Br 
\ 

organoboranesBO, including decaboraneB0d. LappertBob reported that 
a t  150-160" the monomeric aldiminoborane (13) was formed from 
the reaction of t-butyl cyanide and tri-n-butylborane (equation 18) 

1-l3uCsS% + B(n-Duj3 __f l-13uCH=SB(n-Bu)2 (18) 

and WadeBno observed rearrangement with dimerization to give 14 
(13) 
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in  the reaction between acetonitrile and trimethylborane (equation 
19). I n  contrast to this result, i t  has been recently reported by Horn31 

Me Mc 

Me 'B' H 
\ / \  / 

/ \ /  \ 
X=C (19) 2 M e h N  + 2 B h h 3  __f C=h- 

H B Me 

(14) 

that  propionitrile reacts with tri-n-propylborane, when heated, to 
give over 90 yo yield of a dihydr0-2~5-diborapyrazine (15) (equation 
20). Hexamethyldialuminium reacts even more readily with alkyl 

H 

(15) 

cyanides, i n  this instance giving simple metal to carbon alkyl 
migrations. Wade and coworkers32 reported that pivalonitrile 
reacts readily with hexamethyldialuminium to give the adduct 
16 which first rearranges to 17 and which then dimerizes to 18 
(equation 2 1) at 150". P a ~ y n k i e w i t z ~ ~ ~  reported a similar reaction of 

+ -  
f-BuCEN + 4 AI,h4eG [~-BuCFSN--A~P~I~~] ---+ 

(16) 

\ /  
Me Me 

Me t-Bu A1 [-Bu~C~N.~IMC* \ / \  / 
C=N &ZC (21) 

/ \ /  \ 

/ \  

(18) 

1- Me A1 t-Uu 

Me 
(17) 

hle 

benzyl cyanide (equation 22) but in this case the rearranged organo- 
aluminium compound 19 was not isolated. However, its formation 
can be readily inferred from the nature of the hydrolysis product 20. 
This synthetic scheme for the preparation of ketones substantiates 
a n  earlier that triethylaluminium and nitriles yield, 
following hydrolysis, ethyl ketones. 
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PhCH,-N + 4 A12Me6 __f [PhCH2-N-zMeJ __z 
+ 

hCH,C=NAlMe, PhCH,C==O (22) 
I 

(20) 

M e  r h e  I. 
(19) 

A reaction was recently reported by Hooz and which 
involves alkyl rearrangement from boron to carbon in diazoaceto- 
nitrile (21) (equation 23). This reaction promises to be a very useful 
synthetic procedure for the high-yield (95 %) preparation of nitriles 
and products derived therefrom. 

R 

a RCH,CGN (23) R3B*=Nz R$ H-Gz __+ RIBCH 

CN 

I 
I F: 

CN 
I 

CN 

C. Ketenimines and Ynarnines 

Cyano compounds which possess one or more hydrogen atoms 
attached to the a-carbon atom are potentially capable of tautomeric 
equilibrium between the nitrile and ketenimine (22) forms (equation 
24). Indeed, in the case where two a-hydrogen atoms are present 

R R 

both the ketenimine (22a) and the yiiamine structure (23) may be 
written (equation 25). There is a paucity of experimental evidence 

RCH,-C=N RCH=C-NH RC~ZEC-KH, (25) 

which bears on the properties and relative stability of these struc- 
tures, although it is clear from carbanion alkylation reactions that 
the carbanion owes much of its stability to resonance structures 
such as: 

(22a) (23) 

- R R 
\I \ 

/ / 
C-ck=N: * c=c=N: 

R1 121 

Whereas the keteniminium anion form is important in stabilizing a 
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charge in the anion, copious evidence suggests that the anion is 
much more nucleophilic at carbon than it is at nitrogen35 since a 
preponderance of the products is found to be derived from C-alkyla- 
tion rather than from N-alkylation (equation 26). 

- 
(26)  RCH=C=N 3- R'X - RCHCEN + R C H = C = N ~  

I 
R' 
most least 

One of the most extensively studied systems in which nitrile- 
ketenimine resonance can operate are the metal salts of 7,7,8,8- 
tetracyanoquinodimethane (TCNO) 36n-f (24) which exist as anion 
radical salts of the type M+TCN@ and as complex salts of the 

CN NC\ / 6 
C 

NC' \CN 

(24) 

type M+TCNQ?(TCNQ) in which M is a variety of metals or 
n-bases (see Chapter 9). This and other cyanocarbons are the 
subject of a recent review3'. The anion radical TCNQZ may be 
represented as numerous resonance structures in which all four 
cyano groups become involved both in charge and odd-electron 
delocalization (equation 27). The infrared spectrum of simple salts 

of TCNQ- shows a small bathochromic shift in -C=N absorption, 
from 2222 cm-l in T C N Q  to 2174-2198 cm-1 in the anion 
radical, and exhibits substantial line broadening. The e.p.r. spectrum 
of simple T C N Q  salts in te t rahydrof~ran~~ contains over forty lines, 
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NC, .,CN 

4 %  
C 

NC'Z'CN 

with forty-five lines expected on the basis of isotropic hyperfine 
contact interaction between the lH and 14N nuclei of the TCNQ 
radical. I n  chemical reactions, most simple salts of TCNQreact in a 
straightforward metathetical fashion, as in the reaction with acid 

(equation 28). However, tropilium iodide (25) reacts with LiTCNQ) 
f 

NC, . ,CN 

6 ___+ 

CH 
NC' ' CN 

*C, / CN 
C 

NC, 0 CN 
CH 

(26) to produce a high yield of a,at-ditropyl-a,a,atyat-tetracyano-~- 
xylene (27) plus T C N Q  (equation 29). It appears from these 
examples that although charge and spin delocaiization are extensive, 
products are largely derived from reaction at  carbon rather than at 
nitrogen. The same situation appears to prevail in the chemistry of 

(27) 

tetracyanoethylene anions and anion radical~3~. (For a more detailed 
disl-,ussion of the above compounds see Chapter 9.) 
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A number of examples of stable ketenimines have been reported 
in which alkyl or aryl groups were substituted at nitrogen to preclude 
tautomerism to the cyano form. Stevens and coworkers reported the 
preparation4O8 and properties40b of N-substituted ketenimines (28). 

Ar2C=C=NR RR1C=C=NR2 
Ar2C==C=NAr RRlC=C==NAr 

(28) 

These compounds, e.g. 30, were prepared in good yields via the 
dehydrochlorination of the corresponding iminochloride (29) 
(equation 30). These workers found that these ketenimines with 

R2CH-C=NAr __f R,C=G==NAr (30) 

ammonia, or with primary or secondary aliphatic and aromatic 
amines to give amidines (30) in high yields 40b. Two classical papers 

(R, R1, R2 = alkyl or aryl) 

C1 
I Et,N 

(29)  

NAr 
// 
\ 

RnC=C=NAr + RlNH2 + RaCH-C 

NHRL 
(30) 

of Hammond and coworkers, which demonstrated a cage efrect in 
decomposition of 1, ~'-azocyanocyclohexane4'a (31) and a,a'-azoiso- 
butyronitrile (AIBN)"' (32), serve to demonstrate that in the case of 
the radical at least, the product derived from attack by nitrogen ( N -  
alkylation) may be observed as well. The  thermal decomposition of 

(31) (32) 

31 gave as one product the ketenimine (33) which could be isolated 
as a pure compound and which decomposed to 1 , 1 '-dicyanodicyclo- 
hexane (34) a t  a rate comparable to the decomposition of the original 
azo compound (equation 31). A similar situation was encountered by 

(33) (34) 

(31) 
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these workers in studying the decomposition of AIBN. Here, 
ketenimine (35) was found to be a major product of the reaction. It 
also was found to decompose at a rate comparable to the rate of 
decomposition of AIBN itself to give 2,3-dicyano-2,3-dimethylbutane 
(36) (equation 32). 

CN CN Me 

C-=N + N, __f 

I I a \ 

/ I 
Me-C-X=N-C-Me __j 

Me 
I 
Me Me 

CN CN Me 
\ 
/ 

C=C=N CN (32) 
I I  
I I  

(32) 

Me-C-C-Me + 
Me Me 

\ /  

\ 
C-Me 

Me 

Me 

(36) (35) 

Isoelectronic with the ketenimine structure 33 is the ynamine 
structure 37 (equation 33), about which little has been reported. 
H ~ f f m a n n ~ ~ * * ~ ,  writing in the last century about the rearrangement 

\ I 
\ / \ I 

--C-N/ C=C=N + -C--N (33) 

(37) (38) 

which bears his name, noted that phenylpropidamide (39) under- 
went a degradation reaction with sodium hypobromite to give a 
good yield of benzyl cyanide (equation 34). I t  is likely that oxidation, 
rearrangement and decarboxylation produced aminophenylacetylene 
(40) as an intermediate which tautomerizes to benzyl cyanide (41). 

0 
I1 NaOBr 1. H,O 

PhCECCiVH, - Ph-CN=C=O ___f 
2. -co, 

(39) -H 
PhCEC-XH, ____f PhCI3,k-N (34) 

(40)  (41) 

Reports from the older literat~re43~-~, that acetylene and ammonia 
can be converted to acetonitrile (equation 35) at  elevated tempera- 
ture, suggest the intervention of enamine in the reaction path. This 
reaction probably proceeds through the enamine which undergoes 
tautomerization and subsequent dehydrogenation. This reaction 
was the subject of some interest in the patent literature of that 
period 4. 

HC=CH + NH, H,C=CH-XH, d CH,CH=NH __f CH,CK (35) 



16. Rearrangement Reactions lnvolving the Cyano Group 899 

A recent report has appeared45 in which the behaviour of ynamines 
toward addition reactions has been noted. In  contrast to primary 
ynamines, tertiary ynamines (43) are quite stable and many com- 
pounds with this structure have been reported. Bromination- 
dehydrobromination of enamines (42) at -80" gives good yields of 
y n a m i n e ~ ~ ~  (equation 36).  Indeed, tertiary ynamines have been 

Rr,, then 

f-DuOK, -80" 
RCH=CIINR21 -+ RCzCNR2' 

(43) (42) tetrahydrofuran 

shown to be excellent dehydrating agents, producing amides from 
carboxylic acids and amines in nearly quantitative yields under 
very mild  condition^^'^, a reaction which has led to the successful 
application of this reagent to peptide syn thes i~~ '~ '~ .  

I t  appears that the tautomeric equilibrium when hydrogen atoms 
are present as substituents, strongly favours the cyano compound, 
although R a p p ~ p o r t ~ ~ ~  has recently found that strongly electron- 
withdrawing substitution on the a-carbon probably produces 
detectable concentrations of the ketenimine form. Thus in 1,1,2,2- 
tetracyanoethane (44) the enimine (45) is detectable (equation 37). 

(37) 

NC CN NC CN 
\ /  \ /  

/ \  

(44) (45) 

HC-CH e- HC-C 
/ Xc 

CN NC NC 

\NH 

Fleury and Libisdab obtained high melting crystalline solid tautomers 
47 from the treatment of acylmalononitriles (46) with acid followed 
by extraction into ether (equation 38). 

CN 
Et,N / 

RCOCI + CH,(CN), __j RCOCH(CN), RC=C 

(46) AH \CN 
(38) 

R CN R CN 

c=c -2 c-c \ / H$O4 \ / 
0 // Xc 

CN 
/ \  

HO 
\ 
'im 

(47) 

T r o f i m c n k ~ ~ ~  has reported the preparation and properties of 
tricyanomethane (cyanoform) (48), which can be represented as 
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tautomeric structures involving the ketenimine (49) (equation 39). 

CN NC 

C=C=NH 
I \ 

/ I 
HCCN + 

NC CN 

(48) (49) 

(39) 

I n  wet ether solution, secondary a rn ineP,  al~ohols"~ and hydrogen 
halides49c, add to the ketenimino tautomer to give 1, l-dicyano- 
ethylene derivatives (50) (equation 40). 

NC NC NH2 

C=C=NH + H X  + c=c \ /  

/ \  

\ 

/ 
X NC NC 

NC NC NH2 

C=C=NH + H X  + c=c \ /  

/ \  

\ 

/ 
X NC NC 

(49) (50)  

(X = OR, C1, Bt, NRR1) 

The reaction of N,N-disubstituted hydrazides with a,/hnsaturated 
aldehydes follows an unusual course which has been attributed to 
the intervention of an aminonitrile rearrangement. Ioffe and 
Zelenin50 observed /%dialkylaminopropionitriles (52) as the major 
product of this reaction, a fact which they attribute to the the ring- 
opening of an intermediate pyrazolium ion (51) (equation 41). 

(51) (52) 

These workers concluded that ring-chain transfer of the dialkyl- 
amino group intramolecularly was a more reasonable reaction path 
than a non-cyclic elimination-addition sequence. 

I n  a related example of ambivalent tautomeric behaviour, Stacy 
and coworkers51a found that, while 53 displayed spectroscopic 
properties consistent with the ring-closed structure (53a) , the 
chemical reactions with benzoyl chloride, alkaline hydrogen per- 
oxide or sodium borohydride-aluminium chloride resembled much 
more those of the open-chain tautomer (53b) (equation 42). Thus 
borohydride reduction of 53 gave the aminomercaptan (54) and 
dihydrothiophene (55) ,  in spite of an n.m.r. spectrum and infrared 
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(53a) (531,) 

frequency (3280 cm-l) which suggest the predominance of the ring- 
closed tautomer 53a51b (equation 43). 

(43) 

17% 48% 

(54) (55) 
(53b) 

D. Cyanocarbenes 

Cyanocarberies represent an interesting case of enimine structure, 
in that they can be represented in a dipolar resonance hybrid of the 
keteniminium form (56e and 56b). A substantial effort has been 
devoted to the study of dicyanocarbene36.52a-d and aminocyano- 
carbene53aib although the former was more intensively examined. 

- .. + 
-C--*X: __f -C=C=N: 

(56a) (56b) 

Ciganek had reported the preparation of the explosive dicyano- 
d ia~omethane5~ (57) from which dicyanocarbene (58) could be 
thermolytically generated (equation 44). This intermediate was 
found to add non-stereospecifically in high yields to olefins and, more 

2 

(44) 
/I 

N=C-C-C~S + NrC-C--<:=N + x2 
(57) (58) 

slowly to insert into tertiary, secondary and primary saturated 
C--H bonds, in that order of reactivity. Another very interesting 
method for the preparation of a cyanocarbene was reported by 
Griffin65 and coworkers. 2-Cyanooxiranes (59), which are readily 
available from the epoxidation of substituted acrylonitriles, undergo 
photolytic cleavage in a number of different cases to give good yields 



902 J. Casanova, Jr. 

R R1 R2 

H Ph Ph 
Ph Ph Ph 
- (CH,) 5- P h 

of substituted cyanocarbenes (60) (equation 45) which then under- 
went an insertion reaction with the solvent (equation 46) or addition 
to olefins 

RZC-CN + MeOH + R2CHOMe (46) 
I 
CN 

(60) 

in unspecified yield and with only a slight stereoselectivity (equation 
47). 

Me Me 

PhC-CN + Me2C=CMe2 __+ +Me (47) 
Me 

CN 

(60) (R2 = Ph) 

S w e n ~ o n ~ ~ ~  prepared dicyanocarbene (58)  by1 , 1 -dehydrobromina- 
tion of bromomalononitrile (61) with triethylamine (equation 48). 

(48) 

The presence of a reactive, electron-deficient species was demon- 
strated by the formation of a 24 ?& yield of 1,l-dicyanotetramcthyl- 
cyclopropane (62) when the dehydrohalogenation was carried out  
in the presence of tetramethylethylene (equation 49). 

NEt, 
BrCH(CN)2 -80- NGC-C-GSV + NEt,.HBr 

(61) (W 

(62) 

Aminocyanocarbene (64) was reported by Moser and coworkers53 
to be formed during the photolysis of I-cyanoformamide-p-toluene- 
sulphonylhydrazone (63) in a 1-methyltetrahydrofuran glass at. 
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-196' 
H,N 0 

I1 
\ 
/ C=NNH!+cH3 h v  H,N-C-CZN (50) 

QMc (6 4) 
0 NC 

(63) 

- 196" (equation 50). Several polar resonance structures can be 
drawn for this carbene (65a-d). I t  was concluded53 that the carbene 

H , N - C - ~ N  H , N = C - ~ N  H,N=C=C=N : H~N-c=c=$~ : 

(65s) (65b) (65c) (654 

possesses singlet multiplicity in the ground state and that the polar 
charge-separated structures (i.e. 65b-65d) make a considerable con- 
tribution to the structure. This was largely based on ultraviolet 
spectroscopic evidence. 

Closely related to aminocyanocarbene is the nitrogen analogue, 
cyanonitrene (67), which has been recently reportedS6a-c from 
thermal decomposition of cyanogen azide (66) at 40-50" (equation 

- + - .. + -  + .. 

N,CN -> NCN + N, 
(66) (67) 

51). This unusual reagent was found to insert smoothly into the C-H 
bonds of saturated hydrocarbons, and displayed a selectivity for 
tertiary :secondary :primary C-H bonds of approximately 70 : 10 : 1. 
Thus with 2,3-dimethylbutaneY nearly all of the product was derived 
from tertiary C-H insertion giving 68, rather than from primary 
C-H insertion, which gives 69 (equation 52). Nitrene 67 also 

CH3 
40% I 

I 
CH3 

NCN + (CH,),CHCH(CH,), + (CH,),CHC-NHCN + (CH,)zCHCHCH3 
I 

CH,NHCN 
91.6% 8.4% (52) 

(67) (68)  (69) 

reacted readily with the carbon-carbon double bond of norbornenc 
to give a 1-cyanoaziridine derivative (70) (equation 53). From a 

& + NCN ---+hNcN (53) 
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study of the variation in stereoselectivity of insertion of cyano- 
nitrene into saturated C--H bonds, these same workers concluded 
that thermolysis of cyanogen azide at 41-53" produced singlet 
nitrene, which was readily converted to the ground state triplet form 
by collision deactivation. I n  contrast to this, Anastassiou has 
reported more recently5' that when photolytically generated, with 
light between 2100-3000 A wavelength, the cyanonitrenc is of singlet 
multiplicity only, and that it inserts quite stereospecifically into 
tertiary C-H bonds. If methods can be devised for the safe handling 
of the very unstable cyanogen azide, this promises to become a very 
useful synthetic tool. 

Aryl ortho-dinitrenes have been found to be an unusual source of 
unsaturated nitrilcs when they undergo ring scission. Nakagawa and 
0 n o ~ e ~ ~ a . b  found that o-phenylenediamine (71) , when oxidized by 
lead tetraacetate or nickel (IV) oxide, cleaved smoothly to cis,cis- 1,4- 
dicyanobutadiene (72a) (equation 54) ; Hall and Pattersons9 found 

later that a series of ortho-diazides (73) could be prepared and 
converted to the same type of product (72) (equation 55). T h e  

R 

730 H 
- 

b 3 -hk  
c 4-h?e 
d 4-OMc 
e 4-c1 

latter authors postulated several processes which might lead to the 
dinitrile product, including direct decomposition of the dinitrene 
73a derived from the loss of nitrogen (equation 56). Hall demon- 
strated that the reaction uniquely requires an ortho relationship of 
the diazide by the failure of lY4-diazidobenzene (74) to undergo a 
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(73) (73 4 (72%) 

similar reaction (equation 57) and thus the direct decomposition 
noted above is less likely. Alternatively, the rearrangement might 

6 - 6 - [CN 
CN 

(57) + HC=CH 

N3 :pi: 

(74) 

proceed by stepwise loss of nitrogen via a triazole (equation 58). 

@3 - a$ =N: .: aN’ * ccN ’ CN (58) 

N3 E- 
(71) (75) (73) (72a) 

This contention is supported by observation that 2-aminobenzo- 
triazole (76) could be oxidized by lead tetraacetate to cis,cis-1,4- 
dicyanobutadiene60 (equation 59). Hall suggested that the Nakagawa 

(76) (7%) 

intermediate might be a metal-coordinated species such as 77 
(equation 60). A more recent report by Cava51 has noted a similar 

(77) ( 7 ~  

typc of rearrangement reaction in the isocyano system. Quinoxaline- 
2,3-dicarboxylic anhydride (78) is reported to undergo a high- 
temperature gas phase pyrolysis to give 72 yo of 1,2-dicyanobenzenc. 
In  this case, the proposed ‘quinoxalyne’ (79) intermediate decomposes 
to the diisocyanide (SO), which is then presumed to undergo the 
isocyanide-cyanide rearrangement (see section I1.A) to give 81 
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(80) (81 ) 

(equation 61). T h e  same authors reported 50% yield of the nitrile 
(83) from quinoline-2,3-dicarboxylic anhydride (82) under the 
same conditions, presumably by a similar process (equation 62). 

111. R E A R R A N G E M E N T  R E A C T I O N S  O F  T H E  C A R B O N  
S K E L E T O N  TO WHICH T H E  C Y A N 0  G R O U P  

IS A T T A C H E D  

Several rearrangement reactions have bcen noted in which the 
carbon skeleton attached to cyano substitucnt groups has undergone 
rearrangement. T h e  strongly electron-withdrawing dicyanomethyl- 
ene systemG2 appears to impart an unusual stability to one of the 
valence-bond tau tomers in the norcaradiene-cycloheptatricnc isomer 
pair. Thcrmolysis of dicyanodiazomethancj4 produced dicyano- 
carbene (58, see section 1I.D) which added in 60-80y0 yield to a 
variety of aromatic hydrocarbons. With b e n ~ e n e ~ ~ ~ ~ ,  7,7-dicyano- 
norcaradiene (84) was obtained on photolysis of the diazo compound 
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(equation 63).  Thermolysis of 84 produced an interesting rearrange- 
ment to giv:s phenylmalononitrile (85) and 3,7-dicyanocyclo- 
heptatriene (86)63, the pathway to the benzene derivative being 

(84) (85 )  (86) 

slightly more favoured energetically (equation 64). With @-xylene, 
carbene 58 gave two isomeric norcaradienes (87 and 88) (equation 
65). Thermal rearrangement of a 1 : 1 mixture of the dicyano- 
dimethylnorcaradienes 87 and 88 occurred rapidly at 130" to give 

c:s 
.Me CN 

:C(CN), + $+;+$ (65) 

&c: + 4- I_, &..(CNz (66) 

M C  h k  iM e 

(58)  (87) (88)  

2,5-xylylmalononitrile (89) (equation 66). Similarly, dicyanocarbene 
added to naphthalene to give three isomeric compounds. Benzo- 
norcaradiene (90) was obtained in 50% yield and the two dicyano- 
benzocycloheptatrienes (91 and 92) in combined yield of 12% 
(equation 67). The latter products appear to be formed as a result 

Me CN 

Me hle Ale 

(8 7)  (88) (89) 
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of the addition of dicyanocarbene to the 2,3- and 1,g-bonds of 
naphthalene follciwed by rearrangement of the carbon skeleton ; 
1,5-cyano shifts of the two dicyanobenzocycloheptatrienes 91 and 92 
occur a t  a reasonable rate at  elevated temperatures. Thus either 91 
or 92 give 3,7-dicyano- 1,2-benzocycloheptatriene (93) (equation 
SS), via (go), and through slower subsequent reactions 90 gave 

NC C N  & / Or mz / 4 @ (68) 

H CN 

(91) (92) (93) 

1-naphthylmalononitrile (94) (equation 69), and 93 gave 96 
(equation 70). 

CN CN 

(93) (96) 

It is noteworthy that while the presence of the geminal cyano 
groups in 7,7-dicyanonorcaradiene appears to lower the activation 
energy for the norcaradiene-toluene isomerization by approximately 
10 kilocalories compared to the unsubstituted systernB4&, (a fact 
attributed to stabilization of the intermediate diradical 97 by the 
cyano groups (equation 71)), it is not nearly as clear why the 



16. Rearrangement Reactions Involving the Cyan0 Group 909 

norcaradiene form of these valence-bond tautomers are stable64b. 
The CYclohePtatriene tautomer is the only one detected in a number 
of other systems, including 7-cyanobicycloheptatriene and 7,7- 
bis(trifluoromethy1) cycloheptatriene. The novel cyclopentadienyl 
anion (100) reported by W e b ~ t e r ~ ~  to arise from the acid-catalysed 
ring closure of 98, followed by rearrangement of 99 in strong acid 
(equation 72), is remarkable for its high acidity. Properties of this 
system are dealt with thoroughly in Chapter 9. 

- I  l -  x GCN c: NH2 scs--$2 
cs cs 

2 Na+(NC)2CC=CC(CS), acid, 

XC CN 
NC cx 

(98) (9 9) (100) (72) 

Tetracyano chromone derivative (101) is reported66n*b to undergo 
an unusual series of rearrangements of the carbon skeleton to give 
rise to an interesting photochromic system. Compound 101 was 
found to be thermally unstable and rearranges to imidate (102) 
upon standing in alcohol. Boiling alcohol converts 101 to 103. 
Compound 102 is further rearranged to benzochromone (104) by 
extended reflux in xylene. The tricyano compound 102 undergoes 
a reversible photochemical ring-chain tautomerism with 105 in 
high quantum yield (equation 7 3 ) .  In the 0-acetyl series (106), a 
ring-contracted product 108 is obtained, in addition to the normal 
ring-opened compound 107 (equation 74). 

Isolated cases of rearrangements of the cyano bonded to nitrogen 
have been reported. Bird676 established that several 2-cyano- 1 - 
phenylpyrazole derivatives underwent isomerization which involved 
complex skeletal rearrangement when they were heated at 270". 
Thus cyano pyrazole (109) gave 110 (equation 75). Similarly 111 
gave 112 (equation 76). This author postulated, on the basis of 
earlier related w ~ r k ~ ' ~ , ~ ,  that the mechanism might involve a novel 
Cope-type of rearrangement involving electrophilic aromatic 
substitution with pyrazole ring opening (113 -+ 114 -+ 115) (equa- 
tion 7 7 ) .  

CN 

IV. FRAGMENTATION REACT10 N S I NVOLVI N G  
THE C Y A N 0  GROUP 

A variety of elimination and rearrangement reactions are known 
which lead to nitriles. One group of such reactions involves hydrogen 
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0 
CPhOAc 

I 

CN 
(107) 

3- 

as the eiectrofuge and anions of strong acids as the nucleofuge. Such 
reactions as the dehydration of aldoximes (116) (equation 78) and 
derivatives, the Wohl degradation, and the 1,2-elimination reaction 
of chloramines68 (117) (equation 79) or h y d r a ~ i n i u r n ~ ~ . ~ * ~  salts (118) 
(equation 80) are all examples of this type of reaction. 

These reactions constitute elimination of small molecules from 
across the C-N bond, and do not involve rearrangement of the 
carbon skeleton. They will not be considered in this section. Reac- 
tions in which the cationoid species of an elimination scheme is 
carbon are generally referred to as fragmentation reactions. These 
reactions have been recently reviewed by the most active investigator 
of this areaGO*--d. Particular aspects of this reaction type, notably those 
reactions known as the ‘abnormal’ or ‘second-order’ Beckmann 
rearrangement have been the subject of earlier comprehensive 
re vie^^^-^,'^ . T h  ese fragmentation reactions which involve the cyano 
group and result in rearrangement of the carbon skeleton and their 
related reactions are the topic of this section. It is the aim of this 
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section to discuss those reactions which may be viewed as passing 
through a nitrilium ion (119) intermediate, or  through an  oxazete 

R*KRI +-+ R C = ~ ~ R I  

(119) 

ring (120) or an oxazetone (121). The nitrilium ion intermediate 
is attainable either from N-alkylation of the nitrile, a path generally 
referred to as the Ritter reaction71n*b, or by rearrangement of the oxime 

+ -k 
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0 R1 0 

(120) (121) 

or a derivative of the oxime in acidic or aprotic polar s o l v e n t ~ ~ ~ ~ ~ ~ ~ 7 0 .  
T h e  oxazete ring system is most readily accessible from cyano 
compounds and derivatives of carboxylic acids or aldehydes. These 
reaction types are discussed separately below. 

A. Rearrangement of Nitrilium Salts 

The normal and abnormal Beckmann rearrangement and the 
Ritter reaction are accommodated by a single mechanistic scheme 
which involves a nitrilium salt (equation 81). The common features 
of these reactions have been often noted bef~re’~*-~.  The intermediacy 

X 

+HY,  -H+ 

Y 
I 

RC=NR1 

of the nitrilium salt is usually inferred from the source of the alkyl 
group (alcohol or olefin plus acid) or the reaction conditions (usually 
strong acid). Occasionally intermediate nitrilium salts have been 
isolated73”. Indeed, a comprehensive study of nitrilium salts was 
recently reported73”. Olah has directly examined the p.m.r. spectra 
of nitrilium (119a) and alkyl nitriliurn73e. salts (119b) formed in 
‘super acid’ (SO,-FSO,H-SbF,), and concluded that both were 
linear in configuration. Olah has shown further that N-methyl 

+ -1- 
R--N-H R-kN-Me 

(119s) (119b) 

acetonitrilium ion (119~)  is directly accessible by the action of 
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'super acid' on acetone oxime (equation 82). T h e  importance of a 
+ 

NOH IlNOH 

(119c) 

(R = Me, R' = Rae) 

nitrilium salt in  these reactions is further evidenced by the classical 
rate study74 on the rearrangement of cyclic benzo-a-ketoxime picrates 
(120). Whereas nitrilium cation 121, derived from the n = 6 
ketoxime, is sufficiently non-linear to preclude substantial stabiliza- 
tion of the intermedi'ate from the structure shown, cation 122 can 

from n = 6 from n = 8  

(1 20) (121) (122) 

draw considerable stabilization from C-N bond formation. 
Experimentally, 120 (n = 6) undergoes rearrangement very slowly 
relative to 120 (n = 8). Depending on the relative propensity of 
R and  R1 for formation of a stable carbonium ion, and on the 
nucleophilicity of the solvent, one or more of the products noted in 
the above scheme may be found. 

1. The Ritter reaction 

T h e  reaction between carbonium ion sources and nitriles to give 
amides 124 (equation 83) may be referred to as the Ritter reac- 
tion75aR.b . Carbonium ion sourccs have usually been tertiary or 

0 

benzylic alcohols, as in the reaction of benzyl alcohol with acryloni- 
trilc, which gives a 60 yo yield of N-benzyla~rylarnide~~ (125) 

(84) 

(equation 84.), or branched ~ l e f i m ~ ~ ~ . ~ ~ a , ~  as illustrated by the reac- 
tion of isobutylenc with actonitrile in aqucous sulpliuric acid to give 

0 
H.SO, I1 

PhCH20II + CH,=CHCS A PhCH,NHCCH~CH,  
(125) 

30 
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N-t-butylacetamide (126) (equation 85). The  gcnerality of the 
0 
I1 

(CI-I,),CNI-ICCH, 
H2S04 

(126) 
H2O 

(CH,),C=CH2 + NECCH, 

reaction is demonstrated by the fact that large number of a- and /3- 
substituted Unsaturated acids, esters and hydroxy csters may serve 
as carbonium ion to give yields of amides that are generally 
above 50 yo. Hydrocyanic acid has been employed as a source of the 
cyano to give a n  AT-substitutcd formamidc (127) (equations 

PhCH,C(CH,)2NHCHO (86) 
I i +  PhCH2C(CH,),OH + HCN 

OH NHCHO 

(128) (127) 

86 and 87). Unsymmetrical diamides have been observed from 
din it rile^^^*-" (128) (equation 88) and  the stabilizing influencc of a /3- 
halogen atom on the intermediate carbonium ion has been employed 

0 0 
H O  I1 I1 

(CHJ2C=CI-I, +- NCCH2CH2CN (CH,),CNHCCH2CH2CNH2 (88) 

(128) 

to produce a novel N - h a l ~ e t h y l a m i d e ~ ~  (129) synthesis (equation 
89). 

0 
I I  

(89) 
Has04 RR'COH + N=CR2 RR1CNHCR2 

I 
CH2X 

I 

(X = C1, Br) (129) 

In  the casc of an unsaturated nitrilc providing both the cyano 
group and the carbonium ion, polymers have been reportedaoa. Thus 
acrylonitrile was reported to give insoluble polyalanine (130) in 
sulphuric-acetic acid mixtures (equation 90). 

CH,X 

H,SO, n+2 CH,=CHCN HOAc + CH2=CHCO(NHCIIMcCO) _ _  ,;?CHMeCN (90) 
n 

(130) 

Recently, Zilkha and coworkerssob have reported a soluble 
polymer in this same system using cold concentrated sulphuric acid. 
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Upon hydrolysis the polymer gives low yields of P-alanine. These 
workers postulate a trimeric sulphuric acid tetraester (131) as the 
intermediate before hydrolysis (equation 9 1).  

I I I I 
H O  

CH2CH=CNHCH2CH=CNE-ICH,CH,C=NH y&+ 3 H,NCI-I2CH,CO21i (9 1) 

OS0,OH OS0,OI-I OS0,OH OS0,OH 

(131) 

An interesting example of the ‘electrochemical Ritter reaction’ 
has been reported by Ebcrson81. Electrochemical oxidation of durene 
in acetonitrile leads to N-pentamethylbenzylacetamide (132), pre- 
sumably via an intermediate carbonium ion and nitrilium salt 
(equation 92), 

d 

MeC=N + Me*e Me Me 

Me 

0 
I 1  

(+NHCMe 

Me 
-* 

Me 
I 

Me 

2. Fragmentation of ketoximes and their derivatives 

T h e  fragmentation of ketoximes and derivatives of ketoximes has 
been accomplished by a wide variety of reagents. I n  the case of 
ketoximes, most conceivable reagents which are capable of con- 
verting the oxime hydroxyl function to a good leaving group have 
been employed. Mineral acid, carboxylic acid chlorides, sulphonyl 
chlorides, thionyl chloride, phosphorous trihalides, phosphorous 
pentahalides and phosphorous pentoxide have been the most 
commonly used. Derivatives of oximes in which thc oxime hydroxyl 
is already a good leaving group (i.e. tosylate) have been rearranged 
in a variety of polar aprotic solvents, pyridine being most commonly 
employed. T h e  reaction has been widely studied and has been the 
subject of comprehensive mechanistic and stereochemical investiga- 
tions. 
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a. Simple ketoximes. Perhaps the earliest description of an  unsatu- 
rated nitrile among the products of oxime rearrangement is due to 
Wallachs2 who reported 4-pentenonitrile (134) as a major product in 
the boric oxide-alumina catalysed dehydration of cyclopentanone 
oxime (133) (equation 93). Subsequent reports by .Laziers3a and 

+ &  (93) 

D a v ~ d o f f S ~ ~  established the generality of the fragmentation reaction 
in simple six- (135) (equation 94) and seven-membered ring ketox- 

imes (137) (equation 95) and in 8-mcthylcyclohexanone oxime84 
(139) (equation 96), aIthough the reported rearranged structure of 
the nitrile product in the latter case is unusual and merits scrutiny. 

Grob has reportedE5 the fragmentation of the oxime tosylate of 
menthone (141) in heated pyridine (equation 97). In  this case the 
carbonium ion derived from fragmentation of the nitrilium salt 
would be secondary, and a trisubstituted double bond (142) results 
from elimination, enhancing the possibility of contribution from a 
second-order elimination pathway. 

A number of simple bicyclic systems have been reported to 
produce unsaturated nitriles. ,!?-Oximinoquinuclidine hydrochloride 
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Me 
I 

Me 
I 

pyridinc 

NOTs 
A 

Me Me A 
Me Me 

(143) undergoes rearrangement with benzenesulphonyl chlorides6 
to give 39 yo of the nitrile which has lost one carbon and undergone 

CN 

4 UN0* - 1. NaOH 

2. PhS0,CI 

H I 

N-sulphonation (144) (equation 98). This fragmentation might 
proceed through an intermediate nitrogen ylid (145) (equation 99). 

CN 

CH,OH 

Nitrogen participation in the fragmentation of a-oximinoamines has 
been well documented in the recent work of Grob and Fi~c l ie r* '~-~  and 
others, who have carried out fragmentation reactions of a series of 
a-oxirninoamines (146) in ethanol at  80" 87*,g (equation 100). Grob 

OH 
/ N 

% CH20  + HNR, 
+ 

CH,=NR, 
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and coworkers have further investigated an example of a-oximino- 
amine fragmentation in a cyclic aminoketoxime (147), but under 
their conditions the major product observed was the normal Beck- 
mann product (lag), formed via 14887c (equation 101). 

NOH - a> - (YY (101) 

$47) (148) (149) 

Sauers88 has reported the fragmentation of 1-methylnorcamphor 
(150) in sulphuric acid to give a mixture of the two expected cyano- 
olefins (151 and 152). These products were not isolated, however, 
but converted directly by hydrolysis to the lactone 153 in low yield 
(equation 102). Camphor (154) has been reportedEga to undergo 

bNoH Me 

4 CH&N 
+ 

1. ICOH3 
McOH 

2. Hf 

CHZCN 

fragmentation upon heating, to give 4-cyanomethyl- 1,2,3,3-trimethyI- 
cyclopentene (155) upon solution in acetyl chloride (equation 
103). However, it appears that this procedure leads to a complex 
mixture in low yield8”. I n  much earlier work, the fragmentation of 
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p-pericyclocamphenoneoxime (156) to 157 was r e p ~ r t e d ~ O * - ~  (equa- 
tion 104). In this case, Seminal methyl groups preclude the possibility 
of two double bond isomers, which were possible in the case of 1- 
methylnorcamphor, reported by SauersE8. 

919 

PCI PhSO CI u 
or HnSO, hlc 

Hill and C ~ n l e y ~ ~ " ~ ~  have reported unsaturated cyclic nitriles 
(159) as the fragmentation products of spiroketoximcs (158) by 
using thionyl chloride (equation 105). T h e  normal Beckmann 

(CHZ), (CHZ), NOH &z;JZcN+ p O  (105) 

( x  P = 1,2 (CH&y 

y = 1,2,3) 

(158) (1 5 9) (160) 

products (160) were also isolated in these cases. When polyphosphoric 
acid was used as the catalyst, an q%unsaturated decalone (161) was 
obtained by an unusual ring closure reaction (equation 106). These 

(158) (161) 

authors demonstrated that the decalone was a secondary product 
derived from the unsaturated nitrile. 'This phenomenon has been 
noted by other  worker^^^"*^^. 

Fragmentation of' osimes and oxime derivatives, in which no 
heteroatom stabilization of the incipient carbonium ion is possible, 
appears to be the predominant or exclusive path of reaction for those 
compounds which Iiave a fully substituted a-carbon atom. A good 
example of this is derived from the work of Hassner and NashD2 on 
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diarylmethyl ketoximes (162), which fragment readily in phos- 
phorous pentachloride to give benzhyfig-yl chlorides (163) and 
nitriles (164) (equation 107). Lyle and Lyleg3 obtained a-methyl- 

NOH 
I1 PCI 

ArzCHCMe 6\ Ar,CHCl + Me-N (107) 
(162) (163) (164) 

styrene (166) and benzonitriie from ketoxime (165), which would 
give a dimethylbenzylcarbonium ion intermediate (equation 108). 

NOH 
It SOCl 

C,H, 
Mc,CPhCPh 2\ P I i k N  + CH2=CMePh (108) 

(166) (165) 

Similarly these workers obtained 1 -phenylcyclohexane (168) and 
henzonitrile from ketoxime (167) (equation 109). Conley and 

6OH 

(167) (168) 

C O W O ~ ~ ~ I - S ~ ~ C ~ ~ ~ * ~ ~  have studied other a-trisubstituted oximes. 2,Z- 
Dimethylcyclopentanone oxime (169) rearranges via the inter- 
,mediate nitrile to 3-methylcyclohex-2-enone (170) in polyphosphoric 
acid (equation 1 lo). In the case of 1, I-dimethyltetralone-2-oxime 

(169) 
(110) 

(171), Conley9db was able to isolate the normal (172) and the 
abnormal (173) product from the unsaturated nitrile (equation 
111). 



16. Rearrangemcnt Reactions Involving the Cyano Group 92 1 

A study of the rate of decomposition of methyl ketoxime tosylates 
by Grob and coworkers95 strongly suggests a common intermediate 
for both the normal Beckmann product and the fragmentation. 
Evidence has accumulated which suggests strongly that the nitrilium 
salt intermediates may undergo dissociation-recombination to 
produce intermolecul.ar crossover products. Conley and coworkers 
found that rearrangement of a mixture of pinacolone oxime (174) 
and 2-methyl-2-phenylpropiophenone oxime (175) in polyphos- 
phoric acid produced all four possible amides (176-179) derived 
from C to N migration of the most highly substituted groups72c 
(equation 112). These same workers carried out the fragmentation 

NOH NOH 
II II -t -!- 

Me3CCMe + PhCMe,CPh + [Me3CIk=CMe + PhCMe2N~Cl’h] 

H20 -k 
t [Mc3C+ + NECMe + PhCMe, + KsCPh] i 

(177) 

M%CNHCOPh 

PhCMe,NHCOPh 

(178) 

(179) 

of the oxime of 9-acetyl-cis-decalin (180). They obtained pre- 
dominantly N-(trans-9-decalyl) acetamide (181) using a large variety 
of dehydrating agents, and this was taken as compelling evidence 
for a fragmentation-recombination mechanism. Supporting evidence 
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for this postulate was the fact that  cis-8-decalol (182) and aceto- 
nitrile in sulphuric acid also gave the same product (equation 113). 
Evidence for the ionization of the oxygen leaving group to produce 
a n  intermediate nitrilium ion was recently presented". A series of 
substituted acetophenone oximes (183) were rearranged in  sulphuric 
acid containing 3.8 atom % excess lS0. The substituted acetamide 
products had attained the lS0 concentration of the solvent, suggesting 
the existence of solvent separated nitrilium-bisulphate ion pairs 
(equation 114). I t  was also concluded that the "0 isotopic labelling 

eJ 
NOH 1 8 0  

(I I*,SO, + H,'W II 
ArCMc + ArX=CMe + ArNHCMe (1  14) 
(153) 

N+ 
II 

ArCH OS0,O- 

(184) 

experiments preclude the  formation of an  unrearranged pre- 
equilibrium ion pair (184) of the type which has been postulated in  
earlier work97u9b. 

In what the au thorP  called a n  'anomalous Ritter reaction', 
or-dialkylaminonitriles (185), which contained sterically large sub- 
stitueiits either on nitrogen or  on carbon in the Ritter reaction using 
t-butyl alcohol and sulphuric acid (equation 115) gave a-hydroxy- 
amides (187) with loss of the amino substituent. I t  is possible that 

RZ1N K21N : 
I I.I,SO, I + 

RCHCN + t-BUOII RCH-CEN13u-t 

steric repulsion of the large li and R1 groups contributes to the 
formation of an aziridinium ring intermediate (186) which undergoes 
substitution by water. 

Besides assistance from neighbouring nitrogen noted here and 
earlier in this s e c t i ~ n ~ ~ * ~ ~ ,  fragmentation of ketoximes, assis- 
tance by neighbouring ether oxygen, epoxy oxygen and carbonyl 
groups has been reported. Hillgg notcd that p-oximino ethers under- 
went fragmentation in the presence of phosphorous pentachloride, 
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polyphosphoric acid or p-toluenesulphonyl chloride to give good 
yields of nitriles. Thus oxime 187a fragmented to give, after cycliza- 
tion and hydrolysis, y-hutyrolactone and benzophenone (equation 

(187s) 

116) , and oxime (188) gave a dimethylacrylonitrile and acetone 
in good yield (equation 1 17). With an x-epoxykctoxime (189), 

(117) 

fragmentation also occurred (equation 1 18). However, the products 
190 and 191 were identified only tentatively and no  yield was 
reported. 

(189) (190) (191) 

A more recent study of tetralone oximes which possess a B- 
methylthio group (192), reported by Autrey and ScullardlOO, showed 
that fragmentation occurred in  these systems also giving 193 and 
194 (equation 119). 

T h e  introduction of a new reagent for the Beckmann rearrange- 
ment  into this system, 2-chloro- 1,1,2-trifluorotrietliylamine (195), is 
noteworthy and deserves comment. This reagent brings about 
rearrangement in excellent yields under especially mild conditions 
(70°, 18 min). Autrey and Scullard have noted the probable mode 
of the reaction by the amine (equation 120), and further observed that 
the intermediate 0-acylated species (196) appeared to be formed 
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EtJ'32F,CHCIF 
____f 

(192) (119) 

Sh.le + Me0 l Q n H 0  CN 
h4eO 

(193) (194) 

rapidly. I t  is likely that this promising reagent will see further use 
in  Beckmann and Lossen type rearrangements. 

+ 
NEt, 

NOH II 
NOCCHClF 

- F- + RLR' 11 
Et,NCF,CHCIF Et,N=CFCHClF d RCR' - 

(195) (196) 
0 

t I I  
RN=CR + Et,XCCHClF (120) 

Grob has studied extensively the fragmentation of cc-oximino 
ketones, especially in the decalyl system. When 197 was subjected 
to Beckmann conditions in ethanol, two normal Beckmann products 
198 and 199 were obtained101*102 (equation 121). However, when 

(197) (198) (199) 

the  reaction was carried out in base, fragmentation involving 
alkoxide (or hydroxide) attack at carbonyl occurred, to give an 
unsaturated cyano ester (201) (equation 122). This fragmentation is 
especially interesting because it may be considered a 'seven-centred 
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fragmentation’, and is nucleophile-induced a t  the carbonyl carbon 
atom. Grob found the reaction to be first order in both reactants. 
T h e  kinetic order suggests that  nucleophilic addition a t  the carbonyl 
group to form 200 is the initial step of the reaction. When such a 
base-induced fragmentation is carried out on an y-oximinoketone 
which possesses an enolizzble hydrogen (202), fragmentation which 
formally resembles an E 1cB elimination process can occur85, leading 
to an a,P-unsaturated ketonitrile (203) (equation 123). 

6. cc-Carbonyl- and a-fydroxyketoximes. The  literature contains a 
large number of references to the fragmentation of kctoximes which 
contain an a-oxygen substituent, many of these references dating back 
to the beginning of this century. I t  was early a ~ c e r t a i n e d l ~ ~ ~ - ”  that cc- 
oximinoketones could undergo both a ‘normal’ and an  ‘abnormal’ 
reaction, which can be rationalized in terms of trans- 1,2-migration 
of the alkyl or acyl group, and hydration or fragmentation to give the 
more stable acylium ion. Thus benzil cc-monoxime (204) in anhydrous 
medium gave benzonitrile and  benzoic acidlo3” (equation 124) but the 

0 

PhCCPh 
PhS0,CI 

t PhCEN + PhC0,H (1 24) 
I1  

II 
fi0l-I 

(204) 

p-monoximc (205) under the same conditions, gave the isonitrile and 
benzoic acid (equation 125). The various modes of rearrangement 

0 
I’hS0,CI 

( 1  25) 
II 

PhCCl’h - P h N E C  + PhC0,T-I 

HON 
II 

(205) 

and fragmentation of a-oximinokctones was first pu t  into a coherent 
framework by Ferris’@’, who also clearly defined the terms ‘normal’, 
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'abnormal' and 'second-order' as they apply to the Beckmann 
rearrangement. A general scheme for the rearrangements is shown 
below in scheme ( 126). Many other examples of a-oximinoketone de- 
composition are recordedlOj"-g, as well as for oxirnes with unsaturated 

0 
II 

IiCCRl 
II 
NOH 

0 0 0 00 0 
11 

RCNHCRl RCCNHRl 
I I  

RCOH + RIK=C 

a-substituents, such as a-iminooximes106. a-Oximinoacids present an 
interesting case of a-carbonyloxime fragmentation. Dieckrnannlo'a 
and L o c q ~ i n ' ~ ' ~ - ~  reported early that a-oximinoacids undergo 
decarboxylation readily in acidic medium to give nitriles. A typical 
example of this, selected from six acyclic aliphatic systems studied 
by L o ~ q u i n ~ ~ ~ ~ ,  is a-oximinovaleric acid (206), which on  treatment 
with strong sulphuric acid gives a good yield of butyronitrile (207) 
(equation 127). This reaction has also been the subject of a more 

II II II II 
RCOH-1- 
R ' k N  

NOH 
11 H,SO, 

CI-I,CH,CH,CCO,H - CH,CH,CI-T,CkzS + CO, (127) 

recent i n v e s t i g a t i ~ n ~ ~ ~ .  A recent report on the preparation of 
nitrilcs in good yields from the reaction of a-oximinocsters with 
alkali in dictliylene glycol108 may be yet another example of Locquin's 
nitrile synthesis. 

As in  the case of the nitrilium salt studied by Hill and ConleyiZc, 
fragmentation of acylnitrilium species appears to yield a cation, in 
this case an acylium ion. 'The same mode of decomposition accounts 
for the formation of a 2-cyanocinnamoyl chloride (209) from 1- 
nitroso-2-naphthol (205) when it is treated with bcnzcnesulphonyl 

(206) (207) 



16. Rearrangement Reactions Involving the Cyano Group 927 

NOH 

PhS0,CI 
pyridine 

chloride and pyridine103’)*103d*100 (equation 128). Indeed, evidence 
for capture of an acylium specics can be adduced from the report 
of Ferris and coworkersllO on the base-induced fragmentation of 
acetylated a-oximinoketones (210) from which 50-80 yo yields of 
esters and nitriles were obtained (equation 129). These results can 

0 0 

be  most readily accommodated in terms of an intermediate acyl- 
nitrilium ion which fragments to  the nitrile, and to an acyliuni ion, 
which in turn is captured by alcohol or alkoxide (equation 130). 

0 
I /  + 

RCN=CR’ ---+ RC=O+ + N=CR’ 

(130) 

T h e  results preclude S,-2 attack by alkoxide 
salt, since the same esters were obtained when 
bases in alcohol instead of alkoxides, were 

on thc acylnitrilium 
amincs or other weak 
employed. A cyclic 

a-oximinoketone indandione monoxime (211) in the prcsence of 
p-toluenesulphonyl chloride underwent fragmentation in basic 
aqueous solution to produce a 95 yo yield of the cyano acid (212)l’l 
(equation 131). 
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OMe 

M e o e g  ___f HzO pho&cN 

N+ CO2H 

0 95% 

(2 12) 

Many reports can be found in the literature regarding fragmenta- 
tion of m-hydroxyketoximes, dating from the earliest work of Werner 
and D e u t s ~ l i c f f ~ ~ ~ ~  in which benzoin a-oxime (213) in benzene- 
sulphonyl chloride and pyridine was found to give benzaldehyde 
and benzonitrile (equation 132), while bznzoin j3-oxime (214), 

0--H 0 
II 

OH 
I./,+ - 

P”SozC’ I’IlC-N=CFh __+ PhCH + N E C P h  (132) PhCH-CPh pyridinc 

NOH 

I 
I 1  

(213) 

under the same conditions, gave benzaldehyde and phenyl isocyanide 
(equation 133). Thcse results arc accomodated by trans carbon-to- 
nitrogen migration of a carbon group to give nitrilium salt which 

OH 0-H 0 
II 

f ptlCH + CE-NPh (133) 
I PhSO CI I& + 

PhCHC--Ph * I’llCf.I--C=~-Pll - 
II 

HON 

(214) 

fragments so as to give the most stablc products. The same authors 
reported that furoin p-oxime (215) also fragmented in a similar 
manner (equation 134). Buck and Idel12 carried out a systematic 

(1  3-11 QKCQ p,h,2:,* o’c130 + QNC 
I1 

HON 
(215) 
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investigation of the abnormal Beckmann rearrangement on seven 
mixed benzoins,derived from a variety of substituted benzaldehydes 
using benzenesulphonyl chloride and sodium hydride. I n  six of 
these oximes, which possessed the a-configuration (213a), yields of 
60-90 yo of the substituted benzaldehyde and benzonitrile were 
obtained (equation 135). In  the only benzoin which possessed the 

on 
I PhS0,CI 

ArCHCAr1 ___) ArCHO + A r * k K  
)I aq. NaOH 
%OH 

(2138) 

/3-configuration (214a), an  86 yo yield of the aldehyde was obtained, 
together with strong evidence for the prescnce of the isonitrile 
(equation 136). 

OH 
I PhS0,CI 

1) aq. NaOIJ. 
PhCHCXr ___j PhCHO + [ArNC] 

HOk 
(214a) 

I n  the presence of benzenesulphonyl chloride, hydroxyketoxime 
216 is reported to give benzophenone and benzonitrile113*,b (equa- 
tion 137). 

HO 
PhS0,CI 

(137) 
I 

Ph,CCI'h ___f Ph,C=-O + PhC=K 
II 

(216) 

NOH 

An interesting variation on the fragmentation of cr-hydroxy- 
ketoximes is encountered when cyanide ion is present during the 
fragmentation of the a- and p-oximes of benzoin. Unlike thc earlier 
case1o3c, no  isonitrile was obtained from either oxime. This result 
has been rationalized in terms of aromatic nucleophilic displacement, 
with fragmentation as the  mode of reaction for the nitrilium ion 
obtained from the P-oxime (equation 138). The  present mechanism 
suggests a t  least a superficial resemblance between this reaction and 
the Sandmeyer reaction. I n  addition to the fragmentation of 1- 
nitroso-2-naphthol described earlie~-lO3~, there is evidence that other 

0-11 0-H 0 
I1 ">o + PhCH + CN- f PhCX Ph C HC=N PhCH-CE ' 

I 

SEC (138) 
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cc-enolic ketoximes may be susceptible to cleavage. T h e  indolenol 
(217) is cleaved by phosphorous pentachloride to give, after 
hydrolysis, a good yield of NYN'-(2-cyanophenyl) urea (218)103C 

(equation 139). O n e  example of an cl.-oximinoketone with a B- 
sulphidc link presents a situation which appears to be analogous 

4 

NOH 

co 

(218) 

to that  encountered earlier for 8-amino and the ,&ethers". 2,3- 
Dihydro-2-oxo-3-oximinobenzothiophene (219), when treated with 
phosphorous pentachloride, yields 2-cyanobenzenesulphenyl chloride 
(220) I03d (equation140). T h e  similar behaviourlo3" of N-methyl-3- 

NOH 

(220) 

oximinoisatin (221) , vcry likely involves nitrogcn lone-pair participa- 
tion in the fragmentation step, to give A~-(2-cyanophenyl)-N-mcthyl- 
carbamoyl chloride (222) (cquation 1 4 4 .  Although still quite 
unccrtain as regards the mechanism, it is possible that the reduction 
of nitrile oxidcs by triarylphosphines and t r iphenylphosphi te ' l~~~~ 
proceed through a nitrilium intermediate. Thus, benzonitrile oxide 
(223) reacts rapidly with triphenylphosphine (224) to give the nitrile 
and triphenylphosphine oxide (equation 142). I t  has since been 
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NOH 

93 1 

(141) 

M e  

reported that  even as mild an oxygen accepter as cyclohexyl iso- 
- f -  + 

P h C e N - 0  + Ph3P PhC=N-O-PPh3 _i P h C s N  + Ph3P-0 (142) 

(223) (224) or 

N-0 

PhC-PPh3 
II I 

nitrile (225) is sufficient to bring about the reductionllj to give 
30-60y0 yields under mild conditions (equation 143). I n  this case, 

N=C=O 1- PhC=N (143) + - ether 
NEC f PhCrN-0 + 

(22 3) 

0- 
(2 2 5) 

the intermediacy of a nitrilium species (226) (equation 144) rcmains 
an untested possibility. 

+ 
RCEN-O 4- C==NR' d 

(144) 
+4_ c. 

(226) 

R-N o-c=i\j~~ __* RC=N + O=C=NR' 

Hence, i t  appears generally true that fragmcntation is the pre- 
ferred route of decomposition of the nitrilium species whenever an 
atom in the p-position can stabilize the positive charge via the lone- 
pair electrons (equations 145-147) of a group V or group VI atom 
in that position. This concept has been elaborately generalized by 
Grob69n in  a recent review. 

Recent studies on the photolytic cleavage of azirines116 to produce 
oxazoles have lead to the speculation117 that a zwitterionic nitrilium 
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+ N E C R  

species may be involved here. Azirine (227), when irradiated with 
3130 b light, gives oxazole (228) in nearly quantitative yield (equa- 
tion 148). T h e  formation of 228 cannot bc quenched and is not 
influenced by sensitizers. 

3. Fragmentation of I ,3-oxazete rings, oxazetones and oxazoles 

a. Oxazetes and oxazetones. Another group of reactions, which in- 
volve a carbon skeleton rearrangement and in which a cyano group 
appears in the product, display in common the feature that they may 
be written as if they passed through a 1,3-oxazete ring system. 
Only a few representatives of this group have been well studied. This 
may be due in part to the high temperatures which are normally 
required to achieve reaction. The  reaction of carboxylate salts with 
cyanogen bromide (229) a t  250-300" is one of the more closely studied 
representatives of this reaction. The  reaction leads to nitrile and 
carbon dioside by what appears to be a substitution (equation 14-9). 

RCO,- + I<rC=S ---+ RCEN + CO, + Dr- (149) 

However, l~'C-labelling originally in the carboxylatc carbon ulti- 
mately appears in the carbon atom of the cyano group and not in 

(229) 
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the carbon dioxidell*. Moreover, retention of optical activity in the 
carbon grouping precluded , an  inversion mechanism11e. These 
results strongly suggest the formation of an intermediate oxa- 
zetone ring (231) which undergoes reverse cycloaddition (equation 
150). Douglas and coworkers were not able to isolate the inter- 
mediate acylisocyanate (230), but this is not surprising in view of 

ihe high temperature of the reaction. Durrell, Young and Dresdner120 
proposed a similar intermediate to account for the equilibration 
between a carboxylic acid-nitrile pair and imide (equation 151), 

RCO,H + R1CiS'J + RCONI-ICORl (151) 

which can undergo bond scission to give a new acid-nitrile pair 
(equation 152). The  reactions were base and acid induced, and 

RCONHCOR' RC=N + R1C02H ('52) 

were also conducted thermally a t  150-200". These authors rational- 
ized the exchange reaction in terms of an  oxazete ring inter- 
mediate. The  cnolamides 232 and 233 may be in equilibrium with 
the oxazete rings 234 and 235 which may be equilibrating with 
each other. Ring opening of these compounds can produce either 
of the acid-nitrile pairs (equation 153). When R and R' are different 
the scheme shown here is further complicated by the symmetrical 
anhydride in the otherwise transparent reaction. This process is the 
subject of a patentl2', and a closely allied reaction between acid 
chlorides and acetonitrile in the presence of aluminium chloride has 
been attributed to Newman122 (equation 154). Durrell and coworkers 
have rationalized the nitrile synthesis of Pomeroy and CraiglZ3 which 
appeared earlier. When O,N-bis( trifluoroacetyl) hydroxylamine 
(236) was treated with aldehydes in the presence of pyridine, nitriles 

' 
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0 0  
I I  II RCNHCR' 

RC=N (234) (235) R ~ = N  

were produced. Again, this can be described in terms of the oxazete 
ring intermediate (237) (equation 155). A little-studied method 

RCOCl + CH3-Y - F R G S i  + CH3COC1 (154) 

for the preparation of nitriles from carboxylic acids and inorganic 
thiocyanate (238), called the Letts may also involve 

AICI, 

pyri  d i n  c 
- 

CF3CON HOCOC P, -f C F,CO~OCOCF, 

(286) 

I 

OCOCF, OCOCF, 

(2  37) 

the samc kind of intermediate. A reasonable cyclic mechanism 
which involves an oxazete ring may be written for this reaction 
(equation 156). However, this possibility has not been examined. 
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Few examples of S,i-type displacement reactions involving the  
cyano group have been recorded, and it is litely that many reactions 
that  appear to besubstitutions are, in fact, more complex. Sheppard12j 
has reported the pyrolysis of alkyl cyanoformates (239) in the gas 
phase at  reduced pressure and at 200-800", and has postulated a 
cyclic transition state (240) which involves unimolecular decom- 
position (equation 157). 

b. 0xnzoZe.s. Wasserman126 has recently reported an  unusual and  
especially promising new fragmentation reaction of oxazole deriva- 
tives which appears to be a general method for the transformation 
of acyloins (241) to a-cyanoacids (242) via oxazoles (equation 158). 

Acyloins are converted to oxazoles in high yield by acid conden- 
sation with formamide. Generation of singlet oxygen photochemic- 
ally in the presence of thc oxazole 243 leads to the to-cyanoacid 
through 1,3-dipolar addition of the singlet oxygen to the oxazole, 
followed by fragmentation and loss of carbon monoxide (equation 
159). 
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V. REARRANGEMENT R E A C T I O N S  INVOLVING 
I N T E R M E D I A T E  C Y A N Q  C O M P O U N D S :  

T H E  V O N  RICHTER REACTIQN 

The von Richter rea~tion~~’*-o has been reviewed12** and character- 
ized by Bunnett128b as a typical example of cine substitution-a term 
used to designate a reaction whose main feature is that the incoming 
group takes up a position other than the one vacated by the leaving 
group. In  the von Richter reaction, an aromatic nitro compound, 
when treated with cyanide ion, gives a substituted benzoic acid, 
with the carboxyl group located ortho to the position which originally 
bore the nitro group (equation 160). For more than half a century 

it was believed that the rearranged nitrile 244 was an intermediate 
in the reaction, and that this compound subsequently hydrolysed 
to the acid. Doubt first arose as to the vaiidity of this supposition 

x 
(244) 

when Bunnett and Rauhut1Z9 were unable to obtain I-naphthoic 
acid (246) from 1-naphthyl cyanide (245) under conditions which 
converted 2-nitronaphthalene (247) to 1-naphthoic acid (equation 
161). In  the few years following that, a number of experiments 
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(24 5)  (2.66) (247) 

were reported which led to the proposal of a new mechanism by 
R o ~ e n b l u r n l ~ ~  which accounts for all the experimental observations 
to date. The Rosenblum mechanism suggests two possible reaction 
paths (A and B of equation 162). Rosenhlum reported that no am- 
monia or nitrite ion formed in the reaction as previously supposed, 

s 

OH- 

X 
I 

(251) 
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and that nitrogen gas was a major product, isotopically normal even 
in the presence of 15NH3. This result demands the formation of a 
N-N bond between the cyano and nitro groups. Jbne-Rasa and 
Koubek131 demonstrated that the nitrosamide (250) did form 
benzoic acid and nitrogen under conditions of the von Richter 
reaction (aq. EtOH, CN-, 140-160"), thus lending some support 
to the path B mechanism. Cullen and L'lhyer132 pointed out that 
the ortho nitrosamide was mechanistically accessible without pro- 
ceeding through the dinegative ion (248) (equation 163). Samuells3 

'0- -0' 
(248) (250) 

found that when the von Richter reaction was conducted in laO- 
enriched water, 1.0 equivalent of l*O was incorporated into the 
carboxyl group, again in harmony with the Rosenblum mechanism, 
which requires that one of the carboxyl oxygen atoms be derived 
from the original nitro group and one from the solvent. Ullman and 
Bartkus13* isolated a green solid at  -78" with an  infrared spectrum 
consistent with 251, which polymerized on warming. I t  gave a 
Diels-Alder adduct 253 with butadiene (equation 164) and smoothly 

reacted with CN- in aqueous alcohol to give the von Richter product 
and nitrogen. Moreover, Cullen and L'l?~uyer '~"-~ have isolated a 
characteristic azo compound (254) as a side reaction product from 
the von Richter reaction of p-chloronitrobenzene. This azo com- 
pound could arise from tlie reduction of 250 during the course of 
the reaction. 

Recently Rogers and U l b r i ~ h t ' ~ ~  have reported that five new 
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types of products were obtained in a total yield of 40% when the 
von Richter reaction was carried out using dimethylsulphoxide as a 
solvent (equation 165). T h e  rearrangement of p-chloronitrobenzene 
(255) in DMSO with potassium cyanide proceeded much more 
rapidly than  did the rearrangement in alcohol, and gave five 
products. T h e  structures of tlie products 258 and 260 were tentatively 
assigned. Products 259 and 260 were not found when the solvent 
was carefully dried. However, even products 256, 257 and 258 are 

C N 

CONHZ CONH? CN CN 

dificult to rationalize in  terms of the Rosenblum mechanism. I t  is 
not surprising that thc normal von Richter product failed to be 
produced in a non-aqueous medium, since the decomposition of 
2511 rcquircs water. I n  addition to this, however, the solvent 
ob\.iously imparts some unusual features to the reactions which 
have still to  be elucidated. Since 254 has bcen obtained as a product 
of tlie iron Richter reilctio11, the possibility that 256, 257 and/or 
258 might arise by a semidine-type rearrangement of the hydrazo 
derivative of 253 must not be discountcd. 

Generally low yields and the hazards of employing potassium or 
sodium cyanide in an acidic medium have conspired to limit the 
utility of the von Richter reaction. 
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addition to tetracyanoethylene 457 
Carbenes 345 

Carbodiimides 247, 840. 812 
Carbomethoxymalononitrile, acidity 

227 
Carbonate, labelled, exchange with 

potassium cyanide 749 
Carbcnates, reduction 746, 747 
Carbon diosidc, reduction 746, 747 
Carbon, divalcnt 854 
Carboniiim ions, electrophilic 

addition 290-296 
Carbon nucleophilcs 397-400 
Carbon skclcton rearrangement 889 
Carbonyl compounds. reactions \\ it11 

nitrile osides 837, 838 
Carbonyl cyanide 580-589 

acylation of aromatic hydrocarbons 

physical properties 58 1 
reaction with alcohols and amincs 

reaction with olefins 583.-588 
synthesis 580, 581 
\\'ittig-typc rcactions 582, 583 

Carbonyl cyanide hydrazone 552 

583 

582 

Carbonyl cyanide phcnylhydrazones 

v.-Carbonylketoximes, fragmentation 

Carbonyl reagents, presence in 

p-Carboxybenzonitrile 18 1 
Carboxylic acids, in isonitrile 

condensation 866 

735 

925-932 

hydrogenation reactions 3 1 1 

reactions with nitriles 246-219 

exchange with nitriles 777, 778 
preparation 780 

Carboxylic acids, I4C-, 780 

Carboxylic arnides-l4C 776 
Carboxytetracyanocyclopen tadienidc 

226, 604 
Carbylamine reaction 855 
Castor bean 730 

reaction with nicotinamide and 
nicotinic acid 730 

Catalysts-see Magnesium iodide 
Magnesium perchlorate, Metal 
catalysts, Kickel-aluminum oxide, 
Nickel boride, Palladium, 
Platinum, Raney cobalt, Raney 
nickel, Raney nickel-chromium 
catalyst, Rhodium, Rhodium- 
alumina, and Sodium acctate 

C-C bonds-see Olclins 
C:-C=N bending modes 154 
Charge-tra nsfer 54 

absorption bands 144, 1-16, 191,611 
complexes 134, 143- 147, 228 

Chelates 154, 155 
Chemical shifts, 

0f13C 202 
of methyl groups in cyanoethylatcd 

of"" 242 
of stereoisomers of 2,4,6-tricyano- 

(;henodeoxycholic a~id-Z3-'~C: 767 
Chloranil 646, 648, 650, 653, 655, 

Chlorination, with t-butyl hypo- 

a-methylcyclohesanoncs 202 

heptanc 202 

656 

chlorite 672 
with sulphuryl chloride 673 

Chlorine, addition to tctracyano- 

in  preparation of tetracyano- 
ethylene 446 

4-Chlorobutyr-onitrile- 1-1% 766 
(~hlorocyanoncctylenc 5 13 
5-C~hloro-2,3-dicyano-~-benzo- 

cthylenc 458 

quinonc 541, 646, 650 
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5-Chloro-2,3-dicyano-6-phcnyl- 

Chlorodinitromethanc, acidity 227 
Chlorofumaronitrile, in synthesis of 

Chlorornaleonitrile, in synthesis of 

N-Chloromcthylphthalimide 77 1 
p-Chloronitrobenzene, von Richter 

Chloropcntacyanoethane 441 
N-Chlorosulphonamides 860 
Chlorosulphonyl isocyanate 102 
Chlcrotetracyanocyclopentadicnide in 

formation of 5,5-dichloro-l,2,3,4- 
tetracyanocyclopentadicne 60 1 

478-481, 650, 655 

sulphonyl-f~-benzoquinone 544 

dicyanoacetylene 5 14 

dicyanoacctylenc 5 14 

reaction 938 

1 -Chloro-l,2,2-tricyanocthylene 

Chlorotricyanomethanc 437 
2-Chloro- 1, I ,2-trifluorotriethylaminc 

92 3 
N-Chlorovinylphosphoroimidic 

trichlorides 253 
Cholanic acid-24-14C 767 
5a-Cholestane, substitucnt effect on 

19-methyl group 202 
Cholic acid-24-l'IC 767 
Chromatographic methods of analysis, 

gas 178-180 
conditions for 179, 180 
liquid 178 

Chromium, dibenzenc 473 
hexacarbonyl-, reaction with 

cyanogen 433 
Chromobacterilcm ciolaceum 728 

addition of glycine and glyciric 

synthesis of /I-cyanoalanine arid 
cstcr to 728 

asparaginc in 728 
Chronopotentiomctry 188 
(,'hryrophthnsta uariicallis 723 
Cli~ysofMinrta anzoena 72 3 
C:inna~nonitrile, tmnms- 779 

clcctrolysis of 189 
m-fluoro-, cis and trans 
p-fluoro-, cis and lrnns 

(:itric acid, 1 ,5-14C- 7G8 
Citric acid-6J4C 754, 
(2adoflhortr ri9ostris 734 
Clathratcs 149 
Cliiog~be dialrefa 728 
C--N bond, cleavage of 
C=N compounds, reactions Xvith 

nitrile oxides 838-840 

2 19 
2 19 

859, 860 

C=N bond, anisotropy effect 140 
stretching frequency 135, 194, 242 

C=O bonds, cyclization reaction with 

Cobaltocene 473 
Cocatalysts, basic 32 1 
Codimerization, of nitriles 286 
Collagen formation 723 
Colorimetric methods, of nitrile 

determination 177 
Complexes, charge-transfer 134, 

nitrilium ions 364-366 

143- 147 
coordination 134 

conformations of dinitriles in 156 
of heavy metal salts 153-156 

dipole-dipcle, dissociation constants 
147 

donor-acceptor 144, 191 
molecular addition 2 I6 
nitrile-metal halide 151 
of halogens 145 
of isonitriles 124, 873-876 
of transition metal 892 
solid 659 

Composiiloe 720 
Condensations, four-component 

865-868 

329 
of nitriles, leading to 1,3-diamines 

Configuration interaction 8 
Conformations, of' dinitriles in co- 

Conjugation effects 157, I58 
Coordination complexes 134 

ordination complcxcs 156 

conformations of dinitriles in 156 
of heavy metal salts 153- 156 

Copolymerizations of vinylidcne 

Coppcr cyanide 769, 892 

Correlation energy 28 

(:ortisol 721 
Coup1 ing constants 20 I 

cyanide 699 

labelled 751 

molccular extra 43, 49 

of stereoisomers of 2,4,6-tricyano- 
hcptane 202 

Crotonic acid-1-l4C 769 
Chtononitrile, constant current 

reduction 189 
Ii)-drodimerization 188 

Ciccurbitaceae 726 
t -Cumyl  chlorides 2 18 
Cyanalkynes 283 
Cyanamides 211, 248, 252, 724 

conversion to guanidine salts 271 



Cyanates 241, 275 
aryl 90, 276, 286, 293 

under Friedel-Crafts conditions 
91 

Cyanide ion 46, 724 
addition to tetracyanoethylcnc 459 
coordination chemistry 124 

p-Cyanocinnanialdehyde 738 
Cyano group-s~e also Cyanides and 

addition of free radicals 296-298 
basicity 124 
13C resonance 242 
donor strength of 156-159 
effect on acidity 227 
electron distribution 21 1 
electronic structure 46 
fluorination 296, 297 
involvement in 7i-bonding 155 
molecular orbital calculations 2 16 
p.m.r. shielding effects 233-235 
reduction 307-337 
shielding of steroidal angular 

protons by 202 
size and shape 209 
steric requirements 2 1 1 
substituent cfrcct 2 17-226 

on i.r. and U.V. spectra 

Nitriles 

23 1-233 
Cyanoguanidine 724 

conversion to diamino-s-triazines 

reaction with nitriles 274 
274 

Cyanohydrins 72, 766 
-14C 752, 784 
efTect of ring size on stability 
equilibrium constants 190 
exchange with H1'"CN 756 
reduction to p-hydroxy primary 

amines 326 
synthesis 754, 755 

modified 756 

72 

1 -Cyano-2-hydroxy-3-butene 733 
2- (Cyan~- '~C)  -6-methosybcnzo- 

Cyanomethyl group 223 
Cyanomcthyl-2,2,3-tri1nct11yl-3- 

thiazolc 771 

cyclopcn tene 9 18 
Cyanonitrcne 107, 548, 707, 708, 

903. 904 
2-Cyanooxirancs, from eposidatiorl or 

substituted acrylonitriles 901 
Cyanophenanthrenes 202 
Cyanophcnol 737 

Cyanophenol-cotit. 

Cyanophenylcarbcne 706 
0-, m-, and$-, from benzonitrile 

from phenylcyanodiazomethane 

737 

55 1 
N- (2-Cyanophcnyl)-N-mcthyl- 

carbamoyl chloride 930 
2-Cyano- I-phcnylpyrazole 909 
P-Cyanopropionic acid-4-14C 765 
Cyanopyridine alkaloids 730-732 
2-Cyanopyridincs 432 

n.m.r. parameters 201 
polarographic reduction 183 

3-( Cyan~-~~C)pyr id ine  776 
4-Cyanopyridine, n.m.r. parameters 

201 
polarographic reduction 183 

3-Cyanopyridones 732 
Cyano radical 709 
Cyanotriazoles 549 
5-Cyano-2,2,8-trimethyl-4-H-m- 

dioxino-[4,5-CJ-pyridine 775 
P-Cyanovinyl group 225 
Cyanides, inorganic-see also specific 

compounds; for Organic cyanides 
-m Nitriles ~~~ 

alkali metal, -I3C 746-751 
-I4C 746-751 

copper, - 1 4 C  751, 769, 892 
hydrogen, J3C 746-75 1 

detosication 735, 736 
tosicity 734, 735 
mercury 892 
metal, reaction with organic 

halogen compounds 77 
nickel 775 
silver 892 
sodium, -lW 751 

-14C 746-751 

(Cyan~-'~C)acetarnide 776 
Cyanoacetatcs, unsaturated, 

cyclizations of 675 
Cyanoacetic acid 724 

3-I4C, I jN  768 
reaction with dimcthylcyanamidc 

246 
2- ( Cyano-IIC)acetic acid 768 

o-Cyanoacctophenonc: 325 
Cyanoacetylcnes 512-524 

conversion to p-alani~ic-p-'~C 780 

addition 518 
cycloaddition 520 
halo-subs t i tutcd 
physica! propertics 
polymcrization 523, 5114 

5 1 2, 5 1 3 
5 15-5 1 7 
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Cyanoace tylenes-cont. 
salt and complex formation 
synthesis of 5 13-5 15 

Cyano acids 768, 935 
Cyanoacrylic acids 202 
8-Cyanoalanine 724, 725, 726, 728, 

5 17 

729 
as intermediate in ricininc bio- 

causing cystathionine excretion 725 
conversion, to p-aminopropio- 

synthesis 73 1 

nitrile 726 
to aspartic acid 725 

from glycine 728 
from serine 725, 726 

formation, from cystcine 725 

hydrolysis to asparagine 725, 726, 
729 

D and L isomers 
labelled 726 
reduction 726 

Cyanoalkyl radicals, oxidation of 697 
Cyanoallenes 8 1 
L- y-Cyano-a-aminobutyric acid 724., 

4~-Cyano-5-aminoimidazole 508, 509 
p-Cyanoaniline 2 15 
N-Cyanoaziridines 548, 903 
m- and fi-Cyanobenzenesulphonamide 

181 
m- and fi-Cyanobenzoic acid, from m- 

and fi-tolunitrile 737 
4-Cyanobenzylamine 325 
Cyanobenzyl radicals 682-685 
7-Cyanobicycloheptatriene 909 
Cyanocarbenes 55 1,704-709,90 1-906 

724, 725 

725 

enimine structure 90 1 
keteniminium form 90 1 
preparation 90 1 
N-radical character 298 

Cyanocarbons 895 
Cyanocarbon acids 
Cyanocarbon anions 589-6 17 

Cyanocarbon substituents, electronic 

Cyanocarbonyl malononitrile 590 
Cyanocarbync 705 
Cyanocobalamin, convcrsion to 

Cyano compleses, heats of formation 

Cyanocyclopentadienes 6 12, 6 16 
Cyanocyclopentadicnidc 234, 6 16 

19 1, 6 10-6 1 7 

electronic spectra 608-6 10 

effects 219 

hydroxycobalamin 735 

656 

n.m.r. 234 

Cyanodiazo compounds 550-554 
4-Cyano-3,5-dimethylphenol 22 1 
( Cyano-13C) -A', N'-diphenyl- 

formamidine 776 
Cyanodithioforrnates 499 
Cyanoethanides 59 1-593 
Cyanofluoroalkylethylencs, mixed 

486 
Cyanoform 612, 899 

acidity of 227 
Cyanoforniamide 430 
1 -Cyanoformamide-4-toluene- 

sulphonylhydrazone, 902 
in formation of aminocyano- 

carbene 902 
Cyanoformamidine 429 
Cyanoformic acid 728 

Cyanoformimidates 429 
Cyanogen 

alkyl esters 935 

268, 281, 428, 576, 736, 
822 

addition, of diazomethane 432 
of sulphur dichloride 433 
to sulphur trioxide 432 

elimination from tetracyano- 
ethylene 470 

fluorination of 432 
in preparation of nitrilcs 89 
polymerization 289 
reactions of 428-433 

with alcohol 429, 430 
with amines, primary and 

secondary 428 
with ammonia 428 
with aromatic compounds 431 
with butadienes 432 
with diethyl malonate 430 
with ethyl acetoacetate 430 
with ethylene 433 
with Grignard reagents 282, 430 
with hexacarbonyl/metal com- 

plexes 433 
with hydrazoic acid 432 
with hydrogen 432 
with hydrogen sulphide 430 
with malononitrile 430 
with nitroethane 430 
wiih potassium cyanide 433 
with thiols 429, 430 
with water 430 

Cyanogcn azide 517-549, 904 
Cyanogen bromide 778, 779, 932 
Cyanogcn chloride 88, 428, 778 

reaction, with enamines 89 
with glutathionc 736 
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Cyanogen chloride-cont. 
with haemoglobin 736 
with malononitrile 433 

use in formation of pcntacyano- 
cyclopentadienide 597 

reaction with organometallic 
Cyanogcn halides 241, 736 

compounds 88 
Cyanogcnic glucosides 728 
Cyanogenic glycosides 7 18-722, 728 

biosynthesis 7 19 
in asparagine formation 726 

a-Cyanoglycine 725 
Cyclization, of isonitriles 869-873 

of nitrilium ions by reaction 
with C=C bonds 359-364 
with C=O bonds 364-366 
with OH groups 366-369 
with nitrogen containing 

compounds 373-376 
with SH groups 369-373 

of olcfinic nitriles 377, 378 
of unsaturated cyanoacetates 675 

of 1,2-dicyano-l,2-disulphonyl- 

of isonitriles 869-873 
of ni trile oxides 832-843 
of nitriles 298 

of tetracyanoethylcne 453-1 56 

Cycloadditions 

ethylcncs 490, 491 

=,&unsaturated 103, 702, 703 

Type A 344-358 
1,4-Cycloadditions 356 
Cyclobutanes, formation, from mixcd 

cyanofluoroalkylethylenes 486 
from tetracyanoethylene 453-456 

Cyclobutylisonitrile 889 
Cycloheptatrienc, addition of tctra- 

cyanoethylenc 450 
Cyclohexanone, conversion to 

D,L-lysinc 322 
C~clohcxylisonitrilc 93 1 
Cyclooctatetraene, addition of 

Cyclopcntadienidc 234 

Cyclopcn tadicnylidenetriphenyl- 

tetracyanocthyicne 450 

reactivity of 228 

phosphoranc, reaction with tctra- 
cyanoethylcnc 463, 469 

Cyclopenta[e, flheptanc 387 
Cyclopentane- 1,2,3,4-tetracarboxylic 

acid, use i n  formation of cyano- 
cyclopcntadicnidr system 538 

Cyclopentanonc osiinc 9 16 

:t Index 

Cyclopropanecarbonitrilc 384 

Cyclopropylimine, formation from 
conversion to cyclopropyl imine 384 

cyclopropanecarbonitrile 384 
rearrangement to 1-pyrrolinc 384 

Cystathionase 725 
Cystathionine 725 
Cysteine 725 

Cystinc 736 
Cytochrome oxidasc enzymes 734 

formation from scrinc 726 

1)ccaborane 256, 892 
N-(~rans-9-l3xalyl)acetamide 92 1 
Decyanation 33 1 

reductive 333-336 
Dehydration, of amidcs 96, 97, 856, 

857 
ofoximes 92 

Dchydroabictonitrilc, reduction to 

Dchydrogenation, of terpenes 33 1 
Deoxycholic acid-24-I4C 767 
2-Deoxy-~-ribose-l-"~C 767, 782 
Depsipeptidc 863 
Dctoxication 734-738 
Dhurrin 719 
N,N-Dialkylamido chlorides 860 
a-Dialkylaminonitri!es, 922 

conversion to a-hydrosyamides 922 
P-Dialkylaminopropionitriles 900 
1,l-Dialkylhvdrazines, reaction with 

N,N-bis( P-chloroethy1)-j-tricyano- 
vinylaniline 477 

A~.7J*(13)-abietatricne 335 

2,5-Dialkylthiopyrrole 440 
1 ,2-Diamiiics, aromatic 429 

1,3-Diamiiies, formation by reduction 
and condensation of nitriles 329 

u,y-Diaminobutyric acid 724, 526 
homoserine and aspartic acid pre- 

in Lntlyrzir gdvest) is 726 

primary 323 

cursors 726 

2,4-l~iaminobutyric acid-4J4CC: 77.1 
1)iaminodicyanocthylcnes 495, 509 
2,5-Diamino-3,4-dicyano thiophcne 

Diaminofumaronitrile 506-509 
niaminomaleonitrilc 289. 506-509. 

niaminopyridines 283 
2,3-Diaminoquinosalincs 429 
3,6-Diamino- 1,2.4,5-tetracpno- 

4 39 

736 

benzene 529 
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Diaminothiophenes 477 
Diamino-s-triazines, formation 274 
Diaroyl oximinosulphidcs 825 
Diaryloxathiadiazine dioxides 216 
Diatretyne 1 and 2 728 
1,4-Diazidobenzene 904 
Diazoacetonitrile 894 
Diazoalkanes 349, 350 
Diazocyclopentadiene, reaction with 

tetracyanocthylene 463 
3-Diazo-6-dicyanomethylcne- 1,4- 

cyclohexadienc 553 
Diazoimines 549 
Diazomethane 844 

addition to cyanogen 432 
addition to tetracyanoethylenc 458 

Diazotetracyanocyclopcntadiene 

Dibenzenechromium 473 
Dibenzylamine, formation by rcduction 

Diborane, in aminc formation from 

602-606 

of benzonitrile 325 

nitriles 330 
reduction ability 330 

2,3-Dibromo-5,6-dicyano-fi-benzo- 

1,2-Dibronio-l,2-dicyanoethylene 

2,3-Dibromo-5,6-dicyanoquinonc 

Dibromomalononitrilc, pyrolysis at 

2,6-Dichlorobenzonitrile 738 
Dichlorocarbenc 862 

2,3-Dichloro-5,6-dicyano-p-bcnzo- 
quinone (DDQ) 541, 646, 648, 
650, 654, 655, 660, 664 

DDQ-pyrene complex 660 
2,5-Dichloro-3,6-dicyano-j-benzo- 

1,l-Dichloro-2,2-dicyanocthylcnc 483 
1 ,Z-Dichloro- 1,2-dicyanoethylcnc 

Dichlorofumaronitrile, in synthesis, of 

quinonc 544 

482 

544, 664 

500" 446 

addition to primary amincs 855 

quinone 545 

48 1, 482 

dicyanoacetylenc 5 14 
of tetracyanocthylcne 446 

dicyanoacctylcnc 5 14 

pentadiene, formation from chloro- 
tetracyanocyclopentadienidc 60 1 

conversion to 7,7-dichloro-1,2,3,4- 
tctracyanonorbornene 601 

Dichloromalconitrile, in syr!thcsis of 

5,5-Dichloro- 1,2,3,4-tetracyanocyclo- 
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7,7-Dichloro- 1,2,3,4-tetracyano- 
norbornene, formation from 
5,5-dichloro-l,2,3,4-tetracyano- 
cyclopentadiene 60 1 

3,4-Dichloro-l,2,5-thiadiazole 433 
2,6-Dichlorothiobenzamide 738 
Dicyanamidc 546, 547 
Dicyanoacetylenc 5 12 

elimination from tetracyanocthylene 

formation from 4,5-dicyano-l,3- 
470 

dithiolone 503 
1,2-Dicyanobenzene, formation of 905 
3,7-Dicyano- 1,2-benzocyclohepta- 

tricnc 908 
2,3-Dicyanobcnzoquinonc 648, 650, 

653-656 
2,3-Dicyano-p-benzoquinones 54.0- 

2,3-dicyano-5,6-diRuoro-p-benzo- 
quinone 544 

2,3-dicyano-5-phenylsulphonyl-p- 
benzoquinone 541 

2,5-Dicyano-p-benzoquinone 545, 

2,6-Dicyano-fi-benzoquinonc 545, 

I ,  1 '-Dicyanobicyclohexyl 335 
IXcyano bis( fluoroalkyl) ethylencs 

1,l-Dicyano-2,2-bis(trifluoromcthyl)- 

545 

546, 653 

546, 650, 653 

484490 

cthylcnc 4.85, 869 
formation of 484 
oxidation of 555 

cis,cis- 1,4-Dicyanobutadiene 904 
formation from 2-aminobcnzo- 

Dicyanocarbene 552, 705, 706, 901 
triazole 905 

amino-substituted 506, 706, 901, 

from dicyanodiazomethanc 90 1 
phenyl-substituted 55 1, 706 
preparation 902 

3,7-Dicyanocycloheptatriene 907 
1,2-Dicyanocyclopcn tadicnide 234, 

903 

616 ~~ 

1,3-Dicyanocyclopentadienide 2311, 
612, 616 

Ilicyanodiacetylene 5 12 
mass spectra 200 
synthesis 5 14 

Dicyanodiazomcthane 550, 901 
1 , l  '-l~icyanodicyclohexane 897 
2,3-Dicyano-l,4-dicthoxycarbonyl- 

cyclopcntadienides 599 
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2,3-Dicyano-5,6-difluoro-i,-benzo- 

Dicyanodihaloethylenes 48 1-483 
2,5-Dicyano-3,6-diniethoxybenz0- 

2,3-Dicyano-2,3-dimcthylbuta~ 898 
1,2-Dicyano- 1,2-disulphonylethyle1~~~ 

quinonc 544 

quinone 86 

490492 
Diels-Alder reactions 490, 49 1 

3,4-Dicyano-1 ,2-dithiete 2 17, 504 
4,5-Dicyano- 1,3-dithiole derivatives 

Dicyanodithiooxalyl cyanide 2 17 
1,2-Dicyano- 1,2-di-~-tolylsulphonyl- 

in synthesis of tctracyanoethylene 

503, 514 

ethylene, 

447 
Dicyanoethylenes 493, 49 1. 
3,4-Dicyanofuran, in synthesis of 

dicyanoacctylcne 5 14 
P,P-Dicyanovinyl group 202 
J~icyanoheptafulvene, mass spectrum of 

200 
2,3-Dicyanohydroquinone 7 1, 510 
4,5-Dicyanoimidazoles 509 
4,5-Dicyanoimidazolin-2-onc 508 
Dicyanoketene acetals 494-496 

formation from alcohols and tetra- 
cyanoethylcne 467 

reaction with amino groups 496 
llicyanoketeneimine 550 
Dicyanoketene thioacetals 496-499 

heterocyclic compounds from 498 
reaction with amidine 498 

with amines 497 
with hydrazine 498 

Dicyanomaleimide, formation rrom 
tetracyanoethylcnc 46 1 

llicyanomethanide, reaction with hexa- 
cyanobutadicne GO8 

Dicyanomcthylcne group 427 
llicyanomethyl group 223 
2-Dicyanometliylenc- 1,3-indanedionc 

9-Dicyanome thylene-2,4,7- trinitro- 

2,3-Dicyano- 1 ,.l-naphthoquinonc 544 
Z73-Dicyano-5-ni tro- 1,4-naphtlio- 

quinone 653, 654, 655 
7,7-Ilic~anonorcaradienc 558 
2,3- l~ic~rio-5-phcnylsulpl io1i~l-~-  

646, 650, 658 

fluorene G46, 650 

benzoquinonc 5-14 

/?,P-Dicyanostyrenc, vz- and p-fluoro- 

1 , 1 -Dicyanotetrarnethylcyclopropane 

3,4-Dicyano-l,2,5-thiadiazole 509 
4,5-DicyanotriazoIe 508, 572, 573 
4,5-Dicyano-172,3-trithiol-2-one 504 
2,2-Dicyanovinylamincs 550 
2,2-Dicyanovinylazides 549, 550 
l,l-Z)icyanovinylbenzene, reaction 

with nickel carbonyl 477 
P,/?-Dicyanovinyl -m-fluorobenzenc 

219 
/3,P-Dicyanovinyl-p-Ruorobenzene 2 19 
P,P-Dicyanovinyl group 224, 225 
( 1,l -Dicyanovinyl)pyrrole 558 
Dielectric polarization 148 
Dicls-.i\ldcr reactions 298, 356 

2 19 

902 

of' 1,2-dicyano-l,2-disulphonyl- 

of diethyl trcms- 1,2-dicyano- 1,2-di- 

of a,P-unsaturated nitriles 109 

ethylenes 490, 491 

carboylate  493 

1,3-Dicnes, addition of tctracyano- 
ethylene to 449-453 

Diethylamine- l-14C, ethylarnine- 1 -14C 
misturc,, preparation 781 

Diethyl azodicarboxylate 841 
Diethyl 172-dicyanoethylene- 1 ,Z-dicar- 

bosylate 492, 493 
reaction with dimethylanilinc 493 

Dielhyl malonate, reaction with cyano- 

1 , l-llifluoro-2,2-dicyanoethylene 438 
1,2-Difluoro- 172-dicyanoethylene 

nihalogenoformoxinies 822 
Ilihalomalononi trilc, reaction kvith 

potassium cyanide 433 
l~ihydr0-2,5-diborapyrazinc 893 
Ilihydroisoquinolines 361 
4,5-Dihydro- 1,2,4-osadiazoles 838 
4,5-Diliydro-l ,Z-oxazoles 833 
2,3-Dihydro-2-oso-3-oxirninobenzo- 

3,4-Dih~dr0-2-phcnyl-4-quinazolin01ie 

Dihydropyran 18 1 
3- (3,4-Dihydro~yplienyl)alanine 763 
3,6-Ilihydros)-- 1 ,&.I .5-tctracyano- 

Sen 430 

482,483 

thiophcne 930 

4 70 

benzene 529 
1 ,?-Diiodo- 1,3-dicynnocthylene 482 
I~ i i sobutos~aluni i~ i iur i i  hydridc 3 1 7  

5,G-Dicyanopyrazinc-2.il-dioiie 509 Diisocyanide 905 
3,5-Dic).anopyridinc 573 cL,;,-l>ikctocarboxarnides 86-1 
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a-Diketones 43 1 
Dimercaptofuniaronitrile 499-505 
Dimercaptomalconitrilc 499-505 

anion radica! 578 
disodium derivative 576 

of ni trile oxides, mechanism 

of nitriles 282-287 

Dimerization, of imidyl halides 245 
8 1 7 

to furoxans 816-819 

2,5-Dimcthoxyaniline, addition to 
tctracyanocthyleric 451) 

fi-Dimetiioxybenzene, as complexing 
agent 653 

( I ,4-Dimethoxybenzo)bicyclohepta- 
dienc, addition of tctracyano- 
ethylene 455 

2,4-Dimetlioxybenzyl cyanide, reduc- 
tion to 2,4-dimethosyetliylbcnzenc 
333 

2,4-Dimethoxyethy1benzene7 formation 
by reduction of 2,4-dimethoxy- 
benzyl cyanidc 333 

311 
3,5-Dimcthoxyphenylacetaldeliyde 

,4,~-Dimethylacryloiiitrile 923 
Dimethylamine 320 
2,6-Dimethylaniline 459, 464 
N,N-Dimethylaniline 459, 493 

reaction with tetracyanoethylene 
463 

Dimethylcyanamide 244, 290 

Dimethylcyclohep tatricnopentaene 

Z,2’-Dirnethylcy~~ine-l-~~C 761 
Dimcthyldimethylenccyclobu tene, 

reaction with cyanoacetic acid 246 

454 

addition of tetracyanoethylene 
455 

N,N-Dimethylformamidc (DMF) 78, 
770 

2,5-Dimcthyl-2,3,3,4,4,5-hexacyano- 
hexane, formation 457 

3,5-Dimcthyl-4-nitrophenol 22 1 
Dimethyloxosulphonium methylide 

Dimethylsulphonium dicyariomethylid 

Dimethylsulphonium methylide 286, 

Dimethyl sulphoxide 78, 293, 765, 

in preparation of arachidonic acid- 

845 

591 

846 

77 I 

l-14C 769 

etliy1)aniline 464 
2,6-Diniethyl-4-( 1,1,2,2-tctracyano- 

2,6-Dimethy1-4-( 1 , I  ,2,2-tetracyano- 
mcthy1)aniline 225 

2,5-Dimcthy1-7,7,8,8-tctracyano- 
quiriodimethane 646 

1 , 1 -Dimethyltetralone-2-oxime 920 
Dinitrenes 904 

Ilinitriles, conformations in coordiri- 
decomposition 904 

ation complescs 156 
cyclization 380-382 

o-Dinitrobenzene, 1i.v. spectrum 2 10 
Dinitroinethanc, acidity 227 
1 ,4,2-Dioxazoles 837 
13iphenyldimethyleriecyclobutcne, 

addition of tetracyanoethylene to 
455 

N,N‘-Diplieiiylethylcnediarriine 3 1 1 
N-(Diphenylmethy1)amide derivatives 

1,3-Diphcnylnay~htho[2,3-c]furan 451 
3,5-Diphenyl- 1,2,4-oxadiazoIe-~Loxide 

I~ipheriyltctrahydroimidazole 3 1 1 
1V,N’-I)i~lieiiylthiourea 776 
D+lolodn 722 
1,3-lIipolar addition, of ketocarbencs 

173 

839 

345 
of ketonitrenes 345 

Dipolar aprotic solvcnts 78, 83 
dimcthylforniamide (DhIF) 78, 

183. 770 
dirncthylsulphoxide (DhlSO) 78, 

293. 765. 771 
hcxaineth yiamide of phosphoric acid 

(HMPT’I 79 
I>ipole-hipolc, ’ 

complexes, dissociation constants 

interaction 125, 147, 148 
Dipole moments 49, 342 

of cyanide ion 57 
of nitrile oxides 814. 
of ni triles 

147 

156, 2 14-2 16 
Dipole pairs 148 
Disiamylborane, in amine formation 

Disodium dimercaptomaleonitrile, in 
from nitrilcs 330 

synthesis of tetracyano- 1,4-dithiin 
576 

Dissociation constants, of dipole-dipole 
complexes 147 

Dithiooxaldiimidates 429 
13iii:iooxamide 430 
a,a’-Di tropyl-a,a,a’,a’-tetracyano-fi- 

xylene 896 
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Donor-acceptor complexes 144, 19 1 
Donor radicals 672, 700 
n-Donors 144 
n-Donor 53, 144 
a-Donor 53 
Durenc, as complexing agent 650 

E. coli 726, 727 
Electrical conductivity 153 

Electrochemical reduction--see 

Electron acceptor 143 
Electron affinities ’ 641, 644., 647-649 
Elcctron donor 143 
Electronic absorption spectroscopy, of 

of polycyano molecular complexes 

Elcctronic effects, of cyanocarbon 

Electron population analysis 20 
Electron spin resonance 656 
Electrophilic addition, of carboniuni 

of polycyano complexes 662-667 

Reduction 

cyanocarbon anions 608-6 10 

649-656 

substituents 219 

ions 290-296 
Type I) 358-376 
Type Bi, intramolecular 376-382 

Electrophilic aromatic substitution 
230 

Electroreduction of nitriles 337 
Emulsin 72 1 
Enamines 898 

conversion to ynamines 899 
reaction with cyanogen chloride 89 

‘ene’ reaction 489 
Energy gap 662 
Encrgy levels of tctracyanoethylene 

of tetracyanoquinodimetliane 643 
643 

Enimine df 1 ,i,2,2-tetracyarloetliarie 
899 

Enimine structurc, iri cyanocarbenes 
90 1 

Enolamidcs, equilibrium with oxaze- 
tidine 933 

Enthalpies of forniation AHo-see 
Heats of formation 

Enzymes, cystathionasc 725 
emulsin 721 
p-glycosidase 72 1 
inosinic acid dchydrogenase 735 
kynurenine hydrosylase 735 
linamarase 72 1 
rriyrosinasc 733 
nitrilase 725, 732, 734 

Enzymes-cont. 
oxynitrilase 72 1 
6-phosphogluconate dehydrogenase 

rhodanese 735 
ricinine nitrilase 732, 734 

735 

cis-Episulphides, conversion to trans- 

trcln-s-Episulphidcs, conversion to cis- 

Epoxidation of substituted acrylo- 

Epoxides 86 
a-Epoxyketoxinie 923 
Equilibrium constants 641, 652-655 

for cyanohydrin formation 190 
Erythro-9,lO-dihydroxystearic acid- 1 - 

l3C: 768 
Erythritol-1 -14C 759 
Esters, of sulphuric and phosphoric 

acids, in synthesis of aliphatic 
nitriles 85 

thiazolines 370 

thiazolines 37 1 

nitriles 901 

preparation from nitriles 269 
h-Ethosycarbonylazepine, reaction 

Lvith tetracyanoethylene 45 1 
Ethyl acetoacetate, reaction with 

cyanogcn 430 
BthyIa~ninc- l -~~C,  dicthylamine-l-14C 

mixture, preparation 781 
Ethyl bromocyanoacetate, acidity of 

227 
conversion to 1,2,3-tricyanocyclopro- 

pane- 1,2,3-tricarboxylate 442 
Ethyl cyanate 275 
Ethyl 3-cyano-2-acetaminopropionate 

Ethyl cyanoacctate, acidity of 227 
7 74 

in preparation of tricyanoethylene 
4.74 

Ethyl 5-cyano-2-oxirriinovalcrate, 
hydrogenation to lysinc 322 

Ethyl 2-(cya~io-’~C) propionate 768 
Ethyl diazoacetate, reaction with tctra- 

cyanoethylene 462 
Ethyl dimethylaminomethylacctamido- 

malonate, niethiodide of 774 
Ethylenedianiine 429 
Ethylenc, elimination in nitrile frag- 

mentation 198 
reaction with cyanogen 433 

Ethylisonitrile 889 
iV-Ethylmcthyleneaziridine 456 
Ethyl radical, elirriination in nitrile 

fragmentation 198 



Subjec 

Exchange, of '"C-carboxylic acids with 

of H14CN with cyanohydrin 756 
of labellcd carbonate with potassium 

nitriles 777, 778 

cyanide 74-9 
Excited state, wave function 143 
Extinction coefficient 612 

lBF, n.m.r., of P,P-dicyano and a,/?,/?- 
tricyanovinyl groups on fluoro- 
benzenes 202 

Fermi hole 29 
Ferrocene 472 ~~~ ~~ 

Flavin prosthetic group 721 
Flax 720 
Fluorene, as cornplcxing agent 653 
Fluorescein chloride, fusion with nitriles 

Fluorination, of cyanogen by silvcr(1 I )  
172 

fluoride 432 
of cyano group 296, 297 

cis- and trans-Fluoroalkyldicyanoethyl- 

Flborobenzenes 2 17 
ene 454 

reaction with tetracyanoethylene 
463 

m-Fluorobcnzonitrile 2 19 
p-Fluorobenzonitrile 
Fluorocarbons 297 
m- and  p-Fluoro-a-cyanotoluene 2 I9 
N-l:luoroiniiiionitriles, mass spectra of 

Fluoroketones 869 
tn-Fluoronitrobenzenc 2 19 
p-Fluoronitrobenzcne 215, 2 19 
p-Fluorophenylalanine 763 
in- and fi-Fluoroplienylnialononitrile 

v i -  and  fi-Fluorostyrene 2 19 
Fluorosulphonic acid, reaction with 

tetracyanoethylene 46 1 
nz- and  ~-Fluorotolucne 2 19 
2-l+luoro- 1,3,5- tricyanobenzene 525 
nz- and  p-Fluoro-a,a,a-tricyanotoluene 

Fluoro( tricyanoviny1)berizenes 229 
Formamides, dehydration of 856, 857 

Formation contants, for halogen com- 

Formic acid, with Raney nickel in 

Forrnimidyl chloride 245 
Formonitrile oxide 792 

2 15, 2 16, 2 19 

200 

219 

219 

N-substi tuted 9 14 

plcxes 145 

rcduction of nitriles 310 

preparatio!l 795, 799, 800 

t Index 1027 

N-Formylamides, N-alkyl, thermal 
decomposition 889 

Fragmentation 909-936 
7-centred 924, 925 
of a-carbonylketoximcs 925-932 
of a-hydroxykctoximes 925-932 
of B-keto ether oximes 96 
of kctoximes 91 5-925 
of 1,3-oxazetidine 932-936 
of osazctidinones 932-936 
of oxazoles 932-936 
of a-oximinokctones 924 
of y-oximinokctones 925 

Free-radicals-see also Radicals 890 
addition to cyano group 296-298 

Freczing point diagrams 141 
Friedel-Crafts-Karrer method 90 
Fiicus vesiciilosris 734 
Fulminic acid 792, 812 

conversion to dihalogenoformoximcs 

mercury. salt 795 
metal saIts, conversion to nitrile 

oxides 807, 808 
polymerization 8 19-822 
preparation 795, 799, 800 
silver salt 799 
sodium salt 800 

Fulminuric acid 81 9 
Fulvalene 45 1 
1:ungi 729 

822 

Clitocybe dialretn 728 
for synthesis, of alanine 729 

-4furasmus oreades 727 
psychrophilic basidiomycete 729 
snow mold 727, 728 

fusligiafn 734 

formation by dimerization of nitrile 

of glutamic acid 729 

Fiircellaria 734 

Furoxans 809, 814, 818 

oxides 8 16-8 19 

Galactosamine-1 -"C 782 
GalacLose-l-'"C 759 
Gallium compounds, coordination com- 

Gamma irradiation 892 
Gattcrmann aldehyde synthcsis 254 

3-Gentiobiosc-l-'"C: 759 
Glucobrassicin 732 
Glilcosaniiiie-l-14C 782 

plexes with 152, 153 

255, 291 
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Glucose, in secretion of Australian leaf 

Glucose-l-14C 757, 759 
Gl~cose-6-~"C 759 
B-Glucosidases, from Sorghum vulgare 

Glucosides, cyanogenic 728 

d-~-Glucosyloxymandelonitrilc 7 19 
p-Glucosyloxymandelonitrile, biosyn- 

Glutamic acid 729 

bectlc larvae 723 

72 1 

of mustard oil 828 

thesis from tyrosinc 720 

biosynthesis of 729 
condensation with P-aniinopropio- 

nitrile '726 
Glutamic acid-5-14C 764 
D,L-Glutaniic acid 760 
N- ( y-Glutamyl) -P-aminopropionitrile 

726 
production from La/hjlrus odorcrtus 

726 
N-( y-L-Glutamy1)-P-aminopropio- 

nitrile 723 
iV-(y-Glutan~yl)-P-cyanoalaiiine 724, 

725, 726 
production by Vicia safica 725 

N- (y-Glutan~yl)-,'3-cyanoalanylglycine 

Glutaric acid 1,5-W 767 
Glutaronitrile-l,5-W 767 
Glutaronitrile-l,5-14C 767 
Glutaronitrile-2-~3C 767 
Glutathione 725, 736 

725 

replacement of cysteine residue by 
B-cyanoalanine 725 

Glyceric acid-I-W 756 
n,r,-Glyceric acid-1-l4C 753 
Glycido nitriles 74 
Glycine 728 

conversion, to alanine and glutamic 
acid 729 
to @-cyanoalaninc and asparagine 

effect, on Chromobacferim violaceurn 728 
728 

on Pseudomonas 728 
on snow mold fungus 728 

Glycine-1 -lac 771 
by hydrolysis of phthalimidoaceto- 

nitrile-1-14C 771 
Gly~ine-2-~"C 776 
Glycine ester, effect, on Chromobacterium 

violaceurn 728 
on  Pseudomonas 728 
on snow mold fungus 728 

Glycine nitrile 724 

Glycinonitriles 43 1 
Glycolonitrile, in preparation of tri- 

P-Glycosidase 72 1 
Glycosides, cyanogenic 7 18-722, 728 

cyanoethylene 474 

biosynthesis 7 19 
in formation of asparagine 726 

Glyoxylic acids 431 
Gramines 773 
Grignard reagents 285, 314, 331, 384 

reaction, with cyanogen 282, 430 
With isoiiitriles 862 
with nitriles 171, 276-283 

Ground state wave function (yN) 143 
Guaiazulenc 480 
Guanidine salts, preparation from 

Gynocardin 719, 720 

Hacmoglobin, reaction with cyanogen 

Half-wave potentials 133 
Halides, aliphatic, saturated, synthesis 

allylic, reaction with cyanides 79 
ffalidrys siliquosa 731 
N- (u-Haloalkylidene) amidines 244 
6-Haloamincs, intermediates in re- 

N-Ilaloethylamidc 914 
Halogen acids, interaction with nitriles 

Halogen complexes, formation con- 

cyanamides 27 1 

chloride 736 

of nitriles from 78 

duction of nitriles 337 

243-245 

stants 145 
formation enthalpies 145 

metal cyanides 77 

337 

Halogen compounds, reaction with 

Ilalonitriles 681, 682 
u-Halonitriles, reduction to aziridines 

Halonium salts 362 
Halotricyanobenzcnes, stable radicals 

from 526 
1 -Halo-2,4,6-tricyanobenzenes 23 1 
Hammett correlation 257, 262, 278 
Hammctt H, scale 125 
Hartree-Fock model 8 
Heats of formation, A H o  of di- and 

of isonitriles 854 
of nitrile complexes, 

polycyano complexes 655, 656 

containing halogens 145 
containing hydrogen chloride 138 
containing hydroxyl compounds 

140, 141 
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Heptacyanopentadienide 606 
1,3,5-Heptatriene 452 
Ileteroassociation 11.7 
Heterocycles, synthesis from nitriles 

Heteroisonitriles 859 
Hexabromobenzene 2 1 1 
1,1,2,4,5,5-Hexacyano-3-azapenta- 

Hexacyanobenzene 2 1 I ,  530, 650 
Hexacyanobutadienc 233, 509-5 12 

41 1-414 

dienide GO6 

6.46, 650, 653, 655, 664 
anion radical 658 
reaction with dicyanomethanide 

1,1,2,3,4,4-Hexacyanobutenediide 

1,lJ2,5,6,6-Hexacyano-3,4-diazahexa- 

608 

474, 596, 597, 612 

dienediide, formation from tetra- 
cyanoethylene 608 

Hexacyanoethane 438, 44.1, 442 
Hexacyanoheptatriene 6 12 , 6 13 
1,1,2,6,7,7-1-Iexacyanoheptatrienide 

Hexacyanoisobuteriediide 596 
Hexacyanoisobutenide 6 12 
1,1,2,4,5,5-Hcxacyanopentadienidc 

15-Hcxadecenoic acid- 1 769 
Hexafluoroacetone, reaction with 

Hexamethylamide of phosphoric acid 

Hexamethylbenzene, as complexing 

Hexamethyldialuminium, reaction with 

Hexamethylprismane, addition of 

1,3,5-Hexatriene 452 
n-Hexylamine, formation from capro- 

nitrile 329 
n-Hexyl cyanide 197, 198 
Iloesch reaction 172, 252, 254, 255, 

Houben-Fischer nitrile synthesis 91, 

Hiickel calculations, extended 890 
Hundsdiecker degradation 772 
I-lybridization 22 
Hydantoins 76 1 
Hydratior,, of nitriles 256-263 

Hydrazido oximes 831 
Hydrazines 3 1 I,  429 

607 

606 

malononitrile 484 

(HMPT) 79 

agent 650, 653 

pivalonitrile 893 

tetracyanoethylene to 456 

264, 379 

886 

catalysis by metal ions 261 

Hydrazines-cont. 
derivatives, in isonitrile conden- 

reaction with dicyanoketcne thio- 

with tetracyanoethylene 468,459 
Hydrnzoic acid, as acid component in 

isonitrile condcnsation 866 

sation 866 

acetals 498 

reaction with cyanogen 432 
Hydrazones 3 1 1 

formation 3 1 1 
reaction with tetracyanoethylene 

463 
Hydride method, of nitrile determina- 

Hydride reagent 3 15-3 18 
Hydride reduction--see Reduction 
Hydrocarbons, formation by reduction 

of nitriles 325, 331-336 

tion 176 

polynuclear, aromatic, synthesis 
335 

cyanide 
Hydrocyanic acid--see Hydrogen 

Hydrodimerization 188 
electrolytic, of acrylonitrile 109 

Hydrogen abstraction, from nitriles 

Hydrogen, addition to tetracyano- 

of crotononitrile 188 

672, 673 

ethylene 458 
reaction with cyanogen 432 

Ilydrogcnation, 170, 175, 309 -3 13, 

for nitrile dctermination 176, 177 
of cc-arninonitriles 323 
of nitriles 

of oximes 322, 323 
of terpenes 331 
partial 311 
selective 309-3 18 

intermolecular 136-142 
intramolecular 142 
of isonitriles 854 
of nitrile oxides 81 3 
or nitriles 136-143 

Hydrogen cyanate, in isonitrile con- 
densation 866 

Hydrogen cyanide 46, 245, 270, 291, 
428, 827 

acetolysis 249 

conversion to methyIamine-'"C 780 
polymerization 289 

320-325 

297, 308, 310, 313, 320- 
322, 324 

Hydrogen bonding 1 34, 136-! 4.5 

-14C 751 
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Hydrogen cyanide-corzt. 
reaction with dichlorofL\maronitrilc 

4.1 6 
Hydrogcn donors 331 
Hydrogen halides, addition to tri- 

cvanomcthane 435 

lndcs 

Hydrogen peroxide, addition, to nitrilcs 
262, 263 

to tctracyanoethylenc 458 
Hydrogen selenidc, as acid component 

in isonitrilc condensation 866 
Hydrogcn sulphide 860 

reaction with cyanogen 430 
with tricyanovinylbcnzene 477 

313 
Hydrolysis, of aldimines to aldehydes 

of 2-cyanopyridine 183 
of nitrilc oxides 793, 823 
ofnitrilcs 168, 169, 173-175, 256 

in  acid media 168 
in alkaline media 168 

of tetracyanoethylene 461, 462 
of tricyanovinylbenzene 478 

p-Hydrosyphenylcyclopen tadicnide 

Hydroxirnic acid halides 802-804, 

Hydroximic acids, alkyl 828 
a-Hydroxyamides, formation from a- 

dialkylarninonitriles 922 
a-Hydroxyarylglyoxal derivatives 861 
p-Hydroxybcnzaldehyde- [carbonyl- 

1 -I-Iydroxy-2-benzimidazolc-3-oxidc 

p-Hydroxybenzonitrile 775 

p-Hydroxybcnzyl cyanide 733 
3-Hydroxy-2-butanonc-1 -l'C 782 
a-Hydroxycarboxamides 863 
Hydroxycobalamin 734 

226 

808, 824, 839 

14C] 781 

844 

- 1 4 c  775 

production from cpnocobalamin 

4-Hyc!rosycouniarins, addition to tctra- 

1-Hydroxycyclopentanc carbonitrilc- 

3-Hydroxy-2,6-dichlorobenzoni trile 

4-Hydroxy-2,6-dichlorobcnzonitrile 

l-Hydroxy-2,2-dicyanovinyl corn- 

7-JI~dros\.licptaiio~itl-ilc- 1 -14C 766 

735 

cyanoethylcne 459 

1% 754 

738 

738 

pourids 476 

a-Hydroxyisobutyronitrile, biosyn- 

a-Hydr-oxyketoximes, fragrncntation 

Hydroxylaminc 429, 860 
Hydroxylaminc hydrochloride, test for 

nitrilcs 172 
Hydroxyl group, cyclization rcaction 

with nitrilium ions 366-369 

thetic precursor of linamarin 720 

925-932 

migration of 20 1 
5-Hydroxyly~ine-6-'~C: 781 
F-Hydroxymandelonitrilc 72 1 
2-Hydroxy-2-niethylbutyric acid- 1 -'"C 

755 
2-Hydroxy-iV-methyl-3,4,5-tricyano- 

1,2-dihydropyridine 573 
a-I-Iydrosyni triles--see Cyanohydrins 
2-Mydroxynonanonitrile-1 -14C 756 
2-Hydroxy-3-phcnylsuccinic acid- 1 -14C 

754 
3-Hydroxypropionitrile- 1 -14C 762, 

766 
3-Hydro~ypropionitrile-2,3-~'~C 766 
2-Hydroxythiazoles 408 
Hyodeoxycholic a~id-24- '~C 768 

Imidates 263, 264 
as activated nitriles 268, 269 
formation from nitriles 267 

derivativcs of 373-375 
Iinidazole aldchydes, preparation 31 2 

Imidazolcs 353 
Imidazolincs 396 
Imides 246 
Imidyl lialidcs 243, 254 260, 265, 266, 

272, 293, 295 
dimerizatiori 245 
formation, from nitriles and halogen 

acids 243--245 
Imidyl sulphate 296 
Iniinoalkylincrcaptoacetic acid hydro- 

Iminochloride salt 308 
a-Iminooximes 926 
Iminopyrrolidines 400 
2-Iminothiazolidine-4-carboxylic acid 

Immonium ions, a-addition to iso- 

Indandione nionoxime 927 
Indigo dianil, formation by  tetra- 

merizatiori of phenyl isocyanide 
87 1 

chloride, formation 17 1 

736 

nitriles 865 

Indoleacetaldehyde 732 
Indoleacetarniclc 73.1. 
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Indoleacetic acid 732, 734 
formation by hydrolysis of indole- 

production from tryptophan 732 
Indoleacetic acid-[carboxyl-"W] 774 
Indoleacetonitrile 724, 732-734 

formation, from indolcpyruvic acid 

acetonitrile 734 

732 
from tryptophan 732 

to indoleacetic acid 734 
hydrolysis 734 

occurrence 732 
oxidation to indolezarboxaldehyde 

and indolecarboxylic acid 734 

reduction to tryptamines 320, 325 
3-Indoleacetonitriles 773 

Indolecarboxaldehyde 3 12, 734 
Indolecarboxylic acid 734 
Indolepyruvic acid, conversion to 

indoleacetotiitrile 732 
Indoles 871 

reaction with tetracyanoethylene 
463 

Inductive effects 157 
Infrared spectra 

frequency ranges, for C=iV stretch- 

of isonitrile addition compounds 15 1 
of isonitriles 854 
of nitrile charge-transrer compleses 

146 
of nitrile coordination complexcs in 

far infrared 154 
of nitrile oxides 812 
of nitriles 191-197 

ing vibration 191 

frequency shifts in 134, 135, 137, 
139 

Inosinie acid dehydrogenase 735 
I ntergerrinecic acid- [ c a r b o ~ y l - ~ ~ C ]  

Iodocyanoacetylene 5 13 
4-Iodoveratrole 769 
Ion-exchange resins 8 1 
Ionization potentials 146, G 4 1  

Ion radicals--see Anion radicals 
Iron, bis(tetrahydroindeny1) 4.73 
Isatogens, reaction with tetracyano- 

Isobutylene, conversion to iV-l-butyl- 

Isobutyraldehydc 720 
Isobutyraldoxime 720 

755 

of nitriles 156 

ethylene 470 

acetamide 913 

from valine 720 

Isobutyronitrile, biosynthetic pre- 
cursor of linamarin 720 

Isocyanatcs 840 
acyl, cyclization with isonitriles 870 
by rearrangement of nitrile oxides 

reduction 857 
thioacyl, cyclization with isonitriles 

815, 816 

870 
Isocyanides--see Isoni trilcs 
Isocyanilic acid 819 
Isohexyl cyanide 197 
Isoimides 247 
Isoleueine 722, 728, 763 

Isomerization 887 
conversion to lotaustralin 720 

of tetraphenylsuccinonitrile 682 
isonitrile-nitrile 889 

Isonitrile diehlorides 860 
Isonitrile-nitrile isomerization 889, 

Isonitriles-see also specific compounds 
905 

a-additions, followed by secondary 
reactions 862-868 

simple 860-862 
with ring closure 869-873 

a-aminoalkylation of 865 
biological properties 877 
C--N bond cleavage 859, 860 
complexes 124, 873-876 
hydrogen bonding 139, 854 
oxidation of 862 
physicochemical properties 854 
polymerization 862 
rearrangement 859 

to nitriles 103 
syntheses 854-859 

by alkylation, of cyanides 855 
by carbylamine reaction 855 
by dehydration of formamides 

by a-eliminations 854 
856, 857 

toxicity of 857 
Isophthalic dinitrile, reduction in pre- 

sence of Raney cobalt catalyst 
325 

p-Isopropylmandeloni trile 722 
Isoquinoline derivatives 360-363 
Isoselenocyanates, formation from iso- 

nitriles 862 
Isothiazoles 393 
lsothiocyanates 826, 838, 862 

reduction 857 
Isoxazoles 96, 809, 835, 83G 
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for prcparation 
96 

175 

Isoxazoles--con&. 
as starting material 

of B-kctonitriles 
A2-Isoxazolines 833 

Karl  Fischer reagent 
K band shifts, of aromatic compounds 

193 
Ketenes 869 
Kctenimines 

90 1 
689, 693, 694, 842, 891- 

a n d  nitrile forms 894 
from 1,l'-azocyanocyclohcxane 897 
structure 894 

Kcteniminiuni form, in cyanocarbcnes 

Ketimines, formation form nitriles and 

Ketocarbcnes 353, 354 

a-Kctoisovaleric acid oxime 720 
Kctoncs, addition to tetracyanoethyl- 

alkyl trihydrosyphenyl, froin Hoesch 

90 1 

Grignard reagents 276 

1,3-dipolar addition 345 

cnc 459 

reaction 172 
-'*C 782 
formation from addition compound 

of nitriles and Grignard re- 
agent 171 

Ketonitrcncs 354, 355 

Ketonitriles, cyclization 378-80 
1,3-dipolar addition 345 

preparation, by treatment of ena- 
mines with cyanogen chloride 89 

using isosazoles as starting inaterial 
96 

derivatives 9 15 
fragmentation 915-925 

Ke toximes 9 15 

of a-carboiiylketoximes 925-932 
of a-hydrosyketoximes 925-932 

Kjeldahl distillation 174 
Kiliani-Fischcr synthesis 757 
Knocvenagcl-13uchercr method 75 
Kynurcninc hydrosylasc 735 

u-Lactani 858 
Lactic acid-1-13C 753 
Lactoncs, condensation with alkali 

L a c t o ~ c - I - ~ ~ C  759 
Lathyrisni 723 
Latliyrogenic nitriles 723-727, 736 
Ln!llync.r 725 

~yanidcs- '~C 762-765 

lati folirrs 724. 

Latilyrus-corzt. 
odoratus 723, 726 
pusillits 723 
satiuus 724 
syhestris 724., 726 

Lathyrus meal 723 .- 

Lauric acid-lJ4C, conversion to lauro- 
nitrile-l -I*C 776 

LCAO-MO approximation 8 
Lead tetraacetatc 103 

for oxidation of 2-aniinobenzotri- 
azole 905 

Leguniinosae 720 
Lcucinc 763 

D,L-12cucinc-l-1.4C 761 
Lewis acid 326 
Lewis bases 892 
Limonene, usc as hydrogen donor 
Linacecie 720 
Linamarase, in L i m n  zrhztissinzu?n 
Linamarin 719, 720 

biosynthcsis from leucine 720 
formation 719, 720, 728 
prccursors of 720 

Linunz icsitatissin1uln 7 19, 720 
linamarase in 72 1 
reaction with labelled acetone cyano- 

Lithium aluminium hydride 170, 175, 

convcrsion to linamarin 720 

331 

72 1 

hydrin 719 

314, 315, 317, 326, 329 
alkosy-substitutcd 317 
for reduction, of adduct of nitrilc and 

Grignard rcagcnt 33 1 
of cyanohydrins to B-hydroxy pri- 

mary amincs 326 
of a-halonitrilcs 337 
of nitriles 314, 326-329 

aromatic 317 
hindercd 316 

Lithium reagents 280, 282 
alkyl 282 
arvl 282 

Lithium trietlioxyaluminohydride 
316, 317, 318 

for reduction of nitriles to aldehydes 
329 

Lithium trimethoxyaluniinoliydride 
329 

for reduction, of benzonitrilc to 

of capronitrile to n-hexylamine 329 

hydride 317 

bcnzyl aniine 329 

Lithium tris(n-butoxy)aluniino- 
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Lithium tris (l-bu toxy) aluminohydriclc 
329 

Lithium tris(n-propoxy)aluIninohy- 
dride 317 

Lithocholic acid-24--lc1C 767 
Lone pair orbital 124 
Lossen rcarrangement 924 
Lotaustralin 719, 720 

biosynthcsis from isolcucinc 720 
synthesis, by snow mold fungus 728 

Lotus nrnbircs 72 1 
Lotus tenius 726, 727 
Lupinus anEustijolia 722, 725 
D,L-Lysinc 763 

formation from cyclohexanone 322 
from ethyl 5-cyano-2-oximino\~a- 

lcratc 322 
Lyxose- 1 -'"C 759 

Magnesium iodide, as catalyst 3919 
Magnesium pcrck.lorate, as catalyst 399 
Malononitrile 283, 4.28, 725 

acidity 227 
bromination 446 
m- and  fi-fluorophenyl- 2 19 
in tetracyanoethylene synthesis 446 
labelled 768, 776 
reactions, with cyanogen 430 

with cyanogcn chloridc 433 
with hexafluoroacetone 484 
with tricyanovinyl arencs 476 

Rffaltose-1 -'"C 759 
Mandelic a ~ i d - l - ~ 4 C  755 
Mandelonitrile 721, 722, 723 
Mannich bases 773-775 
Mannose- 1 -W 757 
Miirasnius 0rcniic.r fungus 72 7 
Xfarhn's syndrome 723 
kIass spectronictry 200 

in determination, of amines 170 
of nitrilcs 197-201 

of isonitriles 854 
of nitrilcs, aliphatic 197 

saturated 197 
aromatic 201 
u,P-unsaturated 200 

of tricyanocyclopropanc, cis ant1 lrcins 

pressure-dependent A 4  + i peaks 
isonicrs 200 

197 
MC SCF LCAO-MO technique 9 
Mcerwein reaction 700, 701 
14elaminc 428 
/i-h,Ieutliane, formation by reduction of 

A1-fi-mcnthcnc 333 

Al-p-Mcnthcne, rcduction to 11-men- 
thane 333 

use as hydrogen donor 331 
h4enthone, oxime tosylate 916 
h4ercaptans 860 
Mcrcaptoacetic acid 171 
Rtcrcuric cyanide 892 
Mercuric fulminate 795 
hlcsitylene, as complexing agent 650 
Mcsonicric structures 793 
l4etafulminuric acid 819 
Metal carbonyl complexes 255, 256 
Metal catalysts, noble 320 
Metal cyanides-see Cyanides, 

inorganic 
Metal halides 250 

electrophilic, complexes 250-254 
nitrile complexcs with 287 

far infrared spectra 154. 
Metallocenes 472 
Metal reductions-see Reduct ion 
Metal salts, coordination complexes 

of 153-156 
solubility in nitriles 13 1 

Ar-h4ethylacetonitrilium ion 9 12 
Mcthacrylonitrile, constant current re- 

duction 189 
Methanol, reaction with tetracyano- 

ethylene 461, 462 
Methemoglobin 734., 735 
~ ,~ -&fe th ion inc -  1 -I4c 760 
3-Methoxy-4-bcnzyloxyphenylaccto- 

nitrile-l - I W  766 
4-~4ethoxyb~tVronitrile-l-~~C 767 
~4ethoxycarbonyldicyanomcthanidc 

613 
2-3.1 c thox ycarbon ylisatogen, rea ction 

with tetracyanocthylene 470 
kIcthoxycarbony1-4-quinazolinonc 

3-h~lcthoxy-2-nitro~cnzonitrilc 775 
3-Mcthoxy-2-nitrobcnzoni trilc- 

3-(p-hlethoxyphenyl) propionitrilc- 1 - 

p-34ethosystyrcnc 433 
4-Methoxy- 1,1,2-tricyanobutadicnc 

Xethylamine 320 
i\/Ietliylarninc-1'~C 780 
o-klcthylbenzonitriles 43 1 

P-Methylbutyrolactone 764 
R-( + ) -2-Xlethylbutyronitrilc 888 
Methyl cvanidc-.ice A4cetonitrilc 

4-70 

[nitrile-14C] 770 

14C 772 

607 

ultraviolet spectrum 2 10 
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Methyl 3-cyanopropyl sulphoxide 733 
/?-h4ethylcyclohexanone oxime 9 16 
a-it4ethylcyclohexanones 202 
3-iLIcthylcyclohcx-2-cnone 920 
Methyl dicyanoacetate 61 1 
Mcthylcneaminoacetonitrile 724 
Methylenecyclobutcne, addition of 

tetracyanoethylene 455 
3-Methylenecyclohexenc, addition of 

tetracyanoethylene 455 
hlethylene phosphoranes 842 
Methylfuran, reaction with tctracyano- 

cthylenc 463 
~-h.lcthylglutaric acid-1-'4C 764 
N-h 1 ethylglycine 728 
Methyl group, formation by nitrile 

h/lcthyl isocyanide 55 
Mcthylisonitrile, rearrangement 89 1 
I-Rfethylnicotinonitrile 730 

incorporation into ricinine 730 
Mcthylnitrolic acid 819 
I-LMethylnorcamphor 9 18 
N-Methyl-3-oximinoisatin 930 
2-Methyl-2-phenylpropiophenone 

oxime 921 
2-Methyl-7,7,8,8-tetracyanoquino- 

dimethane 646 
1 -Methyltetrahydrofuran, in formation 

of aminocyanocarbene 902 
N-h4ethyl-3,4,5-tricyano- 1 ,'-dihydro- 

pyridine 574 
N-hlIethyl-3,4,5-tricyanopyridinium 

perchlorate 573 
Michael reaction, retrograde 469, 470 
Michael-type addition 70 
Microwave spectra, of isonitriles 854 
Migration, of alkoxyl groups 201 

qroup reduction 331-333 

of alkyl groups 200 
of hydrosyl group 20 1 

hlillipedes 722 

?\4olccular addition coinplcxcs of ali- 

Molecular extra correlation cncrgy 

Molecular orbitals 2 

Molybdenum, hcxacarbonyl-, reaction 
with cyanogcn 433 

?\lonocyanoethylenes, synthesis by 
IVittig reaction 107 

Muricholic a~id-24-'~C: 7G8 
?\\Iustard oil glucosidcs 828 
krustard oil glycosides 732, 733 

h'lolds 727-730 

phatic nitriles 216 

4 3 , 4 9  

calculations for cyano group 2 16 

Myristic acid-1-*4C 766 
hlyrosinase 733 

A r m d i m  domesha 72 1 
a-Naphthaldehyde 
Kaphthalene, as complexing agent 

650, 653 
reactioi, with tetracyanoethylene 

463 
I-h'aphthoic acid 936 
a-Kaphthol 869 
I-iYaphthy1 cyanide 309, 936 
Aremalion micltiJidum 734 
Nickel-aluminium oxide catalyst 325 
Kickcl boride catalyst 325 
Nickel carbonyl 472, 477 
Kickel catalyst, reduced 310, 312 

hydrogenation 3 1 1  

3 1 1, 3 13 

and phcnylhydrazine for nitrile 

Xickel cyanide 775 
Xicotinamide 730, 731 

adenine dinucleotide 37 1 
conversion to ricininc 730, 731 

adenine dinucleotide 731 
-14C-amide 776 
conversion to  ricinine 731 
mononucleotidc 73 1 

Kicotinic acid 730, 731 

Nictinonitrilc 73 1 
A-ieuwland-type catalyst 69, 84 
Nitrencs 345, 903 
Kitrilase 725, 732, 734 

for hydrolysis of /3-cyanoalanine 726 
from I-?reurlomonas bacteria 725 

Nitrilc and ketenimine forms 894 
Xitrile group--see Cyano group 
Sitrile iniines 348, 349 

Nitrilc oxidcs 346-348, 791-846 
convcrsion to 1,2,4-triazolcs 348 

addition reactions with inorganic 
compounds 822-827 

addition reactions with organic com- 
pounds, leading to cyclic struc- 
tures 346, 832-843 

leadinq to open-chain structures 
8%-832 

dimcrization to furoxans 816-819 
dipole moments 814 
hydrogen bonding 8 13 
hydrolysis 793, 823 
infrared spectra 812 
isolatcd 796-798 
nomcnclaturc 792 
physical properties 812-814 
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Ki trilc osidcs-cont. 
polymeric 816, 820, 821 
preparation 794-812 

from aldoximes 800-804 
from fulrninates S07, 808 
from nitroparafins 804-807 
in silu 808, 809 

rearrangerncnt to isocyanates 8 15, 

rcduction to nitriles 822 
stability 814, 815 
ultraviolet spectra 812 
with functional groups 810-812 

Nitriles--Jee also Cyanides, Cyano 
group and spccifc compounds 

electrophilic 290-296, 358-382 
leading to heterocycles 3 4 2 4 1 4  
nucleophilic 263-286, 382-409 
of tiee radi(:als 296-298 

816 

addition LO, cyclo- 344-358 

basicity of !25-134, 157 
bioc1irrvh-y of 7 17-738 
chemical analysis 168-177 

qualitative 168-173 
qilantitative 173-1 77 

complexcs of, coordination 150- 
156, 250-256 

wcak 134-150 
dipole moments 2 14-2 16 
electrochemistry of 179-190 
electronic structure in 46-63 
formation, b y  climination 92-103 

by HCN addition 68-77 
by substitution 77-91 
from cyanogen 43 1 
from fragments 105- 1 10 
from nitrilc oxidcs 822 

hydration of 256-263 
infrared spectra 194-197 
labelled, synthcsis and  use 752-78.1 
rnass spectra 197-201 
nuclear magnctic resonance spectra 

polymcrization of 287-290, 4 10, 

reaction of, with acids 243-219 
rcarrangcmcnt of 885-939 
reduction of 186,296,297,308-337 
separation of 177-1 79 
ultraviolet spectra 190-194, 2 10, 

unsaturatcd 109, 187, 192, 193, 

201, 202, 233, 234, 212 

41 1 

233, 234 

200, 377, 378, 702, 703 
Si t r i lc  ylids 350 
Sitrilium ions, 265, 291 

Nitrilium ions-con!. 
cyclization by reaction, with C - C  

bonds 359-364 
with C=O bonds 364-366 
with nitrogen-containing com- 

pounds 373-376 
with OH groups 366-369 
with SI-I groups 369-373 

I'\Titrilium salts 127-134, 245, 246, 
250, 253, 265, 291, 293, 358, 359, 
912, 916 

formed in 'supcr acid' 912 
hydrolysis of 260 ' 
prcparation, from nitriles 252 
N-substituted 129, 130 
unsubstituted 130, 131 

Nitritc ion 735 
/+Nitroaniline 2 15 
o-Kitrobcnzonitrilc 775 

conversion to o-aminobcnzamide 
336, 337 

o-Nitrobcnzonitrile-14C 770 
Xitrocthanc, reaction with cyanogen 

Nitrogen nucleophiles 400-104 
iiitrogen oxidcs 428 
Nitrogen ylid 917 
Nitro group, size and shapc 
Nitrolic acids 805, 809, 820 
Nitromcthanc, acidity 227 
2-Nitronaphthalene 936 
Nitroparaffins, primary, conversion to 

nitrile oxides 804-807 
p-Nitrophcnylcyanodiazomethanc 55 1 
j+Nitrophenylmalononitrilc 590 
1-Nitropropanc 93 
Xitrosobenzenc 843 
Nitroso compounds, aromatic, reaction 

/~-Nitroso-N,~r-diniethylanilinc 844 
Nitrosomalononitrilc 590 
l-Xitroso-2-n~phthol 87 1,  929 
1-i\'itroso-3-phenyl-2-pyrazoliric 8.44 
~itrosotriflucrornethane 869 
~itrotctracyanocyclopen tadienide, 

o-Nitrotoluene, ultraviolet spcctrum 

Norbornadicnc 453 
Sorvaline 763 

4.30 

210 

with nitrilc osidcs 84.1 

rccluction of 601 

210 

Kuclcar magnetic resonance spectra 
139. 140. 171 ~~~ 

191: 202 ' 

for dctcrmination or  arnincs 170 
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Nuclear magnetic resonancc spcctra- 
cont. 

for determination of nitriles 201, 

of isoni triles 854 
of nitrile coordination complexes 

shielding and deshielding effects of 

202 

151 

cyano group 233-235 
IVucIeophiles, oxygen 368, 369 

addition by 391-393 

Nucleophilic addition 2$3-276 
sulphur, addition by 393-396 

and ring closurc (Typc C) 382-396 
intramolecular (Typc C,) 397-409 

Nucleophilic substitution 230 
Nudiflorine, isolation from Trewin 

nrtdgura Linn 730 

Octa cyano-p,p,p-triphenylphospha- 

Octanal 756 
Octanoic acid-1-'3C 766 
2,4,6-Octatriene 452 
0-H stretching frequency 157 
Olefins, reaction, with nitrile oxides 

cyclopentane 460 

833-836 
with nitrilcs 674-682 
with nitrilium ions 359-364 

Oleic acid-8-"W 766 
Organoaluminium compounds 152, 

Organoboranes 892 
Organometallic compounds, reaction 

‘Orion@', black 523 
Ornithine-5-"% 761 
Ortho esters, formation 3 15 

282 

with cyanogcn halides 88 

reduction by lithium aluminium 
hydridc 315 

Ostcolathyrogens 724 
1,2,5-Oxaazaphospholincs 842 
Oxadiazoles 246 
1,2,5-Osadiazole 2-osidcs 814 

1,2,4-Oxadiazolcs 839, 840 
formation 

formation from nitrile oxides 346 
4-oxides 817 

8 16 - 8 I9 

1 ,S,.l-Oxadiazolcs 355 
Osaldi in1 idates 429 
P-n~-Oxal!fl-a,:,-diaminobu tyric acid 

724 
B-A'-Osal~l-2,3-diaminopropionic 

acid 721 

Oxamidc 430 
Oxamidines 428 
1,4,2-Oxathiazoles 838 
1,2,3,5-0xathiodiazoles 2-oxides 842 
Oxazete ring system 912 
Oxazetidines 932-935 
Oxazetidinones 91 1, 932-935 
Oxazine derivatives 366 
1,3-Oxazines 366 
Oxazoles 353, 932-936 

conversion to o-cyano acid 935 
derivatives of 364-366 
from acyloins 935 
from azirine 932 

Oxazolinc 393 
Oxazolone 368 
Oxidation, of amino acids to nitriles 

104 
of cyanoalkyl radicals 697 
of isonitrilcs 862 

Osimcs 720-see also specific com- 
pounds 

addition of nitrile oxides 839 
dehydration 92 
hydrogenation to acetylatcd amines 

322, 323 
2-Oximidochlorides 860 
a-Oximinoacids 926 
a-Oximinoamines, fragrnentation of 

8-Oximinoethers 922 
a- and y-Oximinoketones 924, 925, 

a-Oximinonitriles 827 
8-Oximinoqrrinuclidine 91 7 
Osiminosulphides, diaroyl 825 
Osoamines 330 
Oxonitriles 330 
Oxyacids, complexes with nitrilcs 245, 

24 6 
Oxygen nucleophiles 368, 369, 39 1- 

393, 405,406 
Oxynitrilase cnzymes 72 1 

idgnre 72 1 

917, 918 

927 

From Prztntn amjgddrrs and S o r g h n  

Ozonides, addition to tetracyanoethyl- 
cne 458 

Palladium catalyst 32 1 

Paracyanogen 289, 428 
Paroj~sis nfornaria 723 
Passcrini reaction 863, 864, 889 
Pcntacyanobcnzrnc 530, 650 
Pcntacyanocyclopentadicnc 61 7 

in nitrilc reduction 320 
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l’c:it3cyanocyclopcntadienidc 597 
cyanogen chloride in formation 537 
salt 228 

Pentacyanoethane 441 
Pentacyanoethanide 591, 592 
1,1,2,3,3-Pcntacyanopropcne, forma- 

tion 479 
Pentacyanopropenide 233, 466, 593, 

594. 612 
Pentacyanopyridine 575, 650 
Pentafluorobenzonitrile 2 15 
Pcntafluoronitrobenzene 2 15 
2-l’entan0ne-l-~~C 782 
4-Pentenonitrile 9 16 
Peptidcs, fluorinated 070 

stereoselective 866 
synthesis of 248 

Perfluoroacyl cyanides 588,589 
Perfluoroalkylamincs 297 
Perhydro-s-triazines 4.10 
/3-Pericyclocamphenone oxime 9 19 
I’eroxyimidic acids 263 
a-Phcllandrene, use as hydrogen donor 

Phenanthrene, as complexing agent 

reaction with tetracyanoethylene 

33 1 

650 

4 63 
Phenazornaleonitrile 735 
Phenols 2 18, 459 

addition to C=N bond 
orfho-substituted 4 59, 463 

Phenylacetaldehydes 312, 313 
preparation from benzyl cyanides 

263, 261 

31 1 
I’henylacetonitrilc- 1 -14C 765 
Phenylalanine 722, 763 

conversion, to amygdalin 720 
to prunasin 720 

D,I,-Phen).lalaninC-1-’4C 76 1 
Phenyl cyanate 252 
Plieriylcyanodiazomethanc 55 1 
Phenylhydrazinc, as  trapping rcagent 

3 1 1-3 13 
Plicnylhydrazones 3 1 1-3 13 

in hydrogenation 

carbonyl cyanide phenylhydrazone 
735 

I’lienyl isocyanide 928 
x-bridging in transition state 891 
tetramerization to indigo dianil 871 

3-l’lienyl-A~-isoxa~oline 845 
2-Phenyllactic acid-1 -14C 755 
Phenylmagncsiuni bromide 862 
3-Phcnylpropanoic acid- 1 -“*C 766 
Phenylpropiolamide 898 

3-Phenylpropionitrile- 1-“4C 766 
I’hcnylthiourcas, substituted, forma- 

I’~~cnyltricyanoet1iylcne 650, 655 

Phenyl vinyl ketoxiinc 845 
l’hloroglucinol, reaction with nitriles 

I’liosgene method 857 
6-Phosphogluconate dehydrogenase 

735 
Phosphoric acid esters, use for synthesis 

of aliphatic nitriles 85 
Phosphorus pentachloride, conversion 

to N-chlorovinylphosphoroimidic 
trichlorides 253 

Phosphorus ylids, reaction with tetra- 
cyanoethylene 469 

Phosphorylation reactions 246 
Photochlorination 672 
Phthalimide-15N 75 1 
Phthalimidoacetonitrile- 1 -14CC:, fornix- 

tion and hydrolysis 771 
Phthalimidoalkyl bromides, formation 

by Hundsdiecker degradation 
772 

tion 170 

oxide 565 

172 

Phthalimido group 773 
Phthalonitrile 185 

Pimclic acid-1 ,7-14C 767 
Pinacolone oxime 92 1 
l’inncr cleavage 264, 268 
Pinrier synthesis 264, 268 
Pivalonitrile, reaction with hcxanicthyl- 

pK, value 126 

Platinum catalysts, in nitrile reduction 

Polarization, dielectric 148 
Polarographic reduction- scc Rcduc- 

Polyacrylonitrilc 288 
Polycyanoaromatics 230 
Polycyanocarbons 190, 226 

ultraviolet spectrum 210 

dialuminium 893 

of nitriles 6 17 

320 

tion 

electrochemical reduction 190 
ion radicals 229 

Polycyanocyclopentadienes, acidity 

Polycyanoolefins, electrophilic 228 
l’olycyanoosiranes 554-570 
Pob,desmiis collnris collariJ 722 
I’olyene nitriles 769 
Polyfluoroalkyl nitriles, reduction by 

228 

sodium borohydride 329 
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Polymerization 410, 41 1, 698, 890, 
89 1 

linear, of nitriles 287-290 
of cyanogen 289 
of fulminic acid 8 19-822 
of hydrogen cyanide 289 
of isonitriles 862 
of vinylidene cyanide 699 
suppression of 890 

Polymers, from tetracyanoethylene 

Polysaccharides, reaction with lac- 
Potassium cyanide, exchange with 

474 

cyanide 784 

labelled carbonate 749 
rcaction, with cyanogen 433 

with dihalomalononitrile 433 
Prebiotic synthesis 289 
Proline-[ (5-ring)-14C] 764 
1,3-Propanediamine 429 
Propargyl cyanides 81 
b-Propiolactone 764 
Propionic acid, labelled 766 
Propionitrile 724 

Propionitrile- 1 -14C 7 72 
Propylamine- 1 -I4C 78 1 
Propylene 489 
Prulaurin 7 19 
Prunasin 720 

vacuum ultraviolet spectrum 190 

biosynthesis from phenylalanine 720 
formation from amygdalin 72 1 

Prunlaurasin 719 
Prunus amygdalus 72 1 
Prunus lnurocernsus 720 
Pseudomonas bacteria 725, 728, 732 
l’seudoureas, o-alkyl 265 
Psychrophilic basidiomycctc fungus 

729 
Purincs 289 
Pylaielln litornlis 734 
F’yrazolines 285 
Pyrazolone 86 1 
Pyrene, as complcsing agent 
Pyridine 770 

trimcric 283 
Pyridine aldehydes 
Pyridinium dicyanomcthylid 558,591 
2-l’yridones 378, 730 
4-l’yridoncs 730 
Pyridoxal 724, 725 

phosphate 725 
5-(3-Pyridyl) tetrazole-14CC: 783 
Pyrimidines 273, 289 

650, 653 

3 10, 3 13 

2,4-disubstituted 385 

Pyrimidines-cojit. 
trimers 283 

Pyrimidinethiones 394 
Pyrolysis 3 15 

Pyrrole 359, 861 
of nitriles in presence of sulphur 

2,5-disubstituted 386 
reaction with tetracyanoethylcne 

173 

463 
Pyrrolinc derivatives 359, 360 
1 -Pyrrolinc, formation from cyclo- 

I’yruvonitrile 771 

Quadricyclane, addition of tetracyano- 

Quaternary ammonium salt 87  
Quinazoline derivatives 375, 376 
Quinazoline synthesis 252, 253 
Quinoline N-oxides 404 
Quinolinium ions, N-alkyl- 864 
Quinoxalines, 2,3-diamino- 429 
Quinoxaline-2,3-dicarboxylic 

Quinoxalyne 905 

Radical process 889 
Radical rearrangements 698 
Radicals, acceptor 672, 700 

propylimine 384 

ethylene 456 

anhydride 905 

a-addition to isonitriles 862 
cyano 709 
cyanoalkyl, oxidation 697 
cyanobenzyl 682-685 
dimcrs 559 
donor 672, 700 

Radziszewski reaction 262 
Karnan spectra, of isonitrilcs 854 

of nitrile-halogen complcxcs 146 
of nitriles 135 

Rambaud’s procedure 762 
Iianey cobalt catalyst, for nitrile 

hydrogenation 320,32 1,322,325 
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