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Foreword 

The present Supplement C contains material on triple-bonded functional groups, such 
as carbon-carbon triple bonds, cyano and isocyano groups and diazonium groups. 
These groups have been treated previously in the Chemistry of Functional Groups 
Series in the following volumes: 

The Chemistry of the Carbon-Carbon Triple Bond (2 parts, 1978); 
The Chemistry of Diazonium and Diazo Groups (2 parts, 1978). 

Arynes, heteroarynes and isocyanides were treated as triple-bonded compounds, 
and chapters on them are included in this volume. 

Some chapters intended for this supplementary volume did not materialize. These 
should have treated ‘photochemistry of the Cyano Group’; Triple bonds in Cyclo- 
additions’, ‘Compounds Containing C(CN)2 and Related Groups’ and ‘Metal Triple- 
bond Complexes’. 

We will be very grateful to readers who would call our attention to omissions or 
mistakes relating to this and other volumes in the series. 

Jerusalem, June 1982 
S A U L  P A T A I  

ZVI  R A P P O P O R T  



The Chemistry of Functional Groups 
Preface to the series 

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

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

With these restrictions, i t  is realized that no plan can be devised for a volume that 
would give a cotizplete coverage of the subject with 110 overlap between chapters, 
while at  the same time preserving the readability of the text. The Editor set himself the 
goal of attaining reasorzcrble coverage with moderate overlap, with a minimum of cross- 
references between the chapters of each volume. In this manner, sufficient freedom is 
given to each author to produce readable quasi-monographic chapters. 

The general plan of each volume includes the following main sections: 

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

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

(c) Chapters describing the characterization and characteristics of the functional 
groups, i.e. a chapter dealing with qualitative and quantitative methods of deter- 

is 
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mination including chemical and physical methods, ultraviolet, infrared, nuclear 
magnetic resonance and mass spectra: a chapter dealing with activating and direc- 
tive effects exerted by the group and/or a chapter on the basicity, acidity or complex- 
forming ability of the group (if applicable). 

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

(e) Special topics which do not fit any of the above sections, such as photo- 
chemistry, radiation chemistry, biochemical formations and reactions. Depending on 
the nature of each functional group treated, these special topics may include short 
monographs on  related functional groups on which no separate volume is planned 
(e.g. a chapter o n  ‘Thioketones’ is included in the volume The Chemistry of the 
Carbonyl Group, and a chapter on ‘Ketenes’ is included in the volume The Chemistry 
of Alkenes). In other cases certain compounds, though containing only the func- 
tional group of the title, may have special features so as to be best treated in a separate 
chapter, as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage, or  ‘Tetraamino- 
ethylenes’ in The Chemistry of the Amino Group. 

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

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

The Chemistry of Alkenes (two volumes) 
The Chemistry of the Carbonyl Group (two volumes) 
The Chemistry of the Ether Linkage 
The Chemistry of the Amino Group 
The Chemistry of the Nitro and Nitroso Groups (two parts) 
The Chemistry of Carboxylic Acids and Esters 
The Chemistry of the Curbon-Nitrogen Double Bond 
The Chemistry of the Cyano Group 
The Chemistry of Amides 
The Chemistry of the Hydroxyl Group (two parts) 
The Chemistry of the Azido Group 
The Chemistry of Acyl Halides 
The Chemistry of the Carbon-Halogen Bond (trvo parts) 
The Chemistry of Quinoiioid Compounds (two parts) 
The Chemistry of the Thiol Group (tii>o parts) 
The Chemistry of Amidines arid Imidates 
The Chemistry of the Hydrato, Azo and Azoxy Groups ( two parts) 
The Chemistry of Cyatiates and their Thio Derivatives ( two parts) 
The Chemistry of Diazonium and Diazo Groups (two parts) 
The Chemistry of the Cnrbon-Carbon Triple Bond (trvo parts) 
Supplement A :  The Cfzemistry of  Double-bonded Fiinctional Groups (trvo parts) 
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Supplement B: The Chemistry of Acid Derivatives (two parts) 
Supplement C: The Chemistry of Triple-bonded Functional Groups (two parts) 
The Chemistry of Ketenes, Allenes and Related Compounds ( two ports) 
Supplement E: The Chemistry of  Ethers, Crown Ethers, Hydroxyl Groups and tlzeir 

The Chemistry of the Sulphonium Group ( two parts) 
Supplement F: The Chemistry of Amino, Nitroso and Nitro Groups arid their 

Sulphur Analogues (two parts) 

Derivatives (two parts) 

Titles in press: 

The Chemistry of Peroxides 
The Chemistry of Organometallic Compounds 
Supplement D: The Chemistry of Halides and Pseudo-halides 

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

The publication of this series would never have started, let-alone continued, without 
the support of many persons. First and foremost among these is Dr Arnold 
Weissberger, whose reassurance and trust encouraged me to tackle this task, and who 
continues to help and advise me. The efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but unfortunately their 
code of ethics does not allow me to thank them by name). Many of my friends and 
colleagues in Israei and overseas helped me in the solution of various major and minor 
matters, and my thanks are due to all of them, especially to Professor Z.  Rappoport. 
Carrying out such a long-range project would be quite impossible without the non- 
professional but none the less essential participation and partnership of my wife. 

The Hebrew University 
Jerusalem, ISRAEL S A U L  P A T A I  
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Recent developments on nitrile 
oxides, nitrile sulphides and nitrile 
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1. INTRODUCTION 
Much of the work on nitrile oxides has been reviewed previously1.*. The first extensive 
review covering physical properties, syntheses and reactions of nitrile oxides appeared 
in this series in 19703, and a comprehensive book on this 1,3-dipole has been 
published by Grundmann and Griinanger in 19714. Other reviews dealing with 
1,3-&polar cycloadditions and cycloreversions have appeared recently, some of them 
in this seriess-8. 

This chapter will mainly be concerned with newer chemical aspects of the subject 
and will also report on the recently discovered 1,3-dipoles nitrile sulphides and nitrile 
selenides. The primary literature surveyed consists mainly of articles listed in Chemical 
Abstracts from 1970 through 1980. 

II. STRUCTURAL DATA ON NITRILE OXIDES 
A. Spectroscopic Data 

While a wealth of IR and UV data has long been available and reported in the 
literature4, more recently the 13C-, 15N- and 14N-NMR spectrag>l0 and mass spectral’ of 
nitrile oxides have also been the subject of study. 

The mesitonitrile oxide 13C resonance (broadened triplet at 35.4 ppm downfield 
from TMS in CHzClz solution, IJ13c14 I = 52 Hz; doublet at 35.2 ppm, 
1J13c 15Nl = 77.5, for the 15N derivative) an$the 14N absorption (166 ppm downfield 
from’ aqueous tetramethylammonium chloride .solution; 166.3 ppm for the 15N 
derivative) both experience a large upfield shift by comparison with the resonances of 
the corresponding nitriles (mesitonitrile has a carbon shift of 117 ppm and 
benzonitrile a nitrogen shift of 212 ppm)’. 

Roughly half of the upfield shift of the I3C resonance was accounted for by 
increased x electron density at the carbon atom of the nitrile oxide in comparison with 
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the nitrile, while for most of the difference of nitrogen chemical shifts an increase in 
the diamagnetic shielding term for the nitrile oxide was invokedg. 

The fragments present in the mass spectrum of benzonitrile oxide (70 ev), at m/e 
103 (4%, [C~HSNJ', M - 0), 89 (16%, [C~HS]', M - NO) and 91 (20%, [C6HsNI', 
M - CO) were considered as deriving from the molecular ion (10046, [C7HsNO]p 
which is made up in part of benzonitrile oxide (to give the first two fragments) and in 
part of phenylisocyanate formed by isomerization of the nitrile oxide in the radical-ion 
state (to give the latest fragment)". 

8. Geometry 
At the beginning of the last decade the geometry of nitrile oxides was already 

defined as a linear or almost linear X-C-N-0 structure4 on the basis of infrared 
and microwave data for fulminic acid (formonitrile oxide) (2)12, acetonitrile oxide 
(1)13 (Figure 1) and pivalonitrile oxide14 and X-ray data for 2,6-dhethyl-4- 
methoxybenzonitrile 

Later, further far-infrared and wave millimetre measurements led Winnewisser and 
associateslZ to reinterpret the structural data for fuiminic acid and to conclude that this 
molecule deviates somewhat from linearity, with the linear form 0,418 kJ mol-l less 
stable than the bent species 2. MIND0/3(MIND0/2)MO calculations16 reproduce 
well the hump at linear H-C-N-0, and the bent form 3 (Figure 2), where bending 
is present also in the C-N-0 moiety, was calculated to be 0.46 (0.84) kJ mol-' more 
stable than the linear one. By contrast, the partially or fully optimized geometries 
(X-C-N-0) of almost all types of nitrile oxides X = Ar, C1, F, NH2, CN, Me etc.), 
calculated by ab initio methods, were linear(7-19. However, bending is not 
energetically difficult; in fact the optimized 4-31G HCNO molecule with HCNL = 
165" is only 5.85 kJ mol-l less stable than the linear and 5.6 kJ mol-I are 
required to change the CNO angle fiom 180" to 170"221. 

1.442 1.169 1217 
CH,-&E&-O 

1800 1800 

165+2°1%00 
H-!-!,!L~ 
7.080 1.188 1.199 

(1 1 (2) 

FIGURE 1. Angles and bond lengths (A) of acetonitrile 
oxide13 and fulminic acid12 from infrared and microwave 
spectra. 

1 50° 
159" 

1.08 1.15 

1910 
199" 

1.17 0 
1.20 

1.07 1.16 1.29 

(3) 
FIGURE 2. Optimized geometries of fulminic acid. Angles 
and bond lengths (A) listed are (top to bottom): MIND0/2, 
MIND0/3 and STO-3G. 
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C. Electronic Structure 
The vertical ionization potentials (which in terms of Koopmans’ theorem, 

-ESCF = IP,, are an experimental measure of orbital energy) of nitrile oxides20-22 so 
far determined are gathered in Table 1. For nitrile oxides characterized by a C,, 
(linear HCNO) or C3, (linear r-BuCNO) symmetry, the HO (highest occupied) 
molecular orbitals are a degenerate pair of orbitals localized on the CNO moiety 
whereas such degeneracy is split for benzonitrile oxides (C2,). In the latter 1.3-dipoles 
mixing of the out-of-plane rcmo (which is the orbital to be considered in discussing the 
reactivity in cycloadditions) with the aromatic orbital of appropriate symmetry (PhJ 
gives rise to two new orbitals (Figure 3). The higher energy (Ph, - TCCNO) is mainly 
localized on the aromatic ring and the lower one (XCNO + Ph,) on the CNO moiety. 
That is, in the former orbital the highest coefficients are on the ring whereas in the 
latter the highest coefficients are on the CNO moiety22. A weighted account, based on 
orbital energies and coefficients, of both these orbitals should be taken when 
discussing the reactivity of nitrile oxides in FO (frontier orbital) interaction terms. 
The use made by Houk and associates of a HO molecular orbital at -10.0 eV for 
benzonitrile oxide23 (see Section V1.B. 1) conforms to this need. As a consequence 
reactions at the CNO moiety will be less affected by ring-substitution than indicated by 
variation of ZP,: in other words although conjugation will lower IP, to a large extent, 
theory foresees a small increase of reactivityz2. 

No experimental data have until now been reported for LU (lowest unoccupied) 
molecular orbital energy values but they can be approximated from IP, and x-x* 
transition energies (e.g.  EL^ (ev) = -IP, + Exx* -k 5.0)24. Both IP, and electron 
affinity can be reliably calculated by the MIND0/2 methodi6. 

The shape and energies of frontier orbitals (FO) of fulminic acid (by MIND0/216 
and ab iuitio STO-3GI7 methods) and of benzonitrile oxide (by CND0/2)24 are 
reported in Figure 4. 

MO calculations for the two nitrile oxides and for acetonitrile oxide have shown that 
of the two end-atoms the oxygen terminus has the higher coefficient in the HO mol- 
ecular orbital, while the carbon terminus has the higher coefficient in the LU mol- 
ecular orbital. Moreover, bending of the molecule increases the relative nucleophilicity 
(.HO coefficient) of the C-terminus and to a lesser extent the electrophilicity (LU 
coefficient) of the O - t e r n i i n ~ s ~ ~ J ~ .  

Giorgio Bianchi, Remo Gandolfi and Paolo Griinanger 

TABLE 1. Vertical ionization potentials (ev) of nitrile oxides RCNOZ2 

ZPV1 IPv2 ZPV3 ZPV4 

R Phs - XCNO Pha X‘CNO XCNO + Phs 

Ha 10.83’ 

Phc 8.96 9.80 10.0 10.84 
pMeOC84 8.42 9.71 9.83 10.16 
2,4,6-Me&H2 8.34 9.00 9.46 10.24 

p-CIC6H4 8.65 10.02 10.20 10.67 

t-Bu 9.55‘ 

2,4,6-(Me0)3C&2 7.95 4 . 7  9.20 9.94 

P-NOzC6H4 >9.5 

‘ m o .  
%eference 19. 

CReference 21. 
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FIGURE 3. Correlations between nitrile oxide ionization potentials. 

(01 H-C-N-0 (b) H-C-N-0 

- 8 .C 
0.30 

6 8  66 '31 

7.c 

- 7.c 

- 8.( 
is 
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*61 -27 74 

@-Q-- 
-82 -80 -39 
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!.19 -w 

FIGURE4. Shape and ener ies of FO of nitrile oxides: (a) MIND0/2I6, 
(b) STO-3G" and (c) CNDO/234. In the latter two cases both the perpendicular TL 
systems are indicated. 
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We shall consider now the picture of nitrile oxides in valence bond (VB) ter- 
minology. A very recent calculation (STO-3G) with geometry optimization (assuming 
a linear molecule) at CI level (including all excitations among n orbitals) was run by 
Hiberty on HCN025 by a method devised by him which allows the expansion of 
molecular orbital wave functions into valence bond wave functionsz6. The calculated 
weights of VB structures 4-9 for HCNO are given in Scheme 1. The values (which 

0.096 0.097 0.001 
++ 

H-6=N--Zj H -~=N-O H-~=N--E)  
(7) (8) (9) 

SCHEME 1 

refer to the gas phase) are in agreement with previous VB calculations by Hiberty and 
Le ForestierZ6 who found that for parent allenyl-propargyl dipoles one of the zwit- 
terionic octet-stabilized forms (e.g. 6)  is favoured (with the exception of azides where 
the diradical form is the most stable VB structure) over the diradical structure (e.g. 5) 
which in turn may have either a bigger or smaller weight than the other octet zwit- 
terionic structure (e.g. 4)z7. Obviously, the relative zwitterionic or diradical character 
is highly influenced by substituents and the importance of zwitterionic structures 
becomes enhanced in condensed phases, in particular when the molecule is in a highly 
polar medium**. 

The diradical form emerges as the dominant VB structure (gas phase) in the case of 
allyl-type  dipole^^^-^^. 

Finally, the wave function for the Linnett structure 10 of nitrile oxides may be 
expressed as a linear combination of bond eigenfunctions for structures 4,5,6 and S3". 

Ill. RIlTRlLE-OXIDE-FORRRING REACTIONS 

A. General 
The methods of preparation of nitrile oxides are discussed in detail in Chapter 14 of 

The Chemistry of the Cyano Group3 and in Grundmann and Grunanger's book4 on 
nitrile oxides, For the sake of brevity the most widely used and studied ways to the 
formation of nitrile oxides are reported schematically in Scheme 2. 
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N, 

OH 

syn only 

R-C-Br 
II 

OH 
N, 

PhNCO or POCI3 1.A 

NCS = N-c cinimide 

NBS = N-brmcin imide  

SCHEME 2 

B. Dehydrohalogenation of Hydroxamoyl Halides 

An allegedly improved preparation of hydroxamoyl chlorides from oximes by action 
of NCS has been reported very recently31. Formation of nitrile oxides from hydrox- 
amoyl chlorides by heating in neutral solvent or by treatment with bases are among the 
commonest synthetic procedures4. The mechanism of dehydrohalogenation by bases 
has been thoroughly investigated in the last d e ~ a d e ~ * - ~ ~ .  

The substantial kinetic data obtained in the dehydrohalogenation of 3,5-dichloro- 
2,4,6-trimethylbenzohydroxamoyl chloride and bromide by action of tertiary amines 
or silver nitrate in acetonitrile as solvent, includes: (i) second-order kinetics apart 
from the reaction of bromide and silver nitrate characterized by an order higher than 
one in silver ion (anionic assistance by a second molecule of AgNO3); (ii) leaving- 
group effect kB,/ka (ca. l o3  in the case of silver nitrate but 1.6 for 
N-methylmorpholine, Bu3N, Et3N in acetonitrile); (iii) kH/kD (ca. 2 for the reactions 
of the hydroxamoyl chloride with N-methylmorpholine). These results, together with 
activation parameters (apparent activation parameters for the reaction of the hydrox- 
amoyl chloride: E,  = 83.8 +- 1.6 kJ mol-’, AS# = -8.1 2 5.1 J K-’ mol-l), are 
claimed to accord well with two concerted mechanisms (Scheme 3)33. The two 
mechanisms differ from one another in the degree of breaking of the C-X and 0-H 
bonds, respectively, at the transition state, In the case of silver nitrate, a cation-like 
transition state has been envisaged with advanced C-X cleavage, while an anionic 
mechanism is preferred in the reaction with tertiary amines. The elimination of HX by 
action of tertiary amines occur lO5-10’ times faster than with silver nitrate, explain- 
ing, therefore, their preferred use for synthetic purposes. 
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Ar-C-X 
I I  

A r - C r N - P O  

SCHEME 3 

It has been reported that hydroxamoyl chlorides in dilute aqueous solution smoothly 
generate the corresponding nitrile oxides, which are generally fairly stable towards 
dimerization under those  condition^^^.^^. The kinetic study of dehydrohalogenation of 
benzohydroxamoyl chloride in the presence of sodium chloride at 21 "C in water has 
shown the following salient data: (i) the rate of formation of benzonitrile oxide is 
inversely proportional to hydrogen ion concentration over the pH region 1-3 and (ii) 
the rate is independent of added chloride ion (concentration 0.00-0.28~ at pH 2.0). 
The proposed mechanism postulates rate-determining loss of chloride ion from 12 
which is in equilibrium with 11 (equation 1). 

R-C-CI --c-CI 
I I  -H+ II 

( 1 8 )  (1 2) 

Recently nitrile oxides have been detected (IR) and trapped (with benzaldehyde) in 
the reaction of benzohydroxamoyl chlorides with iron pentacarbonyl (and also 
nonacarbon yldiiron) 37. 

C. From Nitroalkanes 

The dehydration of primary nitroalkanes represents an elegant, mild and very useful 
method of preparation of nitrile oxides38. A detailed procedure of dehydration by 
action of phosphorus oxychloride has appeared in Organic This procedure 
has the alleged advantage over the commonly used method with phenyl isocyanate 
that the dehydrating agent and its transformation products are easily removed from 
the reaction medium by water. It has been claimed that formation of nitrile oxides can 
also be achieved by treatment of primary nitroalkanes with acetyl chloride 
(Scheme 4)40. 

Although the formation of a mixed anhydride of the type 13 has also been advanced 
by McKillop and Kobylecki41 in the reaction of phenylnitromethane with acetic 
anhydride-sodium acetate under strictly anhydrous conditions, failure to detect fura- 
zan N-oxides was considered as evidence that nitrile oxide species were not formed 
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R' = Me, Ph. C02Me 

R2 

R' C02Et Ph CH~OAC 

Ph 63% 47% 57% 
Me 54% 36% 39% 

SCHEME 4 

and that it was the 1,3-dipole 13 which reacted with added dimethyl acetylene- 
dicarboxylate to give isoxazole derivatives on loss of acetic acid. 

In 1971 Edward and Tremaine reported36 on the behaviour of arylnitromethanes in 
acid, resuming an old work by Meyer and W ~ r s t e r ~ ~ ,  who in 1873 found that primary 
nitroalkanes in hot concentrated mineral acids gave carboxylic acids and hydroxyl- 
amine. (This reaction appears to be less known than the Nef reaction in which 
primary nitroalkanes are smoothly converted to aldehydes when treated with aqueous 
mineral acid43.) On  the basis of solvent, substituent and isotopic effects as well as of 
isolation of nitrile oxides (previously envisaged but not isolated by other authors43) 
the authors36 advanced a mechanism (Scheme 5) involving a nitrile oxide inter- 
mediate 14. 

We are aware of only two cases where secondary nitro compounds may also give rise 
to nitrile oxides through their aci f ~ r r n ~ ~ , ~ ~ .  Isoxazoline 15 was formed in 39% yield 
together with 37% of 1,l-diphenylethylene by treatment of l-nitro-l,2,2- 
triphenylpropane (as its sodium salt) with concentrated hydrochloric acid (Scheme 
6)44. 

The fragmentation of a-nitro ketones to carboxylic acids and hydroxamic acids 
by action of mineral acids46 and the conversion of primary aliphatic and arylaliphatic 
nitro compounds into nitriles by action of trimethyl(ethy1)amine-sulphur dioxide 
complexes47a and thermal decomposition of the potassium salts of 1 ,l-dinitro- 
alkanese7b has also been considered to involve the formation of nitrile oxides. Finally 
a curious reaction in which a nitrile oxide is quantitatively formed is that of 1- 
nitro-3,3-dimethyl-l-butyne with an ynamine (equation 2)48. 
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+ ,OH 9 
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SCHEME 5 
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r-auc = c - NO, 1 

D. From Fuaazan N-Oxides 
Thermally induced cycloreversion of furazan N-oxides 16 and 17 appears to be a 

promising way to obtain nitrile oxides (equations 3 and 4).5 Flash vacuum pyrolysis has 
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R-C-N-0 
(3) 

A RHR - + 
R-C-N-0 

R = alkyl. Ar, PhSO, 

C 3 N + O  

N, ”-0 
0 

(1 6) 

I s2 - R  I (4) 
N,o,N-O CEN-0 

U- (17) -R- = -CH2CH2CH2--, 

allowed Paton and associates49 to prepare aliphatic nitrile oxides otherwise difficult to 
obtain in the pure state, thus permitting detailed examination of their chemicophysical 
properties. 

Thermolysis of furazan N-oxides in the presence of dipolarophiles has been found to 
be a useful synthetic tool for the preparation of isoxazole  derivative^^^*^^. Also diacyl- 
furazan-N-oxides with bulky substituents undergo cycloreversion smoothly, while less 
crowded derivatives (e.g. dibenzoylfurazan-N-oxides) follow an internal rearrange- 

Formation of the nitrile oxide system has also been shown to occur by opening of the 
ring of a monosubstituted furazan N - o ~ i d e ~ ~ , ~ ~ .  The reaction of 18 is promoted at room 
temperature by a slightly basic mediumJ3 (equation 5) .  

p n = B  

buffer eoln. 
Ph - Ph-C-CZN+O w -  P ) r - - c - C ~  

(5) 
u\: CHC13 II I I  

(1 8) “OH “OH 

E. Miscelianeous Methods 
A promising method for the in situ preparation of unstable nitrile oxides has been 

claimed to be the thermal decomposition under mild conditions of the so-called 
dehydro dimers of a l d ~ x i m i n e s ~ ~ . ~ ~ .  More recently Grundmann and KiteJ7 checked and 
tested this reaction with several dehydro dimers of structure 19 or 20 and various 
dipolarophiles (equation 6). 

(1 9) (2a) 

A method for preparation of or-carbonylnitrile oxides (21) in good yields from 
(equation 7). a-diazocarbonyl compounds has been devised by Dahn and 

Nitrile oxides are also formed by oxidation of oximes by Ag2C03 on Celite58b. 
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H 
HNOz I 

RCOCHN, H20+ RCO-C-NO 
I 
N2+ 

IW. RI~TRILE-O)(IDE-ISOCYANATE REARRANGEMENT 

Nitrile oxides, with the exception of simple aliphatic derivatives, have long been 
known to rearrange to isocyanates on heating4 and this reaction has been recently the 
subject of a theoretical The models examined by ab initio iVI0 calculations 
were the parent compounds formonitrile oxide and acetonitrile oxide. The most 
relevant results of this study, from our standpoint, is that the rearrangement nitrile 
oxide += isocyanate involves successive 1,2-migrations of the oxygen and R groups, 
the former moving first. The most favourable reaction path (equation 8) is predicted to 

start from a linear 1,3-dipole which then passes through structures corresponding to 
oxazirine 22 and singlet nitrene 23 neither of which are true intermediates and should 
not be observable. The calculations seem to rule out a symmetrical transition state of 
the type 24 for such a reaction. 

.R . .  . .  
c-N 
“0’ 
. .  

(24) 

Grundmann and associates found59 that when group R contains a chiral centre at the 
point of attachment to the nitrile oxide moiety, the rearrangement proceeds with 
complete retention of stereochemical configuration, this suggesting a concerted 
bond-breaking and bond-making process in the last step, 23 -+ isocyanate, of the 
reaction. 
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Direct rearrangement of nitrile oxides to isocyanates is generally complicated by the 
competing reaction of dimerization to furazan N-oxides. Of synthetic interest, 
therefore, is a work by Trickes and Meier6' who discovered that heating nitrile oxides 
in anhydrous benzene in the presence of sulphur dioxide gives isocyanates in high 
yields through 25 as demonstrated by its isolation (Scheme 7)60,61. 

Ar-C-N-0 
+ - Ar &-Lo -so, H20w ArCONHOH 

81-94% 
so2 

(25) 

Ar = p-XCeH4 [ Ar-C+ 4!] - Ar-N=C=O 

X = H, NO2, CI, OMe 70 - 95% 
(26) 

SCHEME 7 

V. DlMERlZATlOiU AND POLYMERIZATION OF NITRILE OXIDES 

A. Fulminic Acid 
Dimerization and polymerization of fulminic acid (formonitrile oxide) has been 

previously reviewed in detai13,4. More recently Grundmann and  associate^^^,^^ have 

HON=CH 

HCNO h N 
0 4 0 ,  HCZN+O - HON=CH-CEN+O 

(27) (28) 

(30) 
SCHEME 8 
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thoroughly reinvestigated the process of transformation of fulminic acid into 
fulminuric acid 30 and determined the stereochemical structure of isocyanilic acid 31, 
the formal dimer of 27. As shown in Scheme 8 fulminic acid dimerizes to 
hydroxyiminoacetonitrile oxide 27 which undergoes a lY3-dipolar cycloaddition at the 
C-N triple bond by another molecule of fulminic acid to give the furazan N-oxide 28. 
The latter compound rearranges under the existing reaction conditions to 29 which 
ring-opens to fulminuric acid 30. 

Chemical and spectroscopic evidence allows one to assign to isocyanilic acid the 
structure of (EYE)-3,4-bis(hydroxyiminomethyl)furazan N-oxide (31), thus permitting 
the correction of previous erroneous data in the literature. 

B. Base Catalysls 
Nitrile oxides, with the exception of highly hindered derivatives4.-, dimerize 

readily and the most commonly encountered dimerization product is a 
3,4-disubstituted furazan N-oxide (32). The question whether the reaction leading to 
32 is a concerted [Ps + .2s] or a two-step process (equation 9) has not been 
definitively answered yeP .  

The action of some organic bases changes the manner of dimerization and reaction 
products other than 32 are obtained. For example, the action of pyridine on the 
dimerization of benzonitrile oxide leading to 1,4,2,5-dioxadiazine (33) (Ar = Ph) has 
been known for a long time4. This heterocycle is known to form also when nitrile 
oxides are treated with excess BF3 in benzene4. 

De Sarlo and coworkers have found recently66 that when variously substituted 
benzonitrile oxides are treated with excess pyridine, substituted pyridines or 
l-methylimidazole in ethanol, high yields of dioxadiazines (33) are obtained. Small 
amounts of 1,2,4-oxadiazoles (M), 1,2,4-oxadiazole-4-oxides (35) and fuazan 
N-oxides (36) are generally observed as by-products. The amounts of such compounds 
increase if the reaction leading to 33 is not fast enough (half-life > 1500 s). n - e  
reaction rate for the formation of 33 is increased with increasing nucleophilic character 
of the base and the electron-withdrawing power of the aryl group of the 1,3-dipole. 
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By contrast, when benzonitrile oxides are treated with trimethylamine in ethanol at 

room temperature or below, the major reaction products are compounds 35; small 
amounts of compounds 34 are also obtained, but no oxadiazines have been isolated. 

The mechanisms (based on extensive kinetic data), governing the reactions 
discussed above, are summarized in Scheme 9. The high steric demand by 
trimethylamine favours 3723 + 37b isomerization thus preventing 37a to collapse into 
33. 

(37W (33) 

(i) Nu = pyridine, substituted pyridines or N-methylimidazole 
(ii) Nu = trimethylamine 

Ar 35 (46) 
~~ 

Ph 11 
4-MeC6H4 32 

4-c1c&4 61 
4 N O 2 c a 4  36 

4-MeOC6H4 49 

SCHEME 9 

Concentrated solutions of the same aromatic nitrile oxides in dimethyl sulphoxide in 
the presence of triethylamine give polymer 38 in moderate yields (equation 10). 

(MI 

Such polymers are stated to be relatively stable in the solid state; however in 
solvents such as ethanol and chloroform they are converted into other products, 
among them 1,2,4-oxadiazoles (34) and the corresponding oxadiazole-4-oxides (35). 
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Attempts to trap any intermediate nitrile oxides have failed as have all the efforts to 
detect any furazan N-oxides (36). 

The reaction of acetonitrile oxide and other aliphatic nitrile oxides in ethanol in the 
presence of trimethylamine allowed De Sarlo and coworkers to isolate new types of 
oligomers6’. In fact, when solutions ca. 1 - 3 ~  in acetonitrile oxide and 1 - 2 . 5 ~  in 
nucleophile were reacted at room temperature, the most important products were 
3,6-dimethyI-1,4,2,5-dioxadiazine, hexamer 39, a heptamer and an octamer whose 

Me 

Me 

Me 

Me 
\ 

(39) 

structures are related to 39 and also insoluble polymers6’. In general, in relatively 
diluted solutions, dimers and cyclic oligomers are favoured, while the yields of 
insoluble polymers increase with the concentration of acetonitrile oxide. 
3,CDimethylfurazan N-oxide has only been detected by g.1.c. in the reactions 
described above, although it was the sole identified product for reactions 0.1~ in 
nitrile oxide and 0.2M in trimethylamine. 

VI. 1 ,&DIPOLAR CYCLOADDITION 

A. Mechanism: Concerted or Stepwise? 
The question of concertedness (that is, the timing of the new bonds formation) in 

1.3-dipolar cycloadditions has been of outstanding interest for the whole of the last 
decade. 

The more widely accepted Huisgen mechanism, a concerted but not synchronous 
reaction, entails a two-plane approach of the reactants to give a transition state (TS) 40 
which bears partial charges and occurs early along the reaction coordinate (Scheme 10 
and Figure 5)68-69. 

Reactivity and selectivity in nitrile oxide cycloadditions were accounted for by 
Huisgen mostly on the basis of effects such as conjugation, stabilization of partial 
charges in the TS, maximum gain in o-bond energy and steric effects6*. 

More recently application of MO perturbation theory with special emphasis on 
interaction between occupied and empty orbitals (in particular HO-LU interactions) 
has provided a satisfactory explanation of selectivity and reactivity problems. For 
example in the reaction of benzonitrile oxide with vinyl ether the dominant interaction 
is Lu *.J-dipole-HOdipo,arophile and the orientation complex 41 (with large-large and 
small-small interactions) is more favoured than 42 (two large-small interactions) as 
proved by the regiospecificity of the reaction4. 
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(44) 

SCHEME 10 

(45) 

I TS 
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FIGURE 5. Potential energy curve €or one-step 
1,3-dipolar cycloaddition. 
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I * 
Reaction coordinate 

FIGURE 6. Potential energy curves for two- 
step 1,3-dipolar cycloaddition through a cyclo- 
diradical (full line) and through an extended 
diradical (dashed line). 

On the other hand the higher stability of spin-paired cyclo diradical 43, in 
comparison with 44, explains the regiospecificity of the reaction in terms of Firestone’s 
mechanism (Scheme 10 and Figure 6)70. However, in the latter mechanism, one has to 
accept that diradicals of the type 43 (even when they occur in the extended 
conformation 45) isomerize considerably more slowly by rotation around bond (a) 
than they revert to the starting addends or collapse to products. This assumption is 
necessary to account for the experimentally observed strict stereospecificity of nitrile 
oxide cycl~additions~. Moreover, Harcourt, on the basis of quantum-mechanical 
arguments has pointed out that a concerted diradical mechanism (e.g. 46) seems more 
reasonable than a stepwise one, even when one uses Linnett-type electronic structures 
10 to represent 1 ,3 -d ipo le~~~ .  

Ph 

‘OF? 

(46) 

Very interesting are the results of two ab inirio MO studies on the reaction of 
fulminic acid plus acetylene by Poppinger71 (STO-3G) and Schaefer and associates 
[4-31G and (9s5p/4s2p) double-zeta basis sets]’*. It has been found that the predicted 
TS resembles more closely the reactants than products; the most relevant change is a 
marked b a n s  bending of the HCNO skeleton (Figure 7). In contrast with Huisgen’s 
two-planes approach, all the atoms in the TS lie in one plane. Even if this atomic array 
were to be correct, Poppinger suggested that conjugative stabilization should be very 
small in such an early TS and consequently does not entail an appreciable increase in 
reactivity of alkyne dipolarophiles compared with alkenes. 

Moreover, although the TS looks relatively symmetric on geometrical grounds, this 
does not necessarily mean that the process is a synchronous one. In fact the force 
constants calculated by Schaefer for the C-*C and C.-O bonds in the TS are 3.07 
and 0.31 mdyn/& respectively, implying that the C-C bond is about ten times 
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FIGURE 7. Theoretical (4-31G SCF) structures for reactants, transition state and 
product for the acetylene plus fulminic acid reaction. The TS is 11 8.7 kJ higher in energy than 
the reactants7*. 

STO - 3G 

1- 
'H 

,c = c 
H 

70 80 90 100 110 120 a; 
1.86 2.05 2.24 2.42 2.59 2.75 rccc 
2.58 2.49 2.28 2.07 1.85 1.63 rco 

FIGURE 8. Energies of unsymmetrical 'one-bond' and 
symmetrical 'two-bond' transition-state geometries for 
fulminic acid-acetylene by various calculation techniques; 
a = 60" and a = 120" correspond roughly to biradicaloids 
with the CC and CO bond formed, respectively; a = 90" 
corresponds to a geometrically synchronous transition 
state. Reprinted with permission from P. Caramella, K. N. 
Houk and L. N. Domelsmith, J .  Amer. Chetn. Soc., 99, 
4511 (1977). Copyright (1977) American Chemical 
Society. 
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stronger than the C-0 bond. The similarity between the bond lengths is simply due 
to the fact that C-0 is shorter than C-C (see isoxazole structure), so when both 
bonds are stretched to ca. 2:20A C--C is still strong while C---0 has almost 
vanished. MNDO calculations magnify the extent of this asynchronism indicating the 
possibility of a zwitterionic intermediate in the reaction73. It should be remembered, 
however, that MNDO (and also MIND0/3) tends to exaggerate interatomic repulsion 
around van der Waals’ distances and consequently fails to reproduce very weak 
bonds74 (such as C-0 in the TS). 

A study by Houk and associates has evidenced that calculations which include 
overlap (EH, a6 initio) favour a two-bond symmetrical TS for fulminic acid plus 
acetylene, whereas semiempirical calculations which neglect overlap (MIND0/2, 
MIND0/3 and CND0/2) favour one-bond unsymmetrical geometry (biradical-like) 
for the TS (Figure 8)75. This systematic discrepancy was attributed by the authors to 
an inherent defect (neglect of overlap) of the latter methods which leads to an 
underestimation of closed-shell repulsion in a highly asynchronous TS. 

As a conclusion on the mechanistic discussion, we wish to point out that: (i) a 
diradical intermediate may not be excluded a priori in the reaction of nitrile oxides 
with dipolarophiles of very similar FO energies (that is in the case of large HO-LU 
separations) when dipoIarophiIes bear a good radical stabilizer, (ii) the possibility of a 
dipolar intermediate must be considered when an electron-poor nitrile oxide reacts 
with an electron-rich dipolarophile bearing also a good cation stabilizer and (iii) all 
experimental and theoretical data make, at present, the 1,3-dipolar cycloadditions of 
nitrile oxides one of the best examples of ‘concerted but not synchronous’ 
cycl~additions~~. 

B. Reactions with Carbn-Carbon Double and Triple bonds 

1. Reactivity and regioselectivity 

The reactivity and regioselectivity in the most simple PMO treatment, which takes 
into account only the interactions between empty (LU) and occupied (HO) frontier 
orbitals (FO), are governed by equations (11) and (12), respectively7. These 
second-order perturbation expressions permit the calculation of change of energy 
following the interaction of nitrile oxides with dipolarophiles (Figure 9). Q (a4-6 ev) 
is a correction factor which takes into account the narrowing of FO energy gaps during 
the approach of the molecules to one another77. The other symbols have the usual 
meanings5.7.23.24.77. 
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[ ( c i , ~ U  - c$ ,LU)(C&,HdEO - C;,HOP&)] 
AEz - A E I  = 2 

EHO(N) - ELU(D) + Q 
C(CX.,O - ci,HO)(C&LUBEO - CE,LUP&)I + 2  

EHO(D) - ELU(N) + Q 

N = nitrile oxide, D = dipolarophile 

The importance of the contribution of coefficients in equation ( l l ) ,  which are very 
often overlooked, is understood if one compares, for example, the reactivity of 
ethylene with that of conjugated systems. In fact, the expected increase of reactivity of 
the latter dipolarophiles as a result of higher HO and lower LU energy levels, is some- 
what tempered by the decrease of their FO coefficient values at the reaction sites. 

Equation (12), in turn, shows that the regioselectivity is a function of c2p2 values. 
The relative nucleophilicity of the two end-atoms of nitrile oxides, predicted on the 
basis of coefficients (C&O > c$,Ho), may be reversed when one considers both 
coefficients and resonance  integral^^^*^^^^. In factcjb.H$3$o is higher thanc&,Ho&when 
the interacting centres are 1.75 A apart, while C & O ~ C C  > C&,HO~CO holds at a distance 
of 2.20 A. The latter value corresponds to the calculated TS distance between fulminic 
acid and acetylene7*. Moreover, it should be remembered that bending of the nitrile 
oxide in approaching the transition state lowers the difference in the HO 
coefficients'6-17. 

Table 2 shows relative rate constants of the reactions of benzonitrile oxide with 
several double- and triple-bond dipolar~philes~~. For the sake of a direct comparison of 
experimental results with those expected theoretically, the FO energies of nitrile 
oxides and several classes of dipolarophiles are reported in Figure 1 OZ3. 

The higher reactivity of rmns than cis double bonds, of alkenes than alkynes, the 
greater rate-retarding effect of a p-methyl (e.g. methyl crotonate) than a-methyl 
substituent (e.g. methyl methacrylate) and the low reactivity of double bonds bearing 
substituents of opposite electronic effect (e.g. methyl 3-pyrrolidinoacrylate), are all 
characteristic features of nitrile oxide cycloadditions and are apparent in Table 2. 

The generally lower reactivity of alkynes in comparison with a l k e n e ~ ~ . ~ ~ , ~ ~  could be 
explained in FO interaction terms. Nitrile oxides are moderately electron-deficient 
1 ,3-dipoless1 for which LU-dipole control is often dominant in the 1,3-dipolar 
cycloaddition (Figure consequently the higher ZP, (lower HO energy) of the 

TABLE 2. Relative rates of the cycloadditions of benzonitrile oxide with double and triple 
carbon-carbon bonds79 

Dipolarophile 

~ 

k,l Dipolarophile 
- 

p-Pyrrolidinostyrene 
Norbornene 
Methyl acrylate 
Dimethyl fumarate 
Methyl methacrylate 
Dimethyl acetylenedicarboxylate 
Butyl vinyl ether 
Methyl 3-pyrrolidinoacrylate 
Methyl propiolate 
Styrene 

25.2 Ethylene 1 .0 
15.3 Cyclopentadiene 0.44 
8.3 Acetylene 0.40 
6.1 1-Hexene 0.31 
3.6 Cyclopentene 0.21 
3.1 Dimethyl maleate 0.21 
2.1 Phenylacetylene 0.112 
1.88 Methyl crotonate 0.082 
1.24 Methyl 3,3-dimethylacrylate 0.0062 
1.15 Cyclohexene 0.0025 
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X R C Z Y 

- - - - - =Me -C02Me 
7 

- HCNO PhCNO y., 7 7 - 
3 - 

- 1  

FIGURE 10. Frontier orbital energies (eV) for nitrile oxides and dipolarophiles. X = OR, 
NR2; R = alkyl; C = C=C, Ph; Z = COR, CO2R, CN; Y = NO2, SO2R. 

triple bond (e.g. phenylacetylene IP, = 8.82 eV)82 with respect to the corresponding 
double-bond dipolarophiles (e.g. styrene IP, = 8.55 eVg3 are mostly responsible for 
the difference in reactivity found for the two classes of compounds. 

Noteworthy also is the high reactivity of methyl acrylate which, on the basis of 
Houk's model (Figure lo), should be found at the bottom end of the reactivity scale. 
This expectation is not fulfilled even in the case of the electron-poor 
benzenesulphonylnitrile oxide for which the following krel were found: cyciopentene = 
0.83, 1-hexene = 1.0, methyl acrylate = 1.22, styrene = 4.17, n-butyl vinyl ether = 
12.9, norbornene = 36.784. Interestingly enough, benzenesulphonylnitrile oxide reacts 
readily with alkyl-substituted alkenes (even with tetramethylethylene) to give high 
yields of isoxazolines which are useful synthons (Scheme 1 l)85. 

PhSO2CNO 
+ 

(50-fold excess) 

PhSO, wet THF. 20-C 
\ 

n = 1, 94% 

n = 2, 89% 

n = 1, 82% 

n = 2, 88% 
SCHEME 11 
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Table 2 also shows that factors (e.g. strain and steric factors) other than FO 
interactions are important in determining reaction rates. In fact the well-known high 
reactivity of strained double bonds has been recently further documented by a number 
of reactions of c y c l o p r o p e n e ~ ~ ~ ~ ~ ~ ,  benzvaleness, hexamethyldecarbenzenegg, 
benzocyclopropene 47 (equation 1 3)s9, methylenecyclobutane90, benzocyclobutenegl, 
E - c y c l o ~ c t e n e s ~ ~ , ~ ~  and compounds with a double bond at the bridgehead position 
(Bredt a l k e n e ~ ) ~ ~ .  In particular Bredt alkenes 48 reacted with mesitonitrile oxide 
quantitatively in a few minutes at room temperature to give a mixture of regioisomers 
49 and 50, whereas a single less-hindered adduct (e.g. 51 in the case of 
1-methyl-E-cyclooctene) was isolated from the reactions of 1-methyl-substituted 
c y ~ l o a l k e n e s ~ ~ .  

m = n = 2  

m = 3 , n = 1  

a+ RCNO - + bis-adducts (1 3) 

(47) R = Mes,CH&, reflux 27% 48% 

R = Ph Et,O, 0°C 10% 53% 

(49) 

90% 

77 % 

10% 

23% 
Mes = mesityl 

m = I , n = 3  64% 36% 

The high reactivity of strained alkenes (kE/kz  = 7320yz and 6100” for the reactions 
of E- and Z-cyclooctenes with mesitonitrile oxide and benzonitrile oxide respectively) 
does not find a completely satisfactory explanation either in the release of strain 
energy in the TS or in FO energies. This was conclusively proved for norbornene by 
Huisgen who studied the relative rates of the reactions of conjugated dienes and 
1,3-dipoles with several cpcloalkenes (see in Scheme 12  the data for mesitonitrile 
oxide)94. 

In particular even if one assumes that the rate enhancement found for 54 and 55 
compared with 53 fully originates from strain release in the transition state, such an 
effect can only be partially responsible (5.50%) for the high rate constant of 
norbornene 56. The ‘x’ electronic factor which, in addition to strain, operates in 
norbornene was tentatively attributed by Huisgen to the ‘Fukui effect’, that is the 
nonequivalent orbital extension (e.g. 57) which results from a mixing between x2,3 and 
02.3 bonds through the interaction of both with the methano bridge95a. Thus the higher 
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ka 1.2 5.7 2,280 2,300 3,150 
ZP,(eV) 9.18 9.05 - 8.63 8.97 

aRate constant (I mol-' s-l x lo6, in CCI4 at 25°C) for the reaction with mesitonitrile oxide. 
bCycloalkane strain - cycloalkene strain (kJ mol-') evaluated by force field for molecular 
mechanics calculations (MM2). 

AStrainb -0.63 -2.13 -41.6 -37.24 -19.81 

SCHEME 12 

rc-electron density on the syn methano bridge side allows a better orbital interaction 
between nitrile oxides and norbornene in comparison with that experienced by the 
1,3-dipole with the symmetric dipolarophiles 53-55. Since this orbital picture finds 
confirmation neither in MIND0/3 nor in MNDO calculations of norbornene, this 
rate-accelerating effect was interpreted by Huisgen as operative in the TS94. Very 
recent ab initio calculations support this suggestion95b. 

Geometrical distortions affecting the lobe size (e.g. 58 and 59)96 which consequently 
bring about accelerating or  reducing reaction rate effects were also invoked to explain 
both the high reactivity of E - c y c l o ~ c t e n e s ~ ~ ~ ~ ~  and the surprisingly low reactivity of 
cyclohexene towards nitrile oxides. 

(57) (W (59) 
A factor which decreases the reactivity of double bonds is the aromaticity loss on 

going from reactants to TS. This has been found with furan, thiophene and their 
benzo derivatives which are very little reactive (kre, cyclopentadiene/k,, furan = 9,300 
and krel indenelk,,, benzofuran = 180) with nitrile  oxide^^^-'^^ (Scheme 13 and Table 
3) in spite of their low ionization potentials [compare the ZP, (from rc orbitals) of furan 
(8.88 eV), thiophene (8.90 eV), benzothiophene (8.2 eV) and benzofuran (8.66 eV) 
with those of cyclopentadiene (8.6 eV) and indene (8.20 eV)]97-99. 

The cycloaddition with thiophene is regiospecific with the formation of adducts of 
type 6099J00, while, besides compound 60 (X = 0), minor amounts of regioisomer 61 
and trace amounts of the oxime 62 are isolated from the reaction of benzonitrile oxide 
with f ~ r a n ~ ~ .  The reactions of these latter dipolarophiles are complicated by further 
reactions of the primary cycloadducts97~99~100. 

More reactive and regiospecific are benzothiophen-5-oxide and benzothiophen- 
5,5-dioxide which give adducts of the type 63102,103. 

As expected for a LU-dipole control, p-nitrobenzonitrile oxide reacts faster with 
monosubstituted alkylethylenes than the p-methoxy derivative; both give only 
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(W) (61) (63) 
x = 0,s Ar = Mes; R = Me; X = SO. SO2 

Ar = Ph; R = H,Me; X = SO, 

SCHEME 13 

TABLE 3. Regioisomer ratios and total yields of the reactions of benzonitrile oxide and 
mesitonitrile oxide (values in parentheses for the latter 1,3-dipole) with indenelol, benzofurang8 
and benzothiopheneYy in ether or benzene at room temperature 

Regioisomer ratios 

Ar 

Dipolarophile 
X excess Total 

X Ar (equivalents) yield (%)" 
~~ ~ ~ ~ ~~ ~ 

0 70(26) 30(74) lOO(4.2) 24(89) 
1.9(89) 
91(76) 

S 78(26) 22(74) W 5 )  
CH2 98(74) 2(26) 2(2) 

aReaction times for mesitonitrile oxide: fifteen days with indene, four months with benzofuran 
and benzothiophene. 

5-substituted isoxazolines as a consequence of the regiochemical orbital size control 
(Scheme 14)lo4. The lower reactivity of the t-butyl derivative is easily accounted for by 
steric effects. 

+ 
R 
7 

CCI, - 

Me 9.90 13.4 2.41 
n-Pr 9.68 12.6 2.38 
t-Bu 9.61 7.26 1.44 

n25"C. 
b20"C. 

SCHEME 14 
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As far as regiochemistry is concerned the only known exception to regiospecificity 
of alkyl- and aryl-monosubstituted and 1,l-disubstituted ethylenes (which give 
5-substituted i ~ o x a z o l i n e s ) ~ * ~ * ~ ~ ~  is represented by the reaction of styrene with 
benzonitrile oxide where trace amounts (-0.5%) of 3,4-diphenyl-2-isoxazoline have 
been isolatedlo6. By contrast, mixtures of regioisomers are as a rule obtained from the 
reactions of 1,Zdisubstituted alkene~l~'-"~ [indenefo', dihydronaphthalenelol, 

Scheme 1 5)]  . 

Giorgio Bianchi, Remo Gandolfi and Paolo Grunanger 

asymmetrically substituted cyc10pentenes~~~J~~ and c y c l ~ b u t e n e s ~ ~ ~ ~ ~ ~ ~  (e.g. 

Y& 50% + Me 

M e C r N a O  0-N 

C6H6. r.1. 

+ 

Me 

62 % 19% 19%' 

16% 84% 

SCHEME 15 

The reactions of monosubstituted alkyl- or aryl-acetylenes give exclusively 
5-substituted (see also Section VI-C). A detailed discussion 
concerning the competition between lY3-addition and cycloaddition for this type of 
dipolarophiles (equation 14) is reported in References 4, 6, 7, 69 and 70. 

The LU nitrile oxide controlled reactions of enamine-, enol-ether- and enolate-type 
compounds always give adducts where the carbon atom of the nitrile oxide is attached 
to the p position with respect to the most powerful electron-donating group of the 
d i p o l a r ~ p h i l e ~ ' ~ - ~ ~ ~  (equations 15130, 16123 and 17121). In some instances the 
possibility of a nonconcerted attack has been advanced. 

Regarding regioselectivity, the data reported in Tables 4a and 4b clearly show that 
the behaviour of moderately electron-poor (e.g. methyl acrylate, IP, = 10.72135 and 
acrylonitrile, ZP, = 10.92136) and strongly electron-poor (e.g. nitroethylene and 
methyl vinyl sulphone, IP, = 11.4 for both)13' conjugated monosubstituted alkenes 
(to give 5-substituted 2-isoxazolines as dominant adducts) is similar84~110~131-134. These 
results are true, in spite of a change from the situation of the former dipolarophiles, 
in which the two FO interactions are in competition with one another, into the 
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8.4% 

'YMe N Ph (16) 

71 % 

n 

Ar = wles, 81% 

Ar = Ph, 82% 

1 1  (17) 
N 

HO' 

situation of the latter dipolarophiles, which is characterized by LUdipolarophile control 
(Figure 10). Moreover, a sharp increase in the percentage yield of 4-substituted 
derivatives is observable on passing to monosubstituted alkynes (cyanoacetylene, 
IP, = 11.60 eV13* and methyl propiolate, IP, = 11.15 eV139) related to the alkenes 
mentioned above. 

A partial plausible explanation for these findings lies in the following (i) cB > c, in 
both HO and LU of these dipolarophiles, and c$& 2 c&3& in both €30 and LU of 
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TABLE 4(a). Ratios of regioisomers from the reactions" of nitrile oxides with a,P-unsaturated 
e s t e r ~ * ~ J 3 ~  

R2 = H (65) (W 
R 2  = Me (69) (70) 

R 2  = Ph (71) (72) 

R' 

H CN Me Ph Mes t-Bu ph502 

65:66 1OO:o 99: 1 95:5 96:4b 93.4:6.6 1OO:O - 
67:68 84:16 66:34 69:31 72:28 28:72 91:9 94:6 
69:70 62:38 44.5:55.5 36:64 34:66 27:73 18:82b 62:38 
71:72 24:76 15:85 30:70 30:70 36:64 22:78 12:88 

'The reactions of benzonitrile oxide with all the esters studied as well as the reactions of all the 
nitrile oxides with methyl propiolate were carried out in ether. In the other cases neat 
dipolarophiles were used as solvent. The reactions were carried out at temperatures in the range 
5-80°C. Total yields: 65 + 66 = 72-99%, 67 + 68 = 36-97%, 69 + 70 = 5-93%, 71 + 72 = 

*The regioisomer ratios were practically independent of reaction temperature (5  "C and 80°C). 
52-97%. 

TABLE 4(b). Ratios of regioisomers 
from the reactions' of mesitonitrile 
oxide with double and triple bonds 
conjugated with electron-withdrawing 

10,132,134 

~ 

Dipolarophile Ratio 73:74 

CHz=CHCN 

CHz=CHNOz 

CH2=CHCF3 

CH2zCHCOMe 

CH2= CHSOzMe 

CHZCCN 
CH=CCOMe 
CHZCCF3 

>98:2 
100: 0 
1oo:o 
94:6 
97:3 
57:43 
80~20 
57:43 

'In carbon tetrachloride or benzene. 
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the dipole, (ii) neither the difference between cp and c, nor that between c& and 
c$z0 in the HO-dipolarophile and, respectively, in the HO-dipole are large, (iii) so, it 
is no matter which FO interaction is dominant as both FO interactions slightly favour 
5-substituted regioisomers, and (iv) the secondary orbital interaction (a) depicted in 
64, which favours the 4-substituted product, is important for linear alkynes while it is 
of little relevance for alkenes140. 

(64 

In contrast with what has been found for the couple methyl acrylate/methyl 
crotonate (Table 4a) is the observation that benzonitrile oxide reacts with nitroethylene 

Ph. 

PhCNO 

@ = cross-linked divinylbenzene -styrene copolymer 

SCHEME 16 

R’ 
R ’ C ~ N  -0 

dt y ether 

0-25’C 
- + 

R 2 C r C  -SiMe, 

R’ = Mes, R2 = H or SiMe, (98%) 

R’ = Me, R2 = H(69%) or SiMe, (46%) 

R’ = Ph, R 2  = H (62%) or SiMe3 (44%) 

Me 
I 

Ph 

CH*=CH POIOR)z HCGC-POOMe PhCGN -0 P-Me ether, 5OC 

I 
OMe 

81 % 

SCHEME 17 

R = Ph(56%) 

R = H(88%) 
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to give only 3-phenyl-5-nitro-2-isoxazoline, whereas with 1-nitropropene the sole 
3-phenyl-4-nitro-5-methyl-2-isoxazoline is isolated133. 

Mixtures of regioisomers are often isolated from the reactions of P-substituted 
u,P-unsaturated estersI3l (see Table 4),  ketone^'^^,^^'-^, sulphoxides'06, sulphoneslo6 
and with perfluoroalkyl monosubstituted alkynes and a l k e n e ~ ' ~ ~ . ' ~ ~ .  It has also been 
observed that the regioselectivity of the reactions between nitrile oxides and 
u,P-unsaturated esters and ketones is influenced by solvent p ~ l a r i t y ' ~ ~ - ' ~ ! .  Some 
triple-bond-conjugated esters bound to insoluble polymers (Scheme 16) 145 have very 
recently been found to be unexpectedly good dipolarophiles. 

Finally some examples of reactions of nitrile oxides with triple bonds bearing silicon 
and double and triple bonds bearing phosphorus  derivative^^^^,'^^ as 

substituents have been reported (Scheme 17). 

2. Syn-anti selectivity5.' 

Benzonitrile oxide reacts with 7,7-dimethylnorbornene in a 100% selective manner 
to give the sole syn adduct 75149 and again a syn adduct is found dominant with 
n~rbornadiene '~~.  

(a) R = H (99%) anti anti anti 

(b) R = Me(34%) (76) (TI) 

These results cast some doubt both on the steric hindrance by ethano bridge 
hydrogens to anti attack (e.g. 76) and on the torsional effect between the bridgehead 
and olefinic hydrogens (e.g. 77) as dominant factors in a rationalization of the strict 
syn specificity observed for 1,3-dipolar cycloadditions on norbornene derivatives5. 
The nonequivalent orbital extension (see 57, Section VI.B.l) is an attractive 
alternative explanation to steric effects. 

This type of electronic effect was also invoked to explain the syrz -anti selectivity of 
the LU nitrile oxide controlled reactions of compounds 78'51,152. In norbornadienes 
78a-c the effect of the methano bridge prevails, while in 78d and 78e the dominant 
conjugative entity was suggested to be the tetrasubstituted double bond with a 
consequent larger HO extension (higher sr-electron density) anti to the ethano and 
propano bridge, respectively, in agreement with experimental results. 

Syn-anti ratio values for adducts 79 and 80 have been shown to be dependent on 
reaction conditions. For instance the ratio 79c:SOc decreases with increasing solvent 
polarity, dropping from a value of 3 in tetrahydrofuran to 0.725 in methanol/water 
(1: l)153a. Moreover the same authors, studying the temperature dependence of this 

*In a recent paper the use of an alternative nomenclature has been proposed to describe addition 
reactions on two diastereotopic faces of a double bond: n-facial stereoselectivity for syn-unti 
selectivity and the symbols zf and ef instead of syn and anti. The zf (f denotes facial) isomer is the 
product from the attack of a reactant on the double-bond site of the molecule nearer to the 
out-of-plane group of highest Cahn-Ingold-Prelog priority scale, ef is for the other isomer'58. 
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79(%) 80( %) 
Total 
yield (%) 

(a) X = H, n = 1 81 19 76 
(b) X = CN, n = 1 68 32 90 

(a) X = C02Me, n = 2 0 100 98 
(e) X = C02Me, n = 3 0 100 76 

(c) X = C02Me,n = 1 75 25 95 

reaction showed that compound 8Oc is favoured over 79c by enthalpic factors albeit 
disfavoured by entropy, whereas both factors favour 79a over 80a153a. We reckon, 
therefore, that an explanation of syn-anti selectivity wholly based on orbital 
interactions is insufficient. 

Of relevance is the influence of substituents on the methano bridge of 
norbornadiene in determining the syn-anti ratio of cycloadducts. In Scheme 18 are 
reported the results of the LU-dipole controlled reactions of benzoylnitrile oxide with 
norbornadienes substituted at position 7 with electron-withdrawing lone-pair-bearing 
groups.153b. The anti methano bridge adducts are always dominant but also worth 
noting is the ratio between the two isomeric syn adducts. In fact, the most hindered of 
the two possible syiz attacks is the only or  the preferred reaction path chosen by the 
1,3-dipole. 

syn adducts anti adducts 

A( %) B(%) C( %) D(%) Total yield (%) Y 

PhCOO 13 6 41 40 76 
t-BuO 23 0 37 40 75 
OH 12 0 29 59 66 

SCHEME 18 

Further examples of dominant anti methano bridge addition to norbornadiene 
systems are found in the HO-dipole controlled reactions of benzonitrile oxide with 
electron-poor polychloronorbornadienes which give anti (81) and syn (82) ad duct^'^^. 
The electronic factor which should favour anti addition was indicated in the 
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x Y z 81:82 

a C1 C1 C1 1OO:O 
b C1 H C1 1OO:O 
c H C1 C1 80:20 
d H H C1 17:83 
e H H H 16.5:83.5 

Franck-Neumann o*--51 effect 155, which not only decreases anti n-electron density 
(e.g. 83), but also aids in stabilizing the partial negative charge present on the 
dipolarophile in the TS (e.g. %I). Moreover, in 7-substituted 1,2,3,4-poly- 
chloronorbornadienes the syn attack is also disfavoured by steric effects 
such as shielding of the syn side by the chlorine atom (when X = Y = C1 and X = C1, 
Y = H) or by the tilting of the methano bridge towards the reacting double bond 
(when X = H, Y = Cl) due to repulsion between the 7-chlorine atom and the 
dichloro-substituted double bond. 

Examples of reactions of 7-azabenzonorbornadiene~'~~ and benzonor- 
b ~ r n a d i e n e s l ~ ~ ~  with nitrile 'oxides have also been reported; the attack occurred 
only syn to the aza and methano bridge156. An even more complex picture of effects 
determining syn-anti selectivity is found for other dipolarophiles studied. 

OH 

..... 

H I . . . .  y$ 
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Ar 

x 
syn anti 

X 

~ ~~ 

Ar = Ph 
syn :anti 

~~ ~ ~~~~~~~~ 

Ar = Mes 
syn :anti syn :anti 

Ar = p-N02C6H4 

C02Me 
c1 
OAc 
OH 

5:95 
48:52' 
90: 10 

2 9 5 : 5 5  

0 : l O O  12:88 
27.5:72.5 69:31a 

89: 11 - 
89:11b - 

'In acetonitrile the following syn:anti ratios were found: Ph, 71:29; P - N O ~ C ~ H ~ ,  81:19. 
methanol syn:anti =50:50. 

SCHEME 19 

Thus, the c*-n effect together with steric factors, hydrogen bonding (e.g. 86) and an 
interaction between LU nitrile oxide and the lone pairs of the substituent (e.g. 85) 
were taken into account when rationalizing the formation of syn and anti adducts in 
the reactions of cis-3,4-disubstituted cyclobutenes with nitrile oxides (Scheme 
19)110J57. Syn attack was highly favoured by the presence of electron-attracting 
substituents which also bear lone pairs. 

In striking contrast with the data of Scheme 19 for cyclobutenes, the 
cis-3,5-disubstituted cyclopentenes react with nitrile oxides to give anti adducts as 
dominant products (Scheme 2O)lo6. 

SYn 
X I ?  I OAc 

t 
i 

anti 

X syn:anti' X syn :antia 

OH 40:60 AcO 10:90 
Br 0: 100 Me0 20:80 

'For reactions with benzonitrile oxide in 
ether at room temperature. 

SCHEME 20 

syn : antia = 0 : 100 
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In order to explain the contrasting results reported above, structural ab initio 
calculations were carried out which indicated the existence in the molecule of a slight 
(5 5") geometrical distortion of the hydrogens of the double bonds of cyclopentenes, 
cyclobutenes (e.g. 87), norbornadiene and norbornene towards the opposite side of the 
preferred 1,3-dipole Further recent ab inirio MO studies on energies of 
transition states led Houk and associates to advance a general rule of stereoselectivity 
which states: attack of a reagent (1,3-dipole) at an unsatured site occurs such as to 
minimize antibonding secondary orbital interactions between the critical FO of the 
reagent and those of the vicinal bonds158. However, in spite of the numerous studies on 
this topic, the interesting syn-anti selectivity is far from being satisfactorily 
understood. 

3. Site selectivity' 59 and peri~electivity~ 

Scheme 21 gathers the salient results of a recent site selectivity study on the reaction 
of nitrile oxides with norbornadienes160. The adducts 88 and $9 for X = 0 were neither 
isolated nor detected since they fragmented to the corresponding isoxazole and furan 
derivatives. The path (a):path (b) ratios found are nicely rationalized on the basis of 
the FO interaction approach if one considers that HO and LU in norbornadienes are 
mainly localized on the disubstituted and tetrasubstituted double bond, respectively, 
and that the attack at the tetrasubstituted double bond is the more hindered. 
Moreover, one should take into account that LUdipolarophile-HOdipole .interaction is 
dominant for X = 0, while for X = CH2 the other interaction prevails. Path a:path b 
ratio results are dependent on solvent polarity. 

ArC=N --p 0 
+ 

X benzene patY 
X 

(89) Ar 

Ar 

X = O  x = CH;! 

Path a ("h) Path b (%) Path a (%) Path b (%) 

Ph 25 75 86.5 13.5 

Mes 43 57 
44 56 96 4 

- - P-NOZC6H4 
I 

SCHEME 21 

An unusually high solvent effect on site selectivity was observed in the reaction of 
2,6-dichlorobenzonitrile oxide with 8-p-tolyl-8-azaheptafulvene-irontricarbonyl 
(90) (Scheme 22)"O. When the reaction was carried out in cyclohexane the preferred 
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Ar = PIi < l o  a 9 0  - 
Ar = 2,6--ClzC&3 3.0 20.5 76.5 
Ar = 2,6-C1&&3 27.P 69.4a 3.6’ 

91(%) + 92(%)1 : [ 91(%) + = 87.2 ‘In MeOH; 
93(%) MeOH 

SCHEME 22 

site of attack by the 1,3-dipole was the free 2,3-double bond whereas in methanol the 
dominant attack resulted at the carbon nitrogen double bond. This finding raises the 
mechanistically interesting possibility that along the reaction path leading to 91 and 92 
there is a dipolar intermediate of the type 94. 

(94) 

Another notewoTthy aspect of the reactions of Scheme22 is the site selectivity 
change induced by the irontricarbonyl group. In fact 8-substituted 8-azaheptafulvenes 
react with all types of nitrile oxides at the carbon-nitrogen double bond irrespective of 
the solvent used as reaction medium (see Section VI.D.3). A similar behaviour was 
observed previously for tropone and tropone-irontricarbonyi161. 

Site selectivity (and regioselectivity) in the reactions of allenes with nitrile oxides 
has also attracted the interest of r e s e a r c h e r ~ l ~ ~ , ’ ~ ~ , ~ ~ ~ .  The salient data obtained for 
1,l-diphenylallene are shown in Scheme 23163. 

The sole examples of [6  + 4]cycloadditions of nitrile oxides until now discovered 
are the perispecific reaction of 6-dimethylaminofulvene with benzonitrile oxide to give 
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Ar 
Ar-CGN-0 

$;h + 
N\o Ph Ph,C=C=CH, 

Ar = 

CC14 9.4 63.1 -129.6 4.36 77.3 - 92.0 
CCI,/EtOH(1.4) 11.5 56.8 - 142.1 7.30 64.3 - 125.4 

a1 mol-' s-l x lo4 at 70°C. 
bkJ mol-'. 
'J mol-' K-'. 

SCHEME 23 

95a as final a d d ~ c t ' ~ ~ ~  and the reactions of arylnitrile oxides with tropone to give 95b 
as minor product of a reaction in which [4 + 2ladducts are dominant161. 

(954 (95W 

The [ 8  + 4ladducts isolated from the reactions of nitrile oxides with 
8-azaheptafulvenes (see Section VI.D.3) are most seemingly formed through a 
zwitterionic intermediate; alternatively they may be the isomerization products of 
[4 + 21 primary adductsllO. 

4. lntramolecular cycloadditions 
Intramolecular cycloadditions of nitrile oxides to carbon-carbon double and triple 

bonds (Scheme 24) proceed generally easily even when the reaction will afford 
compounds characterized by considerable geometrical  train'^^-'^^. This reaction is 
very useful in synthesis (see Section V1.C) owing to its regiospecificity and 
stereospecificity . Electronic effects are not controlling and are generally outweighed 
by strain factors. Obviously, by increasing the distance between the reacting groups 
there is a parallel decrease in the propensity to  intramolecular reaction with a 
consequent overall enhancement of the intermolecular type of cy~loaddi t ion '~~.  



18. Recent developments on nitrile oxides, sulphides and selenides 773 

CI 
I 

HO-N=C-COO(CH2)n- R 

R = C Z C H  

R = CH=CH, 

isoxazoie: n = i (21%); n = 2 (25%)16' 
Isoxazoline: n = 1 (41%); n = 2 (0%) 

5. Solvent effects, activation parameters and Hammett p values 

The solvent polarity effect on reaction rates [e.g. mesitonitrile oxide plus 
acrylonitrile, k3s" (1 mol-' s-') x 1OS:79(CC14), 78(C6D6), 87(CD3COCD3) and 
89(DMSO-d6)]170, the Hammett p values [e.g. p = t-0.36 for the reaction of 
para-substituted benzonitrile oxides with acrylonitrile] 3s and the activation parameters 
[e.g. mesitonitrile oxide plus Z-cyclooctene, E,  = 77.75 kJ mol-' and 
ASz = -69.4 J K-' mol-'Ig2 reported in papers of the last decade, have confirmed the 
previously well-known trends for these parameters. A discussion of p values on the 
basis of FO interactions is found in References 5 and 617'. 

C. Mitrile Oxides as Synthons ~ Q O P  Natural Products 

The application of 1,3-dipoles to the synthesis of natural products has been a very 
recent development in this topic with particular emphasis on the use of n i t r o n e ~ ' ~ ~  and 
nitrile oxides. 

An outstanding application of the latter class by Stevens and coworkers led to the 
preparation of several polyisoxazoles, e.g. 96 (Scheme 25), which are latent synthons 
for the preparation of corrinoid compounds. In fact the authors have achieved the 
multistep synthesis, from 96, of metal complexes 97 and 98 of octamethylcorphin and 
octamethylcorrin, respe~tively'~~. 

The preparation of compound 96, which results from the so-called 
'counterclockwise' synthetic scheme 99, is an excellent example of the versatility and 
potential of this class of 1,3-dipoles as synthons, especially if one considers (i) the 
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reaction conditions (in which nitrile oxides are obtained both from nitroalkanes and 
oximes) which are so mild that functional groups like esters, ketones and nitriles 
perfectly withstand the chemical operations, ( i i )  the still high reactivity of these 
heavily substituted nitrile oxides as a consequence, at least in part, of a reduced 
dimerization rate, (iii) the strict regiospecificity found in the reactions with 
monosubstituted acetylenes to give 3,5-disubstituted isoxazole systems (due, at least in 
part, to the bulky groups on both nitrile oxides and dipolarophiles) and ( i v )  the higher 
reactivity of the carbon-carbon triple bond compared to those of cyano and carbonyl 
groups. 

10% HCI. THF. r.t. 
6.5h 
wOH.HCl/pyr. 
r.t.. 5 h. 96% 

. 
10% HCI, THF. r.t. 
NH*OH.HCI. pyr. 
r.t.. 5h. 95% 

NBS. DMF. O°C 

<qH3 
\ \  + 

Et3N. r.t. 24h OH 
70-90% I 

CH302C N-0 '\ 
w C H 3  IIIIII CH 

H3C CH3 H 

NBS. DMF, 0% 

E t 3 N .  r.t. 24 h 
* 

67-85% 

H3C 
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(99) 
SCHEME 25. Reproduced by permission of Pergamon Press Ltd. from R. V. Stevens, 
Tetrahedron, 32, 1599 (1976). 

Two examples of lack of selectivity, noted by Stevens and coworkers, were the equal 
reactivity of the two triple bonds with different steric environments present in 100f74 
and the similar activity of the triple bond and the unactivated aldehyde group in 101173. 

, Me Me 
t 

I I 
I I 

(1 w (101) 

H C Z  C - C -CH2- C r  CH HC- C -CH~-CC-CHO 

Me Me 

Success in the total synthesis of cobyric acid 102 via nitrile oxides appears now at 
hand considering that the cited authors have been able to prepare a latent form 103 of 
the 'southern half of that vitamin (equation 18)175. 

Reactions between acetylenes and nitrile oxides to give isoxazoles as source of 
masked functionalities, e.g. p-enamino ketones, P-diketones and a$-unsaturated 
ketones,' have also been used for the synthesis of prostaglandin  analogue^"^ and of 
natural hentria~ontane-14,16-dione'~~. In this latter case Me-(CH&rCNO was 
reacted with Me--(CH2),,-CS32H to give only the corresponding 3.5-disubstituted 
isoxazole in 35% yield. 

Intramolecular cycloaddition to give isoxazoline 104178 and furazan N-oxide 105b 
(two isomers) 179 serve admirably to construct suitable skeletons for facile syntheses of 
(%)biotin (Scheme 26). 



776 Giorgio Bianchi, Remo Gandolfi and Paolo Griinanger 

CH(OMe), CH(OMe), 
NBS. D M F  Me02cyq Me02C 

C02Me C02Me 

__t 

Et3N ,..' 
75% Me 

c 0 2 M e  

(2 moles) C02Me 

( l a a )  R = H (10%) 

(1Mb) R = (CH2),C02Me (81%) SCHEME 26 
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X = Y = H  

X = OMe; Y = H 

X = H; Y = CH~OAC 

(4 Chanoclavine I 

Other outstanding examples of reactive capacities of nitrile oxides are well 
represented by the synthesis of numerous other compounds such as the antibiotics 
( -)-vermiculine180 and (?)-thienamycin'*', ergot alkaloid chanoclavin I (equation 
19)'8*, analogues of glutarimide antibioticslg3 and a fun a1 metabolite of Strepromyces 
sviceus 106a (with antitumoural activity) (Scheme 27)1f4v185. 

(1 0s) (f 07) 

(a) x = CI, R = H 
(b) x = Br, R = H 
(C)  x = CI, R = Me 

SCHEME 27 

Chloronitrile oxide failed to react with vinylglycine itself to give amino acids 106a 
and 107a184. By contrast a mixture of isoxazolinylglycines 106b and 107b (106b: 107b = 
1:3) was obtained in good yields by cycloaddition of the highly reactive (70% yield 
with styrene) bromonitrile oxide with ~inyIgIycine'~~. The synthesis of 106c and 1 0 7 ~  
was achieved from the sluggish reactive chloronitrile oxide (only 6% yield in the reaction 
with styrene; most probably as a consequence of the easy dimerization of the dipole) 
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with an a$-unsaturated nitronate in water salt to give 108 which was easily reduced to 
give a mixture of the diastereoisomers 106c and 1 0 7 ~ ' ~ ~ .  

Tronchet and coworkers'86 and other groupslg7 have investigated the use of nitrile 
oxides for the synthesis of analogues of natural C-glycosylnucleosides many of which 
show antiviral and antitumoural activity. The synthesis of such ccmpounds was 
achieved following two pathways: (i) by cycloaddition of aromatic nitrile oxides to 
double and triple bonds bearing the glycosyl group and (ii) by reaction of 
glycosylnitrile oxides with appropriate alkenes and alkynes. Glycosylnitrile oxides 
109-115 were prepared according to the usual transformations aldehyde -+ oxime + 

0 
4. 

0 0 
4 

hydroxamoyl chloride --+ treatment with base; there resulted unstable compounds 
which dimerized to furazan N-oxides in the absence of dipolarophiles or nucleophiles. 
They present no relevant peculiarity as regards dipolarophilic reactivity. 

Finally 1,3-dipolar cycloaddition of nitrile oxides was profitably used in the 
synthesis of heterocyclic derivatives of steroidsls8. 

Several procedures for the preparation of semisynthetic penicillins have been 
patented which have made use of nitrile oxides; however, the subject is outside the 
scope of the review and will not be covered. 

D. Reactions with HeterQ Double and Triple Bonds 

1. General 

The following scale of reactivity of hetero double bonds with nitrile oxides has been 
found: carbon-sulphur > carbon-nitrogen > carbon-oxygen. The carbon-sulphur 
double bond is an excellent dipolarophile, the carbon-nitrogen double bond still 
compares favourably with the carbon-carbon double bond while the carbon-oxygen 
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double bond and carbon-nitrogen triple bonds are poor dipoiarophiles characterbed 
by much lower reaction rates4. 

By way of illustration, benzylidenemethylamine reacts with benzonitrile oxide four 
times faster than styrene whose reactivity is 479 times that of benzaldehyde. 
Moreover, phenylacetylene reacts with the same 1,3-dipole 49 times faster than 
benzonitrile and methyl propiolate is ten times more reactive than methyl 
cyan~formate~~.  

The reaction rates of all types of heterodipolarophiles with nitrile oxides are, as a 
rule, enhanced by conjugating and electron-attracting substituents as expected for 
HO-dipole,controlled reactions. Also BF3 is an efficient catalyst4. These reactions are 
generally regiospecific and give adducts of type 116. 

C-X 
Qo 

HO LU 

X = N, 0, S 

A key factor which explains the sequence of dipolarophilic activity as well as the 
regioselectivity found for hetero multiple bonds was indicated by Huisgenm in the 
‘maximum gain in o-bond energy of the new G bonds’. In FO terms the reactivity and 
regioselectivity are well rationalized by equations of the type (11) and (12). In 
particular, at a distance between the interacting centres higher than 1.75 8, the 
resonance integral values are in the order ,!& > PCN > PCO > PNO > POO. 

2. Carbon-sulphur double bond 

Nitrile oxides react very easily with carbon-sulphur double bonds to give high yields 
of 1,4,2-0xathiazoles which spontaneously or by heating decompose to isothiocyanates 
and carbonyl compounds4 [equation (20); Hammett p = 1.02; Ar = Ph, k(2SoC, CC14, 

Mes-CZZ N -0 Mes. 
Mes-N=C=S 

,c=s r . t .  + (201 

+ 

Ar2C =O 

cc14* 
Ar 

1 mol-ls-l) = 20.6,Ea= 33,0kJm0l-~,AS#-= -116.2Jmol-’K-’;Ar= Ph,k(25”C) 
= 4.89(CH2C12), 9.05(MeCN) and 17.8(EtOH)]189. Further examples reported 
recently concern cyanothioformamideslgoy trithiocarbonate S,S-dio~ides~~l  , sulphony! 
isothiocyanates (to give good yields of adducts 117)’y2, thiohydrazides, thioamides and 
azolium t h i ~ l a t e s ~ ~ ~ . ~ ~ ~ .  This reaction sometimes represents an elegant method of 
synthesis of carbonyl derivatives from thiocarbonyl analogues as shown by the 
synthesis of 119 from 118 (equation 21)lg3. 

Benzonitrile oxide reacts smoothly and stereospecifically with diary1 sulphines to 
give in all cases studied a single 1,4,2-oxathiazole-4-oxide derivative (120) lg4. With 
thiofluorenone S-oxide a mixture of two regioisomers 121 and 122 was obtained in 75% 
yield. Unexpectedly, the ‘wrong’ isomer 122 was the dominant product (ratio 
122:121 -- 11). 
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Ph 

Ph 

(21) 

0- 

(1 19) 

X = 0 (63%) 

x = s (97%) 

3. Carbon-nitrogen double bond 

The well-known high reactivity of azomethines with nitrile oxides has been further 
and the dipolarophilic reactivity of other types of carbon-nitrogen 

double bond has been documented by several reactions performed in the last 
d e ~ a d e ' ~ ~ - * ~ ~ .  Benzonitrile oxide reacts smoothly with a benzazete derivative (at 
-30°C) to give the unstable adduct 123 ( ~ 6 . 5 % ) ~ ~ ~  and shows site-specific attack at the 
carbon-nitrogen double bond of 1,4-diaryl-l-aza-l ,3-butadieneslg8. Site-specific were 
also the reactions of mesitonitrile oxide with 1,2-diazepines to give adducts 124 in 
good yield~'~9 and of aromatic nitrite oxides with 8-azaheptafulvenes (125) affording in 
good yields adducts 126 and 127 (equation 22)"O. Compounds 126 and 127 

X = H, Y = C02Et 

X = Me, Y = CO,Et, COPh 
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A r C E N + O  Ar 

Ar R 
~ ~~ 

Yield 96 126 Ratio 127 
~~~ 

Ph p-MeC6H4 91 a9.5" C5 

2,6-C12C6H3 p-MeC6H4 57 GS 3 9 5  
Ph Me 47 33 67 

"The 126127 ratios are for solutions in CDC13. 

interconvert readily into each other at room temperature and the equilibrium is 
dependent on solvent po1arity1l0. 

While oximes are poor d i p o l a r ~ p h i l e s ~ ~ ~ ~ ~ ,  although their reactivity is enhanced by 
BF3 catalysis4, the oxime-like double bond of 2-isoxazolines is a fairly good 
d i p o l a r ~ p h i l e ~ ~ . ~ ~ . * ~ ~ - ~ ~ ~  and its reactivity is increased by electron-donor substituents at 
position 3 (equation 23)202 or when the heterocycle is condensed at positions 4 and 5 
with a carbocyclic ring (equation 24)201. Noteworthy also is the activation on the syn 
face of the isoxazoline 128 by the unsubstituted carbamate group, which was attributed 
to a hydrogen bond between the nitrile oxide oxygen and the NH hydrogen in the TS 
(equation 25)204. 

Me 

R Ph 

R = Me, 0% 
R = H. 66% 
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Other types of reactive carbon-nitrogen double bonds have been found in 
2 -pyrazo l ine~~~~ ,  in the enol form of urazoles206, in arnido~imes~~’ and in cyclic imidic 
esters and amidines (e.g. adducts 129) (equation 26)207. 

n X Yield(%) 

2 0 87 
3 0 ‘ 2 6  
3 NMe 32 

Phenyl isocyanate reacted with the stable mesitonitrile oxide to give after 15 months 
at 20°C a 76% yield of 1,2,4-oxadiazolin-5-one derivativelg5. Finally, a BF3-promoted 
reaction of aromatic nitrile oxides with 1,3,5-triazine has been reported recentlyzo9. 

4. Carbon-oxygen double bond 

The carbon-oxygen double bond is in general a very sluggish dipolarophile towards 
nitrile oxides4. However, there are examples of competition between carbon-carbon 
and carbon-oxygen double bonds as found for ci-azidovinyl ketones2lo, for a 
nonconjugated aldehyde (see Section V1.C) and for the very slightly reactive 
cyclobutenediones 130 (equation 27)211. 

xEo 0 

X 

MesCNO 

X = Ph. A 

(1 w 25% 3% 

X = Me. Ph. CI. 

Moreover site-specific attacks of mesitonitrile oxide on carbon-oxygen double 
bonds have been found for tetrasubstituted (e.g. chloranil and iodanil) and 2,6- and 
2,5-disubstituted benzoquinones (Scheme 28)*12. The only exception was found for 
2,5- and 2,6-dimethyl derivatives where only the product derived from the attack of 
the nitrile oxide on the carbon-carbon double bond was detected (Scheme 28)212. 

5. Carbon-nitrogen triple bond 

Aromatic nitriles have long been known to show some dipolarophilic activity 
towards nitrile  oxide^''^'^^. A kinetic study2I3 of the reaction of mesitonitrile oxide with 
benzonitriles (equation 28) has revealed that the cycloaddition is characterized by a p 
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X = Br, Y = Me0 (12.5%) 

0 X = MeO, Y = Br (87.5%) 

X = MeO, Y = H (82%) 

MesCNO 

Mes 
X Y 0 

MesCNO 
CHCI, 

r.t. 

X = Me0 
Y = Br 

or regioisomer 

33% 

75 % 

SCHEME 28 

value of + 1.32 for derivatives with electron-withdrawing substituents and a p of +0.43 
for electron-donating substituents. This result is in agreement with a HO-dipole 
controlled cycloaddition. 

Ar = rn- NO& H, 

Solvent k(! rnol-' s-l)a E,(kJ mol-') S(JrnoI-' K-') 

CC14 209 x 1 0 - ~  69.8 - 100.3 
MeN02 12.6 1 0 - ~  75.2 - 108.7 

'At 70°C. 

Examples of reactiom where the carbon-nitrogen triple bond competes favourably 
are shown in equations (29)214 and (30)2'5. with a carbon-carbon double 

CN 
I 

PhCCI=NOH 
A.toluene 

-HCI 

2.7 % 

g-JQ Ph 

50 96 (29) 
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Arc E N "0 

CN 

NC CN 

A1 

(30) CN' 

+ 
' - N  ,c=c, NC, 

- 
NC //s NC CN 

N N  

Ar = Ph, 53 % 20% Y 
Ar = Mes,78% Ar 

Aliphatic nitriles have been reported to add to nitrile oxides onIy when bearing 
electron withdrawing substituents or upon Lewis acid catalysis4. The use of acetonitrile 
as solvent for nitrile oxide cycloadditions led casually to the discovery that simple 
aliphatic nitriles also react, albeit very slowly, with nitrile A kinetic 
study of this reaction has been published recently2". 

6. Miscellaneous 
The reactivity of nitrile oxides has been tested on molecules with double bonds such 

as C=P2I8, P=N219 and S=0220 with production of the respective adducts 131, 132 
and 133. 

(1 32) 
R = R l ) s , P h  

U11. REACTION OF NITRILE OXIDES WITH OXYGEN, NITROGEN AND 
CARBON NUCLEOPHILES 

A. General 
A previous chapter of a volume in this series3 deals in detail with the addition of 

nucleophiles to nitrile oxides and the subject was also reviewed in 1971 in a book4. 
The reactions of nucleophiles with nitrile oxides occur exclusively at the carbon 

atom of the 1,3-dipole. From a structural point of view it is of interest to note that all 
the additions studied were kinetically controlled, 100% stereoselective, leading to 
single 2 isomers even when this isomer was the thermodynamically less stable 
product. 

The reaction of fuIminic acid with OH- has been studied by ab initio methods 
(4-31G basis set) determining the potential energy hypersurface (Figure 11)221. The 
calculations have shown that formation of one of the two geometrical isomers is 
predetermined by a preferential bending of the oxygen of the 1,3-dipole in the 
transition state towards the incoming nucleophile. The authors have claimed that a key 
factor which determines the stereochemistry of the easy bending of fulminic acid 
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H H 
FIGURE 11. Theoretical structures (4-31G SCF) for reactants, transition state and product 
for the fulminic acid plus OH- reaction. The TS is 136 kJ higher in energy than an initial 
HO . . . HCNO complexzz1. 

approaching the TS is the preference of the forming lone pair to develop Cram to the 
attacking nucleophile. Moreover, comparing their results with ab initio calculations 
concerning transition states in 1,3-dipolar cycloadditions, they put in evidence the 
surprisingly similar geometries of the activated complexes of the two reactions. They 
have outlined in particular that the E (trans) bending observed in the 1,3-dipole ( i )  
occurs very early in the reaction coordinate. (ii) it is the result of C-nucleophile (or 
dipolarophile) bonding and, (iii) most important from a reaction mechanism point of 
view, there is no need of any bonding between the oxygen end of the 1,3-dipole and 
the nucleophiie (or dipolarophile) at this reaction stage. 

On the basis of theoretical calculations (ab initio, STO-3G basis set) it has been 
shown by the same group that a similar mechanism governs the reaction of acetonitrile 
oxide and formonitrile oxide with water”’. It has also been predicted that as the 
transition state 134 is being reached (equation 31), the proton shift from one oxygen to 
the other occurs without an energy barrier. As there are no intermediates on the 
reaction pathway the authors classified the process a [,4 + 02] concerted but 
asynchronous addition221. 

C=N, H, 

H-0’ 0 
H--CrN+O + H-0-H - H-C 

H’ 
o.wA 

(31) 
All the atoms lie in 

the same plane 

(1 34) 

B. Reaction with Water 
Nitrile oxides react with water to give hydroxamic acids, RCONHOH. It was found 

by Eegarty and c o w ~ r k e r s ~ ~ - ~ ~  that below pH ca. 8 the reaction was slow (R = 
p-MeOCd4,  tI l2  > 100 min) and pH-independent as expected for H20 as 
nucleophile. 

For pH 2 9.5 the nucleophilic species was OH- as proved by the proportionality of 
log kobs versus pH in the region. In Figure 12 is shown the pH-rate profile for the 
conversion of p-methoxybenzonitrile oxide into the corresponding benzohydroxamic 
acid. For the arylnitrile oxides examined, both the reactivities with H20 and OH- are 
only slightly enhanced by electron-withdrawing substituents, as indicated by the p 
values found which were +0.80 and +0.57 for OH- and H 2 0  attacks, respectively. In 
Table 5 are reported the rate constants for the hydrolysis of arylnitrile oxides in 
various conditions. 



786 Giorgio Bianchi, Remo Gandolfi and Paolo Griinanger 

I I 

6 8 10 
PH 

FIGURE 12. Plot of logkob, versus pH 
for the hydrolysis of p-methoxybenzonitrile 
oxide in water at 30°C. Reproduced by 
permission of the Royal Society of Chemistry 
from K. J. Digman, A. F. Hegarty and P. L. 
Quain,J. Chern. Soc., Perkin Trum. 2, 1457 
(1977). 

TABLE 5. Observed rate constants €or the hydrolysis of benzonitrile 
oxides in water3' 

lo4 kH20(~-1) lo3 kobs(s-l) 
Substituent (at pH 4.65 and 61°C) (at pH 11.15 and 25°C) 

p-Me0 2.25 4.89 
H 3.10 7.37 
p-c1 4.52 11.8 
m-C1 4.98 14.4 
m-NO2 7.83 40.7 

8.98 33.2 
0-c1 1.45 - P N O 2  

The finding, in an acid-catalysed hydrolysis experiment, that the logarithm of the 
rate of hydrolysis is inversely proportional to pH over the range1 .O-0.0, was claimed 
to represent the first good evidence for the existence of the nitrilium ion species 135 in 
the repeatedly advanced mechanism for the reaction leading to hydroxamic acid 
(equation 32)35. 

+H' H20 R C Z N - 4  R-C=N-OH - RCONHOH 

(1 35) 

A kinetic experiment on p-nitrobenzonitrile oxide has revealed also the existence of 
a general-base-catalysed hydration of nitrile oxides to hydroxamic acid by 
N-ethylmorpholine (k = 1.32 x low2 1 mol-I s-l at 25"C)34. 

+ 
(32) 

C. Reaction with Alkoxides and Acetate Ions 
The reaction of nitrile oxides with sodium alkoxides in absolute alcohol allowed the 

isolation of compound 136 to which the Z configuration was assigned and which 
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represents a fixed enolic model of hydroxamic acid. Irradiation of 136 at 70°C for 2 h in 
benzene caused isomerization to the E isomer 137 (equation 33)35. - - 

(33) 
R1 \ hv R', ,OH 

R'CEN-O 

,C=N 
OH R 2 0  

,C=N \ 
+ 

R20- R 2 0  

I1 37) 
A kinetic experiment with p-nitrobenzonitrile oxide and sodium ethoxide showed 

that the reaction rate was second order, first order each in ethoxide ion and nitrile oxide. 
A second-order rate constant and a p value of +0.75 close to that for OH- was also 
found for the reaction of nitrile oxides with acetate ion which gives 139 through the not 
isolated 138 (equation 34)35. 

RCGN-e-0 
PH = 4.65 

50-C 
+ - 

MeCOO- 

D. Reaction with h i d e  Ions 
This long-known r e a ~ t i o n ~ , ~ , ~ ~ ~  has been recently reconsidered by H e g a r t ~ ~ ~  who 

attributed at the final product 140 the 2 configuration. 2-Azidoximes, which are 
generally stable compounds, can be readily converted into tetrazoles 141 by action of 
acyl chlorides (equation 35)223. 

R'C GN + +- o R' \ C=N, /0c0R2] R2COCI [ %c= N3- N3' OH 

(1 40) 

E. Reactlon with CarbanIons 
Numerous literature data regarding reactions of nitrile oxides or hydroxamoyl 

chlorides with Grignard compounds and acetylide ions have been previously 
reviewed3p4. The reaction with hydroxamoyl chlorides proceeds, most probably, 
through the preliminary formation of nitrile oxides which then undergo attack by 
excess nucleophile. Formation of acetylenic oximes was obtained both by reaction of 
hydroxamoyl chlorides with acetylenic Grignard reagents (sole product) and directly 
from nitrile oxides and acetylenic compounds (in mixture with the cyclic 
3,s-disubstituted i so~azoles )~~~.  
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(143) 40-80% 

R = aryl, dkyl 

X = CI, H 

A 
R = P h  
x = CI 

n 

(144) R = Ph, X = CI (77.7%) 

R = Ph, X = H (68.6%) 

SCHEME 29 

Two recent examples of reactions of nitrile oxides with carbanions are that with 
2-lithio-lY3-dithianes (142)22d” to give ketoximes (143) (Scheme 29) and that 
with a-metalated isocyanides (R-cH-N=C; R = H, Ph) which affords 4-imidazolin- 
2-ones in good yields224b. The former reaction also represents a good synthetic route 
to a-diketones 144 and to 3-acylindoxazenes 145. 

F. Reaction with Primary and Secondary Amines 
The overall reactions are shown in equation (36); various solvents can be used. 

Hegarty and coworkers have studied the kinetics of these reactions in water34. In the 
addition of primary and secondary amines to nitrile oxides, the pseudo-first-order rate 
constant kobs at a given pH is directly proportional to the total arnine concentration as 
shown in Figure 13 for p-nitrobenzonitrile oxide and morpholine. The experimental 
curves show no upward curvature indicative of catalysis by a second mole of amine. 
Furthermore, as shown by the graph, the rate of reaction of the nitrile oxide with water 
in these conditions, is negligible. The second-order rate constants kg, which can be 
calculated from the slope of the plot of kobs against amine concentration, are reported 
in Table 6. These show the low sensitivity of the reaction toward the nature of the 
amine. The low Brgnsted coefficients +0.48 and +0.37 for primary and secondary 

, 
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I 
R3 

0 0.1 02 

FIGURE 13. Plots of the observed 
rate constants versus total morpholine 
concentration at (a) pH 8.04, (b) p H  
8.33 and (c) pH 8.82 for the reaction 
withp-nitrobenzonitrile oxide at 25°C. 
Reproduced by permission of the Royal 
Society of Chemistry from K. J. 
Digman, A. F. Hegarty and P. L. Quain, 
J. Chem. SOC., Perkin Trans. 2, 1457 
(1 977). 

[Morpholine], M 

TABLE 6. Reaction of amines with p-nitrobenzonitrile oxide at 
25°C in water 

kB(l mol-'s-') Amine PK, 

Methoxyamine 
Hydroxylamine 
Hydrazine 
Imidazole 
Morpholine 
Piperazine 
Piperidine 
Trifluoroe thy lamine 

4.75 
6.00 
8.27 
6.95 
8.32 
9.84 
11.35 
5.84 

0.053 
0.250 
3.59 
0.340 
1.97 
5.61 

18.90 
0.038 

Cyclohexylamine 10.63 11.34 
Ethylamine 10.88 13.20 
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Ph 
Ph: 

I 
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amines, respectively, confirm this and are also indicative of a reactant-like transition 
state for amidoxime formation. Further support for this mechanism is represented by 
the small p value found, +0.53, for the Hammet plot of the log of the second-order 
rate constants versus t~ for the reactions of several benzonitrile oxides with 
morpholine. In some cases the initially formed oxime can undergo cyclization with an 
electrophilic centre on the original nucleophile (e.g. equation 37)225. 

G. Reaction with Hydrazines 
Preparation of hydrazide oximes 146 from nitrile oxides and hydrazines has been 

reported to be complicated by side-reaction~~?~. However, Grashey and Weidner226 
found that p-nitrobenzonitrile oxide and 2,4,6-trisubstituted benzonitrile oxides 
reacted with hydrazines to give 146 in high yields (Scheme 30). In the reaction of 
2,4,6-trimethoxybenzonitrile oxide with N.N’-dimethylhydrazine, some (bis)hydrazide 
oxime 147 was isolated in mixture with the corresponding monoadduct 146. 

Me 

R’C-N-O 

+ - 
R2NH--NHR3 

Me Me 

\ /  \ /  
N’ AT I Ar N- 

\ 

R: 2, C C 
II 
N 

II c NHR3 . 
II 
N N 

OH HO’ 
\ ‘OH 

R’ R2 R3 Yield (015)  

p-N02C6H4 Me H 58 
2,4,6-Me&H2 M e  H 87 
2,4,6-(Me0)&H2 Me H 86 
2,4,6-( Me0)3CrjH2 Me Me 56 

SCHEME 30 

H. Reaction with Hydroxylamines 
Aliphatic and aromatic nitrile oxides react with unsubstituted and substituted 

hydroxylamines in chloroform, ether or benzene, to give rise to N2-hydroxyamidinyl 
”-oxide radicals 149, detected by ESR spectroscopy, through 148 (equation 38)4*200. 
The intermediate N1,N2-dihydroxyamidines 148 were isolable only in a few cases. For 
example, N-isopropylhydroxylamine as well as N-arylhydroxylamines reacted with 
nitrile oxides to give as final isolable products 150 and 151, respectively, which could 
be oxidized by action of nitrile oxides and also by P b 0 2  to radicals 152 and 153200. 
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R2 

a i F R 1  

Compounds 150 and 151 were also obtainable by 1,3-dipolar cycloaddition of nitrile 
oxides to the suitable oximes or nitrosobenzene (Scheme 3 1)'OO. 

R' = 2,4,6-(MeO),C,H2 

R2  = H, t-Bu 

OH 

R~-c=N+-o R'-C =N + 0 
+ 

Me2 C = N - OH 
+ 

Me,CH NH OH 

R' = Ph; 2,4,6- ( Me0&H2 

r 0 1 

L 
(1 53) 

SCHEME 31 
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1. Reaction with the Betainic Nitrogen of Sulphimides 
Sulphimides R2S=NR, which contain a nucleophilic nitrogen, react with substituted 

nitrile oxides to  give annelation reactions. 
N-Aryl-S,S-dimethylsulphimides react with equimolar amounts of 4-tolunitnle oxide 

in dichloromethane at room temperature to yield, in 1-3 h, 1,2,4-benzooxadiazines 
(155) according to the mechanism shown in equation (39)227. Evidence in favour of the 
intermediacy of a nitrosoimine 154 was provided by the isolation of its Diels-Alder 
adduct with thebaine. 

Giorgio Bianchi, Remo Gandolfi and Paolo Grunanger 

H 
I a,,, (39) 
0’ 

Sulphimides containing imidoyl and hetzrocyclic groups, 156-159, react with nitrile 
oxides at room temperature or below to give lH-1,2,4-triazole 2-oxides 160 and 
annelated derivatives, e.g. 161228. 

This manner of ring-closure has been interpreted as being favoured by the greater 
nucleophilicity of the suitably placed nitrogen atom and/or of the greater aromatic 
character of the final compounds. 

R’ 

I 
R *  
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J. Miscellaneous 
E-Hydroxamoyl chlorides are formed when nitrile oxides are treated at pH < 2 with 

C1- , i 0 n 2 ~ ~ .  The reaction is s t e r e o s p e ~ i f i c ~ ~ ~  and is thought to involve initial 
nucleophilic attack by C1-. The reduction of nitrile oxides to E-oximes by treatment 
with BH4- or AlH4- is also stereospecific221. 

VIII. REACTION OF NlTRiLE OXIDES WITH ELECTROPHILES 

A probably electrophilic reaction of a betaine on aromatic or aliphatic nitrile oxides 
has been described231. Betaines 162 which are obtained by action of boron trifluoride 
on nitrones, react with nitrile oxides to give 2,3-dihydro-l,4,2,5-dioxadiazines (163) 
(equation 40). This reaction is reminiscent of the boron-trifluoride-catalysed reaction 
of oximes with nitrile oxides4; 

IX. NlTRlLE SULPHIDES 
Nitrile sulphides 164 are unstable nonisolable compounds which decompose 
quantitatively to give nitnles and sulphur. The N-S bond of 164 is therefore weaker 
than the N-0 bond of nitrile oxides. According to CND0/2 calculations this 
difference is due to a smaller coulombic stabiIization of the N-S bond compared to 
N-0, even though the former bond should involve f~ bonding between 34, and 3p, 
orbitals of sulphur and 2p, and 2p, orbitals of nitrogen232. 

Benzonitrile sulphide ( M a )  has been generated in a number of ways (Scheme 32): 
(i) as the main product in the photolysis of 5-phenyl-l,2,3,4-thiatriazole (165)233723j, 
of 4-phenyl-l,3,2-oxathiazolylio-5-oxide (144) (in CH2C12/Et20)233-235 and of 
5-phenyl-1,3,4-oxathiazol-2-one (167a)233,235 and (2) by thermolysis of N-thio- 
carbonyldiphenylsulphimide ( 168)236. In all these reactions, benzonitrile and 
sulphur were formed in high yields. When dimethyl acetylenedicarboxylate (DMAD) 
was used as trapping dipolarophile, thiazole 169a was obtained, generally in low yields. 
Benzonitrile sulphide could be formed and detected (Imax = 240, 295, 313 and 
335 nm) in the free state in solid matrix by means of the photolysis of 165-167a at 
85 K in EPA [ diethyl ether-isopentane-ethanol (5:5:2)] glass233. The thiazirine 
(Scheme 32) was detected by carrying out the photolysis in PVC matrix at 
10-15 KZ3jb. 

From a mechanistic point of view it may be of interest to note that formation of 
benzonitrile sulphide from 165 is a cycloreversion process which takes place with the 
molecule in the excited singlet state. In fact population of the triplet state of 165 by 
energy transfer from excited triplet state of benzophenone leads to quantitative 
recovery of 165233; this finding rules out any triplet intermediate as the initiating state 
of the reaction. 

A systematic study of the photolytic behaviour of phenyl-substituted five-membered 
heterocyclic compounds led Holm and Toubro to discover that formation of 
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-Ph,S 

I Ph C02Me 

k$CO,Me 

Ph, S=N- C- Ph 
It 
S 

(1 w 
SCHEME 32 

benzonitrile sulphide in variable yield takes place also from all the heterocycles of 
Scheme 33235. The authors concluded that a ready photolytic fragmentation of the 
heterocyclic compounds with formation of nitrile sulphides occurs when extrusion of a 
small inorganic fragment (CO, C02, Nz, etc.) is possible235. 

Up to date, the most convenient method of preparation of nitrile sulphides 164 is the 
thermally allowed [ ca2, + ,2, + ,2J 1,3-dipolar cycloreversion of oxathiazolones 167 

4 
Ph A d Y  

X = S, NH, 0 x, Y = 0, s; 0, co: s, s 

SCHEME 33 



18. Recent developments on nitrile oxides, sulphides and selenides 795 

(Scheme 34)237-241. The rate of decarboxylation of 167 is 167d S 167e > 167f, thus 
indicating a development of a partial positive charge on the nitrile sulphide moiety of 
the molecule in the transition state of the cycloreversion. The rate of thermolytic 
fragmentation of compounds 167 is first order and independent of concentration of 
added d i p ~ l a r o p h i l e ~ ~ ~ .  Moreover the same regioisomer ratio 173: 174 has been 
obtained from the reaction of ethyl propiolate with both 167 and 1,3,4-0xathiazoles 
170-172 (Scheme 34) in agreement with the intermediacy of free nitrile sulphide in 
both processes241. 

R' 

1-m H C E C C 4 E t  
1m-1?2 1BO.C * + .  

R'=p-MeOC6H4 1-33 1.0 
R'= Ph 1-0 1-1 (from 1W) 

SCHEME 34 

As previously stated, the facile decomposition of nitrile sulphide to sulphur and 
nitrile235c~z38 represents a severe drawback for the usefulness of this 1,3-dipole in 
synthesis. A way to limit this disadvantage is to carry out the cycloadditions in the 
presence of a large excess of dipolarophile in a solution of lower polarity and at high 
dilution. 

Good yields of cycloadducts have been found only when double and triple 
carbon-carbon bonds bear electron-withdrawing substituents such as carboalkoxy and 
acyl g r o ~ p s ~ ~ ~ , ~ ~ ~ ; ' ~ ~ J ~ ~  (Schemes 34-36). 

Although the number of reactions explored are by far less than those of nitrile 
oxides, the cycloadditions of nitrile sulphides appear characterized by a low 
regioselectivity ; the adduct with the electron-withdrawing group in position 5 is, 
however, often dominant over the other regioisomer in the reactions with 
monosubstituted derivatives (Schemes 34 and 36). 

The carbonyl groups activated by electron-withdrawing substituents are good 
dipolarophiles towards nitrile sulphides, with which they react in a regiospecific 
fashion to give in high yields 173,4-oxathiazoles 170-172. The reaction is reversible 
(Scheme 34)241*242. 

Nitriles which add to nitrile sulphides to give 1,2,4-thiadiazoles (Scheme 
37)215*237,238 are also reactive dipolarophiles. 
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R' C02 Me 

t--- 1m DMAD12eq.) 

c02m 

C6HSCI. reflux 

(1 69) 
0 

l 4eq . l  
R'=Ph (73%), R'",v-UC&ld (58%) 

R'=p-CICg H4 
R ' = W  (58%), R'=CH2CI (38%) 

82 % R'=COZEt (1 1.7%) 

SCHEME 35 

15% 49 % 

(167b) R' = p-CIC&l4 

28% 49% 

SCHEME 36 

' 'y-CO2Et -- R 1 =  Ph 167 
R' = R2CN COZEt - O * y y  R 2 P"N 

N b S  N - 3  (4 eq.. 125OC. (10 eq.. 190°C. 
72h) 13 h) 87.5% 

R 2  = p-CICgH4 (61%) 

R 2  = p-(C02Wle)C6H4 (23.5%) 

SCHEME 37 

Another method of preparation of benzonitrile sulphides is the formal 
1,3-elimination of HF on heating (N-benzy1imino)sulphur difluoride 175 in the 
presence of NaF232.243 (equation 41). The HF formed greatly influences the 
regiochemistry of the cycloaddition as shown in the case of 3-butyn 2-one. In fact the 
ratio 176:177 is 2.3 and 0.6 when the 1,3-dipole is generated from iminosulphur 
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Ph COMe Ph 
NaF. - 2 H F  1 ~ 4 ~  HC-CCOMe PhCHzN=SF* 

13OoC, 
C6H5C1, 

(1 75) 18-crown 
6-polyether 

difluoride 175 and oxathiazolone 167a, respectively. This change in regiochemistry has 
been explained as being due to the formation of a coordination compound 
r3-butyn-2-one HF] with consequent change in the electronic nature of the 
d i p ~ l a r o p h i l e ~ ~ ~ .  

The data related to reaction rates of 1,3-dipolar cycloadditions of nitrile sulphides 
suit well a pericyclic reaction governed by the dominant interaction 
HOdjpole-LUdipolarophile. The relatively high-lying energy level of the HO of nitrile 
sulphides is due to the lc-w electronegativity of sulphur (2.5) compared to that of 
oxygen (3.5). The nucleophilic character of the sulphur centre of the 1,3-dipole (see 
CND0/2 data of Table 7) strongly favours the interaction of this end with the more 
electrophilic (higher LU coefficient) site of the dir d a r ~ p h i l e ~ ~ ~ .  However this 
assumption is fully implemented only by results in the case of cycloaddition to nitriles 
(Scheme 37) and to carbon-oxygen double bonds (Scheme 34), whereas the 'wrong' 
5-substituted regioisomer has often been found to be dominant in the reactions of 
monosubstituted carbon-carbon double- and triple-bond dipolarophiles (Schemes 34 
and 36). 

TABLE 7. FO parameters (CNDOI2) of benzonitrile s~Iphide~~* 

CC C N  CS E(eV (csYcs)2/15" ~~CYCC)*/~5* 

HO -0.289 -0.079 0.950 -9.75 1.05 0.135 
LU 0.348 -0.408 0.130 1.26 0.02 0.312 

"For a carbon-sulphur distance of 2.30 A; ycs = 4.17. 
bFor a carbon-carbon distance of 1.75 A; yc- = 6.22. 

X. NITRILE SELEPJIDES 
Nitrile selenides 178 are generated as very labile transients, which decompose to 
nitriles and selenium, by photolysis of 1,2,5- and 1,2,4-selenadiazoles 179 and 180, 
respectively (equation 42)244. Photolysis at low temperatures (20 K, 85 K) allows the 

(1 79) (1 78) (1 80) 
q% = 0.085 at 

(a) R = H, = 0.71, 1 = 285 nm 1 hv. A 

(b) R = Me, t$ = 0.80, 1 = 290 nm 

(c) R = Ph, 4 = 0.96. 1 = 317 nm 

310 nm 

RCN + Se 
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characterization of compounds 178a-c by IR (2,200 cm-I absorption in solid nitrogen 
for 17%) and UV spectroscopy (255. 340 and 362 nm in PVC film for 178~) .  While 
compounds 179a,b and 1%) undergo photolysis at  room temperature exclusively via 
the singlet state, 179c photolyses both via triplet (20%) and singlet (80%)244. 
Benzonitrile selenide is thermally less stable than sulphide, so that trapping 
experiments have been uniformly unsuccessful. 
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1. INTRODUCTION 
The cyanc group possesses distinctive conformational properties. The short G-GN 
bond length (ca. 1.47 f r )  has the effect of placing the cyanide carbon near in space to 
gauche vicinal groups on a substituted ethanic skeleton. Despite the rather close 
contacts dictated by the short bond length, cyanide does not have the properties of a 
space-demanding group. The cylindrical symmetry of cyanide or isocyanide does not 
impose a time-dependent space requirement on the system. In contrast, groups such as 
phenyl or carbomethoxy alternatively exist as space-demanding or relatively small in 
effective size as rotation occurs'.The entropy properties of cyanide vs. groups such as 
phenyl would be a desirable study vis-a-vis the conformational properties of these 
groups. 

Another factor that affects the conformational preferences of cyanide compared to 
groups such as methyl, etc. is the lack of hydrogen at cyanide carbon. At one time, 
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Allinger emphasized the dominating influence of hydrogen-hydrogen interactions in 
conformational equilibria (principally, the hydrogens directly attached to the ethanic 
skeleton)2. However, other work has suggested that these interactions are not extra- 
ordinarily significant".". Nonetheless, it is noteworthy that groups such as methyl or 
tritluoromethyl have much more pronounced conformational preferences than other 
groups of similar size, e.g. bromine or sulphur5. The former possess hard, nonpolariz- 
able atoms near the point of attachment to the ethanic skeleton, and generally appear 
to be much more space-demanding. As will be seen, the nonhydrogenic cyanide group 
repeatedly tolerates sterically congested conformations. 

The following chapter is organized in terms of an overview of the general topic, 
followed by a more detailed consideration of the conformational preferences of 
cyanide or isocyanide in simple molecules, special cases and in more complex systems. 
The casual reader may wish to omit the second or third parts. 

II. OVERVIEW 
Most chemists look at  the energy differences between axial and equatorial conformers 
in a substituted cyclohexane as a useful measure of the conformational preferences of 
a given group. The cyanide group has a small preference for the equatorial position as 
in la (AE ca. 0.15 kcal m01-')~-~. The magnitude of the preference is rather similar to 
ethynyl, another sp group of cylindrical symmetry, lacking hydrogen near the point of 
attachment to the ring (AE ca. 0.18 kcal m01-I)~. 

( l a )  

Calorimetric studies on endo- and exo-bicyclo[2.2.l]heptane-2-carbonitrile (2 
and 3) have disclosed a moderately greater stability for the exo isomer 
(AHo = 0.96 k 0.44 kcal mol-')lo. In lb,  the axial C-CN bond is parallel to 
C-H3ax,H5ax but in 2, the endo C-CN and C-Hherldo extend toward one another 
creating a degree of steric interference. 

(2) (3) 

In cyclobutanecarbonitrile (4), the cyano group strongly prefers the equatorial posi- 
tion". i n  cyclobutane. the axial hydrogens actually rotate inward toward one another 
(cf. §), although the He *H interatomic distance remains within the attractive part of 
the Morse p ~ t e n t i a l ' ~ . ' ~ .  In 4, the larger size of carbon as well as nitrogen of an axial 
cyanide would quickly lead to a repulsive interaction with the transannular hydrogen if 
a similar type of rotation occurred. The inward rotation in § is desirable in order that 
bent bonding is minimized for the ring C-C bonds. This type of molecular adjustment 
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is probably retained in 4, and, as a result, the axial cyano group becomes 
much less favourable than the analogous conformer (lb) in a cyclohexane system. 

In elegant, although older work, the conformations of 1,3-dicyano- and 1.3- 
diisocyano-cyclobutanes (6-9) were studied14. The cis isomers were found to be more 
highly puckered, e.g. 42-51" in 7. As in many 1,3-disubstituted cyclobutanes, the 
trans isomers were closer to planarity, in order to avoid transannular interference 
by the axial CN. The angle of puckering is ca. 18" in 6. These data are somewhat 
similar to the 1,3-dichlorocyclobutanes, in which the cis isomer was found to be more 
stable by a factor of 1.415. 

N NC N 

CN 
(6) (7) 

C C 

N C  
(8) (9) 

As indicated above, the cyanide group is often compared to the halogens in confor- 
mational properties, e.g. both groups have small preference for the equatorial position 
in cyclohexane systems. However, in acyclic systems, differences are apparent (vide 
infra). These differences may be related to the fact that halogens such as chlorine have 
nonbonded electrons, whereas the cyanide group possesses only bonded electrons (i.e. 
in the K bonds) located in a position that would impinge upon a vicinal group. The 
C-Cl bond is somewhat longer than the bond to cyanide (1.78 A vs. 1.47 A). The 
cyanide possesses a larger dipole moment (group moment ca. 1.5 D for C-Cl vs. ca. 4 
D for CN)16. 

In a microwave investigation of chlorocyclopentane (lo), and the analogous cyclo- 
pentanecarbonitrile (il), Harmony and  coworker^'^ interpreted the data in terms of a 
preferred conformation 10a in which the chlorine occupied a pseudo-axial conforma- 
tion at the apex of the cyclopentane envelope. The pseudo-equatorial position (cf. 
lob) is less stable by over 800 cal mol-'. In the cyanide, the axial and equatorial forms 
are about equal in stability. The angle of pucker is about the same in 10 and 11. These 
data are in agreement with the findings of Dutch scientists, who have investigated 
cyclopentanes in considerable detail 1 8 .  Substituents are frequently found at the tip of 
the envelope. 

It is difficult to explain the preference for the equatorial position in the unsaturated 
nitrile 12 (the axial form is less stable by ca. 400 cal mol- I ) .  The angle of pucker in 
both 12a and 12b is small. It is possible that the preference for the axial chloro- 
derivative 10a is due to an attractive interaction of chlorine with hydrogens at C(3) and 
C(4). These hydrogens are splayed outward in cyclopentanes compared to the axial 
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hydrogens at C(3) and C(5) in cyclohexane. The greater separation may have changed 
the interaction from slightly repulsive in chlorocyclohexane to attractive in chloro- 
cyclopentane (cf. the Lennard-Jones potential). The interaction is not so favourable 
for the cyanide, 11, in view of the shorter C-CN bond. The unsaturated cyanide 12 
lacks hydrogens at  C(3) and C(4) capable of interaction and the equatorial form 
becomes slightly more favourable. For the axial chloride, as in lQa, hyperconjugation 
with the trans vicinal hydrogens is possible. The situation with regard to hyper- 
conjugation for the cyanide l l a  is unclear. It is noteworthy that many cyanides and 
vicinal hydrogens do exist in a trans relationship in the preferred conformation of a 
number of compounds to be reviewed in this chapter. However, even at  best, the 
existence of such phenomena of hyperconjugation is likely to be the source of some 
controversy in years to comelg. 

CI 
I ,  

CN 

CN 
I 

In heterocycles such as 13 and 14, Eliel and coworkers have determined confor- 
mational preferences via the facile acid-catalysed equilibration of the two isomers20. 
The pattern of results is substantially different than the effect of the same groups X on 
cyclohexane conformations. In  polar solvents, X = F and X = CN prefer the axial 
position. In nonpolar solvents, X = CN prefers the equatorial position in order to 
reduce dipolar repulsions between CN and the two ether dipoles. 

(1 3) 

In view of the variability of the data found for the dioxanes, 13 and 14, as well as in 
many other molecules, it would be advantageous to review the factors that affect 
molecular conformation. These are divided into 'Molecular factors' and 'Group fac- 
tors'. 

With regard to group factors, the interaction of vicinal substituents on an ethanic 
skeleton is considered as basically similar to the interaction of the same groups on two 
separate molecules that happen to approach one another. On the other hand, molecu- 
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lar factors involve interactions that occur through the molecular orbitals of the ethanic 
skeleton. Even distant groups may interact. 

The following list of factors is a composite of the effects covered by various speakers 
at the 'Symposium on Nonbonded Interactions', at the 172nd National Meeting of the 
American Chemical Society, San Fransisco, CA, September 1976. 

Molecular factors: 
(1) Quantum-mechanical effects, e.g. hyperconjugation. 

Group factors: 
(1) Steric interactions, and related interactions such as van der Waals' forces., dis- 

persion effects, etc. 
(2) Hydrogen bonding. 
(3) Electrostatic effects. 
(4) Dipolar interactions, etc. 
( 5 )  Donor-acceptor interactions (primarily charge-transfer interactions). 
(6) Solvent effects. 

The above factors are not mutually exclusive. Obviously, a hydrogen bond may also 
be considered as a donor-acceptor interaction. These categories are intended 'merely 
as convenient headings under which the sources of conformational variation may be 
discussed. 

111. SIMPLE MOLECULES 

In the gas phase, butanenitrile (15) prefers the gauche conformationz1. In the case of 
3-methylbutanenitrile (16), similar populations of the gg and tg conformers were evi- 
dent. The conformational designations gg and f g  (i.e. gauche-gauche and 
trans-gauche) refer to the orientation of X with respect to the methyl groups. Ordi- 
narily, the gg form would be expected to be sterically hindered and thus unlikely 
(cf. Section VI). The analogous molecule, 1-chloro-2-methylpropane (17), prefers 
the expected tg form. However, it is noteworthy that cyanide is cram to hydrogen in 
both 15b and in 1 6 ,  which appeared to be substantially populated in this study. 

H H)k: 
CN 

(15a) - 30% 

H 

(16a) X =  C N I  

(17a) X = C l  
99 

H H)k: 
H 

(15b) 
-70% 
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In solution, infrared data on 2-methylbutanenitrile (18) showed a dominance of 
conformer SHHfL. This type of conformational notation indicates that two vicinal hyd- 
rogens (underlined in structure 18) are tram to the (secondary) functional group in 
q ~ e s t i o n ~ ~ . ~ ~ .  The coupled motion of groups trans to cyanide gives rise to different 
bending modes depending upon the type of group. Thus, different infrared absorptions 
arise. The assignment of bands is not always straightforward, however, and some 
assignments were made on the basis that the most intense peak probably arose from 
the most stable conformer, which was then assumed to be the conformer that had the 
minimum steric interactions. 

In the more highly substituted molecule, 2,3-dimethylbutanenitrile (19), several 
infrared absorptions were observed, suggestive of the existence of several conformers. 
The most intense band was assigned to the conformer presumed to be the most stable, 
SCH. In 2,2-dimethylbutanenitrile (20), the TCHH conformer was believed to be domin- 
ant. Other molecules of general structure R1R2CHCN were also investigated. These 
compounds, especially 20, where one methyl seems highly hindered, would bear rein- 
vestigation by other techniques in order to verify these assignments. 

Substituted cyanoethanes, e.g. 21, have been extensively investigated. Infrared 
studies of the neat liquids showed that gauche (21a) as well as trans (21b) conformers 
were p o p ~ l a t e d ~ ~ ~ ~ ~ .  The weight of the gauche conformer increased in the order: 
X = F, C1, Br, I, with energy differences between the trans and the more stable gauche 
forms of 0, 0.44, 0.54 and 0.87 kcal mol- l, respectively. The polarity of the phase 
(gaseous, liquid or solid) in which the measurements are performed is critical. The gas 
phase is essentially nonpolar, whereas the solid phase may be considered rather highly 
polar in the case of most cyanides. The liquid phase is variable depending upon the 
solvent. Polar solvents usually enhance the weight of the more polar conformer, i s .  
21a, in which the dipole vectors are partially additive*'. Solute-solvent interactions of 
an electrostatic nature stabilize 21a, and the polar solvent may also insulate the solute 
dipoles from one another to a certain extent. In the gas phase, it was predicted 
that the trans form, 21b, would assume greater importance, as in the case of 1- 
fluoro-Zhaloethanes (22)28. However, recent data has shown that 1 ,Zdifluoroethane 
occupies the gauche form in both the liquid and gaseous phases29. In the solid phase 21 
(X = C1, Br) prefers the gauche conformer, compared to a mixture of both conformers 
in the liquid state30. 
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In the case of the hydroxy derivative (21, X = OH), thegauche and the trans confor- 
mers are about equally populated in the gaseous state, although the gauche form is 
slightly preferred31. In contrast, 2-chloroethanol exhibits a stronger preference for the 
gauche form, compared to the cyano alcohol 21, X = OH (6AG ca. 0.7 kcal mol-1). 
The hydrogen bond between the hydroxyl and the x bond of the cyanide function is 
weak (estimated to be lkcal mol- in energy). Thus hydrogen bonding, in itself, does 
not provide much stabilization for the gauche form. However, hydrogen bonding is 
also weak in 2-chloroethan01~~. In contrast, intermolecular hydrogen bonding between 
hydroxyl and the cyanide lone pair is comparatively strong (3-6 kcal mol- 1)32,33. 

Polymorphism of the crystalline state is of great importance. In one polymorphic 
form of 21, X = OH, a mixture of gauche and trurzs conformers was found, whereas in 
a second polymorph, only the gauche form was evident31. The different packing 
arrangements of the molecules is significant with regard to the conformation 
a d ~ p t e d ~ ~ * ~ * .  In the solid state, intermolecular hydrogen bonding should become much 
more prevalent, at the expense of intramolecular hydrogen bonding36. Since inter- 
molecular hydrogen bonding does not require the existence of the gauche OH and CN 
groups, it is somewhat surprising that this form is so prominent. Since unoccupied 
space in the crystal would amount to a perfect vacuum, it can easily be seen that a 
variety of intermolecular forces, including van der Waals' forces and dipolar attrac- 
tion, are a~centuated~' .~~.  In view of the significance of these interactions, one should 
regard conformational weights determined in the solid state with considerable caution. 

In contrast to the 3-halopropanenitriles (21, X = halogen), Rouvier found that 
3-piperidino-, 3-ethylthio- and 3-ethoxy-propanenitriles (23) preferred the trans con- 
former in solution39. The mole fraction of the trans conformer (nT) ranged from 0.6 to 
0.8 for these g r o ~ p s ~ ~ - ~ ~ .  The weight of the trans conformer is larger for more highly 
electron-donating substituents. 

EtO 0.6 
EtS 0.7 

In butanedinitrile (23, Z = CN), the gauche conformer is strongly preferred (ca. 
75% of the total) in benzene s o l ~ t i o n ~ ~ . ~ ~ .  The dihedral angle between the cyanides is 
ca. 90" in the gauche form. 

The gauche conformer is also preponderant in many dihaloethanes, despite steric 
and dipolar repulsions. Several explanations have been suggested, but this remains one 
of the most controversial areas of conformational analysis. Wolfe suggested the term 
'the gauche effect' for these experimental observations, and also suggested the import- 
ance of nuclear-electron  attraction^^^. Phillips and Wray showed that the effect was 
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most pronounced for electronegative halogens" Thus dibromides often prefer the 
trans conformer46. For 1 ,Zdifluoroethane, Pople and coworkers47, and other 
g r o ~ p s ~ ~ . ~ ~  suggested that the major interaction occurred between fluorine and the 
vicinal hydrogens. The gauche fluorines, per se, were considered to interact repul- 
sively. Briefly, the effect may be described as hyperconjugative. The electronegative 
fluorine removes electrons from the C-F bonding orbital, thus facilitating interaction 
with the neighbouring CH2 group. In the case of cyanides, the very large dipole 
involves the E N  itself, and the C-CN bond to a lesser extent. Thus, it is problem- 
atica! whether a similar hyperconjugative effect is to be expected for dicyanides. 

In another approach, Bingham considers the X-C-C-X molecular fragment in 
terms of a set of interacting orbitals, similar to the X-C=C-X system, in which the 
interaction via the p orbitals is perhaps more familiar to the reader50. For a large 
number of l72-dihaloethanes, the cis isomer is the more stable51. Bingham compares 
1,2-dihaloethanes to butadiene dianion, an isoelectronic system in which the cis isomer 
is also the more stables2. The electronic interaction is considered to be conjugatively 
destabilising in the trans isomer, but less so than in the cis isomer. It is noteworthy that 
diaminomaleonitrile (DAMN) (24) is more stable as the cis isomer52. In the cis form 
electron-donating groups are rrans to electron-withdrawing groups. In butanedinitrile 
itself, the trans form is the more stable. 

A H ,  H2N ' 
NC' 'CN 

c=c 
(24) 

Epiotis suggests that the halogens of gauche 172-dihaloethanes interact via lone pairs 
in essentially a stabilizing manner53. In the gauche conformer, lone pairs at each 
halogen are unavoidably directed toward, and impinge upon one another. This interac- 
tion leads to a splitting of the lone-pair energy levels such that one lone pair then exists 
in a lower energy state and the other in a higher energy state. Usually the increase in 
energy of the latter lone pair is more significant, leading to a net destabiiization of the 
system. However, Epiotis believes that the higher energy electrons are stabilized by 
interacting with the unfilled (C-C)* orbital, which has appropriate symmetry for the 
interaction. This secondary interaction reduces the energy of the strongly antibonding 
electrons, and permits an overall stabilization of the gauche halogen orientation. In 23 
(Z = CN), the CN R electrons could also undergo a similar type of energy level 
splitting, if the cyanides are gauche. However, only the electron-deficient cyanide 
carbons are really close in space. If the dihedral angle between cyanides is indeed 
85-90', even these carbons may not interact appreciably. 

Thus, a variety of interpretations have been advanced: (1) gauche fluorines interact 
repulsively (but the gauche orientation is stabilized by interaction of each fluorine with 
vicinal hydrogens), (2) gauche halogens are more or less neutral in stability; the 
conformer with rram halogens is in fact destabilized and (3) 5auche fluorines interact 
in an attractive manner, although interaction with the (C-C) must be invoked. How- 
ever, Abraham54 believes that the interaction of halogens does not require special 
explanations. The conformational preferences of several fluoroalkanes are correctly 
predicted by a conventional molecular mechanics treatment. 

In other work, Craig and coworkerss5 have calculated the conformational prefer- 
ences for the ineso and dl isomers of 2,3-dimethylbutanedinitrile (25. 26)". The ab 
irzitio technique used essentially involved the union of separated halves of the 
molecule. The painvise additive nature of the interaction of the ethanic substituents 
was noted. Thus, group effects. and not effects transmitted through the orbitals of the 
ethanic skeleton appear to be dominant. As in Abraham's work, possibly the molecules 
from which the pairwise additive effects were originally evaluated (e.g. butanedinitrile 
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H 

H CH3 

CH3 CN 

CN CN 

(26) (25) 

H*:“3 

813 

and butanenitrile) have molecular orbital effects ‘built in’. This possibility does not 
seem strong, in view of the different nature of the two types of calculations. 

Several types of quantum-mechanical calculations have been reported for butane- 
dinitrile (23, Z = CN). Extended Huckel calculations favour the trans conformer, 23b; 
CNDO-2 calculations predict the existence of the ‘cis form’, which seems unlikely; 
the STO-3G approach again favours the trans form by a small amounts6. As indicated 
earlier, experimental techniques show that the gauche form is dominants7. However, 
calculations show that the barrier to rotation involving cyanide passing hydrogen is 3.2 
kcal mol- I ;  the barrier when two cyanides pass one another is 6.8 kcal mol- These 
values seem quite reasonable. Quantum-mechanical calculations of conformer 
energies commonly involve the differences between huge energy terms, and in view of 
the approximations made on most types of calculations, it is not altogether surprising 
that the calculations reproduce the small energy difference between 23a and 23b 
( Z  = CN), i.e. 250 cal mol- ’, with difficulty, if at all. For similar reasons, the difficulty 
in dissecting the energy terms into distinct categories that could be considered the 
‘cause’ of a certain conformational preference has been repeatedly noted in the litera- 
ture. 

In  the highly substituted molecules, meso- and dl-2,3-diphe,nylbutanedinitrile (27 
and 28), conformational weights were determined in a variety of solvents by dipole 
moment techniqueP60.  The meso isomer showed a surprisingly high weight of 
conformer(s) having gauche cyanides, e.g. conformer 27a (33-42%). The analogous 
dichloride, meso-l,2-dichloro- 1,2-diphenylethane, strongly prefers the trans conforma- 
tion, like most erythro or meso diastereomers having phenyl, carbonyl, sulphur, phos- 
phorus or  other nonhydrogenic substituents (vide infra)61. The preference for 27a in 
the case of the dinitrile occurs despite a higher degree of dipolar repulsion than for the 
dichloride. In the dl isomer, conformers with gauche cyanides, e.g. 28a, were present at 
23-29% of the total weight. The dl isomer in most diastereomeric pairs is frequently 
conformationally mixed, due to a balance between opposing forces. The meso isomer 
usually provides a clearer picture of the response of the molecule to the presence of 
nonbonded reDulsions or attractions. For the meso isomer, the importance of 2% is 
indeed unusu& which suggests the 

Ph 

H Ph 

H CN 

existence of attractive interactions. 

Ph 

H Ph 

Ph CN 

In 2,2,3.3-tetramethylbutanedinitrile, the conformer with gauche cyanides (29a) is 
present at 24-37% of the total depending upon solvent and temperature. This finding 
should be viewed in light of the observation that conformer 30a of 2,3-dimethylbutane 
is present at ca. 50%4.62. In the latter, bond angle changes have occurred between 
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geminal methyl groups, increasing the 'normal' 120" dihedral angle. As a result, 
conformer 30a and 30b have about the same stability, even though 30a has three 
sequential gauche interactions between methyl groups, whereas 30b has only two 
gauche interactions. In the latter case, the gauche interactions are more severe, since 
the vicinal dihedral angles are diminished between gauche methyls due to the 
expanded geminal angles. In the case of the dinitrile 29 Chiu and coworkerss8 sug- 
gested that the dihedral angle between gauche cyanides (cf. 29a') was ca. 85". If SO, 

three rather severe gauche interactions would be present. 

(29a). X = CN (29b). X = CN (ma') 
(30a). X = H (30b). X = H 

In meso- and dl-2,3-dimethyl-2,3-diphenylbutanedinitrile (31 and 32), about equal 
resultant dipole moments were in evidence (ca. 3.3 D)58. In 31, the weight of the 
gauche conformer, 31a, is ca. 33-42%. In contrast, the gauche conformer of tetra- 
phenylbutanedinitrile (33) is nonexistent. It is difficult to pin-point the reasons for 
these conformational preferences in view of the fact that a number of different types of 
interaction exist, and the molecule strikes a balance between all repulsive and all 
attractive forces involving these different interactions. 

The preference for the trans conformer in 33 should be considered in view of the fact 
that tetraphenylethane strongly prefers the trans conformation, in contrast to tetra- 
a l k y l e t h a n e ~ ~ ~ , ~ ~ .  In early work, an attractive interaction between gauche phenyl and 
cyanide groups was postulated. A charge-transfer interaction between cyanide and 
phenyl is a second possibility. However, the interaction, at best, is rather weak65. A 
cyanide-phenyl attractive interaction would be expected to lead to an even greater 
preference for the trans conformers in the phenyl-substituted dinitriles, 27 and 31, than 
actually present (ca. 60% each). In 33, the trans conformer may be preferred because 
of a favourable arrangement of the phenyls (cf. tetraphenylethane). In addition, an 
attractive phenyl-cyanide interaction may stabilize 33a. Other types of attractive 

Ph CN 

CN 
(31a) 

Ph 

CH3 

CN 

(31 b) 

CH3 Ph 

Ph CN 

Ph Ph 

Ph Ph 

CN 

(32a) 
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interaction have also been postulated, e.g. Ph-.alky166 and CN-CN67. Thus, a 
detailed understanding of these conformational preferences awaits proof of exact 
spatial relationships. 

In secondary dinitriles lacking phenyl groups directly attached to the ethanic skele- 
ton (34 and 35), the erythro isomers show a strong preference for the conformer having 
trans cyanides (ca. 90%). The threo isomers are conformationally mixed, as usua160*61. 
The situation is quite different in analogous molecules having COOH present in place 
of CN, but substituted with a phenyl group on the ethanic skeleton, e.g. 36 and 37. In 
both erythro and threo diastereomers, the conformer with trans vicinal protons is 
favoured (consisting 3 80%). As explained earlier, this type of behaviour occurs princi- 
pally when nonhydrogenic substituents exist on the ethanic skeleton (e.g. halogens, 
sulphur, phosphorus, carbonyl, etc.). This behaviour is especially prevalent when one 
or more of the previously named groups is present along with phenyl in the same 
molecule. In fact, 2,3-diphenylbutanedinitrile (27,28) and similar nitriles are the chief 
exceptions. Various ideas have been suggested to account for the presence of trans 
vicinal hydrogens in molecules such as 36 and 3768,69. Of these, the most promising 
idea at present seems to  be related to the distinctive shape of phenyl, or, possibly, 
carbonyl. X-ray data show that a phenyl substituent on an ethanic skeleton is oriented 
so that one ortho carbon-hydrogen bond extends parallel to the smallest possible 
vicinal substituent, i.e. hydrogen. The other ortho hydrogen is roughly parallel in 
orientation to the other hydrogen of the ethanic skeleton (cf. structure 37'). If alkyl 
substituents are present, this effect appears to be overridden. The hydrogenic alkyl 
groups prefer a trans orientation to one another irrespective of what conformation 
other groups are forced to assume, cf. 34. The failure of cyanides to follow this trend 
may be associated with the small effective size of cyanide and perhaps a 
phenyl-cyanide attractive interaction. This question will be explored later. 

CN CN 

H H 

PhCH2 

CN CN 
(34) (35) 

H Ph 

R H 

C02H 
(36) 

(37 1 

In the tricyano compound 38 infrared data indicate that only a single conformer 
exists in the crystal, but in solution, conformers 38a and 38b have approximately equal 
weights70. The high weight of 38a is remarkable in view of the dipolar repulsion that 
must exist. However, in 1,1,2,2-tetracyanoethane (39) and in 1,2-dichloro-1,1,2,2- 
tetracyanoethane (40), the trans conformer strongly predominates in solution. 

Bodot and coworkers7* investigated the possibilities for an attractive interaction 
between vicinal cyanides in molecules such as 41. The possibility of an attractive 
interaction was earlier suggested by Peterson, who found that the equilibration of the 
meso and dl isomers of 2,3-dimethyl-2,3-diphenylbutanedinitrile (31, 32) gave pre- 
dominately the dl form (meso:dl ratio, 0.8:1).67 The steric interactions likely to be 
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H CN H CI 

H H H H NC CN NC CN 

NC CN NC H NC CN NC CN 

CN CN 

(38a) (38b) (39) (MI) 

present were discussed in terms of trans Ph conformers, e.g. 32a, which were reason- 
able guesses, but not completely in accord with later findings. The greater stability of 
the d form, despite what seemed to be less steric hindrance in the ineso form, was 
explained in terms of an attractive CN-CN interaction. In trans-1,2- 
cyclohexanedicarbonitrile (41), it was concluded that the CN-CN attraction was 
weak, which is in accord with the 85-90" dihedral angle believed to be present in other 
vicinal dicyanides. The work on 41 did cogently illustrate the extreme effect of solvent. 
Conformer 41a is dominant (weight 55%) in nonpolar solvents such as CS2, as the 
strong repulsion between CN dipoles is thus minimized. In polar solvents such as  
DMSO, 41b (78%) becomes dominant. 

N 

In methoxyethanenitrile (42) as in the case of dimethoxymethane, the gauche con- 
former (reviewed through the C-0 bond), 42b, is preferred over 42a72373. A hyper- 
conjugative interaction of cyanide with the oxygen lone pair may be involved48. This 
interaction should be of greater significance than the cyanide-trans-hydrogen hyper- 
conjugative interaction discussed earlier, if indeed the latter exists at all. Obviously, the 
cyanide, 42, has no possibilities for 'rabbit ear' types of lone pair  interaction^^^. Like 
many molecules having lone pairs present at the major atoms, instead of hydrogen, the 
barrier to rotation (ca. 2 kcal mol-I) is not large73. 

CH,OCH,CN 
H H 

CN 

H H 

CH 

CN 

(42) (42a) (42b) 

The final simple molecules that will be considered are the unsaturated nitriles. Of 
these molecules, 3-butenenitrile (43, X = CN) has been exceptionally thoroughly 
studied. The conformers of this allylic system are termed cis, gauche and trans (4%-c, 
respectively). The literature is in agreement that the trans form has a small, and 
possibly zero, weight. Recent a b  irzitio calculations indicate an order of stability: cis > 
gauche > t r a m  by 0.5 and ca. 0.8 kcal mol- ' r e~pec t ive ly~~ .  Microwave studies indi- 
cate an even larger preference by 1.3 kcal mol- I for the cis form over thegauche form. 
The trans form is not observed76. 

In the solid phase, a preponderance of the cis conformer has been observed by 
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infrared/Raman  technique^^^. Similar results are found in solution75. In analogous 
molecules, the 3-halopropenes, the NMR data have been interpreted in terms of 
increasing weights of the cis form, as the electronegativity of X increases7s. 

An explanation based on orbital symmetry has been advanced to explain this obser- 
~ a t i o n ~ ~ .  Briefly, it has been shown that the component of CH2X that mimics a p 
orbital in symmetry properties interacts with a p orbital at C(1) in a destabilizing 
manner in the trans form (e.g. 44a). In the cis conformer, 4 4 ,  these orbitals are 
distant. In the cis form, the orbitals of X interact with the TI bond in a complex 
manners0. 

(44a) (44b) 

In 2,4,6-~ycIoheptatrienecarbonitrile (45), the low-temperature NMR spectrum 
indicates a strong dominance of one conformer, whose structure has been assigned as 
4§a81. The disfavoured conformer 4§b is so:;newhat analogous to the disfavoured trans 
allylic conformer, 4312, ir? orientation of groups. For the gauche conformer, orbital 
symmetry effects may impart an added stabilization. The problem is somewhat similar 
in orbital interactions to the cycloheptatrienyl carbonium ions2. One possibility for 
the orbital interaction is shown in 46. Models suggest that nitrogen is too distant to play 
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much of a role, although formally, it could interact with the orbitals at C(4) and C(5) 
in a stabilizing manner, if it were nearer in space. 

Vinyl cyanides, of course, have only a single orientation of cyanide. However, it is of 
interest to see the effect of cyanide on conformational changes elsewhere in the 
molecule. In 47, Lacondie and coworkers have found that the isopropyl hydrogen is 
eclipsed with C=C, and lies close in space to CNs3. A high degree of conformationd 
purity is believed to be present. In our laboratory, studies of carbonyl derivatives 
R'R'C = C(CN)z, e.g. 48, have indicated quite different conformational properties 
than the parent aldehydes (49)84. The hydrogen of 48 is eclipsed with C=C, whereas 
in the case of the aldehyde 49, other groups, e.g. methyl, are eclipsed with carbonyl 85. 

High conformational purity (> 90%) pertains in 48, but not in 49, in the usual types of 
solution conducive to NMR study. The data may be explained simply on the basis of a 
preference .of the molecules 47 and 48 for the least strained environment. 

In (Z)-4-chloro-2-butenenitrile (so), temperature effects on vicinal NMR coupling 
constants have been analysed in terms of the existence of two conformerss6. The more 
stable conformer is preferred by ca. 1.1 kcal mol- l. Conformational diagrams are not 
presented. However, the nature of the NMR coupling constants is consistent with a 
preferred conformation having chlorine gauche to C=C, i.e. SOa, with ca. 60% weight. 
The weight of the minor conformer, SQb, is sizable considering that 
cyanide undergo both steric and dipolar repulsions. 

chlorine and 

(Wa) (6Qb) 

In 3-amino-2-butenenitrile (Sl), the E isomer is more stable, but in 3- 
amino-3-phenyl-2-propenenitrile (52), the Z isomer is preferrede7. While it may be 
argued that these interconversions represent configurational changes, not conforma- 
tional, the E S Z  equilibration of these enamines is very facile, and the distinction 
between conformation and configuration becomes unclearee. It is clear that hydrogen 
bonding in 51 is not sufficiently strong to stabilize the 2 isomer. Amino groups are not 
strong donors, and the cyanide TI bonds are weak acceptorse9. The preference for the E 
isomer in 51 results from the longest path for resonance between the amino and the 
cyanide functions. It is unlikely that 51 is preferred for steric reasons, as the 
methyl-cyanide steric interaction is probably worse than the amino-cyanide steric 
interaction in the Z isomer. In 52, the tendency of the phenyl group to be coplanar 
with the remainder of the x system is probably a factor. To be coplanar, phenyl 
requires the smallest group possible (hydrogen) in the cis position. 
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In the N,N-dialkylenamine 53, the E form 53a is favoured, whereas in the N-alkyl 
compound, the 2 form (53b) is substantially populatedg0. In  the latter case hydrogen 
bonding is a factor. The N-H evidently prefers to hydrogen bond to the oxygen lone 
pair, rather than to cyanide. 

(63a) (53b) 

In related molecules, Dahlqvist88 has determined the energetics of intramolecular 
rotation. In 54, analysis of the NMR signal coalescence phenomena has indicated a 
lower barrier for C=C isomerization than for C-NMe2 rotation: for C=C isomeriza- 
tion, A H f  ca. 14 kcal mol-' and ASf ca. - 3 e.u. For C-NMe2rotation, AH'ca. 15  kcal 
mol-', but ASf 8 to 14 e.u. Entropies of this magnitude are not common in conforma- 
tional equilibriag1. Thus, possibly systematic errors are involved. Such errors are dif- 
ficult to avoid in complex analyses of NMR line-shapes of this typeg2. The E / Z  isomer- 
ization 54a * 54b is facile due to resonance, which imparts a higher degree of C--NMe2 
double-bond character and reduces the C=C double-bond character. At  equilibrium, 
slightly more of the E isomer 54a is present (Kes = 1.3), reflecting the sterically 
preferred opposition of NMe2 with cyanide. In 53, Dahlqvi@ found that the barrier to 
C-NMe2 rotation was ca. 3-4 kcal mol- higher. In 54, the additional methyl group 
imposes a steric strain that is relieved upon approach to the transition stateg3. In highly 
polar solvents, e.g. DMSO, the barriers to conformational interconversion are lowered 
due to facile accommodation of charge separation. 

Mannschrektg4 has shown that the barrier to rotation of the C-NMe2 group in 55 is 
comparatively high (AGf ca. 18 kcal mol-'). This barrier is rather similar to that found 
for 53. In 56, however, the barrier is much smaller (AGf ca. 12 kcal mol- '). In 55, the 
higher degree of resonance interaction between the electron-donating amino function 
and the electron-withdrawing cyanides enhances C-NMe2 double-bond character. 

IV. SPECIAL CASES 

According to calculation, the carbanion derived from ethanenitrile (i.e. 57) is not 
planar, but rather it is pyramidal in shape, although the pyramid is flattenedg5. As in 
nitronate anions or  anilines, electron delocalization does not necessarily impart planar- 
ity. O n  the other hand, the free radical 58 is believed to be planar, similar to dicyano- 
methyl and tricyanomethyl radicalsg6. 
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(57) (58) (59) 

The dianion derived from 2,4-dicyano-3-(dicyanomethyl)-2-pentenedinitrile (59) 
was found to be planar in crystallographic studies of the calcium salteg7. The parent 
carbon acid is as acidic as sulphuric acid, and like sulphuric, it is dibasic. Although the 
central carbon is planar, the dicyanomethide groups are rotated from the molecular 
plane ca. 24" in propeller fashion. 

The orientation of charge-transfer complexes involving tetracyanoethene (cf. 60) 
has been studied by theoretical calculationsg8. At the energy minimum for separation 
of the molecular plane of the donor and the acceptor ca. 3.4 A, the '0" form' (6w) was 
predicted to be the more stable, but for slightly greater intermolecular separations, the 
'90" form' (60b) should be preferred. 

(ma) (0' form) (60b) (90" form) 

Matsubara and coworkersg9 have investigated the conformational preferences of 
dicyanides as complexes with metal salts. In the solid state, the complex of butane- 
dinitrile with silver ion exists in an extended zig-zag arrangement of molecules in 
which thegauche conformer is present. Uncomplexed butanedinitrile (23, Z = CN) pre- 
fers the gauche conformer in solution42. On the other hand, pentanedinitrile complexed 
with copper (11) occupies the gauchelgauche orientation of each terminal cyanide with 
vicinal carbons, although the free dinitrile is conformationally mixed. 

A study that hastened the demise of the Winstein-Holness method of establishing 
conformation weights in cyclohexane derivatives100 concerned the complexing ability 
of cyclohexanecarbonitrile (1) with iodine monochloride, compared to 'standard' 
molecules, cis- and trans-4-t-butylcyclohexanecarbonitrile (61 and 62) lol .  In carbon 
tetrachloride, 1 gave a larger equilibrium constant for complexation with ICl 
(K,, = 19.9) than either standard (61, K,, = 15.4; 62, K,, = 18.5). Thus one could 
not merely interpolate between the values for 61 and 62 to find the weight of the 
axial conformer in the JC1 complex of 1. The t-butyl group was believed to have 
caused a deformation of the molecule such that H3ax and Hj, were tilted toward C(1), 
and thus affected the degree of complexation. If a simple conformational equilibrium 
such as indicated above fails, the application of the Winstein-Holness treatment to 
chemical reactions is indeed suspect. 

One last type of molecule, which involves interactions between rather unusual types 
of groups, is cyanomethyl diethylphosphine oxide 63 *02- Dipole moment studies show 
that the compound prefers the tram conformer 63 (74% of the total). Analogous 
molecules show similar conformational preferences. The disfavoured gauche con- 
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former is undoubtedly affected by dipolar repulsion between the phosphine oxide, 
which has a large group moment (ca. 2.9 D), and the cyanide (group moment, ca. 4 
D) * 

V. COMPLEX MOLECULES 

The last part of this chapter treats relatively complex molecules, in which the choice of 
conformation involves the interplay among a number of factors. This apparent disad- 
vantage can sometimes be turned into an advantage. If some effect is well understood 
qualitatively and semiquantitatively, this effect and another poorly understood effect 
may be pitted against one another. By observation of the resultant conformational 
preference of the molecule, it may be possible to assess the characteristics of the less 
well understood factor. 

The first group of molecules appear rather simple, but involve complex effects that 
are not firmly understood. The conformational preferences of cyclic and acyclic r-butyl 
compounds will be considered. Bodot and coworkers103 have extensively investigated 
the puzzling effects of the r-butyl group. This group always seems to have extreme 
effects on conformation, that are not always predictable from simple steric considera- 
tions. For example, in our laboratory, dipole moment studies have shown that meso- 
2,3-di-t-butylbutanedinitrile (64), like the corresponding dichloride, exhibits a resultant 
dipole moment, 2.5 D, well above the 0 D value expected for the ‘obviously’ sterically 
favoured trans conformer, 64b’”j. Thus, conformer 64a, which has gauche cyanides, 
and also gauche t-butyl groups is substantially populated (ca. 20%). Deformation of 
the molecule seems likely in order to accommodate gauche groups of extreme size. 

Bodot’s work103 clearly shows the molecular deformation imposed by the r-butyl 
group. One example involves 2-r-butyl-4-oxocyclohexanecarbonitrile (65). A nonchair 
conformation was found to be present by X-ray crystallography (cf. 65a) *05. The 
cyanide is twisted away from the C(l)-C(4) axis due to  interference with t-butyl (cf. 
65a). However, this movement creates interference between the cyanide and the 
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t-C4HS 

CN CN 
(64a) (64b) 

hydrogens at C(6) (cf. 65b). The nonchair conformation may represent the minimum 
energy accommodation as the molecule seeks to minimize these secondary interac- 
tions; i t  is also notcworthy that the cyanide assumes a pseudo-axial conformationlo6. It 
is also noteworthy that the nonhydrogen containing cyanide 'gave ground' rather than 
the methyls of the t-butyl group, or the entire group. Nonchair ring conformations are 
relatively widespread for c y c l o h e ~ a n o n e s ~ ~ ~ ;  these conformations lie only a few kcal 
mol-I in energy above the chair formIos. This small energy difference is easily over- 
come by other factors. The lack of hydrogen at carbonyl reduces the incidence of 
hydrogen-hydrogen eclipsing interactions upon formation of a nonchair conforma- 
tion, e.g. a twist boat. 

102" n 

25' 

(W (654 ( 6 W  

Another case in point is the cyanides 66 and 671°9. Compound 66 is rather ordinary 
in that the least sterically demanding group, cyanide, assumes the hindered axial 
conformation. In 67, however, rather than placing phenyl axial, a nonchair form is 
substantially populated. The structure shown is one possibility for this conformer. 

0 

Ph Ph 

;il 
N 

ii ' I '  

N 

(66) (67) 

One of the most intensive studies of the conformational characteristics of dicyanides 
has been carried out by Rabinovich and Shakked38, as part of their programme to 
relate solid-state conformation to the stereochemistry of solid-state reactions. For 68, 
the cyanides are oriented in an unusual manner. Usually, a zig-zag carbon chain is 
terminated by a major group, such as methyl. While the two cyanides could terminate 
the chain in 68, the cyanides appear to adopt a gauche orientation, rather than a trans 
orientation, with respect to the vicinal carbon of the chain. However, Rabinovich and 
Shakked have shown that intermolecular interactions of an attractive nature (van der 
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Waals' interactions and donor-acceptor interactions) are very significant. In many 
instances, a bromine of one molecule is oriented in a colinear manner with a cyanide of 
a neighbouring molecule. Bromine and nitrogen exist within the combined van der 
Waals' radii (observed separation ca. 3.2 A; combined radii, ca. 3.45 A). In other 
cases, an interaction ,of a cyanide nitrogen with a cyanide carbon of another molecule 
is of importance. 

N 

(68) 

Like 68,69 and 70 prefer the conformation about C(3) and C(4) in which bromine 
atoms are trans and the chain carbon atoms, C(2) and C(5) are trans. Similar confor- 
mations are found for a large number of crythro and meso d i b r ~ m i d e s ~ ~ .  In 70, two 
different crystal modifications, 70 and 70', have been observed. The difference in 
solid-state conformation is difficult to portray by means of extended structures, but it 
is clearer in the Newman projections given later in the chapter. Dihedral angles 
involving hydrogens are quite different in 50 and 70'. The reader is encouraged to 
consult the orisinal paper for the precise geometric relationships. 

(69) (70 .TO ' ) 

Unlike 68,69 and 70 terminate their respective chains with a major group, methyl or 
cyanide, not hydrogen. Concerning long-range interactions, 68-70 follow the usual 
finding in conformational analysis. This finding is so widespread that it might be 
termed a principle. A large group at a given carbon, e.g. the C(2) CH3 in 69 opposed to 
a small group (hydrogen) at C(4). A large group (bromine) at C(4) is opposed to a 
small group (hydrogen) at C(2). Thus, 1,3-interactions are minimized in 68-70, as in 
most molecules. Certain nitriles, however, do  appear to be exceptions'OY.' lo. 

The experimental findings for 68-70 have been augmented by force field calcula- 
tions, which emphasize torsional and nonbonded interaction terms. The conformers 
calculated to be the most stable for 68 include the observed conformer 68a, plus 
another conformer, 68b, which is not observed despite roughly equal energy. In 6th 
the intermolecular interactions may be sufficient to dictate the preference for this 
conformer, but gross changes in orientation of groups do not occur. For 70, the 
conformers calculated to be the most stable are shown in Newman projection form 
(70a-c). The experimentally observed conformer (70a) again is very similar to the 
conformer calculated to be the most stable. In 70a, the C(3)-Br is tram to C(2)-H 
and the C(2)-CN is rrans to C(3)-H. While this orientation could result from hyper- 
conjugation, it is doubtful that the calculation parameters used in the calculation 
implicitly included such interactions. 
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With regard to conformers 70a-c, it is surprising that 70b is destabilized by only 4 
kcal mol- relative to 70a, in view of its obvious torsional problems. The barriers to 
rotation range from ca. 6 kcal mol- (70a + 70b) to over 20 kcal mol- I for subse- 
quent rotations, which seems all too high. Perhaps the calculations did not permit 
relaxation, i.e. the changes in all molecular parameters, as rotation occurs. Specifically, 
bond angles change significantly as  the eclipsed state is approachedyla,b. 

Br 

The Newman projections shown below illustrate the dihedral angle variations 
observed in the two crystal modifications, 70 and 70'. It is difficult to perceive reasons 
for these rather large changes. It is interesting to note, however, that the conforma- 
tions at carbons bearing bromine (not illustrated) is relatively constant throughout the 
series of compounds. 

C 
64" 

(70) (70') 

Another case involving a relatively complex molecule again concerns the competi- 
tion between cyanide and other types of groups for the most comfortable orientation in 
space. In 4-bromo-5-oxo-2,3,5-triphenylpentanenitrile (71), the conformation as 
observed by X-ray crystallography is very similar to that observed in solution by  
NMRl1Oh. As usual, the nonhydrogenic substituents at C(3)-C(4) (i.e. Phb, Br  and 
COPh) adopt the conformation having Cram vicinal hydrogens. The substituents at 
C(2)-C(3) include the cyanide group, and although these substituents are equally 
nonhydrogenic, a conformation with gauche vicinal hydrogens is tolerated. The 
C(2)-C(3) bond length is marginally longer than usual for sp3-sp3 bonds, i.e. 
1.568(8) A. but the deviation from the usual value cannot be regarded as statistically 
significant. It is noteworthy that the ortho C-H bonds of Phb are roughly parallel to 
C(3)-H and to C(4)-H. However, Ph, is tilted so that the ortho C-H bond is not 
parallel to the C(2)-CN bond. Although cyanide and Phh are separated by sizable 
dihedral angles, cyanide lies well within the combined van der Waals' radii with regard 
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to the ortho carbon of Ph, (ca. 0.5 A). The two phenyl rings are tilted with respect to 
one another, but are roughly parallel. These rings also lie well within the combined van 
der Waals' radii (ca. 0.4 A, for the ips0 carbons). The carbonyl n electrons also lie 
close in space to Phb. Thompson"Ob has noted that the separation of each individual 
pair of vicinal atoms is within the combined van der Waals' radii by a roughly constant 
distance, indicative of no particularly strong attractive or repulsive interactions. The 
answer to the question of why this conformation is present probably lies in the interac- 
tions present in nonpreferred conformations. The Newman projections (71a and 71b) 
record exact dihedral angles, separation distances (and factors by which these dis- 
tances lie within van der Waals' radii). 

2.967 
(-0.4) 

"N 

. . 0 -  . . 
3.174 . . 

(-0.4) 

2.793 
(-0.1) 

VI. ADDENDA 

A final computer-assisted search of the literature was made in an attempt to locate the 
latest work on the conformation of cyanides. The computer also graciously provided 
references to previous work, for which a manual literature search had already been 
completed. It was distressing to note the number of citations the computer located that 
the previous search missed. Equally distressing was the fact that the computer failed to 
find some work that the manual literature search uncovered. Thus, apologies are in 
order to colleagues whose work is inadvertantly slighted in this chapter, as it appears 
that neither personal nor computer-assisted literature searches are totally reliable. 

The remaining sections of this chapter are again organized into discussions of simple 
molecules, special cases and, finally, complex cyanides. As before, the casual reader 
may wish to omit the second or third sections. 
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A. Simple Molecules Revisited 
Raber and coworkers have investigated the conformational preferences in cyclo- 

hexanecarbonitrile (I), butanenitrile (is), and in 3-methylbutanenitrile (16), by 
lanthanide-induced n'mr shifts' This technique has not enjoyed a good reputation, as  
it has been abundantly proved that the conformation of the lanthanide complex is not 
necessarily the same as that of the free molecule''?. However, in the case of nitriles, 
complexation occurs a t  the CN lone pair, a site distant from the centres involved in 
conformational variation. The data obtained are similar to those found by other tech- 
niques. Thus, 1 is found to prefer the equatorial conformer (54%). Butanenitrile is 
preferentiallygauche (53%), but 3-methylbutanenitrile rather more strongly prefers con- 
former 16b (70%). The latter is a stronger preference than indicated by infrared data. 

H H 

H CH3 
CN 

(1 6 b) 

Das and coworkers' l3 have studied the conformation of 4-chlorobutanenitrile by 
infrared techniques, and by MO calculations. Surprisingly, it has been found that not 
only cyanide (cf. 68) but also chloride isgauche to  their respective vicinal chain carbon 
in the preferred conformer 72. 

H H  
lc$ 

H L C /  \C /H  
43 d %  

(72) 

The conformation of isocyanides has received little study. However, recent molecu- 
lar orbital investigation of carbylaminopropane (73) corroborated earlier experimental 
results by Wilson and coworkers which indicated that the preferred conformation was, 
by a small factor, gauche,l14 as shown below. In this regard, the conformational prefer- 
ences are similar to normal cyanides. 

CI H H CN 

Y 

N' 
Ill 
C- 

The popularity of butanedinitrile (23, Z = CN) as a substrate for conformational 
investigations has continued unabated. However, different techniques have now been 
utilized. Electron diffraction studies have shown that the trans conformer is preferred 
in the gas phase (74%), in contrast to most solutions where the gauche conformer is 
favoured'". In the gas phase, the preference for the frans conformer is 1.5 kcal mol-l, 
and is common, the entropy difference (trans + gauche) is low, 1.4 e.u. 
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In the solid state, a plastic phase exists in which the molecules enjoy a degree of 
mobility. Neutron scattering results indicate that the correlation time (roughly equi- 
valent to a half-life of the molecule in a particular orientation), is ca. 10- * I  s at ca. 
300K for the trans +gauche change in conformation116. The correlation time for the 
reverse change is slightly larger. The entire molecule may also rotate within the 'cage' 
on roughly the same time-scale. However, it has been stated that molecular rotation 
occurs preferentially in the extended trans conformer. 

In solution, Nowak and coworkers have found that the trans form of butanedinitrile 
(23b, 2 = CN) is more stable in solvents such as benzene, but in solvents having a 
dielectric constant greater than ca. 5, the gauche conformer is the more stable117. The 
details of this sophisticated inquiry into solvent effects are too complex to cover in a 
brief review. However, quadrupolar interactions of solute with the sphere of solvent 
molecules oriented around the solute are significant, as are solute-solvent dipolar 
 interaction^^^. 

Investigations of the conformation of diiminosuccinonitrile (DISN) and its dichloro 
derivative (74 and 75) indicate a strong preference for the trans isomer as shown 
below"*. The infrared/Raman data have been collected in solvents such as CH3CN, as 
well as in the solid phase. No evidence for the existence of the gauche conformer has 
been found. An unusual observation is that the NH-N hydrogen bonding in 74 
appears to be stronger in the liquid than in the solid phase. In contrast to diamino- 
maleonitrile (24), the electron-withdrawing groups are trans. 

(74) (75) 

With regard to other vinyl cyanides, a MO investigation of the detailed orientation 
of groups in the enol ether 76 indicates a preference for the structure shown119. Thus, 
the methoxy methyl is trans to the double bond, rather than cis, which is favoured in 
1-methoxyethene for orbital symmetry reasons. Perhaps steric interaction between 
methyl and cyanide destabilize the cis conformer. However, the gauche conformer 
should be accessible without undue steric problems. The carbonyl also occupies the 
s-cis conformation with respect to the double bond. In other respects the molecular 
conformation is similar to  the enamines discussed earlier, with methoxyl cis to cyanide 
and trans to carbomethoxy. The predicted barrier to isomerization, ca. 29 kcal mol-', 
is rather larger than found for the enamines, however. 

0 
i I  

Several studies on the nitrile (77) have recently appeared111c~120. Like the oxygen 
analogue (42), the gauche conformer 78 in which a sulphur lone pair may be considered 
to be trans to cyanide is preferred. From a microwave study in the gas phase, the trans 
form exists at  a level of less than 5%. Infrared studies, however, appear to be indicative 
of a mixture of conformers. For the nitrogen analogue, aminoethanenitrile (78), an ab 
initio MO study has likewise indicated a similar conformational preference121. A 
hyperconjugative interaction might be invoked between the presumably somewhat 
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CN 
(77a) (78) 

electronegative cyanide and the lone pair of nitrogen". However, 3-amino-1-propyne 
(79) also occupies the same type of conformation, and thus a hyperconjugative interac- 
tion would have to be considered for both molecules or neither. 

B. Special Cases Revisited 

Some additional data have appeared on phosphorus derivatives. In cyanodiphenyl- 
phosphine (SO), it has been found that the ortho C-H bond of one phenyl group 
is eclipsed with the phosphorus lone pair as shown below when viewed through the 
P-C(1)Ph bond'**. 

P 

CN 

(80) 

In the phosphorane 81, Trippett and coworkers have studied the tendencies for various 
groups X to occupy the apical position as in 81a as opposed to the equatorial position 
as in 81blZ3. The apicophilicity of a given group is usually regarded as related to the 
electronegativity of the group in question. For X = CN, the energy required for inter- 
conversion (81a + 81b) is ca. 14 kcal mol- ', indicating a greater apicophilicity for 
cyanide than for chloride, for which the value is 12.3 kcal mol- l. 

X Ph 

(81a) (81b) 

An interesting study of complexes between crown ethers and neutral molecules has 
recently been reportedlZ4. Charge-dipole interactions between ions and the oxygen 
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functions of crown ethers lead to  strong complexation, and many examples of this 
phenomenon are well recognized. However, it has been shown that neutral molecules 
may also complex with crown ethers via dipole-dipole interactions. In a propanedi- 
nitrile-crown ether system, a 2: 1 complex (82) has been observed by X-ray crystallo- 
graphic means. A bifurcated hydrogen bond has been postulated between one hydrogen 
of each propanedinitrile and a nitrogen and an oxygen of the crown ether. A propane- 
dinitrile molecule exists on each face of the crown, but no penetration of the cavity is 
evident. 

C. Complex Molecules Revisited 

In previous work, Zefirov and coworkers125 have shown that a strong tendency 
exists for X to adopt an axial conformation in 83 (the anomeric effect). However, a 
similar tendency is also observed in the spirocyclopropane (a), and in the alkene (85). 
In 85, the C-X bond parallels the p orbitals of the alkene, and in 84, the bent bonds of 
the cyclopropane ring, which approximate p orbitals in character, are likewise oriented 
in the same direction as  the C-X bond. In 2-halocyclohexanones, a similar axial 
preference has been recognized for some time126. Zefirov's study concerns the ketone 
analogue, 86. For a variety of X groups, including the halogens, phenyl and carbo- 
methoxy, the axial conformer is strongly preferred. Steric effects effectively prevent X 
from assuming the equatorial position, and in addition, delocalization effects involving 
the (3 electrons of the C-X bond to the electronegative C(CN)2 function have been 
considered. 

C"2 

X X C N  

C N  (83) (85) 

On the other hand, the cyanide in 87 was found to be equatorial in a distorted boat 
con for ma ti or^^^^^^^^. The N-C(1)-C(2)-C(3) dihedral angle is ca. lo", indicating 
near-planarity of these atoms. From the stereo drawing of the crystallographic struc- 
ture, cyanide does not appear to be strictly parallel to carbonyl. 

(87) 

Oki and coworkers have reported some interesting data on the internal rotation in 
several triptycene derivatives'*'. Compound 88 has been found to have the incredibly 
high barrier to rotation of the cyanodimethylcarbinyl group of 37 kcal mol-'. As 
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steric hindrance of the system increases, i.e. in 89, the barrier becomes somewhat 
smaller, i.e. 36 kcal mol- I -  The even more sterically hindered compound in which 
carbomethoxy replaces cyanide has an even lower barrier of 28 kcal mol- l .  This type 
of observation is not unusual. Incorporation of additional steric hindrance often 
increases the energy of the ground state more than that of the eclipsed state. The 
eclipsed ‘transition state’ for rotation is strongly affected by quantum-mechanical 
effects associated with the opposition of orbitals. Due to ‘relaxation’ in which the bond 
angles of the groups about to become eclipsed widen on approach to the eclipsed state, 
the additional steric effects may not increase the energy of the ‘transition state’ that 
much. In 89, the dl form 89a is favoured over the meso form, 89b, by factors of 8- to 
B-fold, depending upon the substitution pattern in 89 and related compounds. 

3 

(89a) 

CH3 
(88) (89b) 

In certain dihydropyridines (90-92), Sekacis and coworkers have found that the 
enthalpy change for the boat-planar interconversion is ca. 3.7-6.7 kcal mol- l, 

depending upon substitution pattern130. In the imposing molecule 91, the enthalpy 
change is smaller, 3.5 kcal mol-’. In the 4-unsubstituted compound 92, the transition 
is too fast to be detected. 

A 
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1. IMTRQDUCTION 
In recent years the chemistry of isocyanides has been the subject of extensive 
investigation. As a result, a large number of papers have appeared describing novel 
syntheses and new interesting chemical reactions of isocyanides. Our knowledge of the 
synthetic applications of isocyanides has expanded rapidly. Particularly, the u addition 
of an organometallic reagent to an isocyanide and the reactions of u-metalated 
isocyanides have received considerable attention. The isolation of naturally occurring 
isocyanides have initiated interest in their syntheses. 

Because of the availability of a monographia on isocyanides covering the literature 
prior to 1.970, this chapter will focus mainly on the recent developments in the 
chemistry of isocyanideslb. 

. 

It. TOXICITY OF ISQCYANIDES 

Although most volatile isocyanides may be malodorous they do not exhibit 
appreciable toxicity to mammals. However, 1,4-diisocyanobutane has been shown to 
be highly toxic and therefore all isocyanides should be handled with due caution. 
Volatile isocyanides show their toxic action by inhalation probably due to their ability, 
like carbon monoxide, to block haemoprotein and enzyme systems2. The toxic action 
seems to increase if ethanol is present in the body of the experimenter. Van Logren3 
observed that the visible symptoms of intoxication strongly resemble those of 
dithiocarbamate ethanol intoxication. 

Ill. STRUCTURE AND PHYSICAL PROPERTIES 

Isocyanides, which are isoelectronic with carbon monoxide (equations l a  and lb), 
have been shown to be linear molecules by both electron diffraction4 and microwave 
studies5. Like carbon monoxide, isocyanides may be viewed as ‘carbenoid’ in 
character. 

RN=C: L R h 3 C :  (la) 

(1 b) :o=c: - :arc: 

For characterization purposes the infrared and NMR spectra are particularly useful. 
Isocyanides absorb in the infrared at -2150 cm-I whereas the isomeric cyanides 
absorb at -2250 cm-’. The lH-NMR spectra of isocyanides are unique. Since the 
nuclear quadrupole coupling in isocyanides is very low, indicating a negligible electric 

.. + -  
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C-N=C CH3- N = C 
/ \  - CH3' 'CH, CH3 

1.08 1.58 1.43 
3.17 - - - 

FIGURE 1 
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field gradient about nitrogen, one usually can observe resonance signals of protons on 
the carbon atoms a or p relative to the isocyano nitrogen atom6. Since 14N has a 
nuclear spin = 1, one often observes triplet splitting. For example, in the spectrum of 
1,1,3,3-tetrarnethylbutyl isocyanide' one observes a singlet at 1.08 ppm corresponding 
to the &hydrogens of the t-butyl group (see Figure 1). However, at 1.43 ppm there is a 
triplet with a coupling constant J = 2 Hz and at 1.58 ppm another triplet with 
J = 2.3 Hz. Methyl isocyanides shows a 14N-lH triplet absorption for the a-carbon 
protons at 3.17 ppm and a coupling constant J = 2.4 Hz. This type of coupling with 
J = 1-3 Hz may be used to characterize the substance as an isocyanide. However, the 
absence of this coupling does not prove that the molecule is not an isocyanide since 
aromatic and allenic isocyanides as well as (CH3)3SiCH2NC and CH30CH2CH2NC do 
not show this coupling. Stephany and Drenthg have extensively studied the effect of 
solvent and substituents on IR, 'H and 13C chemical shifts and J(14N-13C) coupling 
constants of a variety of isocyanides. Recently, I3C-NMR spectroscopy has become a 
particularly useful analytical tool in the investigation of isocyanide-transition-metal 
complexeslO. 

The mass spectra of aliphatic isocyanides are similar to those of corresponding 
cyanides with predominant @-bond cleavage1'. However, a-bond cleavage occurs to a 
greater extent in isocyanides than in cyanides reflecting the weaker R-N bond. 
Expulsion of HCN is the main mode of fragmentation in aromatic isocyanides12. 

In the molecular orbital model of isocyanides (Figure 2), the nitrogen is bonded to 
the terminal carbon atom by a B bond and a n1 bond in much the same way as with 
nitriles. However, in contrast to cyanide, the isocyanide nitrogen donates two 
electrons to form the IT-, bond and a nonbonding pair of electrons resides at the carbon 
atom in an orbital of sp symmetry. Recently various MO calculations have been 
reported on a number of iso~yanides'~. They show the isocyano carbon having 
substantially greater 2s orbital population, but significantly smaller 2p,, and 2pz orbital 
populations.. The presence of both nonbonding electrons and electron-deficient K 
orbitals gives the isocyano carbon a dual nature which is abundantly clear in its 
chemical properties. 

The gross atomic charges obtained from MO calculations indicate that, contrary to 
the conventional view based on the dipolar canonical structure, the nitrogen is 
electron-rich relative to both isocyano carbon and the carbon attached to the isocyano 
group. The gross dipole momTnt of the isocyano group is directed from the terminal 
carbon toward the nitrogen (N-C) and not in the reverse (N-C) +direction. 

It should be recognized that the dipolar canonical structure, R-NEC, depicts the 
charge distribution of the n-electron system only and discloses nothing about the 

I 

R2 

FIGURE 2 
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charge distribution in the o-electron system. The calculations show that the dipole 
caused by the (J charge distribution makes a greater overall contribution than does the 
n delocalization. This results in a gross dipole moment for the isocyano group which is 
reversed with respect to the generally accepted direction. 

The significance of the nitrogen being electron-rich relative to the u carbon attached 
to the isocyano group is that it implies that the isocyano group will behave as an 
electronegative moiety acting largely through an inductive effect similar to oxygen and 
fluorine. Moreover, if the u carbon contains a negative charge the delocalization of 
that charge by the isocyano group will be minimal (see Section VIII), but 
delocalization of a positive charge should be very effective. 

IV. NATURALLY OCCURRING ISQCYANIDES 

Until recently, antibiotics xanthocillin la  and xanthocillin monomethyl ether l b  were 
the only two characterized naturally occurring i~ocyanides'~. Currently, an increasing 
number of naturally occurring molecules containing an isocyanide group have been 
isolated". Trichoviridine 2, a fungal metabolite isolated from Trichoderma sp. was 

OH 

I I  II 
c c  

( l a )  R = H  

( l b )  R =Me 

0 

H 

C' 
(2 )  

shown to contain a novel isocyano epoxide moiety16. Recently, two isocyano acids17 
have been isolated from cultures of the fungus Trichoderma hamatum (Bon) as the 
corresponding methyl esters 3 and 4. A number of sesquiterpene and diterpene 

N=C MeOOCCH2CH 

(3) 
MeOOC 

isocyanides possessing novel ring-systems have been established as metabolites of 
marine sponges15,'s. They constitute an intriguing class of naturally synthesized 
compounds from both chemical and chemotaxonomic viewpoints. These isocyanides 
have been reported to show a wide spectrum of antibiotic activity. It is interesting to  
note that (r+)-2- and (r+)-9-isocyanopupukenanane ( 5  and ti), a pair of sesquiterpenes 

Me 

&N=C 
H 

Me 

H Me & Me (6) 
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produced by sponge Hymeniacidon sp., are used for defense purposes by nudibranch 
Phyllidia varicosa. Total syntheses of both 5 and 6 have been recently publishedlg. The 
(-) isomer of another naturally occurring isocyanide, (+)-axisonitrile-3 (7), which was 

(7 1 
isolated from the marine sponge Axinella cannabina has been synthesized by Caine 
and Deutsch2'. Isocyanides have also been proposed as precursors for the synthesis of 
amino acids in the 'Prebiotic soup'21. Hydrogen and deuterium isocyanides have been 
identified in interstellar clouds22. 

V. SYNTHESIS OF IISOCYANIDES 

1. Dehydration of formamides 

The ready availability of N-monosubstituted formamides makes them an attractive 
precursor for the formation of isocyanides. Phosgene in the presence of a tertiary 
amine is the most commonly employed dehydrating reagent' (equation 2). However, 

COCI, /H R'  N 
RNHCHO R-N=C, CI 3 R-N=C + CO2 + R$HCI-(2) 

0-c' 
*O 

this procedure suffers from the disadvantages inherent in the use of phosgene for 
large-scale preparations. To circumvent the use of phosgene a variety of new 
dehydrating reagents have been reported. Walborsky and Niznik selected 
chlorodimethylformiminium chloride (8) (Vilsmeier reagent) as the dehydrating agent 
for the preparation of isocyanides from forrnamidesz3. This reagent (8) can be readily 
prepared, in situ, from thionyl chloride and N,N-dimethylformamide (DMF) (equation 
3). The addition of this dehydration reagent, under controlled conditions to the 
formamide, followed by solid sodium carbonate, leads to excellent yields of 

isocyanides (equations 4a-c). This method is general and convenient. Recently Ugi and 
coworkers24 modified his original procedure by using diphosgene (trichloromethyl 
chloroformate) (9) in place of phosgene (equation 5). According to Ugi, 9 is easier to 
handle and gives higher yields than phosgene. Diphosgene is utilized in the 
preparation of bifunctional isocyanides such as 4-isocyanophenyl chloroformate (10) 
(equation 6).  which is used as reagent for the introduction of the isocyano group into 
polystyrene-divinylbenzene copolymers25. Recently a variation of the Vilsmeier 
reagent, 2-chloro-3-ethylbenzoxazolium tetrafluoroborate (ll), in the presence of 
triethylamine has been used to dehydrate formamides (equation 7)26. Ziehn and 

have observed that isocyanides are formed very readily by the joint 
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H 

R-NHCHO + 8 - R-N=C, ' I  
I ,Me 

0-C-N, 

H CI 
Me + HCI 

HCI + Me,NCHO = Me2NCHO*HCI 

H 
I 

0- C - NMe2 
R-N=C? cp I - R-N=C + Me,NCHO + NaCl (4C) 

Na2C03  
\ -H 

Co3*- + NaHC03 

0 
II 

2 RNHCHO + CI-C-OCCI3 + 4 Et3N - 2.RN=C + 4 Et,N*HCI + 2C0, (5) 

(9) 

0 0 

(9) 
H O O N H C H O  + CI-C-OCC13 If - Et3N C l - k ! O O N = C  (6) 

Et3N 
RNHCHO + - 

BF4- 
Et 

(11) 

action of triphenylphosphine, CClj and triethylamine on monosubstituted 
formamides. The elimination of water proceeds stepwise (equations 8a-c). 
Experiments with formamides deuterated at the nitrogen have shown that the proton 
of the chloroform comes exclusively from the N-H bond. This reaction has been 

Ph3P + CCI, - [ Ph3PCI]+ cC13 (8a) 

, o -$P~~  
H CI- 

[Ph,PCI]+CC13 + RNHCHO - R-N=C, + CHCI, (8b) 

+ 
O-PPh3 

+ EtSN - RN=C + Ph3PO + EtSN-HCI (W / 
R-N=C, 

H CI- 
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successfully applied to the synthesis of N-isocyanoiminotriphenylphosphane 
(equation 9)27b. 

HCONHNH2 + 2 PPh3 + 2 CCI, + 2 NEt3 - 
CNNPPh3 + 2CHCI3 + 2 Et3NA CI- i- Ph3P0 (9) 

2. Phase-transfer Hofmann carbylamine reaction 

Although the carbylamine reaction involving the dichlorocarbene intermediate is 
one of the early methods of isocyanide synthesis, it had not been preparatively useful 
because of lower yields. Recently Ugi, Weber, Gokel and Widera applied 
phase-transfer catalysis (PTC) to the Hofmann carbylamine reaction and demonstrated 
that the reaction of primary amines with chloroform or bromoform and 50% sodium 
hydroxide in the presence of the phase-transfer catalyst, benzyltriethylammonium 
chloride, produced isocyanides in 40-60% yield (equation Following a similar 

R&=N-NH2 

\ R,C=N--N=C 

procedure, Jakobsen prepared aliphatic N-isocyanoimines from the corresponding 
hydrazones (equation 

Employing a crown ether as the phase-transfer catalyst, Mayer and coworkers 
synthe'sized a number of isocyanides by reacting N-sulphinylamine with CHC13 and 
solid KOH (equation ll)30. 

O w n  ether 
R-N=S=o CHCl3/KOH R-N=C 

A German patent31 describes the preparation of o-isocyanocarboxylic esters by the 
reaction of the lactim ethers with CHC13 in the presence of hydroxide and 
phase transfer catalyst (equation 12). 

(1 2) 
CHCl3. 50% NaOH 

P TC 
- M ~ O O C T ( C H ~ ] ~ - N = C  

3. Displacement of halide by cyanide 

In recent years, the revival of another early method of isocyanide synthesis, namely 
halide displacement by metal cyanide, particularly by silver cyanide, has led to the 
syntheses of a variety of novel isocyanides, (Scheme l)32. Whereas 
a-acyloxyisocyanides 12 are stable enough to be isolated and characterized, a-acyl 
isocyanides 13 and N-imidoyl isocyanides 14 are chemically very reactive. Substitution 
of glycosyl bromides with silver cyanide constitutes a good synthesis of the 
corresponding glycosyl isocyanides (equation 1 3)33. The reaction is accompanied by 
anomerization but good yields of mixtures of a- and 0-glycosyl isocyanides are 
obtained. 
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‘?\ ,x 
R/c\ 9 

R 0- c R, ,N=C 
C /R 

PhN=C’ I 1  
R’ ‘ 0-c Br AgCN 0 

\ 

c--- /R 
PhN=C, 

I I  X = Br. I N=C 

1 R = alkyl/ aryl 

R-C, +o 
N=C 

(1 3) 
SCHEME 1 

RO (1 3) 
A K N  

R = Me. Ac 
X = OMe. OAc. H. Br. CI 

Br 

Songstad and coworkers34 have shown that by applying onium dicyanoargentates 
instead of silver cyanide, alkyl isocyanides can be obtained in high yields (equation 
14). Under these conditions, acyl halides and aryl halides have been found to be 
completely unreactive. This synthetic method is useful only for diphenyl and triphenyl 
carbinyl halides. 

RX + Me4N+ Ag(CN),- - R-N=C + Me,N+ A g X z  (14) 

4. Miscellaneous methods 

Hofle and L a r ~ g e ~ ~  have reported a novel ‘reagent-free’ isocyanide synthesis. The 
starting materials for their method are the 5-alkyl(aryl)aminotetrazoles 15 which are 
readily prepared from 5-aminotetrazole or monosubstituted thioureas. Oxidation of 15 
leads to liberation of two moles of nitrogen and one mole of isocyanide (equation 15). 

(1 5 )  

An hitherto unknown class of heteroaryl isocyanides becomes readily accessible 
from nitroso compounds by using the Wentrup method36. The important feature of 
this procedure is that the thermal decomposition of 4-iminoisoxazolones 16 leads to a 
pure product and utilizes a very simple experimental procedure (equation 16). 

Recently, exploitation of transition metal complexes for the synthesis of novel 
isocyanides within such metal complexes have been reported. For example, the 
reactions of isocyanide dichlorides with metal complexes have opened up a general 
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Ph Ph N-R 

- co2 
a0 +RN=O 

(1 6) 

R = O N A M e  ‘Me , 0’ yMe N/N\Me , R3 /@’ 
I I 
Ph R 2  

route to isocyanide complexes (equation 17)37b as has the reaction between amines 
and Fe(1r)-dichlorocarbene complex (equation 1 8)37a. 

Na2Cr(C0)5 + R-N=C, - Cr (CO)&=N- R (1 7) 
/C’ 

CI 

R = CGH,, 3 Ph 9 COPh, S02Ph 

TPPFe” (:CC12) + 2 RNH2 - TPPFe(RNH,)(RN=C) (18) 

TPP = tetraphenylporphyrin 

Simonneaux and coworkers38 have prepared a series of various N-functionalized 
isocyanides as chromium and manganese complexes. Their reaction scheme (equation 
19) involves electrophilic attack of acyl halides on metal cyanide ions. Fehlhammer and 

I I  
0 

KC N 
hw 

___t 

0 0 

Dege139 have prepared a-tetrahydrofuranyl and di- or tri-chloromethyl isocyanide 
complexes by the thermolysis of arenediazonium pentacarbonylcyano-SA metalates in 
THF and di- or tri-chloromethane solvent (equation 20). 

M(C0)5C=NR + N2 + ArH (20) 
THF CH2CIz 

or CHC13 
[ArN2+] [M(C0)5CN] 

M = Cr, Mo,W 

Although photochemical reactions of isocyanides are rare, there are several reports 
of formation of isocyanides under photolytic conditions. According to Boyer and 
~ol laborators~~,  photodissociation of formimidoyl cyanide produces the corresponding 
N-alkyl isocyanide (equation 21). Similarly, irradiation of 17 produces isocyanides in 

(21) R-N=CH-CN - R-N=C + HCN 
hw 
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Bu-t 
I 

good yields (equation 22)41. In the photochemical rearrangement of indoxazene to 
benzoxazole, isocyanide 18 has been identified as an intermediate (equation 23)42. 

VI. REACTIONS QF ISOCYANIDES 

1. General reactions 

The reverse reaction of the formation of isocyanides from N-monosubstituted 
formamide has been cleverly used by many workers (equation 24). Isocyanides have 

RNHCHO R-NN=C+H,O (24) 

been employed as activating reagents for carboxylic acids in the formation of esters 
and amides (equation 25)43. Here, the function of isocyanide is an acceptor of the 

R’COOH + R ~ - N = c  - 
R1COOR3 + R2NHCH0 

(25) 
R’COO’ 

R’CONHR3 + R2NHCH0 

water molecule produced in the reaction. A recently reported phosphorylation 
procedure utilizes cyclohexyl isocyanide as an activator of phosphates in a way similar 
to dicyclohexylcarbodiimide (equation 26)44. The dehydrating property of isocyanide 

(26) 
I 
0- 

has been used in the rearrangement of isocyanopeptides 19 to give 20 (equation 27)45. 
Mizuno and K o b a y a ~ h i ~ ~  have reported a novel reaction involving 2-formylpyridine 
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MezCH!, 

NHZ I 

12cH\ 
N"2 
I 

N+ + \  
H 'CH-C 

I I 
N \  '0 's - 

C -CHz 
II  \ 

I 
H I (27) 

+ NH2 

C 
q" / I  

0 ,CH2 \ /c"2 0' ' P/C\ 

Me,CH, \ Me2CH, 
CH-C=N CH-C=N 

NH 

C 

0- 
I I 

H' H 

I - N y  

I 

0 
II 

Me2CH-CH-C-NHCH2C3N 
I 
I 
NH 

'C 
H' *O 

- + I  (20) 

0- 
I 

Me2CH- CH - C= NCH2CsNH 
I 
NH 
I 
C 
0 H' * 

N-oxide and an isocyanide to give 21 which we believe proceeds as depicted in 
equation (28). It is noteworthy to mention here that the first step in all the above 
reactions is the a addition of an appropriate reagent to the isocyanide moiety. 

The reaction of N-monosubstituted phthalimides with i~ocyanides~' results in the 
formation of new u adducts 22 (equation 29). Recently a variety of reactive free 
radicals have been shown to undergo a addition to the isocyanide carbon to form 
imidoyl radical 23. ESR spectroscopy has been used to study the structures and subse- 
quent transformations of 23j8. It has been observed that the imidoyl radical may 
abstract H- to form the product of a addition to the isocyanide (equation 30b) or it 
may cleave to yield a new radical R- and the cyanide (equation ~ O C ) ,  or if X = 0 or s, 
the radical Y- and oxidation products are produced (equation 30d). 

Russian workers49 have reported that perfluoromethacrylic acid derivatives react 
with cyclohexyl isocyanide to give exclusively 1 ,Caddition product 24 (equation 31), 
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0 
II Me0 

U c C C = N G  

+ \ O - J  

R-N=C + 
/ SR' f 

R-N=C, 

(22) 

/H 

XY 7- R-N=C' 

(29) 

X Y  = Ph 
R ' +  PWN (3W 

R-N=C=O + r-Bu' ( 3 W  

CF-C-COMe + N=C - (31) 
2- I 

II -3 

(24) 
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0 0 
I1 II CH -C-C-OMe + Me3CN=C - Me&-N=CH-CH=C-C-OMe 

I 
Me 

2- I 
Me 

(32) 

whereas the unfluorinated analogue gives the product 25 with t-butyl isoqanide 
(equation 32). 

Specific ortho formylation of secondary amines has been achieved by the use of 
isocyanides (equation 33)5". When R' = H formylation does not take place, but rather 
the aniline adds to the isocyano carbon giving an ci addition product 26. 

(25) 

1. BCI3 
2 R ~ N = C  I R ' = H  

NHCH=NR, a 
'N 

'R2 

(33) 
I 

1.' 

2. Cycloaddition reactions 

Isocyanides undergo [ 1 + 2]cycloaddition reactions with a variety of alkynes. Cyclo- 
propenimines have been postulated as intermediates in these reactions but they have 
been isolated only from those reactions involving electron-rich alkynes like 3,3,6,6- 
tetramethyl-1-thio-4cycloheptyne (27) or 1-diethylamino-1-propyne (28) (equation 
34)51. However, in the case, of electron-deficient alkynes like dimethyl acetylenedicar- 
boxylate and hexafluorobutyne, the initially formed cyclopropenimine intermediates 

Et 
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can undergo further reactions with either isocyanide or alkyne to give secondary 
productss2. For example, the cycloaddition reaction of 2,6-dimethylphenyl isocyanide 
with dimethyl acetylenedicarboxylate produces products 29-32 in various amounts 
(equation 35). The proposed reaction scheme involves the initial addition of 

R-N=C + E-C-C-E 

/ 
Me 

E = C02Me (35) 

isocyanide across the triple bond to give 33 which can cyclize in a reversible manner to 
produce a cyclopropylimine or react further to give secondary products, 29-32 (equa- 
tion 36). Isocyanides have also been observed to react with cyclopropenes to give 

RN=C + E-C-C-E 

R 

RN=C 

RN =C 
-30 

31 

I E-CEC-E I 
33 

29- 
32 

vinylketenimines 34 by nucleophilic ring-cleavage (equation 37)53. In contrast, re- 
actions of isocyanides with cyclopropenone 35 or cyclobutenedione 36 produce ring- 
expanded products (equation 38) in good yields5j. However, different types of products 
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(37) 

phxo R - - ; ; C + o V  . R N = C  

N H R  ph (38) 

N 
Ph 0 

(36) 'R (35) 

are obtained from the reaction of phenyl isocyanide with heterocyclic 2,3-diones 
(equation 39)55. Isocyanides have been observed to undergo 1,3-~ycloaddition reactions 

0 
II 

0 
I1 

+PhN=C - Ph/k*=N-Ph 

Ph Ph 0 

R (39) R 

0 
0 
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-0 0-C=N--R 

(41) 
I I I  

t -Bu-Y=CHBu- t  + RN=G - t-Bu-N-CHBu- t  

(38) 

with aziridines and amine-N-oxides to give 37 (equation 40) and 38 (equation 41) 
respectivelys6. Although theoretical calculations favour 1 ,4-cycloaddition of  a diene 
with an isocyanide, so far experimental attempts to observe this type of addition have 
failed57. 

3. Carbenoid reactions 
Under thermal isomerization conditions, 1-isocyano-2-phenylnaphthalene produces 

the corresponding cyanide, benzocycloheptindole 39 and benzophenanthridine 40. 
The formation of the latter two products represents the first example of thermal 
insertion of isocyano carbon into C-C and C-H bonds (equation 42)58. The reaction 

C 
I I  

N 

35% 3% 

(39) 

31% 

(40) 

of isocyanide with 41 under phase-transfer condition produces N- substituted 
acrylamides 42a providing evidence for the formation of alkadienylideneamine 42 
as the intermediate (equation 43)59. Japanese worked0  reported the formation of 

RN=C=C=C, 
Me 

Me\ ,OSO2CF3 KF 
RN=C + /C=C, n20rcn2ci2 

L Me SiMe3 

(43) 
/ Me 

RNH- C- CH=C\ 
Me 

(42a) 

ketenimines from the photochemical reactions of isocyanides with diazoalkanes 
(equation 44). 



20. Recent advances in isocyanide chemistry 85 1 

(44) 
hv 

RN=C + N2CPh2 RN=C=CPh2 + N2 

4. Oxidation 

isocyanides are oxidized to isocyanates in acetic acid in the presence of Hg(n), 
Tl(rrr) or Pb(rv) acetate through acetoxymetalation61. Thallium(1rr) nitrate trihydrate 
has been shown to react with isocyanides to give carbamates in high yield (equation 
45)62a. The redox reaction of isocyanides with amines in the presence of mercury salts 
gives carbodiimides and ureas (equations 46 and 47)62b. 

MeOH 
RN=C +TI(NO3I3 ~ 2 0 -  RNHC02Me (45) 

VlS. REACTlONS OF ISOCYANIDES WITH ORGANOMETAhLlC REAGENTS 

Organometallic reagents can undergo two types of reactions with isocyanides. If the 
isocyanide possesses an ci hydrogen atom the organometallic reagent will abstract the 
proton to produce an a-metalated isocyanide 43. The reactions of 43 have been 
extensively explored by Schollkopf and coworkers (equation 48)63. When the 

RCH2N=C + R’M - R-CHN=C + R’H (48) 
I 

M 

(43) 

isocyanide does not possess u hydrogen atoms, then dr addition to the isocyanide occurs 
to yield a metalloaldimine 44 (equation 49). The chemistry of 44 has been investigated 
mainly by Walborsky and  coworker^^^. 

A. a-Addition 

1. Preparation and reactions of rnetal l~aldirnines~~~ 

Metalloaldimines (44) can be conveniently prepared by either the addition of 
organolithium or  Grignard reagents with the former being the reagent of choice. 
Although in principle any aryl or  r-alkyl isocyanide can be used the most convenient 
one is 1,1,3,3-tetramethylbutyl isocyanide (TMBI) owing to the ease of preparation, 
low cost and the pleasant observation that it is not offensively m a l o d o r o u ~ ~ ~ .  Thus 
TMBI reacts with any lithium reagent (R-Li+) as long as the conjugate acid of R- has 
a pK, > 30. Therefore all primary, secondary and tertiary aliphatic lithium reagents 
react rapidly to produce excellent yields of the metalloaldimine Aromatic 
organolithium reagents react to a varying degree but usually not greater than 50%. 
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Attempts to react anions generated from carbon acids with pK, <30 resulted in no a 
addition. Thus allyl- and benzyl-lithium, sodium acetylide and sodium malonate gave 
no reaction with TMBI. However, intramolecular ring-closure reactions involving a 
addition of anions of active methylene compoiinds (pK, <30) or  metal alkoxides can 
occur. 

Metalloaldimines may be viewed as masked acyl carbanions. In contrast to the 
instability of the corresponding acyl carbanion, 44a is stable in solution. The reaction 
of Ma with a variety of reagents followed by hydrolysis of the irnine produced 
introduces the acyl moiety into the product (equation 50). Depending on the reagent 
used, one is able to prepare a variety of aldehydes (with H20),  ketones (with 
RX = MeJ, EtI, Me3SiC1, PhCH2Br, n-BuCHICHI, PhI, u- and P-NpBr, 
PhCECBr), a-hydroxy ketones (with ethylene and propylene oxides) and u-keto acids 
(with C 0 2 )  (equation 50). The reaction of 44a with vinyl, acetylenic and aromatic 

/ R  

I +O 
PhCH-C 

OH OH 

M e  M e  

(50) 
1. H 2 0  I I /R 1 .  c 0 2  /R  - o=c 

O Z c \ ~  2. H 3 0 ’  I I ~i 2. H3O+ ‘COOH 
/ R  - Me-C-CH2-C-N=C, 

1 . R ’ X  2 .  H 3 0 ‘  I 
halides involves initially a halogen-metal exchange followed by reaction of the newly 
formed lithium and imidoyl halide reagents (equation 51)64c. Noteworthy is that 
hydrolysis of $$a provides a simple and inexpensive synthesis of 1-deutero aldehydes 
(92% yield, 98% isotopic purity). 

0 
I !  

RCCZECPh ___) 
Me3CCH2CMe2N=C, /R 

CZZCPh 

Yamamoto and coworkers65 have reported that unsymmetrical ketones and trialkyl 
carbinols can also be obtained by the reaction of lithium aldimines with 
dialkylchloroboranes (equation 52). 
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Hirowatari and Walborsky66 have demonstrated that optically active amino acids 
can be obtained from an optically active isocyanide via lithium aldimine (equation 53). 

(R)-(+) VW-) 
A unique and versatile synthesis of 1- and 3-substituted indoles developed by Ito 

and coworkers6’ involves the intramolecular u addition of a lithium reagent to an 
isocyanide (equation 54). Extension of this reaction provides a convenient synthetic 
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method for the preparation of 3-acylindoles and 2-substituted indoles from 45 
(equation 5 5 ~ ) ~ ~ .  Attempted conversion of 45 to 3-acylindoles by means of butyllithium 
did not succeed. 

Walborsky and R ~ n m a n ~ ~  have observed that the reaction of phenyl isocyanide with 
r-butyllithium in the presence of N,N,N',N'-tetramethylethylenediamine (TMEDA) 
results in ci addition of the isocyano group followed by orrho lithiation of the benzene 
ring (equation 56). The reaction of 46 with Me1 and C02 produced o-toluidine and 

,Bu-t 

(56) 
TMEDA Li + 2 t-BuLi - 

(46) 

anthranilic acid respectively. This reaction provides a procedure for selective orrho 
alkylation of simple anilines (equation 57)@. Novel heterocyclic products are also 
obtained by treating 46 with a variety of dihalides MClz (equation 58)69. 

,Bu-r 

$ aNH2 (57) 

COOH MeGe 

(46) 

46 + MCI2 - 
M = S. PhP. PhGi. Me2% Me2Ge. Me2Sn 

2. Dissociation of metalloaldimines 

If R in 44 contains more than one aromatic ring (e.g. 47, R = CR2Ph2), the 
metaIloaldimine is unstable and dissociates (equation 59) to produce a cyanide and a 

R 2  = Ph, Me 
(47) 

(59) 

stabilized carbanion'O. This isocyanide-metal exchange reaction is best suited for the 
preparation of secondary and tertiary cyanides from the corresponding halides via 
Grignard or lithium reagent (equation 60). The significance of this reaction should be 
recognized from the fact that secondary and tertiary halides ordinarily do not give 
satisfactory yields of cyanides by the usual S N ~  displacement with cyanide ions. The 
use of triphenylmethyl isocyanide in the direct conversion of halides to nitriles is 

"\ AH 1.Mg or Li  
C 

R2/  \ 2.Ph3CN=C 
X 

(60) 
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comparable to the use of tosylmethyl isocyanide in the conversion of carbonyl 
compounds to cyanides (equation 61) (see Section VI1.C). 

Recently this reaction (equation 60) has been used for the preparation of a number 
of masked acyl cyanides from lithium dithianes7I. According t o  Periasamy and 
W a l b ~ r s k y ~ ~ ,  both relief of steric strain in 47 (steric effect) and formation of a 
stabilized carbanion (electronic effect) are the driving forces for the dissociation of 
metalloaldimines. This is consistent with the observation of Niznik and Walborsky in 
the reaction of 2,2-diphenyl-l-methylcyclopropyllithium (48) with various isocyanides 
to produce ring-expansion products. Here too, relief of steric strain and the formation 
of a stabilized carbanion are the driving forces for the three-membered ring-opening 
(equation 62)72. 

Li ' Me 
(48) (62) 

I 

The reactions of metalloaldimines with another molecule of organometallic reagent 
or  isocyanide have been observed. Pornet and M i g i n i a ~ ~ ~  have reported the 
preparation of symmetrically branched anilines from the reaction of 2.5-3 equivalents 
of various organometallic reagents with 1 equivalent of phenyl isocyanide. The 
feasibility of this reaction is believed to be due to the stabilization of the anion 49 by 

R = CH2CH=CH2. CHZCH=CHCH2CH3 

M = ZnBr. MgBr, Li 
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the benzene ring (equation 63). Ugi and F e t ~ e r ~ ~  noticed that the metalloaldimine 50 
reacted with cyclohexylisocyanide to give 51 in 24% yield (equation 64). 

(51) 

Although metalloaldimines are prepared by reacting an isocyanide with either an 
organolithium or a Grignard reagent, there are several examples of metalloaldimines 
obtained from the reaction of organqcopper and. zinc reagents (equation 65)73,75. 

+ Q p . N M e 2  c / C "  

I I  (65) 

B. a-Metalated lsocyanides 

Since their discovery in 1968, a-metalated isocyanides have proved to be versatile in 
their synthetic applications. Since excellent review articles have been published on this 
subject, we shall consider only selected recent examples to show the importance of this 
class of compounds in organic ~ y n t h e s i s ~ ~ . ~ ~ .  

I .  Aikyiation 

Chain-elongation of primary amines via an a-metalated isocyanide constitutes an 
important synthetic method for the preparation of amines which cannot be obtained 
otherwise or only with difficulty (equation 66). For example, tertiary cyclopentyl- and 
cyclopropyl-amines 52a, 52b and 1-pyridylalkylamine 53 are prepared from 
appropriate m-metalated i~ocyan ides~~ .  The reaction sequence followed by Bentley 
and coworkers78 in the preparation of 6-substituted penicillins, involves the alkylation 
of the anion of 6-isocyanopenicillin benzyl ester 54 with RX giving products 55a-c 
(equation 67). Under the same conditions benzyl acrylate provides the Michael 
addition product 55d and acetone gives 55e. 
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(a) R = CH,Ph (d) R = CHZCHZC02CH2Ph 

(b) R = CH2C02Me ,Me 

(C)  R = CH2COPh I 
(el R = C-Me 

OH 

. Alkylation of a-metalated a-isocyanoalkanoic esters followed by hydrolysis leads to 
the formation of longer-chain or a-branched amino acids. Examples are provided by 
the synthesis of a-methylphenylalanine (56) and a-methyldopa (57)79. The alkylation 
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of chiral isocyanoacetic esters with methyl iodide, using the ion-pair extraction 
method, has been investigated. (S)-(+)-Alanine was obtained in 48% optical purity 
using the chiral Corey ester (58) of isocyanoacetic acid (equation 68)80. a-Metalated 
isocyano esters generated by the reaction of 5-alkoxyoxazoles with n-butyllithium 
have been applied to the synthesis of dimethoxy-cr-methyldopa 59 (equation 69)81. 

OMe 

Me 
n-Buli x) Me-c-COOEt 2. n* 

Li + 

EtO 

OMe 
L NH2 

(59) 

According to a French patent82, 3-(methy1thio)propyl isocyanide (60) when treated 
with Et2C03 and NaH and the product hydrolysed, produces (+)-methionine 
(equation 70). Using a similar approach, a-phenylglycine can be synthesized by 
carboxylation of a-lithiobenzyl isocyanide with COz. 

COOEt 
NaH I 

Me-S-(CH2J2-CH2N=C Me-S- (CH2)2 -CHN=C - 
(70) 

EtzCO, 

(600) 
COOH 

Me- S- (CH212- CHNH2 
I 

a-Metalated isocyanides can be alkylated by epoxides, episulphides and oxetanes. A 
useful sedative and hypnotic 61 was prepared by treating methyl isocyanide with 
n- butyllithium in THF, followed by reaction withp-butylphenyl-2,3-epoxypropyl ether 
(equation 71)83. 

LiCH2NzC +p- t-  Bu-CC,H4-0-CH2-CH-CH2 - 0 
/ \  

OH N=C 
I I 

p -  ~-Bu-CC~H~-O-CH~-CH-CH*-CH~ 

i61 i (711 

2. Reactions with carbonyl compounds 

a-Metalated isocyanides readily react with aldehydes and ketones and depending on 
the work-up procedure can be made to yield either 2-oxazolines (62), P-isocyano 
alcohols (63), p-amino alcohols (64) or olefins (equation 72)"j'. 

The formation of 64 in combination with the Tiffeneau-Demyanov rearrangement 
leads to homologation of cyclic ketones (equation 73)76c. Bis(aminomethy1) compound 
65, not accessible by conventional methods from its diketone precursor, is obtained in 
good yield by the addition of isocyanomethyllithium to the d i k e t ~ n e ~ ~  (equation 74). 



20. Recent advances in isocyanide chemistry 859 

N=C 
I 
I 
R 2  

R'-C- Mf 

+ ___) 

c=o R3, 

R4' 

\ OH NGC 
I 1  

R3-C-C--R' 
7 

I I  

R3-C- C-R' 
I I  

(W 

R4 R2 

The carbonyl olefination with a-metalated isocyanides is stereospecific as obserwd 
in the synthesis of isomer-free (all-trans)-p-carotene (equation 75)85. 

Vinyl isocyanides 67, which are difficultly obtained by conventional routes, are 
easily prepared by trapping 2-isocyanoalkoxides 66 with p-toluenesulphonyl chloride 
(TosC1) and subsequent base elimination of p- toluenesulphonic acid (equation 76). 

Vinyl isocyanides (67, R1 = H) react with butyllithium to yield the corresponding 
1-lithio-1-alkenyl isocyanide and not the a-addition product. Subsequent reaction of 
the lithium reagent with electrophilic reagents leads to a variety of products (equation 
77)86. 
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Syntheses of u-hydroxyamino acids 68 and 68a and DL-dopa 69 have been 
accomplished by the reaction of a-isocyanoacetic acid derivatives with aldehydes 
(equations 78 and 79)87a+. 

Condensation of methyl isocyanoacetate with substituted pyrrole-2-carbox- 
aldehyde using 1 ,8-diazabicyclo[ 5.4.01 undecene-7 (DBU) yields methyl pyrollo- 
[ 1,2-c]pyrirnidine-3-carboxylate in SO-70% yield87d. The ring-closure is believed to 
proceed through a vinyl isocyanide intermediate (equation 80). 

HCI - 0 
II 

R-C/=” + H2N-C-CH2-N=C 
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/ o  
R-CH-CHC” (78) 

1 I ‘OH 
OH NH2 
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3. Reactions with acylating compounds 

The u-isocyano ketones 70 obtained by acylation of u-metalated isocyanides 
undergo various subsequent reactions depending on the nature of the substituents R', 
R2 and R3 (equation 81). As 8n example, the reaction of methyl a-isocyanoacetate 

(70) 

(R' = H, R2 = C02Me) with aromatic acid chlorides affords oxazoles 71 in good yields 
(equation 82). 
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The oxazole compounds 71 can be readily converted into aroylamino acid 
derivatives and the corresponding a-amino ketones (equation 83)88. When R in 71 is 

0 
6 N  HCI 

CH$JH,CI- - 6 h  

R I 
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(71) 

3h 3N HCI 2N HCI R =  2 - 0 ~ ~  

OH 
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@+y-c- R R 

the 2-acetoxy group, then acid hydrolysis of 71 leads to a convenient synthesis of 
3-amino-4-hydroxycoumarin derivatives 7289. Acylation of a-monoalkyl-substituted 
a-isocyanoalkanoic esters with aroyl chlorides, followed by hydrogenation and acid 
hydrolysis, yields the hydrochloride salts of a-alkylated f3-ring-substituted phenylserine 
methyl esters 7387b. 

R’ .. 
‘ 4  0 

OMe 
R* OH NH3CI- 
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Oxazoles can also be prepared by acylating a-metalated isocyanides with 
anhydrides. The decomposition of lithiated ethyl isocyanoacetate yields oxazole 75, by 
way of ethyl 2,4-diisocyanoacetoacetate 74 (equation 84). Reaction of 75 with lithiated 

H 
/ 

N=C N=C 

2 Li' -CHCOOEt I - [C=N-CH,-C-CHCOOEt] I - i='& (84) 

0 II y=c( 
EtOOC CH,N=C (74) 

(75) 

ethyl isocyanoacetate produces 76 which further reacts to give 77 (equation 85)90 In a 
similar manner, a variety of heterocyclic compounds have been prepared by reacting 
a-metalated isocyanides with azomethines, nitriles, imidoyl chlorides, dithioacid 
esters, thio ketones, carbon disulphide, isothiocyanides, isocyanates, carbodiimides, 
nitrones, azides and nitrile oxides76. 

H 
\ COOEt 

N=C C I - l*o>-E 
I Hh=!?$- c v y  

\ 75 + Li' -CHCOOEt - 
(85) 'WC, N 

b+ 
\' 
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(76) 
7-0 

( 7 7 )  H 

4. Addition to activated olefins 

a-Metalated isocyanides undergo Michael addition to a number of activated olefins. 
Glutamic acid derivatives are obtained when ethyl isocyanoacetate is reacted with 
acrylic esters and nitriles (equation 86). If the adduct 78 is heated with sodium 
ethoxide, cyclization to 1- or 2-pyrrolidines takes place (equation 87). Pyrrolidines 79 
and 80 are obtained directly if CuO is used as catalyst123. If the pyrrolidine ring 
contains substituents that can be readily eliminated under the reaction conditions, 
then elimination and aromatization leads to pyrrole derivatives. Thus Matsumoto and 

c \ m\ 
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COOEt E tOO6 
X = COOEt, CEEN c 

Me 
//" 

N 
\ I 
/ CH-CH-CH2-X (86) 

EtOOC 
( 7 8 )  



864 H. M. Walborsky and M. P. Periasamy 

78 

- 

&\ / H  
N ? \ X  

- 0 E t  
3 

C- H H-C- 

Me 

I 

I 
EtOOC 

I 

iH+ 
H 
I 

H 
I 

4.c .> 
N C- 

I 
C- 

I 
H-C- 

I 
Me 

I 
EtOOC 

I.+ 
H 
I 

X 

H 

c 
H-N/ *c-x 

I I 

(87) 

H-C- C-H H-C- C-H 
I I 

EtOOC Me 
I 

Me 
I 

EtOOC 

(79) (80) 

coworkersg1 have synthesized 3-substituted pyrroles by the reaction of 
isocyanoacetates with aldehydes in the presence of DBU (equation 88). The above 

\ 
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reaction is an example of Michael addition of an isocyano carbanion to 
2-isocyanoacrylic ester 81. Similar additions of Grignard reagents and sodium diethyl 
malonate to 81 are also known (equation 89)92. 

R3 
,N=C I 

+ R3MgX - R’-C-CHCOOR (89) 
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5. Formylaminomethylenation of carbonyl compounds 

The reaction of a-rnetalated isocyanides possessing a strongly activating group X 
with carbonyl compounds gives N-(1-alkeny1)formamides 82 (equation 90). Since the 

H 
I 

KCHO l3’ \ / ,c=c\ 
R2 X 

(a) X =  C02R 

NHCHO 
(90) R ’ \  / 

__Q ,c=c, 
R2 X 

( c )  x = ‘Q . Q 
net result is the replacement of 0x0 oxygen by a formylamino methylene group, this 
reaction is called formylaminomethylenation. The  N-( 1-alkeny1)formamides 82 are 
very useful synthetic reagents. A one-step synthesis of l-oxo-l,2-dihydroisoquinolie 
derivatives has been achieved by the reaction of methyl 2-acylbenzoates with methyl 
isocyanoacetate o r  isocyanoacetamide using sodium hydride as the base93. The 
reaction involves the in sim formation of N-(1-alkeny1)formamide anion which cyclizes 
to yield the 1-0x0-1 ,Zhydroisoquinoline (equation 91). 

0 
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,N=C 

+ c\H2 
C- R2 

II R’ C-R2 0 
II 

‘R’ 
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(91) 
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When X in 82 is a carboethoxy group, these intermediates are easily transformed 
to a-keto esters, amino acids and a-isocyanoacrylic esters 81 (equation 92). The 

/N=C 
c=c\ COClp R’ \ 

R 2  ’(81a) COOEt 

(92) / NHCHB R~-CH-C, 40 
+/c=c\ COOEt I COOEt 

R*  

R’ \ 

(82a) 

~ 1 - c ~ -  CH - COOH 
I I  2. Hf  

R2 NH2 

u-isocyanoacrylic esters have been utilized in the syntheses of l-isocyano-l-cyclopro- 
panecarboxylic acid esters and 5-substituted 2-thiazoline-4-carboxylic esters 83 
which are useful intermediates in the syntheses of penicillins (equation 93). The 
synthetic application of N-(1-toluenesulphonyl-1-alkeny1)formamides in chain- 
elongation of keiones are described in the next section. 

R’ \ ,COOEt 0 I 

R~-C-C-H H ~ S  R’ \  /N=C Me2S=CH2 
c- ,c=c, - R’ N=C 

R 2  COOEt R 2 / v C O O E t  (93) 
I \  

S\/N 
I 
A 
(83) 

N-[ 1-(3- and 4-Pyridyl)-l-alkenyl]formamides 82b yield upon hydrolysis 3- and 
4-acylpyridines which are otherwise accessible only with difficulty (equation 94)94. 

(82b) 

0 
I I  

0 0- P(OEt)2 
R’,I I 

C-CHN=C - II - R’\  
(EtO),P-CHN=C + /C=O - 

R 2  R2’ 
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The reaction between diethyl isocyanomethanephosphate and carbonyl compounds 
does not result in formylaminomethylenation, but instead produces vinyl isocyanides 
following Wittig olefination (equation 95). This observation has been made use of in 
the synthesis of an analogue of isoxanthocillin Ma. The diisocyanide 84b has been 
synthesized from a-isocyanophenylmethane phosphate and glyoxal (equation 96). 

(a) X = OH 
(b) X = H 

The a-metalation reactions of a,o-alkyl diisocyanides C=N-(CH2)n-N=C 
(n = 2, 3, 4) 85a-c have recently been studiedg5. An interesting observation is that 
1 ,2-diisocyanoethane 8% reacted with 2 equivalents of n-BuLi to give 
l,l-dilithio-l,2-diisocyanoethane 86 (equation 97), whereas 8% produced 
1,4-dilithio- 1 ,4-diisocyanobutane 87 (equation 98). 

Li 

Li 

I 
(97) 

2. n-BuLi C=N-CH2-C-N=C 
C=N-CH2-CH2-N=C -1Oo~C * 

(853) (86) 

2 n-Buti 
C=N-CH2CH2CH2CHpN=C - 

C=N-CH -CH ,-CH 2-CH - N=C (98) I 
Li 

1 
Li 

(87) 

C. Tosylmethyl lsocyanide 
p-Toluenesulphonylmethyl isocyanide (TosMIC) 88 is an important stable and 

odourless synthetic organic synthon. The syntheses and reactions have been explored 

TOSH + CH2O + HCONH, - TosCH~NHCHO 
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by Van Leusen's gr0up96-100. It can be synthesized by two different procedures. The 
main route involves a Mannich reaction, followed by dehydration of N-tosylmethyl 
formamide (equation 99). Alternatively, a-lithiomethyl isocyanide can be 
sulphonylated with tosyl fluoride. 

7. Reactions of TosMlC 

TosMIC undergoes a wide variety of reactions revealing its diversified synthetic 
applications in organic chemistry. TosMIC can be selectively alkylated to mono- or 
di-substituted productsg7. Acid treatment of dialkylated TosMIC provides a new 
synthesis of ketones as exemplified by the preparation of cyclobutanone (89) 
(equation 1 OO)98. Reaction of monosubstituted TosMIC with acid chloride followed 

(89) 

by acid treatment yields u-diketones 90 (equation 101). It can be seen that, in both 
reactions, TosMIC acts as a masked formaldehyde reagentg9. 

Tos 0 0 0  

(101) 

wo) I 
N=C 

By a proper choice of conditions, i.e. 1,2-dimethoxyethane(DME)-t-butoxide, 
tetrahydrofuran-t-butoxide, methanol-potassium carbonate or ethanol-thallium 
ethoxide, the reaction of TosMIC with ketones can lead exclusively to 91,92,93 or 94. 
This reaction scheme allows conversion of a carbonyl compound into the next higher 
cyanide, carboxylic acid or u-hydroxy aldehyde (Scheme 2) loo. 14C labelling 

1- I II H30+ II It 
R' 
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R 2  

0- CH 
TlOEt R' \ 1 H30+ 
MeOH __c c R'--C-CHO 

R2' / I1 
1 

TosCH~N=C 

R2"C-N * K2C03 6 C-N 
/ \  

H OEt 

(93) 

Mew II 
R'Jr 

/ \  
H Tos R l N C \ R 2  

(91) 

(94) 

SCHEME 2 
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experiments have shown that the nitrile carbon in 92 originates from the methylene 
group of TosMIC. This reductive cyanation method has been widely used in the 
syntheses of many new nonsteroidal antiinflammatory agents and alkaloids101. 
Extension of this reaction to aldehydes was made possible by a slight modification of 
the ketone-cyanide conversion procedure (equation 102)102. u-Hydroxy ketones are 

1. t-EuO-. -5O'C 4 O  DME.  I h R-C,H + TosCH~N=C (102) * RCH,CZN 
2. MeOH 

the products from the reaction of aldehydes with monosubstituted TosMIC and the 
reaction is called reductive acylation (equation 1O3)lo3. According to the scheme 

Tos 

0 
II 

R2CH -C- R' (1 03) 
I 
OH 

developed by Barton and coworkers'@' the formation of intermediate 94a is the key 
step in the synthesis of pharmaceutically useful koquinoline alkaloids (equation 104). 

0 

K+ 
+ TOSCHN=C - 

Me0 Meo 

,NHCHO 

Tos 
- - isoquinolines (104) Meo6c=c\ M e 0  (94a) 

2. Synthesis of heterocycles 

The reaction of TosMIC with aldehydes provides an extremely simple method for 
the synthesis of oxazoles 95 (equation 105). The unique feature of this, as well as other 
related heterocyclic synthetic methods, is that the 2-position of the ring is 
unsubstitutedImC. The sulphonyl group of TosMIC plays an important role, in that it 
activates the adjacent methylene group without participating directly in the reaction. 
In most cases it is easily removed from the final product. The overall result is the 
cycloaddition of the CH,-N=C moiety of TosMIC as a -CH-N=CH unit to the 
substrate. 

A new efficient route to benzylisoqcinoline alkaloids is based on the formation of 
oxazoles from readily available alkoxy-substituted benzaldehydes and TosMIC 
(equation 1O6)lo5. 
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Base-induced cycloaddition of TosMIC to aldimines gives 1,5-disubstituted 
imidazoles 96 which are otherwise more difficultly obtained (equation 107) lo6. 

TosCH~N=C + R1CH=N-R2 - 
MeOH 

(1 07)  

The transfer of the CH-N=C unit of TosMIC to the double bonc. o Michael 
acceptors results in the formation of pyrroles as shown in the synthesis of verrucarin 
(97), a secondary metabolite of the soil fungus Myrothecium verrucaria, (equation 
108)"37a. A special characteristic of this pyrrole synthesis is that it leaves the positions 
1,2 (and 5 )  of the ring unsubstituted. In addition, 2-unsubstituted 3-acylpyrroles are 
not readily accessible by conventional methods since Friedel-Crafts acylation occurs 
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0 
It 1. NaH 

TosCH2N=C + PhCH20CH2CH= CHCMe - 
2. HzIPd (1 08) 

I 
H 

(97) 

preferentially in the 2-position. The Michael acceptors thus far used in the pyrrole 
synthesis include a,p-unsaturated ketones, esters, nitriles and acetylenic esters'07c. 
From the reaction of 1 ,Zdiazepines with TosMIC, pyrrolodiazepines 98 are obtained 
in good yields (equation 109)'Os. 

T J - Y  (1 09) 

Q-Y + TosCH2N=C - NaH. DME H-N, 
- 35% 

R R 

(98) 
R = Me 
Y = COOR, COR 

In a similar manner, synthesis of triazoles, pyridimidines and 4-tosyl-substituted 
imidazoles and oxazoles have been reported'09. Thiomethyl isocyanides 99 have been 
prepared and their reactivity is found to be similar to that of TosMIC (equation 110) 

for the synthesis of thioimidazoles 1,5-Disubstituted imidazoles 102 are 
obtained in high yields by the reaction of 101 with primary aliphatic amines including 
ammonia (equation 11 1)Iood. 

Me 

(101) (102) 

Tos Tos, 

( ~ - B U ) ~ N +  Br- 
TosCH2NZC + CS2 * 

OH- 

EX = R X ,  RCOX 
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1,S-Thiazoles can be prepared by reaction of TosMIC with carbon disulphide under 
phase-transfer conditions. Acylation or alkylation of the tetrabutylammonium salt that 
is formed gives high yields of the desired products (equation l12)loga. 

VIII. STEREOCHEMISTRY OF a-METALATED ISOCYANIDES 

Although the chemistry of a-metalated isocyanides had been actively explored, the 
nature of the isocyano group as a substituent in the formation of a-isocyano carbanions 
had until recently not been established. It was widely assumed that the inductive 
stabilization by the dipole of the isocyano group was important in the formation of 
a-metalated isocyanides. To gain more information on this subject, Periasamy and 
Walborskylll studied the a-metalation reactions of optically active isocyanides 103 and 
1-phenyl-2-isocyanopropane. They observed that the 1-isocyanocyclopropyllithium 
104 obtained by the reaction of 103 with lithium diisopropylamide at -72°C in THF 
was configurationally stable (equation 11 3). The stereochemical stability of 104 was 

(+)-(S)-(l03) (104) 

(+)-(S) 
Optical purity = 98% 

Deuterium content = 98% 

unaffected by a change in gegenion, by a change in solvent or by the presence of crown 
ethers, triglyme and hexamethylphosphorus triamide (HMPA). However, as the 
reaction temperature is raised, there was a gradual loss of optical activity and at 
- 5 "C 104 was essentially racemized. In contrast, the 1-isocyanocyclopropylcopper 
reagent 106 was configurationally stable at ambient temperatures (equation 1 14)l12. 

(106) (+)-(S) (1 14) 

Optical purity = 98% 
Deuterium content = 90% 

Based on these results, it was concluded that the isocyano group does not act as a 
delocalizing substituent but behaves as an electron-withdrawing group acting largely 
through an inductive effect. This conclusion is supported by MO cal~ulations'~ on 
various isocyanides and by the positive CT+ value found for the isocyano groupli3. In 
agreement, Schollkopf and coworkers' l4 have reported that 1 -1ithio-2-phenylcyclo- 
propyl isocyanide does not undergo &--trans isomerization and is therefore configura- 
tionally stable (equation 115). However, it should be noted that acyclic chiral 
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isocyanides, (-)-(R)-l-pheny1-2-iso~yanopropane*~~ and (+)-a-phenylethyl 
isocyanide' l5 completely racemize upon treatment with base. 

By contrast to the isocyanide 103, the isomeric chiral l-methyl-2,2-diphenyl- 
cyclopropyl cyanide completely racemizes under conditions identical to those in 
which the isocyanide maintains its configuration (equation 1 16)'16. 

IX. ISQCYANIDE REDUCTlQNS 
The reductive deamination of an amine to the corresponding hydrocarbon by way of 
the isocyanide (equation 117) has recently received attention. Niznik and 

R-NH, - R - N = C  R-H (1 17) 

Walborsky"' investigated the mechanism of dissolved metal reduction by employing 
chiral isocyanides 105 and 107. Sodium naphthalide reduction of 105 yields the 
corresponding hydrocarbon with a maximum optical purity of 13% and with overall 
retention of configuration (equation 11 8). Under identical conditions 107 produces 
completely a racemic hydrocarbon (equation 119). Although the stereochemical 
results are disappointing, the reaction gives quantitative yields of reduction product 
and therefore provides an attractive means for deamination. The extensive 
racemization observed is believed to be due to the free-radical nature of the 
reaction"'. 

Ph +:c + Na+ my * P h b ;  ("8) 

Ph 

Ph 

(+ ) - (R)  (+) - (S) -  OQ5) 

Me 
+ Na+ my - Ph-CH-Et (1 19) 

I 
Et' \N=C Me 

(-1 - ( S  1- (1 07 1 ( 5 )  

Saegusa, Ito and coworkers118h have shown that tri-n-butyltin hydride is an effective 
reducing agent for isocyanides. Recently John and coworkers118a reported a 
stereoselective synthesis of 6-alkylpenicillinates (188) from 6-a-alkyl-6-P-isocyano- 
penicillates (equation 120). Barton and  coworker^"^ have also used a similar strategy 
(equation 117) to deaminate amino acid ester, steroidal amines, glucosamine and 

(55) (108) 
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hydrocarbon amines by converting them to isocyanides followed by reduction with 
tri-n-butyltin hydride. The inversion observed in the conversion of 55 to 108 is 
probably due to the intermediate radical reacting from the least hindered side of the 
molecule. 

X. ISOCYANIDE-CYANIDE REARRANGEMENT 

Casanova and coworkerslZoe have shown that the unimolecular first-order thermal 
isocyanide to cyanide rearrangement proceeds with retention of stereochemical 
integrity at the migrating secondary carbon atom (equations 121 and 122). The lack of 
carbon skeleton rearrangement in the isomerization of cyclobutyl isocyanide (equation 
123) and the low sensitivity of the reaction rate to variation inpara-substituents in aryl 
isocyanides support the suggestion of a synchronous bond-breaking and bond-making 
of the migrating group and that little charge separation develops in the transition state. 

P. . .  . .  . .  
R-N=C N=C - N=C-R (121) 

p C H 2 C - N  + CH2=CHCH2CH2C=N 

(123) 

Yamada and coworkerslZoa-d have extended the isomerization reaction to include 
isocyanides in which the isocyano moiety is attached to a tertiary carbon atom. The 
thermal isomerization of (S)-(+)-l-phenyl-2-methyl-2-isocyanobutane in refluxing 
diphenyl ether (280°C) yielded the isomeric cyanide in 86% yield and with 90% 
retention of configuration (equation 124), a result consistent with the findings of 
Casanova. 

However, when the migrating carbon atom contains delocalizing groups such as 
carbomethoxy or phenyl then the stereochemical results are markedly different. The 
rearrangement of ethyl (R)-(+)-2-methyl-2-isocyano-3-phenylpropionate (109) in 
diphenyl ether gave a 92% yield of the corresponding cyanide (110) but the retention 
of configuration was only 9% (equation 125). Similarly, (R)-(+)-2-phenyl-2- 
isocyanobutane in refluxing diphenyl ether produced the isomeric cyanide in low yield 
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(R)-(+)- (109) (S)-(+)-(llO) 

(21%) and low retention of configuration (19%). Moreover, three olefins were 
isolated from the reaction mixture (equation 126). 

Ph,, 

I 
Ph-0-Ph Meac,;\\\Ph c Ph% 

I 
9 

* [ ~~ -#I - Me-C-CCrN Me=-C-N=C 

Et Et 

Ph\ / H Ph, ,Me Ph\ ,c=c \ + ,c=c, + ,C=CH2 
Et Me Me M e  H 

35% 4% 28% 

The observed stereochemical results and the product distribution lead to the 
postulate of radical intermediates for the thermal isomerization reaction. In at least one 
case (equation 125) the intermediate radical postulated was trapped when quinone 
was added to the reaction mixture (equation 127). 

Me COOEt Q 
‘C/ 

I 
CH2 I 

(1 27) 
0 

- wo HO 
Ph Me CH2-Ph 

Aryl isocyanides have been shown to rearrange to cyanides when irradiated at 
254nm in methanol solutionlZ1. The use of aprotic solvents inhibits the reaction. 
Infrared laser-induced isomerization of methyl and ethyl isocyanides have been 
observed122. 

X1. METAL-ISOCYAWIDE COMPLEXES 

Recently, a number of synthetic applications of metal-isocyanide complexes have 
been discovered. Saegusa and his have reported that CU(I), Ag(I) and 
AU(III) salts catalysed the ci addition reactions of isocyanides with amines, alcohols, 
thiols, phosphines and silanes producing formimidoyl derivatives in high yields 
(‘formimidoylation reaction’) (equation 128). However the ci addition of perfluoro- 
alkyl iodides to isocyanides is said to be catalysed only by copper powder124. 
Extension of the formimidoylation reaction provides a new and versatile method for 
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n = 1, Q = 0, S ; n  = 2, Q = N, P ; n  = 3, Q = Si 

heterocycle synthesis which involves Ag(I)-, CU(I)- and Pd(I1)-catalysed cyclization of 
isocyanides with diamines, amino alcohols and amino thiols. It has been established 
that both reactions (equations 128 and 129) involve the heteroatom-substituted 

RN=C + HZN-(CH,),--Q-H - ('c"'n] + RNH2 (129) 
N Q 

*CH' 
0 = 0. S, NH 

carbene-metal as the key intermediate. For example, the carbene-coordinated 
palladium(x1) complexes 111 have been isolated from the reaction of p-amino alcohols 
with a t-butyl isocyanide complex of Pd"Cl2 (equation 130). Similar 

carbene-palladium complex intermediates obtained from primary amines and 
isocyanides have been oxidized with Ag20 to yield symmetrical and unsymmetrical 
carbodiimides (equation 131) lZ5. Another way of preparing novel cyclic 

PdiiCIZ ,NHR' A g 2 0  
R'NH, + R-N=C - CIzPd" (RN=C) :C, - R'N=C=NR 

NHR' 
(131) 

carbene-palladium(I1) complexes is the 1,3-dipolar cycloaddition reaction of nitrile 
ylides and nitrilimines with palladium-coordinated isocyanides126 (equation 132). 

+ 

4 C+ II 

N 

Q 
NO2 

I 0 
C 

+ @  Me R 

(1 32) 
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A convenient synthesis of 3-imino-2-phenylindalhes from the azobenzene 
complexes of PdC12 and isocyanides have been reported’*’. The intermediate complex 
has been isolated and characterized (equation 133). 

Q 
N. 4 ... 

Pd-CI b X 

Q N 

A new synthesis of vinylketenimines (112) involves the reaction of allylic chlorides 
with an isocyanide in the presence of Pd1’(OAc)2 and 1,5-diazabicyclo[3.4.0]nonene-S 
(DBN) (equation 134) 123b. 

R2 R2 
I Pd “(0Ac l2 I 

R’CH=C-CH=C=N- Bu-t R1CH=CCH2CI + t-BuN=C DBN 

(112) (1 34) 

The reaction of active hydrogen compounds with copper(r) oxide-isocyanide or 
copper (0)-isocyailide coaplexes rcsults in the formation of organocopper(1)- 
isocyanide complexes 113 (equation 135) which have been used in the synthesis of 
a variety of compounds like 2-oxazolhes and 1-pyrrolines (equations 136 and 137). 

X’, X 2  = Halogen, -N=C, -C=N, COOR, COR. Ph 

R’ 
H I 
I R3 \ 

R2 

R~-C-N 
I \\ CUZO c=o R~-C-N=C + 

* R3\C C-H 
R4’ \O/ I R4’ 

( 136) 
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R', R 2  = Ph, COOR 

x', X2 = CN, COOR 

The Cu20-catalysed reactions of 114a and 114b represent a new synthetic method 
for 3-substituted indole derivatives (equation 138)123c. The catalytic action of 

H 
(114) 

(a) X = CN 

(b) X = COOMe 

copper(0)-isocyanide complex 115 was utilized in the transformation of 
gem-dibromccyclopropanes into the corresponding allenes 116 (equation 1 39)128. 

OAc 

(1 17) 

(118) 

According to a U.S. patent129, antiinflammatory agents 117 and 118 were prepared by 
Cu20-catalysed cycloaddition of C=N--CH(CH3)--COzEt to the appropriate 
pregn-16-ene derivatives. When X' is chlorine, the reaction of organocopper(1) 
complex 113a with electron-deficient alkenes produces cyclopropane derivatives 119 
(equation 140). In a similar manner, copper(o)-isocyanide complexes catalyse the 
formation of cyclopropane derivatives in the reaction of a,a-dichloro and 
a,a,a-trichloro compounds with electron-deficient alkenes (equation 141)123. 
Reactions of a substituted 1,3-diiodopropane with a#-unsaturated esters in the 
presence of Cu-t-butyl isocyanide produce cyclopentanecarboxylate derivatives 120 
(equation 142). The catalytic influence of Cu20-isocyanide complexes in the 
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(140) 
7 - dY X 2 \ C H C ~  (RN=CI,, + 

V 
CI' 

(113a) A2 

(119) 
X2 = Y = COOR. CN 

COOMe 
CC13CN + CH2=CHCOOMe CU-RN=C - (141) 

(1 42) 
CUO I-BuN=C / 

C=C\COOR 
oy" + ; 

CH21 

(120) COOR 

esterification of carboxylic acids and anhydrides with alkyl halides has been reported 
(equation 143)130. 

R3X 
* R'COOCu' (R2N=C) - R'COOR3 (143) 

cu *o. R ~ N  = c 
R'COOH 

Bis-n-ally1 nickel complexes have been shown to undergo insertion reactions with 
alkyl isocyanides to produce cyclic imines. Utilizing this reaction, Baker and 
 collaborator^'^^ synthesized (+)-muscone in good yield from 121 with t-butyl 
isocyanide (equation 144). Novel cycloaddition products are obtained from the 

Q)l+r-BuN=c - Q *Q (144) 

(1 21 1 
N B u - t  0 

reaction of isocyanides with diphenylacetylene in the presence of transition-metal 
complexes. For example, an equimolar mixture of 122 and diphenylacetylene 
(125) reacts to give diiminocyclobutene 123 (equation 145) and the reaction of 
isocyanide 124 with 125 in the presence of a palladium isocyanide complex 
gives an iminocyclopentadiene (equation 146) 132. However, the reaction of 
2,6-dimethylphenyl isocyanide with 126 yields133 3,4,5-tris(2,6-dimethylphenyl- 
imino)diphenylcyclopentene 127 (equation 147). In certain cases the reaction 
products are isolated as metal complexes. The reaction of diphenylacetylene with 

(RN=C),Ni + Ph-C3C-Ph - phHN-R 
Ph N-R 

(1 45) 

(1 22) (1 25) (1 23) 
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Ph Ph 

R-N=C + Ph-CEC-Ph  I PhN =C),PdCI, * Ph S P h  (1 46) 

R 
N’ 
II 

N-R 
PPh3 + RN=C R-N\C/C\c4 

c o  I I 
‘\Ph 

C= 

(1 27) 

Ph’ 

4 1  
/ \  

Ph-C=C-Ph 

(125) 

(147) 

’;“ cfiNBU-? 
.c+ 

% 
I c \  

Fe[C=N-Bu-tI5 + PhCrC-Ph - (t-BuN=CI3Fe::: I (1 48) 

Ph \ NBu-t 

(1 28) 

[Fe(cNBz~-t)~] produces iron complex 128 (equation 148) whose structure has been 
established by X-ray ~rystallography’~~. Similarly, the reaction of 129 with isocyanides 
yields cobalt complexes 130 in good yields (equation 149)’3s. It has been observed 

(129) 

i- R3N=C 

2 C6HllN=C 
Me 

M e  Me 

CsH,,N=C 
* 
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that the iminocyclopentzidiene ligand in these complexes is strongly coordinated to 
the cobalt in contrast to 127. The reaction of the AlBr3 o complex of tetramethyl 
cyclobutadiene with 1 and 2 moles of cyclohexylisocyanide yields 131 and 132 
respectively (equation 150)136. 

In this section emphasis has been focused on the synthetic aspects of isocyanide 
complexes. However a large number of new transition-metal isocyanide complexes 
have been prepared and review articles describing the chemistry of those complexes 
have appearedI3’. 

XII. POLYISOCYANIDES 
The pioneering work on polyisocyanides was carried out by Millich and an excellent 
review article summarizing the earlier results has been published 138. Polymerization of 
isocyanides can be initiated by the catalytic action of Lewis acids and protonic acids 
and by the decomposition of metallo-isocyanide complexes. Spontaneous 
polymerization and polymerization in the presence of ground glass have also been 
reported. According to Drenth and Nolte nickel(I1)-catalysed polymerization is the 
method of choice139. Based on elemental analysis and spectroscopic data, the structure 
of polyisocyanides has been shown to be 133. Therefore according to IUPAC rules, 
isocyanide polymers are named ‘poly(iminomethy1enes)’. 

Upon contact with acid or  heat, polyisocyanides are rearranged to polycyanides, 
poly(azoetheny1enes) (equation 15 1). From viscocity measurements, X-ray scattering 
and optical rotation data and molecular models, MilIich first proposed that 
polyisocyanides have rigid rod helical structures. In support of this Drenth and his 
workers were able to resolve poly(r-butyl isocyanide) by column chromatography, 
using poly( +)-s-butyl isocyanide and poly( -)-s-butyl isocyanide as the supporting 
medium, into fractions with (+) and (-) signs of optical activity140. 

H o+ 
3_ 

or 
heat 

The mechanism proposed by Drenth and coworkers for the homogeneous 
polymerization of isocyanides by nickel(I1) involves a merry-go-round sequence of 
ligand insertions at the reaction site (equation l52)I4’. The initiation step involves an 
attack on one of the four isocyanide ligands by a nucleophile, e.g. a chloride ion or 
an alcohol solvent, giving 135 in which the plane of the ligand C’(X)=N-R is 
approximately perpendicular to the plane of other carbons and nickel. Now in 135, 
carbon atom C’, due to its increased nucleophilicity, is capable of attacking a 
neighbouring isocyanide carbon. Such an attack is favoured when a new ligand 
C5=N--R from solution coordinates with 135 to form 136. In 136 C’ can attack either 
c2 or c4. When the isocyanide is achiral the attacks on C2. and c4 are of equal 
possibility although in 137 the attack has occurred on C2. Continuing the sequence of 
attack C’ on C2, C3 on C4 etc. in a merry-go-round manner, the polymer helix 138 



882 H. M. Walborsky and M. P. Periasamy 

R 
I 
N 
II 
c4 

3 Z 2 f  1 
RN=C-Ni-C=N-R 

(1 37) 

X- - 

slow 
c-- 

R 

M 
I 

RN=C5 I 
R 

N 
I 
II 
c5 

I 
R N 

R\ II N/ 
N.+ c // c\ :2>c 

Ni 
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grows downwards from the nickel plane. The probable polymerization termination 
could be either blocking of the circular sequence around nickel or attack on the 
tail-carbon of the chain by a proton. Based on steric effects and the ligand properties 
of RI, R2 and R3 groups, this mechanism will predict the screw sense of the 
polymers obtained in the nickel(@-catalysed reaction form a chiral isocyanide 

The combination of chirality and rigidity gives poly(iminomethylenes) major 
advantages in their use as solid polymeric support for anchoring homogenous catalysts. 
Future research work is expected to be focused on the application of polyisocyanides 
in enantioselective experiments. It is interesting to note that the poly(imin0- 
methylenes) can be viewed as masked poly(carbon monoxide) polymers. 

R'R2R3C-N=C142. 
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1. INTRODUCTION 

Since their discovery in 18581, aryldiazonium salts and their chemistry have been 
intensively investigated2-6. Today arenediazonium salts are well-known and versatile 
intermediates for the synthetic chemistry which is practised in both academic and 
industrial settings. Mechanisms of aryldiazonium salt reactions continue to receive 
attention for both practical and theoretical reasons. 

An exciting, recent development in this field is the discovery that arenediazonium 
ions can be complexed by polyethers. This complexation alters the spectral properties 
of the aryldiazonium ion and markedly modifies its reactivity. Polyethers are also 
employed as phase-transfer catalysts which allow reactions of aryldiazonium salts to be 
carried out in nonhydroxylic media. It is the purpose of this chapter to summarize the 
presently available information concerning the complexation of aryldiazonium salts by 
polyethers and the synthetic applications of this phenomenon. 

In many studies of aryldiazonium ion complexation, macrocyclic polyethers (crown 
ethers) are utilized. Therefore, a brief review of crown ether nomenclature is in order. 
The trivial naming system for crown ethers7 involves listing, in order: (1) Substituents 
on the polyether ring, (2) the number of atoms in the polyether ring, (3) the class name 
crown and (4) the number of oxygen atoms in the polyether ring. Thus, the crown 
ethers (l), (2), and (3) are dibenzo-18-crown-6, dicyclohexano-18-crown-6 and 18- 
crown-6, respectively. 
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II. DISCOVERY OF THE PHENOMENON 
Due to their ionic nature, aryldiazonium salts are usually insoluble in nonhydroxylic 
organic solvents of low polarity, such as chlorocarbons and hydrocarbons. Using 
Corey-Pauling-Koltun (CPK) molecular models, Gokel and Cram6 deduced that 
crown ethers might complex with aryldiazonium ions by insertion of the positively 
charged, rod-like diazonium group into the polar cavity of the macrocycle, as illus- 
trated in equation (1). These authors reasoned that the complexation would increase 

the lipophilicity of the aryldiazonium cation and thereby facilitate the dissolution of 
aryldiazonium salts in nonpolar organic solvents. 

In 1973, Gokel and Cram6 reported that substituted benzenediazonium tetrafluoro- 
borates can indeed be solubilized in deuteriochloroform by the use of certain crown 
ethers. Integration of the proton magnetic resonance (PMR) spectrum of a solution 
which results from contacting a CDC13 solution of binaphtho-20-crown-6 (5) with solid 
p-toluenediazonium tetrafluoroborate reveals that 0.9 mol of the diazonium salt 
is dissolved per mole of the crown ether. Under the same conditions, the open 
chain analogue 8 does not solubilize any p-toluenediazonium tetrafluoroborate. This 
suggests the possible requirement of a preformed polyether cavity in order for 
complexation to occur. 

(4) n = 3 (6) n -- 5 (8) 

(5) n = 4 ( 7 ) n = 6  

The influence of crown ether cavity size upon the complexation phenomenon has 
been investigated using p-toluenediazonium tetrafluoroborate and the binaphtho 
crown ether series of 4-7. For this series of macrocyclic compounds, the crown ether 
cavity diameters are estimated to be 2.2, 2.7, 3.7 and 5.6& respectively. The 
observed ratios of moles of diazonium salt solubilized per mole of binaphtho crown 
ether are 0, 0.9, 0.6 and 0.1 for 4-7, respectively. As estimated from the X-ray 
contour map of benzenediazonium chlorideg, the cylindrical diameter of the 
diazonium group is approximately 2.4 A. Therefore, the solubilization results indicate 
that a ratio of cation diameter to crown ether cavity of -0.8-0.9 produces the greatest 
complexation. Similar ratios have been noted for the complexation of alkali and 
alkaline earth cations by crown ethersi0. 

Further evidence for the insertion of the diazonium group ‘neck’ of the benzene- 
diazonium cation into the ‘collar’ of the crown ether1’ is provided by the observation 
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that binaphtho-20-crown-6 (5) solubilizes one mole of 3,4-dimethylbenzenediazonium 
tetrafluoroborate per mole of crown ether, but the corresponding 2,6-dimethyl- 
benzenediazonium salt is not measurably solubilized. For the latter diazonium ion, 
CPK models reveal that insertion of the diazonium group into the crown ether cavity 
would cause serious steric repulsions between the ortho methyl groups and the crown 
ether ring. 

Thus, the research of Gokel and Cram8J1 provides the first evidence for the com- 
plexation of aryldiazonium ions by crown ethers as well as an initial assessment of the 
structural requirements for the two complexing species. 

111. SOLID-STATE CQMPLEXES OF ARYLDIAZOMIU SALTS AND C R O W  
ETHERS 

a. I$olatlon 
Less than two years after Gokel and Cram8 had demonstrated the complexation of 

aryldiazonium tetrafluoroborates by crown ethers in solution, Haymore, Ibers and 
Meek12 reported the isolation of the first diazonium-salt-crown-ether complex. When 
acetone solutions of benzenediazonium hexafluorophosphate and the cis-unti-cis 
isomer of dicyclohexano-18-crown-6 (2) are combined and allowed to stand, large, 
well-formed prisms of the complex are deposited. Alternatively, the complex can be 
precipitated by a gradual addition of diethyl ether to the acetone solution of the two 
components. Correct elemental analysis for a one-to-one complex is obtained. 

Several complexes of benzenediazonium tetrafluoroborates with 18-crown-6 (3) 
have now been reported13J4. Although decomposition points of benzenediazonium 
salts are notoriously unreproducible, reasonable melting-point behaviour is observed 
for the complexes of p-bromo, p-r-butyl-, and p-chloro-benzenediazonium tetra- 
fluoroborates with 3. 

Diazodicyanoimidazole (9) apparently forms a one-to-one complex with 18-crown-6 
by complexation through the zwitterionic formI5. On the other hand, the complex of 
the potassium salt of diazocyclopentadiene-2-carboxylate (10) with dicyclohexano- 
18-crown-6 appears to involve complexation of the potassium ion rather than the 
diazonium groupl6. 

B. X-Ray DHfmctlon Structure 
Very recently, Haymore” has determined the structures of benzenediazonium 

tetrafluoroborate and of the 18-crown-6 complex of benzenediazonium hexafluoro- 
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20.8(3) 120.8(3 

6.5(3) 116.1(3 

1.420 (3) 

7(4) 116.4 

FIGURE 1. ORTEP drawings with measured bond angles and lengths for uncomplexed 
(left) and 18-crw~ii-5 complexed (right) benzenediazonium ion. Reproduced by courtesy 
of B. L. Haymore. 

LlGUFE 2. ORTEP drawing for the complex of benzenediazonium hexafluoro- 
phosphate with 18-crown-6. Reproduced by courtesy of B. L. Haymore. 
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phosphate by low-temperature X-ray diffractioc. The measured bond angles and 
lengths for the uncomplexed and complexed benzenediazonium ions are recorded on 
the ORTEP (Oak Ridge Temperature Elipsoid Plotting Program) drawings (Figure 
1). The structure of the 18-crown-6 complex of benzenediazonium ion is presented in 
Figure 2. 

Thus, the X-ray diffraction structure verifies the earlier conclusion (Section 11) that 
complexation involves insertion of the diazonium group into the crown ether cavity. 
The approximate plane formed by the crown ether o-xygens roughly bisects the N,-Np 
bond. Further insertion is prevented by steric repulsions between the orrho hydrogens 
of the benzenediazonium ion and methylene hydrogens of the crown ether ring. 

Comparison of the structural parameters for the complexed and uncomplexed 
benzenediazonium cation (Figure 1) reveals a linearity of the C(l)-N,-Np bond in 
both cases. However, both the Na-Np and C( l)-Na bonds are significantly shorter 
in the cornplexed diazonium ion. 

C. Molecular Orbital Calculations 
The interaction of aryldiazonium ions with crown ethers has been probed by Bartsch 

and &rsky18 using CND0/2 calculations. For the uncomplexed diazonium ion, the 
bond lengths and angles are taken to be those reported for the X-ray crystal structure 
of benzenediazonium chloride9. A complexing crown ether molecule is simulated by 
three dimethyl ether molecules which are symmetrically arranged about N i  of the 
benzenediazonium cation and oriented so they match the overall structure of 18- 
crown-6 in its complexed statelg. 

The results of the moleca!ar orbital calculations suggest that complexation of an 
aryldiazonium ion by an appropriate crown ether involves electrostatic rather than 
charge-transfer interactions. Comparison of the calculated Wiberg bond indices and 
atomic charges2* for the uncomplexed and complexed benzenediazonium ions indi- 
cates that upon complexation the multiplicities of both the C(1)-N, and Na-Np 
bonds increase. This prediction is consistent with the shortening of these bonds upon 
complexation which is noted in the X-ray diffraction studies (Section 1II.B). The 
calculations also predict that complexation increases the positive charges on N, and 
C(1), but reduces the amount of positive charge on Np 

D. Infrared Spectra 
When a complex of a crown ether and an aryldiazonium salt is formed as a solid and 

then mulled with Nujol, a single N G N  stretching absorption band is observed at a 

TABLE 1. Infrared spectra of uncomplexed and crown-ether-complexed benzenediazonium salts 
in the solid statea 

Complex 

~~ ~ 

Uncomplexed 
Complex diazonium salt Reference 

PhNzf PF6--2 2317 2285 12 
P - ~ - B U C ~ H ~ N ~ +  BF4-.3 2306 2277 13 
P - C I C ~ H ~ N ~ +  BF4-.3 2322 2297 14 
p-BrC6H4N2+ BF4-.3 2321 2295 14 

aTaken as Nujol mulls. 
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frequency which is different from that for the same vibration in the uncomplexed 
diazonium saltl2-I4 (Table 1). The occurrence of a single, new, absorption band re- 
veals that the complex does not revert to the uncomplexed diazonium salt and crown 
ether when it is suspended in Nujol. The observed increases in U N ~ N  for a benzene- 
diazonium ion upon complexation by a crown ether are unique'*. Complexation of 
aryldiazonium cations with other types of ligands produces diminished VN=N values'z. 

The increase in vNCN which results from complexation is consistent with the 
enhanced N,-N, bond order predicted by molecular orbital calculations (Section 
1II.C) and the observed N,-N, bond-shortening noted in the X-ray diffraction struc- 
tural studies (Section 1II.B). 

E. ESCASpectra 
Bohman and coworkersz1 have measured the ESCA spectra of p-t-butyl- 

benzenediazonium tetrafluoroborate and its complex with dibenzo-18-crown-6 

In contrast to the previously examined complexation of alkali metal cations by 
dibenz0-18-crown-6~~, the 01s  line (the two types of oxygen exhibit only a single 
ESCA line) shifts upon complexation with p-r-butylbenzenediazonium tetrafluoro- 
borate. This indicates the operation of different relaxation effects for complexed 
aryldiazonium and alkali metal cations. 

Two nonequivalent nitrogen peaks are observed in the N l s  spectra of both the 
uncomplexed and complexed diazonium salts. Simple resonance theory considerations 
of an uncomplexed benzenediazonium cation predicts that the carbon-bonded nitro- 
gen, N,, will be more positive than N,. It should be noted that a recent ab initio 
c a l c ~ l a t i o n ~ ~  for the ground state of a free benzenediazonium cation places the main 
positive charge on N,. However, such calculations often show large deviations for 
complex systems. Therefore, unless the positions of the two N l s  ESCA peaks are 
altered by relaxation effects, one expects N, to  have the higher binding energy. 

The binding energy difference between the nonequivalent nitrogens decreases from 
1.6 e V  to 1.2 eV upon complexation2'. The N l s  line at  403.3 e V  (interpreted as 
coming from N,) shifts by 0.5 eV towards higher binding energy, while the Nls line at 
404.9 eV (thought to arise from N,) remains almost constant. 

These results are anomalous since both simple resonance theory and the CND0/2 
calculations of Bartsch and &rsky'* (Section 1II.C) predict that the amount of posi- 
tive charge on N, should increase upon complexation. One explanation could be that 
due to unusual relaxation effects N, has a lower binding energy than N, in the uncom- 
plexed benzenediazonium ion. If this were the case, the observed binding energy shifts 
upon complexation would be consistent with the predicted changes in charge density. 

The ESCA spectra ofp-t-butylbenzenediazonium tetrafluoroborate and its complex 
with dibenzo-18-crown-6 are time-dependentZ1. After extended irradiation, the SPEC- 

trum for the uncomplexed diazonium ion exhibits another N l s  line in addition to the 
two original N l s  lines. The new line appears at  the expense of the two original 
nitrogen lines and is attributed to molecular nitrogen or some kind of symmetrical 
complex. In contrast, extended irradiation of the dibenzo-18-crown-6-complexed 
diazonium salt produces only a gradual disappearance of the two original N l s  lines. 

Comparison of the spectra obtained from the uncomplexed and complexed 
diazonium salts after 15 hours of irradiation shows that the complex decomposes more 
rapidly than does the uncomplexed diazonium salt. This result contrasts sharply with 
the stability enhancements which usually accompany the complexation of aryl- 
diazonium salts by crown ethers (Section V). 

(1)- 
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!\1. SPECTRAL STUDIES OF COMPLEXES OF ARYLDIAZONIUM SALTS AND 
CROWN ETHERS IN SQLUTlON 

A. Infrared Spectra 

Gokel, Petcavich and their  coworker^^^,^^ have investigated the effects of crown 
ether addition upon uN=N for benzenediazonium tetrafluoroborates in chlorocarbon 
solvents. Selected data are presented in Table 2. 

TABLE 2. Effect of 18-crown-6 upon the YNEN abso tion of benzenediazonium tetrafluoro- 
borates (p-XC6H4N2BF4) in chlorocarbon solvents 14,z 

" N E N  (cm-'> 

X Solvent No 18-crown-6 1 equiv. 18-crown-6 5 equiv. 18-crown-6 

t-BU CHC13 2272 2271(1)", 2308(1.4) 2308 
CH2C12 2270 2272(1), 2309(1.3) 2309 

Et CHC13 2270 2271(1), 2307(1.2) 2306 
CH2C12 2275 2270(1), 2309(1.5) 2310 

n-BuO CHC13 2245 2245(1), 2294(2.4) 2245', 2294 
c1 CHC13 - C 2280(1), 2314(2.4) 2314 

"Relative intensities of the two bands are given in parentheses. 
'The 2245 cm-' absorption appears as a weak shoulder. 
'In the absence of 18-crown-6 the diazonium salt is insoluble in chloroform. 

Addition of one equivalent of 18-crown-6 (3) to solutions of p-t-butyl-, p-n-butoxy-, 
and p-ethyl-benzenediazonium tetrafluoroborates in chloroform or dichloromethane 
gives rise to two u N S N  absorptions. One occurs at or near the position of the V N ~ N  

absorption which is observed in the absence of crown ether and a new peak appears in 
the range of 2300-2325 cm-'. Similarly, two VNEN bands are noted for chloroform- 
insolublep-chlorobenzenediazonium tetrafluoroborate in the presence of one equival- 
ent of 18-crown-6. For a solution of p-t-butylbenzenediazonium tetrafluoroborate in 
dichloromethane, addition of one equivalent of 12-crown-4 (whose cavity is too small 
to accommodate the diazonium group) neither alters the position of the free diazonium 
ion band nor produces any new band in the 2300-2325 cm-* region. Thus, these 
results demonstrate that the presence of one equivalent of an appropriately sized 
crown ether yields a mixture of the complexed and uncomplexed aryldiazonium ion 
species. In agreement with the observations made for the Nujol mull spectra of the 
solid-state complexes (Section III.D), Y N E N  is shifted to higher wave number values 
when a benzenediazonium salt becomes complexed by 18-crown-6 in a chlorocarbon 
solvent. 

Addition of five equivalents of 18-crown-6 converts p-t-butyl-, p-ethyl, and 
p-chloro-benzenediazonium tetrafluoroborates totally into the complexed form in 
chloroform and even in the more polar solvent dichloromethane. However, a small 
amount of uncomplexed p-n-butoxybenzenediazonium ion remains discernible in 
chloroform even in the presence of seven equivalents of 18-crown-6. 

HaymoreI7 has probed the influence of the solvent upon the vNEN values of 
p-ethoxybenzenediazonium salts in the uncomplexed and 18-crown-6 complexed 
states (Table 3). Interestingly, the VNEN values for the crown-ether-complexed diazo- 
nium ion are found to be independent of the solvent identity even though wNEN 
for the uncomplexed diazonium ion varies considerably as the solvent is changed. 
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TABLE 3. Infrared spectra for p-ethoxybenzenediazonium salts and their complexes with 
18-crown-6 in s~lut ion '~ 

Anion Solvent 

u N E N  (cm-') 

Free ion Complexed ion 

BF4- H20 2246 2296 
PF6- Me2SO 2257 2297 
PF6- MeOH 2249 2297 
PF6- MeZCO 2252 2297 
PF6- CH2C12 2234 2297 

Haymore17 has also determined the VNGN values for two benzenediazonium hexa- 
fluorophosphates and their complexes with 18-crown-6, 21-crown-7 and 24-crown-8 
in acetone (Table 4). Increases in the VNEN values upon crown ether complexation are 
noted to diminish in the order 18-crown-6 > 21-crown-7 > 24-crown-8. As will be 
shown later (Section VI.A), the complexation of aryldiazonium tetrafluoroborates by 
21-crown-7 in chlorocarbon solvents is considerably greater than is that by 18-crown-6 
or  24-crown-8. Therefore, there appears to be no correlation between the complexa- 
tion constants for different crown ethers and the changes in v N E N  which result when an 
aryldiazonium salt is complexed. 

TABLE 4. Infrared spectra of benzenediazonium hexafluorophosphates (p-XC6H4N2PF6) and 
their crown ether complexes in acetone17 

X 
13-Crown-6 21-Crown-7 24-Crown-8 

Free ion complex complex complex 

H 
EtO 

2292 2317 2301 2294 
2252 2297 2268 2254 

B. Ultraviolet and Visible Spectra 

Bartsch and coworkers13 first reported the shifting of the ultraviolet absorption 
maximurii for benzenediazonium tetrafluoroborates to shorter wavelengths in the pre- 
sence of an appropriate crown ether. Thus, the absorption maximum of p -  
t-butylbenzenediazonium tetrafluoroborate in 1,2-dichloroethane decreases from 285 
nm in the absence of crown ether to 276 nm in the presence of one equivalent of 
18-crown-6. Addition of a large excess of 18-crown-6 results in a further decrease to 
268 nm. These results indicate that crown ether complexation of a benzenediazonium 
ion causes a localization of the electron system. 

In more recent ~ o r k ~ ~ , ~ ~ ,  similar decreases of 15-20 nm in the ultraviolet absorption 
maxima are noted for complexation of a variety of benzenediazonium tetrafluoro- 
borates by 18-crown-6 in 1,2-dichloroethane. 

Hashida and Matsui26 have measured the ultraviolet spectra of p -  
methoxybenzenediazonium tetrafluoroborate in the free ion and the 18-crown-6- 
complexed forms in seven different solvents. Although complexation always produces 
a shift of the absorption maximum to shorter wavelengths, no correlation of the 
magnitude of the shift (4-33 nm) with solvent properties (e.g. dielectric constant, ET 
values) is evident. 
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Complexation of benzenediazonium tetrafluoroborates with binaphtho-20-crown- 
6(5) in chloroform produces yellow to red colours83' which suggests the presence 
of n-n complexation between the arenediazonium ions (n acids) and a naphthalene 
ring of the crown ether (n base). The failure to observe such colours in the complexa- 
tion of p-t-butylbenzenediazonium tetrafluoroborate with a variety of other crown 
ethers which also contain aromatic groups2' suggests that the n--SL complexation 
observed with binaphtho-20-crown-6 is rather unique. 

C. Nuclear Magnetic Resonance Spectra 

I. The crown ether 

For simple crown ethers, the proton magnetic resonance (PMR) spectra of the 
polyethers exhibit only minor changes in the presence of aryldiazonium salts. Thus, 
complexation of p-toluenediazonium tetrafluoroborate by 18-crown-6 in CDCl3 shifts 
the methylene singlet from 3.62 to 3.58 ppm8. 

However, larger changes are observed for certain more complicated crown ethers8. 
For example, the four ArOCH2 proton absorption of binaphtho-20-crown-6 (5), which 
appears as an eleven-line multiplet centred at 4.06 ppm, becomes two multiplets (one 
of six lines centred at 3.89 ppm and one of seven lines centred at 4.21 ppm) when the 
crown ether complexes p-toluenediazonium tetrafluoroborate in CDC13. 

2. The aryldiazonium salt 

Considerable insight into the changes which result when benzenediazonium salts are 
complexed by 18-crown-6 can be obtained from nuclear magnetic resonance spectral 
studies. The effect upon the aromatic ring is probed using a combination of proton, 
fluorine and carbon nuclear magnetic resonance spectra. Changes in; the diazonium 
group caused by crown ether complexation are investigated using nitrogen nuclear 
magnetic resonance spectra. Finally, fluorine nuclear magnetic resonance spectral 
variations are employed to study the interactions of free and complexed benzene- 
diazonium cations with tetrafluoroborate and hexafluorophosphate counterions. 

a. Aromatic ring substituents. Juri and Bartsch2* have detected a small, but real, 
upfield PMR shift of benzenediazonium cation ortho hydrogens upon crown ether 
complexation. Thus, the ortho hydrogen absorptions (of the A2B2 pattern) of p -  
t-butylbenzenediazonium tetrafluoroborate and hexafluorophosphate in deuterated 
dimethyl sulphoxide shift upfield by 0.07 and 0.08 ppm, respectively, in the presence 
of one equivalent of 18-crown-6. Neither the chemical shifts for the mefa hydrogens 
(of the A2B2 pattern) nor those for the hydrogens of the t-butyl group are affected by 
crown ether complexation. 

Changes in the 19F-NMR chemical shifts of p - ,  m-,  and o-fluorobenzenediazonium 
salts caused by the addition of 18-crown-6 have been investigated by Gokel and 
coworkers24. For the ring-bound fluorine of p-fluorobenzenediazonium tetrafluoro- 
borate dissolved in acetonitrile, acetone and methanol, upfield shifts of the fluorine 
resonance by approximately 4 ppm are observed when one equivalent of 18-crown-6 is 
added. In contrast, for rn-fluorobenzenediazonium tetrafluoroborate in the same three 
solvents there is very little influence of 18-crown-6 upon the 19F-NMR absorption 
position. For neither p -  nor m-fluorobenzenediazonium tetrafluoroborate is any effect 
of crown ether discernible in water, a solvent in which only weak complexation is 
expected (Section V1.D). 

When CDC13-soluble p - ,  m- and o-fluorobenzenediazonium chlorides are prepared 
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by counterion interchange from the corresponding tetrafluorob~rates~~, the addition 
of one equivalent of 18-crown-6 causes upfield 19F-NMR absorption shifts of 2.3, 0.2 
and 3.2 ppm, re~pectively~~. 

When taken together the PMR and 19F-NMR studies indicate that complexation by 
an appropriate crown ether significantly influences the environments of ortho and 
para, but not mefa, substituents. 

b. Aromatic ring carbon aforns. Changes in the 13C-NMR spectra of p-t-butyl- 
benzenediazonium tetrafluoroborate in di~hloromethane'~ and of 4-n-butyl- and 
4-n-butoxy-benzenediazonium tetrafluoroborates in CDC13Z4 caused by adding one 
equivalent of 18-crown-6 are recorded in Table 5.  Additional amounts of 18-crown-6 
produce further shifts in the same direction but of lesser magnitudes. 

For all three benzenediazonium salts, the addition of 18-crown-6 produces an 
approximately 3 ppm downfield shift in the C(1) absorption and upfield shifts 
of 2-3 ppm for the ortho and para carbons. Chemical shift changes for the meta 
carbons are considerably smaller. 

The I3C-NMR spectral changes may be rationalized by the following resonance 
theory argument3'. Consider that the resonance hybrid for the benzenediazonium 
cation is comprised of contributions from the diazonium and diazo resonance forms 
11-13. In the presence of crown ether the contribution of the diazonium resonance 

form 11 to the hybrid should be enhanced by interactions of the crown ether with the 
localized positive charge.Therefore, crown ether complexation should increase the 
amount of positive charge on the diazonium group and reduce the positive charges on 
the ortho and para carbons because of the decrease in charge dispersal by resonance. 
According to this rationalization, there should be an upfield shift for the orrho and 
para carbons and C(l) should be deshielded due to the increased positive charge on 
the diazonium group and shift downfield. These predictions are in agreement with the 
observed spectral shifts. The downfield chemical shift for C(l) caused by crown ether 
complexation is also consistent with the results of CND0/2 molecular orbital calcula- 
tions (Section 1II.C) which indicate that the amount of positive charge on C( 1) will 
increase in the crown-ether-complexed form". 

Chemical shift values for C( 1) in five 18-crown-6-complexed, para-substituted 
benzenediazonium salts have now been d e t e ~ - m i n e d ' ~ - ~ ~ . ~ ~  (Table 5) .  The C( 1) chemi- 
cal shifts for benzenediazonium ions with p-hydroxy and p-n-butoxy substituents are 
9-11 ppm upfieid from those with p-methyl, p-t-butyl, and p-n-butyl groups. If con- 
tributions from both diazonium and diazo resonance forms are again considered, the 
relative contribution of diazo forms to the hybrid should be greater for the substituent 
Y due to the supplemental resonance interactions illustrated by 14 and 15. Therefore 



u
)
 

0
 

0
 

T
A

B
L

E
 5

. 
E

ff
ec

t o
f 

18
-c

ro
w

n-
6 

up
on

 t
he

 I
3C

-N
M

R
 c

he
m

ic
al

 s
hi

fts
 o

f b
en

ze
ne

di
az

on
iu

m
 t

et
ra

fl
uo

ro
bo

ra
te

s (
~

-
X

C
~

H
~

N
Z

B
F

~
)

~
~

*
~

~
*

~
~

 

l3
C

-P
JM

R
 ch

em
ic

al
 s

hi
ft 

(p
pm

)"
 

x g
ro

up
 

E 
N

o.
 e

qu
b.

 
X

 
So

lv
en

t 
18

-c
ro

w
n-

6 
C

(1
) 

O
rth

o 
M

et
a 

Pa
ra

 
c,

 
CP

 
c7
 

c6
 

2
 

..
 
-
 

~ 

C
L 

t-
B

u 
C

N
2C

I2
 

0 
11

0.
19

 
13

2.
43

 
12

8.
87

 
16

7.
33

 
36

.6
6 

30
.0

8 
-
 

-
 

t-B
u 

C
H

zC
I;!

 
1 

11
3.

58
 

13
0.

29
 

12
8.

43
 

16
4.

54
 

36
.1

9 
30

.1
4 

-
 

-
 

? 
n-

Bu
 

CD
C1

3 
0 

11
0.

39
 

13
2.

47
 

13
1.

25
 

15
9.

10
 

36
.4

2 
32

.2
3 

22
.1

4 
13

.5
6 

n-
B

u 
C

D
 CI 

3 
1
 

11
3.

19
 

13
0.

63
 

12
9.

87
 

15
6.

23
 

35
.6

2 
31

.7
8 

22
.6

5 
13

.1
4 

@
 

n-
B

uO
 

C
D

C
13

 
0 

10
1.

26
 

33
5.

64
 

11
7.

50
 

16
8.

87
 

70
.1

3 
30

.4
3 

18
.7

7 
13

.4
8 
3 

n-
B

uO
 

C
D

C
13

 
1 

10
4.

49
 

13
3.

40
 

11
6.

80
 

16
7.

05
 

30
.0

0 
18

.3
0 

13
.0

5 
5

 
-
 

-
 

-
 

-
 

-
 -
 

-
 

H
O

 
C

H
c1

3 
1.

2-
1.

8 
10

2.
1 

-
 

-
 

-
 

-
 

-
 

-
 

M
e 

C
H

C
l3

 
1.

2-
1.

8 
11

3.
3 

-
 

'D
ow

nf
ie

ld
 

fro
m

 T
MS
. 

bo
bs

cu
re

d b
y 

a 
la

rg
e 

pe
ak

 d
ue

 to
 1

8-
cr

ow
n-

6.
 



21. Complexation of aryldiazonium ions by polyethers 901 

TABLE 6. Effect of 18-crown-6 upon the "N-NMR chemical shifts of benzenediazonium 
tetrafluoroborates ( ~ - X C A H ~ N ~ B F ~ ) ~ ~ ' ~ ~  

"N-NMR chemical shift (ppm)" 
No. equiv. 

X Solvent 18-crown-6 N, NR 

t-Bu CH2C12 0 143.8 58.3 
t-Bu CH2C12 1 148.9 56.8 
t-Bu CH2C12 5 149.9 56.4 
NO2 CDC13 1.2-1.8 152.2 57.1 
H CDC13 1.2-1.8 150.2 57.2 
Me CDC13 1.2-1.8 149.4 56.9 
M e 0  CDC13 1.2-1.8 148.5 53.2 
HO CDC13 I. 2-1.8 146.8 50.8 

'Upfield from external IM H15N03. 

the diazonium group is less deshielding when the para substituent possesses an 
unshared electron pair and the C(l) resonance moves upfield30. 

c. The diazonium group. 15N-NMR chemical shifts for the two nitrogen atoms of 
five benzenediazonium tetrafluoroborates which were solubilized in CDC13 by 18- 
crown-6 have been reported by Duthaler, Forster and Roberts30. Very recently, Case- 
wit and Roberts32 have measured these chemical shifts for chlorocarbon-soluble p -  
t-butylbenzenediazonium tetrafluoroborzte in dichloromethane in the absence and 
presence of 18-crown-6. These data are collected in Table 6. 

For p-t-butylbenzenediazonium tetrafluoroborate, complexation by 18-crown-6 
produces an upfield chemical shift for N,, ar?d a smaller downfield shift for N,. This 
finding is completely consistent with the results of CND0/2 molecular orbital calcula- 
tions (Section 1II.C) which predict that complexation will enhance the positive charge 
density on N,, but decrease the amount of positive charge on N,. 

For the five benzenediazonium tetrafluoroborates which were solubilized in CDC13 
by adding 1.2-1.8 equivalents of 18-crown-6, a general downfield shift for both N, 
and N, is noted as the electron-releasing character of the para substituent is enhanced. 
Electron release by apara substituent should lead to larger contributions of structures 
such as 13 and 15 to the resonance hybrid30. The resulting increase in the diazo 
character of the resonance hybrid should produce downfield shifts for both nitrogens, 
as is observed. The only anomalous feature of these data is the absence of an antici- 
pated change in the No chemical shift in going from the p-nitrobenzenediazonium ion 
to the benzenediazonium 

d. The anion. Juri and Bartsch2* have determined the I9F-NMR chemical shifts for 
p-t-butylbenzenediazonium tetrafluoroborate and hexafluorophosphate dissolved in 
1,2-dichloroethane in the absence and presence of 18-crown-6. The addition of one 
equivalent of 18-crown-6 causes an upfield shift of 2.5. ppm for the tetrafluoroborate 
and 1.4 ppm for the hexafluorophosphate anions. A control experiment has demon- 
strated that the 19F-NMR chemical shift of tetra-n-butylammonium tetrafluoroborate is 
unaffected by the presence of 18-crown-6. 

These results provide evidence for ion-pairing interactions of benzenediazonium 
ions with even such charge-dispersed anions as tetrafluoroborate and hexafluoro- 
phosphate in solvents of low polarity. The somewhat greater change in chemical shift 
which is observed when 18-crown-6 is added to the diazonium tetrafluoroborate is 
ascribed to tighter ion pairing in the uncomplexed diazonium tetrafluoroborate than in 
the hexafluorophosphate. 
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V. MODIFIED REACTIVITY OF CROWN-ETHER-COMPLEXED 
ARYLDlAZONlUMl SALTS 

Complexation with a crown ether modifies the reactivity of an aryldiazonium salt. 
As discussed earlier (Section III.E), the complex of p-t-butylbenzenediazonium 
tetrafluoroborate and dibenzo-18-crown-6 is decomposed by X-ray irradiation more 
rapidly than is the uncomplexed diazonium salt. However, this behaviour is atypical, 
since in a variety of other situations the crown-ether-complexed diazonium salt is more 
stable. In this section, the reduced reactivity of crown-ether complexed diazonium 
salts will be surveyed. 

A. Thermal Stablllzatlon in Solution 

Bartsch and  coworker^'^ reported the first evidence for diminished 
arenediazonium ion reactivity upon complexation by crown ethers. To examine the 
influence of crown ethers upon the thermal decomposition of aryldiazonium ions, 
these authors employed a special modification of the Schiemann reaction. The thermal 
decomposition of an aryldiazonium salt in an organic solvent of low polarity may be 
studied under homogeneous conditions using chlorocarbon-soluble p-t-butylben- 
zenediazonium tetrafl~oroborate~~ (equation 2). Kinetics are followed by measuring 
the rate of disappearance of the diazonium ion ultraviolet absorption. 

39 % 61 % 

Although the presence of 18-crown-6 has no effect upon the thermolysis products, 
the rate of decomposition of the diazonium salt is markedly decreased. The observed 
retardations are rationalized in terms of specific diazonium salt complexation by the 
crown ether, as depicted in equation (3) where 0 represents the crown ether. For this 

l k l  
products 

l kz  
products 

(3) 

scheme, appropriate kinetic derivation13 reveals that a plot of l/(k,- - /cob) vs. 
1/[18-crown-6] should be linear with a slope of l/(kl - k2)K and an intercept at 
1/[ 18-crown-61 = 0 of l/(kl - k?) under the condition that [ 18-crown-6] + 
[ArN2+ BF4-]. In the absence of crown ether, the value of kl at 5OoC is 2.51 x 
s-* 28. A plot of the rate data obtained with different crown ether concentrations is 
strictly linear with an intercept of 1/(2.49 x loa4) s-l. Therefore, k l  must be at least 
one hundred times greater than kZ. 

This kinetic analysis estabiishes that the crown-ether-complexed p-t-butylben- 
zenediazonium ion is thermally stable under conditions which converts the un- 
complexed diazonium salt into products. Thus, , complexation with crown ethers 
represents a new method of stabilizing arenediazonium ions. 

From the slope of the linear plot, a complexation constant of 1.71 x l O 4 ~ - '  is 
calculated for the association of 18-crown-6 with p-t-butylbenzenediazonium 
tetrafluoroborate in 1.2-dichloroethane at 50°C. 
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More recently, Kuokkanen and VirtanenZ5 have applied a similar kinetic analysis to 
the thermal decomposition of seven benzenediazonium tetrafluoroborates in 
1,2-dichloroethane at  50°C. For p-acetyl-, m-acetyl-, p-methyl, and m-methyl- 
benzenediazonium ions as  well as benzenediazonium ion itself, values of k l  - k 2  are 
close to the value of k l ,  so kl S- k2. Forp-chlorobenzenediazonium ion, k2 is approxi- 
mately 15% of k l .  However, for the o-methylbenzenediazonium ion, which should 
complex with 18-crown-6 only weakly due to steric factors, the crown-ether- 
complexed diazonium ion is almost as reactive as the uncomplexed species. 

Thus, with the exception of orrho-substituted compounds it appears that the 
thermolysis of benzenediazonium ions in 1,2-dichloroethane in the presence of 
18-crown-6 proceeds almost exclusively via the uncomplexed diazonium ion form. 
Extension of these studies to include a wider range of substituents as well as solvents in 
which the complexation of diazonium ions by crown ethers is weaker (Section V1.D) 
would be most useful. 

B. Thermal Stabilization in the Solid State 

A quantitative investigation of the influence of 18-crown-6 upon the thermal 
stability of benzenediazonium tetrafluoroborate has been conducted by Bartsch and 
S h i ~ ~ ~ .  Small samples of the diazoiiiuiii-i salt and its one-to-one complex with 
18-crown-6 are sealed in glass ampoules and placed in a 50°C constant-teinperature 
bath. At  appropriate time intervals, ampoules are removed and the remaining 
diazonium ion is converted into an azo dye whose concentration is determined 
spectrophotometrically . 

The uncomplexed diazonium salt exhibits thermal stability for approximately two 
hours. A rapid decomposition then commences and after five hours the diazonium salt 
is completely decomposed. The complex of the diazonium salt and 18-crown-6 can be 
heated for 20 hours before the onset of decomposition. Also, the decomposition itself 
proceeds more slowly than does that of the uncomplexed salt. After 30 and 45 hours, 
90% and 50%, respectively, of the diazonium activity remains. 

C. Photochemical Stabilization in the Solid State 

Somewhat less familiar than the thermal Schiemann reaction is the preparation of 
fluoroarenes by the photolysis of arenediazonium tetrafluoroborates and hexatluoro- 
phosphates35. In several instances, considerably higher yields of aromatic and 
heteroaromatic fluorides are realized from the photochemical Schiemann reaction 
than from analogous thermal p r o c e ~ s e s ~ ~ - ~ ~ .  

Using the technique developed by Petterson and coworkers3j, Bartsch, Haddock 
and McCann40 have demonstrated that complexation of benzenediazonium 
tetrafluoroborate with 18-crown-6 produces dramatic photochemical stabilization 
when compared with the uncomplexed diazonium salt. 

Irradiation (3.500 A lamps) of thin films of solid benzenediazonium 
tetrafluoroborate deposited on the walls of borosilicate glass tubes produces 7 3 4 0 %  
yields of fluorobenzene and 1.9-2.0 equivalents of gas (N2 + BF,). Evaporation of an 
equimolar acetone solution of the diazonium salt and 18-crown-6 also deposits a thin, 
solid, film on the walls of a borosilicate glass tube. Irradiation of this solid film for the 
same period of time as before produces only a 4% yield of fluorobenzene and slight gas 
evolution. Since mostly undecomposed aryldiazonium-salt remains after the irradia- 
tion, the function of the crown ether is photochemical stabilization rather than the 
diversion of a photointermediate to form other products. 
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D. Reduced Shock S~nsiltlvtty In the Solid State 

Shephard and  coworker^'^ have demonstrated a reduced shock sensitivity of 
diazonium compounds when complexed with crown ethers. As a dry solid, 
diazodicyanoimidazole (9) is shock-sensitive and detonates on impact. In contrast, the 
crystalline, one-to-one complex of 9 and 18-crown-6 can be handled with ease and 
does not detonate under the conditions of several standard impact tests. 

M,, Nb, Interchange During Solwolysls 
That N,, N, interchange may accompany the reactions of aryldiazonium ions was 

first established by Lewis and Insole41. More recent studies by L e ~ i s ~ ~ , ~ ~ ,  
and especially by Z ~ l l i n g e r ~ ~ , ~ ~  have revealed that the interchange involves a phenyl- 
cation-nitrogen-molecule ion pair 16 which either recombines or dissociates to form 
the free phenyl cation. 

L J 

(16) 

As part of a mechanistic study of the N,, N, interchange reaction which occurs when 
(j3-15N) benzenediazonium tetrafluoroborate is solvolysed in 2,2,2-trifluoroethanol, 
Trondlin, Medina and R U ~ h a r d t ~ ~  have determined the influence of dibenzo-18- 
crown-6 upon the solvolysis rate and extent of N,, Np interchange in the reactant 
recovered from incomplete reaction. The presence of 4.4 equivalents of dibenzo-18- 
crown-6 reduces the solvolysis rate to 22% of its value in the absence of crown ether. 
Such rate reductions are anticipated if the crown ether partially converts the 
diazonium salt into a less reactive complex (Section V.A). 

Interruption of the solvolysis reaction after 70% completion and recovery of the 
unreacted diazonium salt shows 6.9 f 0.1% of 15N inversion in the absence of crown 
ether, but only 5.7 k 0.1% inversion when the crown ether is present. Although the 
reason for the 17% decrease in txe N,, N, interchange is currently unknown, it is clear 
that the presence of crown ether does influence the exchange reaction. 

actlvatlon of &o Coupling 

The presence of crown ethers retards the azo coupling of aryldiazonium ions with 
electron-rich aromatic compounds in both homogeneous and two-phase reaction 
systems. 

Butler and Shepherd4’ have studied the effect of varying concentrations of dicyclo- 
hexano-18-crown-6 upon the reaction rate of p-methoxybenzenediazonium tetra- 
fluoroborate with pyrrole in 1,2-dichloroethane. In the presence of 1-5 equivalents of 
the crown ether, an approximately linear decrease in the azo coupling rate is noted as 
the crown ether concentration is increased. This suggests that both uncomplexed and 
crown-ether-complexed diazonium ions are present, but only the former are reactive. 

Juri and Bartsch4* have reported that the coupling of p-t-butylbenzenediazonium 
tetrafluoroborate with N,N-dimethylaniline in 1,2-dichloroethane is diminished by the 
presence of one equivalent of 18-crown-6 to a rate which is approximately 10% of that 
found under comparable conditions but in the absence of crown ether. 

The azo coupling rate of p-nitrobenzenediazonium chloride with N-ethylcarbazole 
in the two-phase solvent system of dichloromethane-water decreases by 78% in the 
presence of 0.05 equivalents of 18-cr0wn-6~~. 
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Further evidence for the unreactivity of crown-ether-complexed aryldiazonium ion 
is provided by the observance of only normal azo coupling products in the three studies 
referenced above as well as that by Gokel and Crams. Formation of azoarene-crown- 
ether rotaxanes (axle-in-wheel type of corn pound^^^) from crown-ether-complexed 
aryldiazonium ions may be prohibited by steric factors or by a reduced electrophilicity 
of the complexed diazonium ion. 

G. Dlmlnlsbd Nucl~phllk Attack Para to the DlPlBonDum Group 

The diazonium group is strongly activating for nucleophilic aromatic substitution 
because of its positive charge. Gokel, Korzeniowski and Blum51 have probed the 
influence of crown ether complexation upon nucleophilic aromatic substitution reac- 
tions of the p-bromobenzenediazonium ion. 

Reaction of p-bromobenzenediazonium tetrafluoroborate with benzyltrimethyl- 
ammonium chloride in chloroform produces a 55% yield of the nucleophilic halogen 
displacement (Cl for Br) product. Under the same conditions but in the presence of 
one equivalent of 18-crown-6, the reaction is incomplete and only a 30% yield of the 
halogen displacement product is obtained. Thus, the activating effect of the diazonium 
group is diminished by crown ether complexation. 

VI. FACTORS WHICH AFFECT THE CO PLEXATBON OF A ~ ~ L ~ ~ ~ ~ ~ ~ ~ ~  
§ALTS BY POLYETHERS 

Thus far in the discussion, the qualitative solubilization studies (Section 11) provide the 
only information regarding the effect of crown ether structure upon the complexing 
efficiency for aryldiazonium ions. In this section the available information concerning 
the influence of the crown ether structure, the aryldiazonium ion substituent, the anion 
and the solvent is summarized. In addition, the complexing abilities of crown ethers 
and acyclic polyethers for aryldiazonium ions are compared. 

A. The Crown Ether 

Limited information regarding the relationship between the cavity size of a crown 
ether and its ability to complex an arenediazonium ion is provided by the solubilization 
studies of Gokel and Crams which utilize the binaphtho crown ethers 4-7. The results 
(Section 11) suggest that a crown ether cavity size of approximately 2.7 should be 
optimal. 

TO more completely probe the effects of structural variation within the crown ether 
upon the capacity for aryldiazonium ion complexation, Bartsch and J ~ r i ~ ~  have under- 
taken a screening study the results of which allow the relative complexing abilities of 
approximately 40 macrocyclic multidentate compounds to be compared. 

The relative complexing abilities are determined by measuring the rates of decom- 
position of p-t-butylbenzenediazonium tetrafluoroborate in 1,2-dichloroethane in the 
presence of one equivalent of the macrocyclic compounds. As described in Section 
V.A, it has been established that for 18-crown-6 the entire thermolysis reaction pro- 
ceeds via the uncomplexed diazonium ions species (equation 4). Based upon the 
assumption that other crown ethers similarly convert the diazonium salt into a ther- 
mally stabilized complex, the reduced decomposition rate caused by one equivalent of 
a crown ether provides a qualitative measure of the complexing ability. A larger 
complexation constant K is manifested by a greater rate retardation. Rate data for 
selected crown ether compounds are presented in Table 7. 
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TABLE 7. Observed first-order rate constants for the thermolysis of p-t-butylbenzene- 
diazonium tetrafluoroborate in 1,2-dichloroethane at 50°C in the presence of one equivalent 
of crown etherz7 

Entry Crown ether kobs x 1 0 4  (s-') 

1 None 2.51 
2 12-Crown-4 2.48 
3 15-Crown-5 2.22 
4 18-Crown-6 1.35 
5 21-Cr~wn-7 0.13 
6 Dicyclohexano-18-crown-6 1.34 
7 Dicyclohexano-2 1-crown-7 0.76 
8 Dicyclohexano-24-crown-8 1.33 
9 Dibenzo-18-crown-6 1.94 

10 Dibenzo-21-crown-7 0.54 
11 Dibenzo-24-crown-8 0.86 
12 Benzo-18-crown-6 1.68 
13 3-Methylbenzo-18-crown-6 1.56 
14 3-Formylbenzo- 18-crown-6 1.99 

K 

ArN,' BF4- + complexing agent ======= complex (4) 

products 

The presence of 12-crown-4 does not change the thermolysis rate from that 
observed in the absence of crown ether. This is consistent with a crown ether cavitys2 
(Table 8) which is too small to accommodate a diazonium group with an estimateds 
cylindrical diameter of -2.4 A. The slight rate retardation noted with 15-crown-5 
indicates only weak complexation. For 18-crown-6 there should be a good match 
between the crown ether cavity diameter and the diazonium group and the thermolysis 
rate is reduced by approximately 50%. 

Considering only the relative diameters of the crown ethers and the diazonium 
group, it would be anticipated that 21-crown-7 should be a poorer complexing agent 
that 18-crown-6. Since the rate data reveals that 21-crown-7 complexes the diazonium 
ion more strongly, some additional factor must be important. Bartsch and JuriZ7 sug- 
gest that this factor is a greater flexibility of the larger ring which relieves steric 
interactions between the ortho hydrogens of the benzenediazonium cation and the 
crown ether framework. Of the approximately 40 macrocyclic compounds examined, 
21-crown-7 is the strongest complexing agent for the aryldiazonium ion. The series 

?'ABLE 8. Estimated cavity diameters for crown etherss2 

Crown ether Cavity diameter (A) 
~~ 

12-Crown-4 1.2-1.5 
15-Crown-5 1.7-2.5 
18-Crown-6 2.6-3.2 
2 1 -Crown-7 3.4-4.3 
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could not be extended to include 24-crown-6 because of difficulties in obtaining the 
crown ether in a pure state. 

For both the dicyclohexano and dibenzo crown ether series (Table 7, entries 6-8 
and 9-1 1, respectively) the 21-membered macrocycle provides stronger complexation 
than either of the corresponding 16- or 24-membered ring compounds. Strongest 
complexation with the 21-membered ring macrocycle is also observed for three series 
of pyridyl, furanyl and dimethoxyfuranyl crown ether esters, 17, 18 and 19, respec- 
tively. 

The rate data for benzo-18-crown-6 compounds (Table 7, entries 12-14) demon- 
strates that electron-donating substituents on the crown ether enhance complexation, 
but electron-withdrawing groups diminish it. 

Krane and Skjetne53 have reported the use of low-temperature NMR techniques to 
assess the ring-size effect in the complexation ofp-toluenediazonium tetrafluoroborate 
by 18-crown-6, 21-crown-7 and 24-crown-8 in CHC12F. Of these three crown ethers, 
21-crown-7 provides the strongest complexation of the aryldiazonium salt. 

Complexation constants for the association of p-ethoxybenzenediazonium hexa- 
fluorophosphate with six crown ethers in acetone have been determined by HaymoreI7 
using infrared spectroscopy. Results are recorded in Table 9. Preferred complexation 
with 21-crown-7 is again observed. The weaker complexation noted in going from 
18-crown-6 to cis-cyclohexano- 18-crown-6 to cis-syn-cis-dicyclohexano-18- 
crown-6 to cis-anti-cis-dicyclohexano-18-crown-6 probably results from increasing 
levels of steric interactions of the crown ether with the ortho hydrogens of the 
benzenediazonium ion. 

TABLE 9. Association constants for  p-ethoxybenzenediazonium 
hexafluorophosphate with crown ethers in acetone17 

Crown ether log K (M-I) 

a 

a 
- 12-Crown-4 

15-Crown-5 

21-Crown-7 3.1 

- 
18-Crown-6 2.0 

24-Crown-8 1.9 
cis-Cyclohexano- 1 8-crown-6 1.8 
cis-syn -cis- Dicyclohexano- 1 8-crown-6 
cis-anti-cis-Dicyclohexano- 18-crown-6 1.2 

1.5 

'No measurable complexation. 
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B. Ring Substituents of the Aryldiazonium Ion 
The influence of aromatic ring substituents upon the complexation of benzene- 

diazonium salts by 18-crown-6 has been investigated in three solvents by four research 
groups using four different experimental methods. 

By titration calorimetry Izatt and  coworker^^^*^^ have determined log K ,  A H  and 
TAS values for the association of eight benzenediazonium tetrafluoroborates with 
18-crown-6 in methanol. A good linear correlation between log K and up+ with 
p+ = 0.65 is observed. From association constant determinations using ultraviolet spec- 
troscopy, Hashida and Matsui26 have reported p = 0.98 for the correlation of o con- 
stants vs. log K values for interactions of eight meta- and para-substituted benzene- 
diazonium tetrafluoroborates with 18-crown-6 in methanol. Examination of the data 
reveals that the difference in the magnitudes of the p values in these two studies 
results entirely from the choice of o substituent constants. 

It is clear that electron-withdrawing aromatic ring substituents enhance the com- 
plexation of the benzenediazonium ion by a crown ether and electron-donating 
substituents disfavour the association. This is entirely consistent with the electrostatic 
interactions between the diazonium ion and the crown ether predicted by the CND0/2 
calculations (Section 1II.C). However, when compared with diazo systems which 
involve cation-anion association, such as  arenediazocyanide~~~ ( p  = 3.53), arene- 
d i azos~ lphones~~  ( p  = 3.76) arenediazo~ulphonate~~ ( p  = 5.5) and arenediazotate 
formation56 ( p  = 6-58), the p value for the complexation of benzenediazonium ions 
by the neutral crown ether is quite low. 

Using infrared spectroscopy and a limited number of compounds, Hay more” has 
observed that log K values for the association of benzenediazonium hexafluoro- 
phosphates with 18-crown-6 are identical to those r e p ~ r t e d ~ ~ . ~ ~  for the complexation 
of the corresponding tetrafluoroborate salts in methanol. Thus, the change from 
methanol to acetone does not measurably affect the p value. 

Compared with these results, a small increase in p was noted ( p  = 1.19) when Kuok- 
kanen and VirtanenZ5 determined the association constants for seven benzene- 
diazonium tetrafluoroborates with 18-crown-6 in 1,2-dichloroethane using a kinetic 
technique. An enhancement of the sensitivity of complexation to substituent effects 
with diminishing solvent polarity was indicated. 

A quantitative assessment of the effects of ortho substituents upon the complexation 
of benzenediazonium tetrafluoroborates by 18-crown-6 has been made by two groups. 
When compared with p-methylbenzenediazonium ion, movement of the methyl group 
to an ortho position decreased the association constant by approximately a factor of 
tenz6. Introduction of a second methyl group causes an additional diminution by a 
factor of 100. For benzenediazonium ions with acetyl groups25, a change of the substi- 
tuent position from para to ortho produces a lo5 decrease in K .  Such behaviour un- 
doubtedly results from steric interactions of the orrho substituents with the crown ether 
framework. 

Compared with anilinium ions, aryldiazonium ions are much more sensitive to the 
steric effects of ortho substituents because of the markedly different.geometries of the 
complexes53. 

G. The Anion of the Aryldiasonium Salt 

In solvents of low polarity, the association of aryldiazonium salts with crown ethers 
is disfavoured by anions which exhibit ion pairing with the uncomplexed anion. Thus, 
from several lines of evidence, Juri and Bartsch2* conclude that complex formation 
forp-t-butylbenzenediazonium hexafluorophosphate with 18-crown-6 in 1,2-dichloro- 
ethane is greater than for the corresponding tetrafluoroborate salt. 
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TABLE 10. Anion and concentration effects upon log K for the complexation of p-ethoxy- 
benzenediazonium salts by 18-crown-6 in dichloromethane at 35"C17 

909 

Diazonium salt 
concentration (mmol) 

Apparent log K (M-') 

Tetrafluoroborate Hexafluorophosphate 

1000 
100 
10 
1 

1.94 2.31 
2.86 3.17 
3.43 3.61 
3.58 3.69 

Very recently, HaymoreI7 has obtained more quantitative data concerning anion 
and concentration effects for the complexation of p-ethoxybenzenediazonium tetra- 
fluoroborate and hexafluorophosphate in dichloromethane using an infrared spectro- 
scopic method. Results are recorded in Table 10. 

Increases in log K with diminishing diazonium ion concentrations result from re- 
duced ion pairing of the uncomplexed diazonium salt with the anion. However, at all 
concentrations a greater complexation of the hexafluorophosphate salt is evident. 

D. The Solvent 
The effect of solvent upon the association constants for 18-crown-6 with 

p-methoxybenzenediazonium tetrafluoroborateZ6 and p-ethoxybenzenediazonium 
hexafluor~phosphate'~ is shown in Table 11. The data obtained for the latter suggest a 
possible inverse correlation between solvent polarity and the magnitude of the associa- 
tion constant. However, the data for the former which include a larger number of low 
polarity solvents reveal that there is no simple relationship between log K and the 
dielectric constant or ET value of the solventz6. 

TABLE 11. Log K values for the association of benzenediazonium salts with 18-crown-6 in 
different 

_ _ _ ~ ~  ~ 

78 - - -0.5' 
Me2S0 47 - - 0.5 
H Z 0  

MeOH 33 - 2.09 1.7 
Acetone 21 42.2 2.56 2.0 
ClCHZCHzCI 10 41.9 4.67 

THF 8 37.4 2.27 

Dioxane 2 36.0 1.87 

'At 15°C. 
bAt 35°C. 
'The anion was tetrafluoroborate. 

- 
CH2CIz 9 41.1 3.23 3.7 

CHC13 5 39.1 3.45 
- 
- 
- 

E. Acyclic Pelyethers 

Interactions of arenediazonium ions with acyclic polyethers have been probed by 
Bartsch and coworkers for individual glymes from diglyme to d e ~ a g l y r n e ~ ~  and for 
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TABLE 12. Log K values for the complexation ofp-t-butylbenzenediazoniurn 
tetrafluoroborate by acyclic polyethers in 1,2-dichloroethane at 5o0C5’ 

Pol yether log K ( M - I )  

Diglyme 2.26 
Triglyme 2.19 
Te traglyme 2.35 
Pen tag1 yme 2.73 

Heptaglyme 3.00 
Octaglyme 2.65 
Nonagl yme 2.77 
Decaglyme 3.14 

Hexaglyme 2.90 

oligoethylene glycols, HO(CH2CH20),H, and their monomethyl and dimethyl 
ethers60. The retarding influence of the acyclic polyethers upon the thermal decompo- 
sition rate of p-t-butylbenzenedianium tetrafluoroborate in 1 ,2-dichloroethane is 
measured. The rate retardations are considered to result from the conversion of the 
diazoniurn ion into an unreactive form upon complexation (equation 5) as has earlier 
been established for the crown ether 18-cr0wn-6~~. 

(5)  
K 

ArN,’ BF,- + acyclic polyether complex 

products 

Using this assumption and an excess of the acyclic polyether, complexation con- 
stants may be calculated directly from the observed first-order rate constants for the 
diazonium ions thermolysis in the presence and absence. of the potential complexing 
agent. Log K values for the individual glymes are recorded in Table 12. 

The log K values are essentially the same for diglyme, triglyme and tetraglyme and 
then increase monotonically for pentaglyme, hexaglyme and heptaglyme as the ability 
of the polyether to form a pseudo-cyclic cavity is enhanced. For octaglyme and nona- 
glyme, the pseudo-cyclic cavity can contain only a portion of the ether oxygens be- 
cause of repulsions of the polyether chain-ends. Therefore, weaker complexation is 
observed. CPK models indicate that, for decaglyme, seven or eight oxygens may form 
a pseudo-cavity with the remaining oxygens in an arm which passes over the face of the 
cavity. Thus when complexed with the benzenediazonium ion, decaglyme appears to 
assume a conformation which is not only crown-ether-like, but also cryptand-like. 

To determine the increase in complexation efficiency that is derived by preforming 
the cyclic cavity of the polyether (‘the macrocyclic effect’), complexation constants for 
acyclic and cyclic polyethers with the same number of oxygen atoms have been com- 
pared. From comparison of K valuesfor the association of pentaglyme and of 18-crown-6 
with p-t-butylbenzenediazonium ion in 1,Zdichloroethane at 50°C, a macrocyclic 
effect of approximately 30 has been c a l c ~ l a t e d ~ ~ .  

Based upon the same two polyethers, a macrocyclic effect of 18,700 has been 
reported for the complexation of t-butylammonium thiocyanate in chloroform61. Thus, 
the magnitude of the macrocyclic effect is shown to be highly dependent upon the 
nature of the cationic species which is being complexed. 
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In further research, the complexing ability of commercially available oligoethylene 
glycols and oligoethylene glycol monomethyl ethers as well as synthesized 
oligoethylene glycoi dimethyl ethers for p-t-butylbenzenediazonium tetrafluoroborate 
in 1 ,Zdichloroethane has been assessed60. Oligoethylene glycols with methylated 
end-groups offer no significant advantage over the corresponding unmethylated com- 
pounds. Polyethylene glycols 1000 and 1500 complex arenediazonium salts about 10% 
as efficiently as 18-crown-6. These findings raise the possibility of substituting inex- 
pensive, commercially available polyethylene glycols for crown ethers as solubilizing 
and stabilizing agents for aryldiazonium salts. 

VII. POLYETHERS AS PHASE-TRANSFER CATALYSTS FOR ARYLDIAZONIUM 
SALT REACTIONS IN SOLVENTS OF LOW POLARITY 

Gokel and Cram8 reported the first use of crown ethers as phase-transfer catalysts for 
aryldiazonium salt reactions in nonpolar organic solvents in 1973. Descriptions of 
several phase-transfer-catalysed reactions of a variety of aryldiazonium salts by cyclic 
and acyclic polyethers have now appeared and are summarized in this section. 

These reactions are categorized according to the systemic nomenclature for substitu- 
tion reactions proposed by Bunnett6’. The name of the group (or atom) which is 
introduced is given first. This is followed by de- and the name of the leaving group. For 
example, an arenediazonium salt reaction in which N2 is replaced by H is a protode- 
diazoniation. 

A. Proto- and DeuPEsri~-Sediazoniatlon 
Using 10 mole % of dicyclohexano-18-crown-6 as a phase-transfer catalyst, Hartman 

and Biffar63 have reported that benzenediazonium tetrafluoroborates with electron- 
withdrawing groups are readily reduced by powdered copper in dichloromethane. NO 
reaction occurs in the presence of 15-crown-5 or in the absence of crown ether. From 
benzene- and p-toluene-diazonium tetrafluoroborates mixtures of proto- and fluoro- 
dediazoniation products are obtained. 

Korzeniowski and GokelZ9 have noted a quantitative protodediazoniation of 
p-bromobenzenediazonium tetrafluoroborate when the diazonium salt is stirred with 
two equivalents of potassium acetate and 5 mole % of 18-crown-6 in chloroform for 
one hour at room temperature. Use of deuteriochloro€orm as the solvent gives 4- 
deuteriobromobenzene in quantitative yield. A mechanism in which aryl radicals 
(equation 6) abstract hydrogen atoms is proposed. 

ArN,’ BF,- +- AcO- Ar-N=N-OAc 

Ar-N=N-OAc + AcO- - Ar-N=N-O- + Ac20 
(6) 

Ar-N=N-0- + ArN2+ - ( A r N = N I 2 0  

(ArN=N)20 - Ar-N=N-O* + N, + Ar .  

B. Halodedlazoniation 
An alternative to the Sandmeyer reaction for the preparation of aryl bromides and 

iodides from aryldiazonium salts has been developed by Korzeniowski and G0ke1~~.  
The halodediazoniations are conducted by stirring a benzenediazonium salt with 
potassium acetate and a moderate excess of a halogen atom source (bromotrichloro- 
methane, iodomethane or molecular iodine) in chloroform at room temperature in the 
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presence of a catalytic amount of 18-crown-6. Yields of aryl bromides and iodides are 
good-to-excellent from benzenediazonium tetrafluoroborates which possess either 
electron-donating or electron-withdrawing substituents in meta and para positions. 
When ortho substituents are present, lower aryl halide yields are obtained. 

The bromodediazoniation reactions also produce significant amounts of hexa- 
chloroethane. Presumably this product arises by the coupling of trichloromethyl radi- 
cals which result when aryl radicals (equation 6) abstract bromine atoms from bromo- 
trichloromethane. 

Bartsch and Yang65 have demonstrated that the substitution of polyethylene glycol 
1000 for 18-crown-6 as the phase-transfer agent provides yields of halodediazoniation 
products which equal or surpass those obtained using the crown ether. Although a 
considerably higher concentration of polyethylene glycol 1000 must be employed, the 
very low cost of this acyclic polyether is an important compensating factor. 

C. Atyldediazoniatlon 

Good-to-excellent yields of a wide variety of mixed biaryls may be prepared by a 
phase-transfer catalytic Gomberg-Bachman reaction. Korzeniowski, Blum and 
Goke166 have employed 18-crown-6 as a phase-transfer catalyst for the reactions of 
ortho-, meta- and para-substituted benzenediazonium tetrafluoroborates with potas- 

(7) 
‘sH6 ArN,+ BF4- + KOAc + 18-crown-6 ,,, , . 5h  i ArPh 

60-85% 

sium acetate in benzene (equation 7). Intermediate aryl radicals (equation 6) attack 
the solvent to form the unsymmetrical biaryls. Extended reaction periods are required 
to obtain appreciable biaryl yields in the absence of crown ethers. With polyethylene 
glycol 1000 as the phase-transfer catalyst65, somewhat lower biaryl yields are realized 
than with 18-crown-6. 

Other aromatic or heteroaromatic compounds may be used in place of benzene66. 
Thus mixed biaryls are also obtained using mesitylene and thiophene as solvents. 

D. Azocyanlde Formation 
Ahern and G 0 k e 1 ~ ~  have reported the facile synthesis of trans-arenediazocyanides by 

the phase-transfer-catalysed reactions of meta- and para-substituted benzene- 
diazonium tetrafluoroborates with potassium cyanide in dichloromethane in the 
presence of 18-crown-6 (equation 8). The azocyanides serve as dieneophiles for the 
synthesis of novel heterocyclic compounds by Diels-Alder reactions. 

CH2C12 ,CN 
ArN; BF4- + KCN + 18-crown-6 Ar, N= N 

Recent results by Bartsch and Yang68 have demonstrated that polyethylene glycol 
1000 may also be used as the phase-transfer catalyst for this reaction. The acyclic 
polyether appears to offer the special advantage that ortho-substituted benzene- 
diazonium ions may also be converted into the corresponding trans-arene- 
diazocyanides. 



21. Complexation of aryldiazonium ions by polyethers 913 

E. Azal Coup!!ng 
Phase-transfer catalysis of the azo coupiing reaction of aryldiazonium salts by a 

crown ether was first reported by Gokel and Cram8. A quantitative yield of the azo 
coupling product is obtained from the -reaction of p-chlorobenzenediazonium tetra- 
fluoroborate with N,N-dimethylaniline in dichloromethane at - 78°C in the presence 
of 18-crown-6. Attempts to form azoarene-crown ether rotaxanes by treating 
binaphtho-2O-crown-6(5)-solubilized p-toluenediazonium tetrafluoroborate with 
several organometallic reagents have yielded only nonencircled, conventional azo 
coupling products. 

Crown-ether-catalysed reactions of aryldiazonium salts with pyrroles in chloro- 
form have been described by Shepherd4’. Treating a chloroform solution of 
1-methylpyrrole with solid p-methoxybenzenediazonium tetrafluoroborate at  room 
temperature gives no apparent reaction due to the insolubility of the diazonium salt. 
However, after the addition of dicyclohexano-18-crown-6, complete reaction occurs 
within 15 minutes. The precipitated reaction product is not the anticipated azopyrrole, 
but the analytically pure tetrafluoroborate salt of the protonated azopyrrole (equation 
9). The free azopyrrole is liberated by treatment of the tetrafluoroborate salt with 

H - p-MeOC6H4-N=N + ‘  -Q 0 + Dicyclohexano- CHCI, 
p-MeOC6H4Nzt BF4- + 

I 18-crown-6 
I 

BF4- I 

(9) 
aqueous ammonia. Similar results are obtained when benzenediazonium tetrafluoro- 
borate is the electrophile. 

If the 2- and 5-positions of the pyrrole are blocked, electrophilic attack of the 
aryldiazonium ion occurs at  the 3-position. 

Me Me 

F. Nucleopkilic Substitution Para to the DIwnlum Group 

Gokel, Korzeniowski and Biumsl have reported stirringp-bromobenzenediazonium 
tetrafluoroborate with potassium chloride in chloroform in the presence of one equi- 
valent of 18-crown-6 for 24 hours at  30°C. Following reduction of the diazonium 
group prior to analysis, a 55% yield of chlorobenzene is obtained. This result demon- 
strates a rather facile nucleophilic substitution on the activated aryl bromide. 

VIII. CONCLUSlOMS 

The complexation of aryldiazonium salts by polyethers adds a new dimension to  the 
chemistry of this important chemical species. As has been illustrated, substantial spec- 
tral and reactivity changes result when the diazonium group ‘neck’ of the aryl- 
diazonium ion is inserted into the ‘collar’ of an appropriately sized crown ether. 
Several reactions which utilize polyethers as phase-transfer catalysts for aryldiazonium 
salt reactions in nonhydroxylic solvents of low polarity have also been described. Due 
to an uncommonly small ‘macrocyclic effect’ in the complexation of aryldiazonium 
ions by polyethers, inexpensive, environmentally safe, polyethylene glycols may often 
he substituted for crown ethers in these reactions. 

For the future, it is anticipated that additional phase-transfer-catalysed reactions of 
aryldiazonium salts which utilize polyethers will be developed. Also, the stability 
enhancements observed for crown-ether-complexed aryldiazonium ions may find 
application in improving diagnostic reagents for clinical chemistry and for advances in 
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photoreproduction and polymerization processes. It aiso seems reasonable that stabil- 
ity enhancements similar to those noted for crown ether complexation of aryl- 
diazonium ions may also be realized for less stable diazonium ion species, such as 
heteroaromatic, vinylic and perhaps even alkyldiazonium ions. 

Hopefully, the summary provided in this chapter will serve as a catalyst for further 
developments in the chemistry of diazonium ions complexed by polyethers. 
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1. POLY(BIACETYLENES) 

A. Introduction 

The solid-state polymerization of conjugated diynes, first characterized by Wegnerl, 
has attracted widespread attention from both physicists and chemists. The reaction, 
illustrated in Scheme 1, involves successive 1,4-addition of neighbouring diyne units 
and yields a polymer with a conjugated backbone. Two contributing structures 1 and 2 
can be drawn for the polymer backbone, but the acetylenic structure 1 appears to be 
the principal contributor, and a reasonably accurate representation of the true struc- 
ture. 

With only one known exception*, those derivatives that show reactivity in the 
polymerization reaction have a monomer crystal structure in which the diyne ‘rods’ are 
stacked parallel to each other. During rhe poiymerization successive diyne molecules 
tilt toward the stacking axis so that the terminal acetylenic carbons of adjacent 

SCHEME 1 
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molecules move within bonding range. The four carbons of the diyne unit retain their 
linear arrangement in the polymer, and the major geometrical change that occurs 
during polymerization is a change in the bonding angle to the side-group. 

Often the polymer and monomer form stable solid solutions over the entire conver- 
sion range, in which case it is possible to obtain large, essentially perfect, polymer 
crystals. It is also possible to prepare molecularly thin films of certain poly- 
(diacetylenes) by solid-state polymerization of monomers in mono- or rn~lti-layers~. 

'The polymer chains, which may contain several thousand monomer units4a*h, are 
arranged parallel to each other, thus providing polymer crystals with optical, electrical 
and mechanical properties in the chain direction which differ drastically from those 
measured in a direction perpendicular to the chain. Dramatic colour changes occur 
during the polymerization - from colourless, through red or blue at intermediate 
stages, and finally a deep reddish-gold, blue or green for the final polymer. The 
polymer crystals exhibit a distinct metallic lustre. The discovery of metallic conduction 
in doped poly(a~ety1ene)~ has stirred interest in the possibility of finding the same 
behaviour for the poly(diacetylenes), but to date only limited success has been 
realized6. 

Initiation of polymerization has been accomplished by heat, radiation (visible, 
ultraviolet, X-ray and gamma) and by subjecting monomer crystals to mechanical 
stress. Some monomers are polymerized by heat as well as by all of the forms of 
radiation, but more commonly a given monomer is sensitive to a limited number of 
modes of initiation. The same polymer is formed from a given monomer irrespective 
of the mode of initiation, although minor differences have been noted in some cases7. 

Diynes, both symmetrical and unsymmetrical, with a wide variety of substituent 
groups, have been found to be reactive. It is the substituent groups that determine the 
packing of the monomer molecules in the crystal, and this is the crucial factor in 
determining reactivity. Electronic interactions between substituent groups and the 
diyne function apparently play only a minor role. Spectacular differences in reactivity 
have been observed for different crystalline modifications of the same monomer'-''. 

Recently, it has been shown that Some unreactive monomers will participate in 
copolymerization in mixed crystals containing the 'unreactive' monomer and a reactive 
d i~ne"- '~ .  It has also been found that some unreactive diynes are activated by expos- 
ing the crystals to the vapour of certain organic solvents*. 

B. Monomer Crystal Packing Requirements 
Determination of the crystal structure of monomers possessing moderate-to-high 

reactivity is hampered by the fact that polymerization is initiated by X-radiation. 
However, if the diffraction is carried out at  low temperatures, the polymerization may 
be slow enough to permit structure determination. For example, the 
p-toluenesulphonate ester of 2,4-hexadiyne-l,6-dio1(3) the most widely studied of all 

p-MeC6H4S03CH2CGC- C-CCH20SO2C6H,Me-p 

(3) 
the diacetylene monomers, is polymerized rapidly by X-rays at room temperature, but 
at 120 K, the reaction is slow enough to allow the structure d e t e r m i n a t i ~ n ~ ~ " ~ .  

Data for a variety of monomer crystals are summarized in Table 1. Structures of the 
side-groups are given in the second column; with the exception of the last compound 
(entry 14) the diynes have symmetrical structures. The significance of the intermolecu- 
lar distances and angles given in columns 3-6 can be seen in Scheme 2.  The polymer 
chains form in the direction of the stacking axis. S .  and the angle between this axis and 
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I I 

SCHEME 2 

the diyne rods is y l .  The separation of the diyne units in the direction of S is dl ,  while 
the perpendicular distance, d l  sin y l ,  is designated sl. The distance between the car- 
bons that become bonded during polymerization is D .  In the polymer the repeat 
distance, d2, is 4.9 ? 0.1 A and y 2 ,  the angle made by the backbone carbons with the 
chain direction, is ca. 12-13". 

Optimum and limiting values for the monomer parameters have been specified by 
Baughman" and by W e g ~ ~ e r ~ ~ .  For significant reactivity, it is specified that s should be 
in the range 3.4-4.0 A and y1 should be ca. 45" 35.  Examination of Table 1 shows that 
the reactive diynes satisfy these requirements for the most part. The largest deviations 
are found for the benzoate 4 (entry 6) and 1,6-bis(9-carbazolyl)-2,4-hexadiyne (5, 
entry 5 )  where y1 is 59" and 60", respectively. The latter compound does show very 

N--CH,C=C-C=CCH2-N I? (5) ti PhCQ*CH,C E X - C  3 CCH2OCOPh 

(4) (o> 
low reactivity. the rate of polymerization being low enough to permit X-ray structure 
determination of the monomer crystal at room t e m p e r a t ~ r e ~ ~ . ~ ~ .  Polymerization of 4 
occurs only when the pressure is applied to the crystal, and this may distort the lattice 
to one with more favourable parameters". 

The distance D is determined by bothd, and y1 and probably is the most significant of 
the three parameters. The upper limit quoted for D is 5 A1', but the value for 5, 
4.22 A, is the largest value that has been found for a diyne which still shows measur- 
able activity. In view of the very low reactivity of this com ound, it seems likely that 

For the cases where structures have been determined for two crystalline modifica- 
the upper limit for D is not substantially greater than 4.3 !i . 
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tions of the same compound, entries 6 and 7, values of s1 and D for the unreactive 
forms fall outside the designated limits. 

In contrast to  the tosylate 3, which exhibits high reactivity, esters 6, 7 and 8 (entries 

ArS020CH,C~C-C~CCH~OS0,Ar 

) Ar = p-MeOCgH, 
(a Ar = p-CIC6Ha 

(8) Ar = 2-CloH7 

8, 9 and 10) are unreactive in their common crystalline forms, although reactive 
modifications of 6 and 7 have been reported r e ~ e n t l y ~ ~ , ~ ~ .  For the unreactive modifica- 
tions of 6, 7 and 8 the crystal structures show that the side-groups are arranged in 
conformations such that interference between side-groups on neighbouring molecules 
prevents the diyne units from moving into favourable bonding orientationsz6-28. Mixed 
crystals of 7 with the tosylate 3 can be prepared which contain up to 20% 7, and which 
can be polymerized to 100% conversion'*. The p-chlorobenzenesulphonate 7 enters 
the polymer in the same proportion as is present in the monomer crystal. 

One case is known of a reactive diacetylene in which neighbouring diyne units are 
not parallel; this is the bis(m-tolylcarbamate) of 2,4-hexadiyne-1,6-diol (9)2. In one of 

m-MeC6H4NHC02CH2 CrC-CGCCH20CONHC6H4Me-m 

(9) 

the crystalline phases of this compound the diyne axes of adjacent molecules are 
crossed at an angle of 72", yet it polymerizes, albeit partially, under the influence of 
X-radiation! However, distances as short as 3.607 8, are found between terminal 
acetylenic carbons of neighbouring molecules. This distance, which corresponds to the 
D parameter for crystals with parallel diyne units, is well within the range for bond 
formation. 

C. Molecular Structure of Monomers 

The polymerization of a large number of diacetylenes with a variety of attached 
functional groups has been studied, and the results are summarized in Table 2. An 
attempt has been made to group together similar types of molecules in the different 
parts, (a)-(r), of the table. In the reactivity column, + and - simply signify that 
detectable polymerization has or  has not been observed. In many of the reports the 
polymer itself was not characterized, but the development of a deep red or  blue colour 
upon heating or  irradiation is sufficient evidence for the occurrence of the type of 
polymerization under consideration in this chapter. No attempt has been made to 
compare relative rates of polymerization or final polymer conversions for the various 
monomers. Numerous papers have appeared for some of the compounds, and the 
references in the table are not meant to 'be complete, but merely serve to locate 
leading sources. 

For the most part, the synthetic methods used for the monomers are standard, 
straightforward procedures and are generally obvious. Consequently, discussions of 
synthetic methods are not included in the pages that follow, except where unusual 
methods have been used. 

Simple alkadiynes with unbranched side-groups undergo solid-state polymerization, 
as can be seen in part (a) of Table 2. The compounds are particularly sensitive to 
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TABLE 2. Alkadiynes and derivatives which have been studied in solid-state polymerizations 

(a) Alkadiynes, RCSC-CEC-R 

R Reactivity References 

Me + 17 
n-C10H21 + 36 
n-Cl2H25 + 31, 38 

+ 37,38 

9-AnCHzu - 25,34 
1 - 

n-Cl3H27 
PhCH2 

(b) Alkadiynols and derivatives, R'CGC-Cf CR2 

R' R2 Reactivity References 

Me 
Me 
Me 
Me 

CH2OH + 
CHzOCONHPh + 
CHzOCONHEt + 
CHXH(Et)OCONHPh + 

10, 32, 39 
39,40 
39 
39 

n-CI2H7.5 CH20H 
HC_C(CH2)* CHzOCOPh 

CH7OCONHMe 

+ 
+ 
+ 

38 
41 
41 

OH OH 
I 1 

(c) Alkadiynediols, RCH(CH2),C-C-CC_C(CH2),CHR 

R n Reactivity References 

H 0 + 16, 42, 43 
Me 0 + 39,44 
H 1 + 19, 39, 45 

(d) Carboxylate esters of 2,4-hexadiyne-1,6-diol, RC02CH&EC-CC=CCH20COR 

R Reactivity References 
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TABLE 2. continued 
(e) Sulphonate esters of alkadiynediols, RS03(CH2),CEC-CfC-(CH2),OS02R 

R n Reactivity References 

925 

Ph 1 + 33 
p-MeC& 1 + 47c 
p-FC6H4 1 + 48,49 
p-CIC6H4 1 +d 27, 34, 50 
p-BrC6H4 1 +d 13, 33, 50 
p-MeOC& 1 +d 26, 33 
m-CF3C6H4 1 + 49 

28 2-c  1 OH7 1 
Me 3 + 51 

( f )  Symmetrical urethane derivatives of alkadiynediols, 

-e 

RNHC02( CH*),C-C-C-C( CH2),0CONHR 

R n Reactivity References 

Et 1 + 39 
n-Bu 1 + 1 
n-C6H13 1 + 39,52 
n-C&17 1 + 39 
i2-c 12H25 1 + 39 
CyClO-C6H1 1 1 + 1 
Ph 1 + 1, 39 
p-MeC& 1 + 1 
rn-MeC6H4 1 + 2 
O-ClC& 1 + 2 
m-CIC6H4 1 + 1 
p-CIC6H4 1 + 1, 2 
o-MeOCsH4 1 + 2 
3-Thienyl 1 + 34 
Me 2 + 39 
Et 2 + 39 
Ph 2 + 39,44 
1-ClOH7 2 + 39 
Et 3 + 39 
Ph 3 + 39, 51, 53a 
EtOCOCH2 3 + 54,55,56,57 
BuOCOCH2 3 + 54,55,56,57 
Me 4 + 58 
Et 4 + 59 
i-Pr 4 + 60 
n-C6H13 4 + 61 
EtOCOCH2 4 + 54,55,56,57 
BuOCOCH2 4 + 54,55,56,57 
Ph 4 + 34, 53a 

(g) Unsymmetrical urethane derivatives of 2,4-hexadiyne-l,6-diol, 
R'NHC02CH2CFC-C-CCH20R2 

R' R* Reactivitv References 

Ph H + 
Ph MeNHCO + 

40 
39, 40 
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TABLE 2. continued 

(h) Alkadiynoic acids, RCGC-CC-C(CH2),COzHf 

R n Reactivity References 
~~ 

n-ClZH25 0 + 34, 62 
n-Cl6H33 0 + 34 
t2-C 12H25 3 + 34 
Et 8 + 6 
n-CSH11 8 + 63, 64a 
n-C6H13 8 + 63 
n-C8H17 8 + 63 
n-C9H19 8 + 34, 64a 
n-C1 OH21 8 + 34, 63,64a 
n-ClZH7.5 8 + 34,63,65,66 
n-Cl4H29 8 + 34,63 
n-Cl6H33 8 + 63 

(i) Amide derivatives of alkadiynoic acids, R'C-C-CC3C(CH2)8CONHR2 

R' R2 Reactivity References 

(j) Ester and amide derivatives of 10,12-hexacosadiynoic acid, 

Y X Reactivity References 

0 0 + 64a 
0 NMe + 64a 

+ 64a 
+ 68 0 NMezBr- 

NH Q 

(k) Alkadiynedioic acids and their salts, MO2C(CH2),,CC-C-CfC(CH2),COzM 

n M Reactivity References 

5 
8 
8 

K + 
H + 
Ba/2 + 

69 
10 
10 
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TABLE 2. continued 

(1) Ester and amide derivatives of alkadiynedioic acids, ZCO(CHz),,CfC-CfC(CH2),COX 

Z n X Reactivity References 

927 

-- 

5 
5 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 

OH 
Me0 
O K  
OH 
OMe 
= Z  
= Z  
OH 
=Z 
OH 
OMe 
OMe 
OMe 
= Z  
=Z 
OMe 
OMe 
OMe 
OMe 
OMe 
= Z  

= Z  
OH 
OMe 
OH 
OEt 
OH 

NHC6H13 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

69 
69 
69 
51, 70, 71 
69 
69 
69 
69 
69 
69 
72 
73 
73 
73 
73 
73 
73 
73 
73 
73 
74 
75 
67 
73 
36, 69 
69 
69 
69 

(m) Miscellaneous derivatives, R1CEC-C=CRZ 

R' R2 Reactivity References 

PhOCHz 
2,4-(NO2) ~ C ~ H ~ O C H Z  
PhNHC02CHMe 
PhWHC02CMe2 
Me C f  C- CECHg 
Carbazh 
Carbaz--CH$ 
Carbaz-(CH )3h 

3-BrCarbaz-CH: 
Carbaz-CHz z 

MbCH(0Ts) 

+ 
+b 

29 
76 
44 
10 
77 
51 
22,34,78,79 
80 
80 
80 

68 

41 
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TABLE 2. continued 

c-c-crc 
z z (n) Diarylbutadiynes, 

Z Reactivity References 

H - 16, 81 

- 81, 82 

o-NO2 + 81 
m-NOl + 81 

81 
P-NO2 

81 m-NH2 - 
81 P-NH2 

0-AcNH + 81 
m-AcNH + 81 

81 P-ACNH - 
o-BzNH + 81 
m-BzNH + 81 

81 P-BZNH - 
0-PhNHCONH + 81 
m-PhNHCONH + 81 

81 p-PhNHCONH - 

- o-NH2 

- 

c-c-c=c 
(0) Cyclic diarylbutadiynes, 

-R- Reactivity References 

-0CH2-CEC-CHzO- + 83 
-O(CH2)30- + 83 
-O(CH2)40- - 
-0(CH2)50- - 
-O(CH2)60- - 

-0CHzCH=CHCH20- + 83 

-OcH2(o-C6H~)cH20- + 83 

-0CO(CH2)&00- - 
-OCO(CH2)sCOO- - 
- ~ ~ ~ ( ~ ~ ~ ) ~ ~ ~ ~ ~  - 

83 
83 
83 

-0CH2CH=CHCH20- + 83 
(cis) 

(trans) 

-OCO(CH2)3COO- + 25, 84, 85 
85 
85 
85 
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TAELE 2. continued 

929 

(CHZ),--C Z C - C  EC-(CH2)2 

\R / 

/ / 
(p) Miscellaneous cyclic polyacetylenes, 

(CH,),-C GC-C =C-(CH2)2 

-R- Reactivity References 
~ 

86 
86 
86 

[ -( CH2)CZC-CfC-(CH2) 2-1, 

n Reactivity References 

2 
3 
4 + 87-89 

87 
87 

- 
- 

R Reactivity References 

- C H 2 C H 2 e C H & H 2 -  + 86 

(9) Alkatriynediols, alkatetraynediols and derivatives, ROCH2(CfC),CHzOR 

R n Reactivity References 

H 3 + 
BZ 3 + 
Ts 3 + 
BuNHCO 3 + 
PhNHCO 3 + 
EtNHCO 4 + 

90 
9.0 
90 
90 
90 
40 
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TABLE 2. continued 
(r) Miscellaneous alkapolyynediols and derivatives, ROCH2(CGC)z[ C H Z C H ~ ( C = ) ~ ] ~ C H ~ O R  

R n Reactivity References 

Bz 1 + 
MeNHCO 1 + 
Ts 1 + 
Bz 2 + 
MeNHCO 2 + 
PhNHCO 2 + 
Ts 2 + 

41 
41 
41 
41 
41 
41 
41 

u9-AnCHz = 9-Anthrylmethyl. 
bPolymerizes under pressure. 
CNumerous references, see text. 
dThe common crystalline form fails to polymerize, but a reactive crystalline form has been 
reported. 
eMixed crystals with the tosylate do polymerize7. 
fSalts of the acids, particularly cadmium salts, are often used instead of the free acids. 
gR configuration. 
hCarbaz = 9-carbazolyl. 
’3-BrCarbaz = 3-bromo-9-carbazolyl. 

ultraviolet light36. The polymer from 2,4-hexadiyne is highly amorphous, .presumably 
because the monomer molecules are arranged in the crystal so that polymer chain 
growth can occur in more than one d i r e~ t ion ’~ .  Symmetrical diynes with an even 
number of carbons in the side-chains are more reactive than those with an odd 
number37. Highly branched side-chains as in 10 prevent close approach of neighbour- 
ing diyne units, and this compound as well as related, highly branched compounds fail 
to polymerize. 

t-BuCEC-C ~c Bu-t 

(1 0 )  

Simple alkadiynols and their derivatives are summarized in part (b). The distances 
and angles in the 2,4-hexadiyn-l-ol crystal (Table 1, entry 14) are close to the values 
for optimum reactivity, and polymerization does occur readily on exposure to light or  
under pressure32. The monomer units are stacked in a fashion that leads to head-to-tail 
polymerization as shown in Scheme 3. When polymerization reaches ca. 30%, cracks 
begin to appear in the crystal and soon after this occurs the reaction ceases. The strain 
that develops in the polymer and causes fracturing is attributed to hydrogen bonding 
between neighbouring hydroxymethyl side-groups which leads to asymmetric inter- 
molecular forces3*. 

SCHEME 3 
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OH 
I 

OH 
I 

RCH(CH2),C=C-C_C(CH2),CH R 

(11) R =H, n=O 
(12) R =H, n = l  
(13) R = M e , n = O  

Alkadiynediols are listed in part (c). The simplest member, 2,4-hexadiyne-l,6-diol 
(11) polymerizes at 90-1OO0C4*. The polymer formed in the initial stages has the red 
colour typical of long-chain poly(diacety1enes) but after ca. 40 h the colour shifts to light 
brown and then slowly darkens. It was suggested originally that the change in colour 
was caused by a drastic reduction in polymer chain length in the later stages of the 
reaction, but it seems more likely that conformational changes of the type discussed in 
Section I.F.3.a are involved. These changes lead to  a decrease in effective conjugation 
length without changing the overall length of the polymer chain. 

The next homologue, 12, is polymerized by ultraviolet or y-radiation or by thermal 
annealing, without phase separation", and it has been proposed that the longer side- 
chains in 12 provide sufficient freedom for reorientation of the diyne units without 
disrupting the hydrogen bonds between s ide-~hains '~.  

3,5-0ctadiyne-2,7-diol (13) fails to polymerize thermally at atmospheric pressure 
and temperatures up to 100°C, but it does polymerize at room temperature under 30 
kbar pressure44. 

Carboxylate esters of 2,4-hexadiyne-1,6-diol are  contained in part (d) of Table 2. 
The relative reactivities of a series of fatty acid esters, 14a-g, have been measured and 
the results are presented in Scheme 446. Thermal polymerization of these compounds 

C"H2, + 1C02CH2CGC-CZZCCH2OCOC,#2, +1 

n % Polymerization' n % Polymerization' 

14a 5 0 
14b 7 1 
14c 9 32 
14d 11 26 

14e 13 20 
14f 15 17 
14 g 17 6 

'% Polymer after UV irradiation for 30 min. 
SCHEME 4 

is very slow, measurable conversions occurring only for the caprate, 14c, and laurate, 
14d, and even with these the conversion to  polymer amounts to only 1-2% for samples 
which had been heated for severs1 days at temperatures just below the melting point. 
Polymerization by ultraviolet light is faster, and the extent of conversion after 30 min 
is summarized in Scheme 4. Although the caproate ester, 14a, is inert, the remaining 
homologues show activity which reaches a maximum with the caprate ester, 14c. 
Evaluation of reactivity in photopolymerization of diacetylenes is difficult because 
initial polymer formation occurs on the surface of the monomer crystal, and the 
polymer, which has a very high absorption coefficient in the ultraviolet region, acts as a 
filter, preventing penetration of radiation beyond to cm. 

Sulphonate esters of alkadiynediols, Table 2, part (e), have been studied exten- 
sively. To date it has not been possible to  grow reactive crystals of the 2- 
napthalenesulphonate, $, of 2,4-hexadiyne-l,6-diol or the tosylate of 3,5-octadiyne- 
2,7-diol, 15, but mixed crystals of the former with 3 do undergo copolymerization"~'3. 



932 William D. Huntsman 

01s OTs 

Me CHC r C-C 3 CCH Me A r S 0 , C H 2 C ~ C - C ~ C C H 2 0 S 0 2 A r  
I I 

The p-bromobenzenesulphonate, 16, exhibits behaviour similar to that mentioned in 
Section 1.B for the p-chloro and p-methoxy analogues, i.e. the crystalline form that is 
obtained by customary recrystallization procedures is unreactive, but by crystallization 
from highly supersaturated solutions. crystals of a metastable reactive modification can 
be ~ b t a i n e d ' ~ .  Unfortunately, the conditions required to produce the active modifica- 
tion lead only to the formation of microcrystals. 

One of the reasons for the large amount of work devoted to tosylate 3 is that it is 
relatively easy to obtain large, essentially perfect monomer crystals of high purity, and 
these can be converted quantitatively to polymer single crystals of comparable perfec- 
tion and Single crystals more than 15cm long and weighing more than 10 g 
have been described40. The monomer is very sensitive to heat and light, and unless 
special precautions are taken a small amount of polymerization may occur during 
purification of the monomer, as evidenced by the development of a pink or red colour 
in the crystals. Procedures have been described for obtaining highly purified mono- 
mer92. Polymerization occurs slowly at room temperature, requiring ca. 2 months to 
reach completion, and has even been noted at temperatures as low as - 20"C93. The 
reaction is much faster at elevated temperatures, for example, requiring 2 hours at 
90°C for ~ o m p l e t i o n ~ ~ .  Thermal polymerization is best carried out in the range 
50-80°C; at temperatures much above 8O"C, slow decomposition begins to occur. A 
comparison of the thermal, UV and y-ray polymerization processes has been 
reported7. 

The p-fluorobenzenesulphonate of 2,4-hexadiyne-l,6-diol, 17, shows behaviour 
comparable to the tosylate 3 although the thermal polymerization is approximately an 
order of magnitude s l o ~ e r ~ ~ , ~ ~ .  

Extensive studies have been carried out with various carbamate (urethane) deriva- 
tives of alkadiynediols, and representative monomers are presented in Table 2. part 
(f). The phenylcarbamate of 2,4-hexadiyne-l,6-diol(18) exists in four crystalline inod- 
ifications, the most active of which is obtained by recrystallization from 
p-dio~ane-water ' ,~- '~,~~. It contains one-half molecule ofp-dioxafie per monomer unit 
and polymerization, which can be accomplished with heat, ultraviolet or y-radiation, 
yields a single polymer crystal in which the p-dioxane in incorporated at lattice sites 
where it forms N-H-0 hydrogen bonds with two urethane groups96. 

RNHC02CH,C-C-CrCCH,OCONHR 

(9) R = m-MeC6H4 

(18) R = Ph 

(19) R = O-CIC6H4 

(28) R = O-MeOC6H4 

(21) R = p-CIC6H4 

A dramatic effect is produced by the incorporation of p-dioxane in the 
m-tolylcarbamate (9) crystal2. Crystallization of the compound from acetone-hexane 
gives a moderately active 'orange' phase. while recrystallization from p-dioxane-water 
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produces a highly reactive ‘blue’ phase which contains one-half molecule ofp-dioxane 
per monomer unit. These colours are not the true colours of the monomers, but are 
caused by the presence of small amounts of polymer which form during the crystalliza- 
tion process. The orange phase polymerizes in the presence of y-radiation, reaching a 
limiting conversion of ca. 35%, whereas the blue phase polymerizes quantitatively. 
The orange phase is the one described previously. (Section 1.B) in which adjacent 
diyne units are not parallel to each other in the crystal. 

Interestingly. when crystals of the orange phase are exposed to p-dioxane vapour 
they incorporate p-dioxane and are converted to the blue phase. The effect of organic 
solvent vapours on several other inactive urethane derivatives has been studied2. 
Activation byp-dioxane vapour has been found €or 18,19 and 20, and by dimethylfor- 
mamide vapour for 21. 

The phenylcarbainate of 3,5-octadiyne-2,7-diol (22) does not polymerize thermally 
at  atmospheric pressure but does polymerize sluggishly at 230-270°C under 35 kbar 
pressurej4. 

Me M e  
I I 

PhNHC02CH - C=C-C=C-CHOCONHPh 

(22) 

The alkoxycarbonylmethylcarbamates, 23a-d, show negligible thermal reactivity 
but are readily polymerized by y - r a d i a t i ~ n ~ ~ .  Monomer crystals frequently have a blue 

ZOCOCH2NHCO2(CH2),CG C- C_C(CH,),OCONHCH 2COOZ 

Z n Z n 

23a Et 3 
23b Et 4 
23c Bu 3 
23d Bu 4 

23e H 3 
23f H 4 

23h K 4 
23g K 3 

colour indicating the presence of a small amount of polymer, presumably formed by 
thermal initiation at  crystal defects or impurity sites. The polymers derived from these 
carbamates have proved to be exceedingly interesting because they are soluble in 
common organic solvents and undergo unusual visual conformational changes in the 
solid phase as well as in s o l ~ t i o n ~ ~ , ~ ~ .  The polymers derived from the free acids, 23e 
and 23f, and their potassium salts, 23g and 23h, are soluble in water and these solutions 
exhibit the visual conformational changes upon variation of pH or  ionic ~ t r e n g t h ~ ~ * ~ ~ .  
The properties of these polymers are considered in detail in Section I.F.3.a. 

The unsymmetrical urethane derivatives given in Table 2, part (g), have been shown 
by X-ray diffraction studies to undergo head-to-tail p~ lymer i za t ion~~ .  

Alkadiynoic acids, 24, given in Table 2, part (h), undergo photopolymerization in 
crystals, but their most interesting property is the ability to be photopolymerized in 
ultra-thin mono- and multi-layer ~ t r ~ ~ t ~ r e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ .  The acids or their salts can 
be spread as monolayers on the surface of water and polymerized to give extremely 
rigid, oriented polymer monolayerslO1a. These monolayers have significant absorption 

R-C=C-C-C-(CH2),C02H 
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in the visible region and can be seen as reddish-orange films on the water surface. 
Alternatively, monomer multilayers of known thickness can be constructed by succes- 
sively dipping and withdrawing a quartz plate into and from the monolayer on the 
water surface, i.e. the Langmuir-Blodgett technique. As a rule of thumb, acids with 20 
or more carbons and melting point above 45°C form surface states that are stable 
enough for mu1 tilayer formation by the Langmuir-Blodgett technique66. Polymeriza- 
tion of the multilayer structure occurs rapidly without disruption of the layer structure 
upon exposure to ultraviolet light. The polymer films are of considerable interest 
because of their potential as models for biological membranes with defined hyd- 
rophobic and hydrophilic surfaces63. 

The ester and amide derivatives of 10,12-hexacosadiynoic acid listed in Table 2, part 
(j), which serve as phospholipid analogues, can also be spread as monolayers and 
p o l y m e r i ~ e d ~ ~ ” , ~  68. Furthermore, sonication of aqueous suspensions of 25, or  the 
lysolipid-type molecule 26 produces spherical multilayered liposomes which undergo 
photopolymerization without detectable structural change64a.b.68. 

C,3H,,C-C-C=C(CH,),CO2CH2CH2, 
NW? C13H27C r C  -C-C(CH2),CO2 CH2CHz / 

(25) 0- 
I c 13H27C =C - C= C(CH2)g OP( 0)( 0 CH 2CH $H3) 

The amides listed in Table 2, part (i), prepared from optically active R(+)-1- 
phenylethylamine by standard methods, show extreme sensitivity to ultraviolet and 
X-radiation, and form chiral poly(dia~ety1enes)~~. Amide 27 is thermally stable but 
shows exceptional sensitivity to long wavelength radiation. It has photographic and 
lithographic applications important to microelectronic and optical device fabrication6’. 

(26) 

C Q H ~ ~ C =  CC= CCONHCHPh 
I 

Me 
(+I - (27) 

Examples of alkadiynedioic acids and their derivatives are given in Table 2, parts (k) 
and (1). Much of the information on the polymerization of these compounds is con- 
tained in the patent literature. The principal applications of the compounds are based 
on radiation-induced polymerization. 10,12-Docosadiynedioic acid (ma) and its 
derivatives have been investigated extensively. Applications as photosensitive 
materials in photographic and photocopying formulations have been described for the 
monomethyl ester 28b72*73J02J03, for the dimethyl ester 2&3636g.104, for the mixed 
amide salt 28d75 and the substituted diamide k?$e74. Additionally, 28b can be used as a 

ZCO(CH,),CE CC=C(CH,),COY 

Z Y 

2% 
28b 
28c 
28d 
28e 

HO 
Me0 
Me0 

MeOCH?CH?NH 
C6H13NH 
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neutron radiographic X-ray radiographic materia170 and electrophoto- 
graphic elemen tS1 ,71 g 1  05-lo7. 

Among the ethers related to 2,4-hexadiyne-1,6-diol, Table 2, part (m), the diphenyl 
ether 29a exists in two crystalline forms neither of which has the proper packing for 
solid state polymerizationz9 (See Table 1, entry 11). Interestingly, the bis(2,4- 
dinitrophenyl) ether 29b polymerizes at 130°C giving lustrous green crystals76. The 

ArOCH ,CEE C- C ECCH20Ar  

(a) 
(a) Ar = Ph 

(b) Ar = 2,4-(02N),C6H, 

monomer undergoes an apparent ferroelectric transition at  31 K, but this anomalous 
behaviour is not exhibited by the. polymer. 
1,6-Bis(9-carbazolyl)-2,4-hexadiyne (5) can be polymerized quantitatively by heat- 

ing at 110-240°C, o r  by y-radiation to give a gold-coloured polymer with metallic 
lustre 18,7y. The reactivity in photopolymerization is very low, the rate being slower 
than that of the tosylate 3 by a factor of 78. Long-lived luminescence is observed 
in the monomer crystal of 5, and it has been shown that the phosphorescing centres are 
the carbazolyl groups which act as traps for the excitation e n e r g ~ ~ ~ J O ~ .  Measurement of 
the fine-structure parameters by optically detected magnetic resonance indicates that 
the triplet wave function is essentially localized on the carbazolyl groups, with very 
little delocalization to the n system of the diyne unitlog. The low photoreactivity, then, 
is in part attributable to inefficient transfer of excitation energy from the carbazolyl 
ring, where it is initially absorbed, to the diyne system. 

Bis( 1,3-pentadiynyl)mercury is polymerized by ultraviolet radiation or by heating at  
100-200°C to give an unusual polymer in which it is believed that adjacent polymer 
chains are joined through mercury atoms as shown in Scheme 577. 

SCHEME 5 

The behaviour of diarylbutadiynes was reported several years ago by Wegners', but 
relatively little has been published since then. Crystal-structure determinations for the 
diphenyl (30a)16.30 and his@-nitrophenyl) (30b)82 derivatives show that the packing 
arrangements in both cases are not suitable for polymerization. Examination of Table 
2, part (n), reveals the interesting fact that the para-substituted derivatives are inactive 
for all cases studied, but excepting the amino-substituted derivative, the orrho- and 
meta-substituted derivatives do exhibit solid-state reactivitys'. In fact, Wegner 
described the 0- and Jn-acetamido derivatives, 3Oc and 3Qd, as being among the most 
reactive diynes he had encountered at that time. 
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ArCZC-C_C& 

(a) Ar = Ph 

(b) Ar = (02N)C6H, 

(c) Ar = (I-AcNH 

(4 Ar = m-AcNH 

Several diarylbutadiynes containing bridging groups between the ortho positions of 
the two rings exhibit solid-state reactivity as can be seen in Table 2 part (0). The 
thermal and light sensitivity of these compounds was reported by Toda and 
N a k a g a ~ a ~ ~ . ~ ~  several years before Wegner's paper characterizing the polymeiizaion 
process', but their description of the deep colours that developed when the crystals 
were heated or exposed to light leaves little doubt that these compounds do undergo 
solid-state polymerization. In the case of the glutarate ester 31a (n = 3), X-ray and 

(31) 
(a) R = -OCO(CH2)nco2- 

(b) R = -0(CH2),0- 

spectroscopic studies have confirmed that the polymerization, which is accomplished 
by ultraviolet or y-radiation, is of the same type as found for open-chain diyneszs~s4*10y. 
In  the reactive modification the packing meets the criteria for reaction (Table 1, entry 
7), but conversion to polymer is incomplete, e.g. reaching a limiting value of 35% in 
y-ray polymerization, and the unchanged monomer can be extracted leaving highly 
disordered, almost fibre-like crystals of polymer. 

The ring containing the diyne system in the glutarate derivative is under consider- 
able strain as evidenced by the distortion of the acetylenic bond angle away from the 
normal 180" value to ca. 175-176", and lengthening of the triple-bond to 1.26 Az5. 
The low reactivity of the glutarate has been attributed to restricted side-group mobility 
resulting from attachment of the aromatic rings directly to the diyne system25, and also 
to strain in the polymers4. The structure of the polymer is considered in Section I.F.l. 

Interestingly, the higher esters 31a (n = 4,5,7) failed to polymerizes5. In the case of 
the ether-bridged derivatives 31b, the homologue with n = 3 is sensitive to heat, but 
the higher homologues with n = 4,5 or  6 are nots3. 

A variety of cyclic di- and higher poly-acetylenes have been studied and the results 
are collected in Table 2, part (p). The bicyclic derivative 32 is extremely reactive, and 



22. Poly(diacety1enes) and polyyne polymers containing transition metals 937 

polymerizes in a few seconds at room temperature, in the dark, the moment that 
solvent is removed from solutions of the monomer, to give a red insoluble polymers6. 
It is highly likely that the polymer formed in this case has a cisoid conformation as 
described in Section I.F.1109. 

When the cyclic octayne 33 is crystallized from chloroform, crystals are obtained 
which contain interstitial chloroform and which are quantitatively polymerized by 

(CH*)J-C-C-CC-C-(CH~)~ 
I I 

y-radiation giving a deep-red polymer which contains one molecule of chloroform per 
monomer unit8‘. If the chloroform is removed from the monomer crystals by pumping, 
a yellow powder remains which does not polymerize. Raman and Fourier-transform 
infrared (FTIR) spectra show that not all of the diyne units react during polymeriza- 
tion, and X-ray studies reveal that although crystalline order is retained in the chain 
axis projection, there is loss of crystallographic register between chainsB8. 

The octayne 33 is obtained as one product of oxidative coupling of 1,7- 
o~ tad iyne~’ .~~ .  Along with 33 there are produced the cyclodimer and cyclotrimer. The 
three can be separated by chromatography and are obtained as colourless crystals. 
Although the cyclodimer and cyclotrimer crystals gradually turn yellow and then 
brown on exposure to light, they fail to develop the bright red or blue colour charac- 
teristic of the linear poly(diacety1enes). 

With conjugated alkatriynes, the possibility exists for polymerization by 1,6- as well 
as by 1,4-addition, as shown in Scheme 6. For 2,4,6-octatriyne-1,8-diol and its deriva- 

SCHEME 6 

tives (Table 2, part q), the repeat distance in the polymer chain is ca. 4 .9& thus 
establishing that the polymerization is a 1 ,4-processg0. 

Polymerization of the bis(ethy1carbamate) of 2,4,6,8-decatetrayne-l ,lo-diol(34) by 
y-radiation produces a polymer in which the chains are aligned but which is otherwise 
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EtNHCO2CH p(C C),CH 2 OCONHEt 

(W 
amorphous40. From the chain repeat distance, 4.75 A, it is apparent that the polymer- 
ization involves diyne units, but it is not known which of the two possible diyne units is 
involved. 

D. ,9bbmviatlons for Monomer and Polymer Names 

The diacetylenes and their polymers which are frequently encountered are com- 
monly referred to with a set of initials, usually derived from some part of the common 
name of the monomer. This practice will be followed here in an effort to conserve 
space, and for easy reference the abbreviations are collected in Table 3. The mono- 
mers will be referred to by the initials, and the polymers by prefixing poly- to the 
initials. 

TABLE 3 Abbreviations for common diacetylene monomers, RCEC-C-CR 

R Abbreviation R Abbreviation 

8;. 
0 

HHD 
PTS 
PMBS 
PFB S 
PCS 
PBBS 
2 NPS 
HDU 
DADD 

DCHD 

PhNHC02(CH2)3 
EtNHCO 2( CH2) 3 
PhNHCOz(CH?)4 
EtNHCOi(CHi)4 
EtOCOCH2NHC02(CH2) 3 
BuOCOCH2NHC02( CH2)3 
EtOCOCH?NHC02(CH2)4 
BuOCOCH~NHCO~(CH~)~ 
i-PrNHCO 2( CH2)4 

DDU 
DDEU 
TCDU 
ETCD 
3 ECMU 
3 BCMU 
4ECMU 
4 BCMU 
IPUDO 

BPG 

E. The Polymerization Reaction 

Topics considered in this section include: changes observed during polymerization, 
kinetics and energetics, polymer chain lengths during and at the end of the reaction 
and reactive intermediates and mechanism. 

1. Lattice mismatch 

The polymerization process consists of polymer chains forming at random in the 
crystal and groying in a unique crystallographic direction. Growth continues until it is 
terminated by crystal strain, or by encountering a crystal defect or another growing 
chain. Initially the polymer exists as a solid solution of polymer in the monomer 
phase and changes to a solid solution of monomer in the polymer phase as the reaction 
progresses. As mentioned earlier, if the solutions are stable over the entire composi- 



22. Poly(diacety1enes) and polyyne polymers containing transition metals 939 

tion range, it is possible to obtain polymer single crystals. In some cases, however, the 
solid solutions are unstable at intermediate composition and phase separation may 
occur. The requirements for phase stability have been describedI7. In the case of 
DCHD a phase transformation at an intermediate stage makes it possible for complete 
polymerization to occurz2. 

The repeat distance, dz, in polymers derived from acyclic diynes is ca. 4.9 A irres- 
pective of side-chain structure and it can be seen in Table 1 that the stacking distance 
d l  in many monomers differs significantly from 4.9 A. For example, d l  in PTS, 5.1 1 A, 
is longer than the polymer repeat distance, whereas the value for DCHD, 4.55 A, is 
shorter. In  such cases the polymer chains are required to conform to the monomer 
stacking distance. With the tosylate the entire polymerization is homogeneous and as 
the polymer content grows the monomer lattice is compressed in the direction of chain 
growth as evidenced by the smooth decline in the unit cell dimension in this direction 
(the b axis) from 5.11 A to 4.91 Al5.Ilo. 

The lattice mismatch is even greater with DCHD, and the polymer chain must 
contract by  approximately 8% in the monomer lattice. When the polymerization is 
effected by y-radiation, the lattice parameters change smoothly at first, but at ca. 20% 
conversion a phase change occurs and the parameters change abruptly to values cor- 
responding closely to those of the The phase transition is a displa- 
cive one, but it proceeds homogeneously throughout the crystal and introduces little 
disorder. Polymer chains already present at the time of the transition probably prevent 
fragmentation of the crystal which normally would occur with such large lattice 
changes22. Quantitative thermal polymerization of DCHD is possible, but phase 
separation occurs causing fracture of the crystals and microcrystalline polymer is 
obtained. 

Shifts in optical and vibrational spectra of the polymer with increasing conversion 
have been interpreted as resulting from changes in stress on the polymer 
chain33.112-115. For example, the resonant Raman spectra of poly(diacety1enes) contain 
four intense bands which are associated with backbone vibrations116. Of these, two 
modes, v1 and v 2 I l 3 ,  correspond to triple- and double-bond stretching modes, respec- 
tively, while the remaining two are essentially bending modes. The value of v 1  and v2  
for crystals containing 1% and 100% polymer for poly-PTS and poly-PMBS are pre- 
sented in Table 4. Shifts in the remaining two bands are substantially smaller than 
those observed for u l  and v 2 I l 3 .  It is seen that v 1  and v2 increase with increasing 
polymer conversion and these shifts have been attributed to the decreasing strain on 
the polymer chain as the reaction progresses. Support for this interpretation comes 
from studies of the changes in the vibrational frequencies that occur when poly- 
(diacetylene) crystals are subjected to mechanical  train"^."^. For example, v 1  and 

TABLE 4. Resonant Raman lines in partially and completely polymerized poly(diacety1ene) 
crystals 

Poly-PTs"3 PoIY-PMBS~~,' l 2  

1% Polymer 100% Polymer 1% Polymer 100% Polymer 

v 1  (cm-'> 2015 2086 1980 2084 
v2 (cm-I) 1472" 1 485" 1478 1482 

"The observed values represent perturbed frequencies which arise from coupling of v 2  with the 
scissor-vibrational mode of the adjacent CH2 group. Calculated values for unperturbed vz are 
1460 and 1483 cm-'. The unperturbed frequencies were used in deriving the frequency-strain 
relationship described in the text. 
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v 2  for crystals of poly-PTS or poly-HDU decrease when the crystal is subjected to 
tensile strain in the direction of the polymer chain. Linear relationships between the 
frequencies and strain, as measured by the fractional increase in length of the crystal, 
are observed up to a certain strain; beyond this value the relationships are nonlinear 
and at a limiting value the crystal fractures. From the frequency-strain relationships 
for the pure polymer crystals, and the value of v1 for crystals containing a small 
concentration (ca. 1%) of polymer, it is calculated that the initial chains of poly-PTS 
are subject to approximately 3% strain. This may be compared with the value of 5% 
calculated from lattice parameters. Most of the elongation that occurs with applied 
tensile strain results from bond angle c h a n g e ~ ' ~ ~ J ~ ~ ,  and calculations indicate that the 
changes in vibrational frequencies result from bond anharmoni~ities~~~, '  18. 

The intense absorption of poly-PTS at 16,190 cm-l in 100% polymer crystals is 
shifted to 17,500 cm-l in crystals containing a small concentration of polymer, and 
this shift has also been attributed to polymer strain115a. A study of the shift in absorp- 
tion energy during polymerization of microcrystalline PTS supports this interpreta- 
t i ~ n " ~ ~ .  For crystals of pure polymer the slbsorption maximum shifts to higher fre- 
quencies with applied tensile strain, and from the derived relationship between fre- 
quency and strain it is calculated that the initial strain on poly-PTS chains is 4.6%'14. 
The absorption frequency decreases linearly with applied hydrostatic pressurelZ0. 

Chance and Sowa have criticized this interpretation of the change in the optical 
spectrum, and believe that the blue shift in the low conversion spectrum cannot be 
attributed entirely to strainl2I. Implicit in the argument above is the assumption that 
the polymer chains are effectively infinite in length even at low conversions. Wegner's 
early report of the near insolubility and very high viscosity even for polymer formed in 
the early stages had led to the belief that very long chains were formed from the 
onset47. Chance and Sowa argue that the initial polymer chains may be relatively short 
compared to those formed later and this may be partially responsible for the blue shift. 
They estimate that an oligomer with 24 monomer units would absorb at 17,500 cm-', 
the value observed for low polymer conversions. From molecular weight determina- 
tions reported recently it is estimated that the number-average degree of polymeriza- 
tion of PTS in the early stages is ca. 20, thus adding weight to the criticism*22. 

2. Kinetics 

Three methods that have been used most widely for monitoring kinetics are: 
gravimetric determination of residual polymer after the unchanged monomer has been 
removed by solvent extraction7~11~13~33-47~4g~1z3~124, differential scanning calori- 
metry92,y4~125-127 and diffuse reflectance spectroscopy121. In cases where results can 
be compared, the agreement among the methods is reasonably good. The extrac- 
tion method is tedious and requires large samples. Solution absorption spectroscopy 
provides the most accurate analytical method but it is limited to those few polymers 
having a significant ~olubi l i ty~~.  A novel technique for studying the kinetics and 
energetics of photopolymerization involves photoacoustic photocalorimetry128. 

The polymerization of PTS is characterized by an initial 'induction period', during 
which the rate is very slow, followed by an 'autocatalytic period' in which the rate 
increases dramatically, by better than two orders of magnitude, and conversion rapidly 
approaches 100%. The length of the induction period ranges from ca. 600 h at 30°C, 
to 60 h at 50°C to 3.3 h at 80°C but in all cases the change to the rapid regime occurs 
after ca. 10% conversion to polymer7. The ratio of rate constants in the two regimes 
has been estimated by various workers to be 15OY4, 1751'5a, 30012' and 40Olz6. In spite 
of the dramatic difference in rates the energy of activation is the same in both regimes, 
viz. 22.5 kcal mo1-l. Values determined by a number of groups, using the three techni- 
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ques described above for monitoring conversion, are within -t 0.5 kca] mol-1 of this 
value7*94*121~12"-127. The measured value corresponds to the activation energy of the 
rate-determining initiation step, and we shall see below that chain growth proceeds 
with a very low activation energy, ca. 2 kcal mol-1. 

It is believed that the slow rate characterizing the induction period is a consequence 
of the monomer-polymer lattice mismatch described above, and a model has been 
derived involving crystal strain effects which gives good agreement with experimental 
data129. Slow reaction in the early stages is a consequence of strain in the polymer 
chain which, according to evidence cited below, limits the polymer to relatively short 
chain lengths. With increasing conversion the lattice mismatch decreases and effec- 
tively unstrained polymer chains can grow. The autocatalytic region is characterized by 
the growth of very long polymer chains, and it is this increase in chain length that is 
responsible for the dramatic increase in rate. The rate in the autocatalytic region varies 
considerably with crystal purity, suggesting that the molecular weight is controlled by 
chain-terminating impurities. On the other hand, in the induction period the rate is 
relatively insensitive to purity, in agreement with the strain-control theory126. 

Several lines of evidence support this interpretation of the induction period. The 
induction period decreases when hydrostatic pressure is applied to a PTS crystal, and 
at 60°C, it effectively disappears at pressures above 2 kbar123. This was taken initially 
to mean that the monomer lattice was compressed in the b direction to a value 
matching the polymer repeat distance, but it has been shown that the change in this 
parameter brought about by a pressure of 3.4 kbar is less than 10 ppm, and even at this 
pressure the lattice mismatch is still ca. 4.5%1209130. Lateral compression of the lattice is 
probably the major factor responsible for the a~celerat ion '~~.  Substantial changes in 
the a and c axes do occur during p~lymerization~~. 

Changes in the near-IR absorption spectrum during the change from the induction 
to the autocatalytic regime have also been interpreted in terms of crystal strain131. A 
band is present at 4390 cm-' in the monomer spectrum which is the fourth harmonic 
of the CH2 wagging mode at 1362 cm-' in the infrared region. The intensity of this 
band increases linearly with conversion until ca. 11 % polymer has formed, but beyond 
this point the band rapidly disappears. The initial increase in intensity is attributed to 
increased anharmonicity of the vibration resul ting from crystal strain during the induc- 
tion period. As the strain decreases above 1 1 % conversion, the anharmonicity 
decreases and the overtone band  disappear^'^'. 

Changes in proton spin-lattice relaxation times also support the correlation between 
crystal strain and the induction period132. This technique provides a sensitive means 
'for monitoring polymer conversion and also for studying phase transitions in the 
monomer and partially polymerized material. 

The autocatalytic effect is observed during y-ray polymerization of PTS, but it is less 
dramatic than in the thermal reaction7. The optical spectrum of the polymer obtained 
by y-radiation is notably different from that obtained thermally or by ultraviolet radia- 
tion, being slightly red-shifted with significant absorption extending beyond 620 nm, 
and with significant absorption at 615 nm at low conver~ions"~. 

Whether or not the autocatalytic effect is present in the W photopolymerization of 
PTS is difficult to ascertain and conflicting reports have appeared. Some workers have 
concluded that it is absent92.133, but others have shown that the autocatalytic effect is 
masked unless the absorption depth is comparable to the crystal thickness, and they 
present strong evidence which substantiates the existence of the effect'. Activation 
energies are ca. 2 kcal moi-' and 3 kcal mo1-I €or the y- and UV-polymerizations, 
respectively7. These are activation energies for polymer chain growth, and not the 
initiation event as measured in the thermal reaction. 

The rate of thermal polymerization of PFBS is an order of magnitude slower than 
PTS, and the activation energy, 26 kcal mol-', is significantly higher49. An induction 
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period with accompanying autocatalytic behaviour is observed for both the thermal 
and y-ray reactions. The b axis repeat distance in the monomer, 5.18 A, changes to 
4.90 8, in the polymer, corresponding to a change of 5.4%. This represents a some- 
what greater mismatch than that in the tosylate and may be responsible for the longer 
induction period observed for PFBS49. 

The behaviour of PMBS presents a paradox: first-order kinetics are observed 
throughout the polymerization, the activation energy, 24.1 kcal mol-I, is nearly the 
same as for PTS, the initial rate is approximately 100 times that of PTS, and there is 
no detectable induction period -. yet the evidence indicates that the initial crystal strain 
is greater than in gTS33750.112. Lattice parameters for the monomer have not been 
determined, but shifts in the Raman lines during polymerization (Table 4) are some- 
what greater than for PTS, and it is estimated that the lattice contraction during 
polymerization amounts to 5.6%33. However, the kinetic data are fit to Baughman's 
crystal strain only by assuming zero lattice strain throughout! A partial 
explanation for this behaviour comes from the observation that the strain in the PMBS 
crystal, as determined from Raman shifts, decreases much faster with conversion than 
it does in PTS333112. For example, at 10% conversion, only 30% of the initial polymer 
strain remains with PMBS whereas 70% remains in PTS. It is proposed that rapid 
initial polymerization of PMBS carries it to an almost strain-free condition, and makes 
the observation of a weak autocatalytic effect difficult33. But the cause of the faster 
initial polymerization is uncertain, and it is apparent that factors other than lattice 
strain are important in determining the polymerization kinetics. 

Recent studies with mixed crystals of arenesulphonates of 2,4-hexadiyne-l,6-diol 
also point up the importance of these other Thus, the induction period is 
greatly reduced in mixed crystals of PTS containing small amounts of 2NPS or PMBS 
as summarized in Table 5l'. Whereas pure PTS polymerizes only to the extent of 7% 
after 6 h at 70°C, mixed crystals containing 2% or  5% 2NPS are polymerized to the 
extent of 13% and 89%, respectively, under the same conditions. The effect is even 
more dramatic for crystals containing PMBS where, for example, 98% conversion 
occurs for a crystal containing 2% PMBS. Results of X-ray structure studies of these 
mixed crystals should prove interesting. 

Mixed crystals of PTS and PCS containing less than 5% of the latter show shorter 
induction times than pure PTS, but for levels higher than this the reverse is found13. 
The only change in lattice parameters in the mixed crystals is a monotonic decrease in the 
stacking distance d l  with increasing concentration of PCS, e.g. from 5.11 8, in pure 
PTS to 5.05 8, in a mixed crystal containing 15% PCS. The other lattice parameters do 
not change detectably. Mixed crystals of PTS and PBBS show a gradual increase in 
induction period with increasing concentration of PBBS13. 

TABLE 5.  Conversion to  polymer after 6 h at 70°C for pure PTS, and mixed crystals of PTS 
with 2NPS, and with PMBS" 

Monomer composition 

PTS (%) 2NPS (%) PMBS (%) Conversion (%) 

100 
99 
98 
95 
99 
98 

- 
1 
2 
5 - 

1 
2 

7 
4 

13 
89 
86 
98 
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An autocatalytic effect is observed in the thermal polymerization of DCHD, but it is 
not comparable in magnitude to  that of PTS; for y-ray-induced polymerization, how- 
ever, the effect is more dramatic and approaches that of the t ~ s y l a t e ~ ~ .  In this case the 
onset of the autocatalytic region coincides with a phase transition, which was referred 
to earlier. As the radiation-induced polymerization progresses the b axis of the unit 
cell increases smoothly from its value of 4.55 8, in the monomer to ca. 4.65 8, at 25% 
conversion". A t  this point the phase transition occurs and the b axis changes abruptly 
to 4.91 A, corresponding to the value for the polymer unit cell. The reaction rate 
increases markedly during and after this transition. 

Thermal polymerization of DCHD occurs in the range 110-240°C; it is very slow at 
the low end of the range: requiring two weeks for complete r e a c t i ~ n ~ ~ . ~ ~ .  The activa- 
tion energy has been reported as 24.178 and 25 kcal mol-' 79. Polymerization starts 
from crystal edges and other visible defects, and it has been found that more nearly 
perfect monomer crystals require longer reaction times than defect-rich ones. When a 
monomer crystal is cooled, it undergoes a phase transition at - 131°C to a structure in 
which the stacking distance is 4.20 AZ5, and a small amount of polymerization occurs 
when the crystal passes through the phase change"'. This is surprising not only 
because it is more than 200°C below that where thermal polymerization ordinarily 
occurs, but also because the stacking distance in the new phase that forms below the 
transition temperature is even less favourable for polymerization than that in the 
higher temperature phase. It has been proposed that the deformation of the lattice at 
the boundary between the two phases at the transition temperature is such that opti- 
mal packing for polymerization is approached"'. I t  has also been found that the 
polymer content increases when crystals which have been cycled through the phase 
transition are allowed to stand a t  room temperature. Crystal defects produced during 
the phase change are believed responsible for initiating polymerization in this case"'. 

There is no evidence for the autocatalytic effect in the y-ray polymerization of 
4BCMU and 3BCMU, suggesting the absence of mismatch between monomer and 
polymer lattice$'. The reactivity of 4BCMU is significantly greater than that of 
3BCMU; e.g. after 5 Mrad of y-radiation, 4BCMU polymerized to the extent of 66% 
while after a 50 Mrad dose, only 60% polymerization of 3BCMU was f o ~ n d ~ ~ , ' ~ ~ .  The 
greater reactivity of 4BCMU has been rationalized on the basis of least-motion 
arguments. 

Extremely large secondary kinetic isotope effects have been reported for the 
polymerization of labelled PTS and HDUi35. For example, the relative rates of 
polymerization of 3, 3 d 9 ,  and 3-d2 after the induction period are 1:0.62:0.31. The 
activation energy, 20.2 kcal mol-', is the same for all three and the different rates 
result from differences in the preexponential terms. An inverse isotope effect is 
observed during the induction period, with relative rates being in the order 3dg  > 3-dZ 

(3) R =/J-CH~CGH~SO~CH, 
(3-dg)  R = /J -CD~C,D~SO~CD~ 
(3-d2) R =/J-CH3C6D,S03CD2 

(3-13C) R = p-CH3C6H4Soi3CH2 

> 3. Even the I3C-labelled derivative, 3-I3C exhibits a kinetic isotope effect of ca. 0.6! 
The origin of these isotope effects is unclear. 

Kinetic studies of photopolymerization of PTS are considered in Section I.E.4.b in 
conjuction with mechanistic considerations. 
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3. Polymer chain lengths 

Although early evidence has been interpreted as indicating that poly-PTS chains are 
effectively infinite in length even at  low  conversion^^^.^ 15a, more recent studies by Patel 
have shown that this is not the case1". Patel found that the polymer formed at  less 
than 12% conversion, i.e. during the induction period, is completely soluble in 
dimethylformamide, whereas that formed beyond this point is entirely insoluble indi- 
cating a very high molecular weight. Molecular weight determination on the low- 
conversion polymer by gel-permeation chromatography has shown the material to 
have a very broad molecular weight distribution. Furthermore, there is no change in 
the distribution during the entire induction period, signifying that increasing conver- 
sion in this range results from the generation of new chains rather than the propaga- 
tion of existing chains. The number-average degree of polymerization in the induction 
period is calculated to ca. 2Olz2. A large fraction of the polymer chains have very low 
degrees of polymerization, but there is also present a very small fraction with chains 
having 100-200 monomer units and which slowly precipitates on standing. 

If the increase in rate in the autocatalytic region is entirely due to increased chain 
length, then from the rate ratios presented earlier, the average chain length for poly- 
PTS formed in the autocatalytic region is in the range 3000-8000 monomer units. 
Measurements by scanning electron microscopy have shown the average chain length 
in the autocatalytic region to be ca 4 pm, equivalent to ca. 8000 monomer units per 
chain4b. This is somewhat higher than the value of 1000 determined for poly-3BCMU 
by gel-permeation chromatographys7. In this case intermediate weight iligomers are 
not formed; instead, from the onset, polymerization leads to very long chains. There is 
no appreciable increase in molecular weight with conversion, and the molecular weight 
distribution is very broad at all stages. 

The presence of oligomers has been reported in the polymer from 2,4- 
heptadecadiynoic acid6z. 

Because of the large differences in elastic constants between monomer and polymer 
crystals and because the elastic constant in the polymer chain direction is strongly 
affected by the chain length, chain lengths during polymerization can be determined 
by Brillouin spectroscopy. Results with PTS indicate an initial degree of polymeriza- 
tion of ca. 5 ,  which increases steadily during polymerization, reaching a value of ca. 
500 at 90% c o n ~ e r s i o n ' ~ . ' ~ ~ .  Studies with DCHD indicate the presence of only 
oligomers at  low conversions, but polymers with chain lengths of 1000 or more at  
high conversionszz. 

4. Mechanism of polymerization 

a. Thermal initiation. Evidence from ESR studies provides support for the existence 
of triplet carbenes as reactive intermediates in the thermal polymerization of 
PTS137-139. Two sets of extra lines, besides the usual line a t g  = 2, are observed during 
polymerization at 60°C137. Both sets are characteristic of triplet species and first 
appear after 20 hours, just at the onset of rapid polymerization. The set at high field 
initially grows in intensity, then diminishes and finally disappears at  the end of the 
rapid regime, suggesting that these lines belong to the reactive intermediate associated 
with the growing chain*. The lower field set of lines persists after the rapid reaction 
period, and can be observed even after 80 hours of heating. It disappears only when 

*There are in fact high-field lines for two triplet species which show different angle dependences. 
These arise because there are two kinds of polymer chain in the unit cell which differ in the 
conformation of the side-groups (see Section I.F.3). The different lines correspond to  triplet 
states on these different types of chains. 
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polymerization is complete (100 h), and is believed to be associated with distorted 
polymer chains o r  trapped chain ends which rearrange slowly to non-paramagnetic 
structures. 

However, these same sets of ESR signals are observed when a PTS crystal is heated 
until it is in the autocatalytic region and then cooled to room temperature, where the 
rate of polymerization is negligible*38. This signifies that the high-field signal is also 
associated with a nonpropagating chain-end. 

The fine structure parameters, which provide an indication of the electron density 
distribution, are Dlhc = 0.2731 cm-' and Elhc = -0.0049 cm-' 139. The zero-field 
parameter, D, which depends on the mean separation between the unpaired electrons, 
is about twice the maximum value for two spins on adjacent carbons, and hence there 
must be a contribution from two unpaired spins on the same carbon. A mesomeric 
triplet carbene with contributing structures, shown in 35, has been proposed for this 

(35) 

ir~terrnediate'~~. However, the value of D is only about one-half that found for simple 
p r~pa rgy lenes '~~ ,  36, and since the delocalization in 36 corresponds to that shown 

1 t t t t 

t t 
(36) 

in 35, it would seem that even more extensive delocalization exists in the poly- 
merization intermediate. One of the unpaired electrons in 35 is in a x orbital which is 
extensively delocalized along the polymer backbone, and this spin would be expected 
to be delocalized beyond just one repeat unit. 

When partially polymerized PTS crystals are cooled to 4.2 K and irradiated with 
440-480nm light, they exhibit fluorescence and it has been suggested that the 
fluorescing centre could be a trapped ground-state triplet carbene at the end of a 
polymer chain14'. 

Thermochemical arguments support a bimolecular process leading to a diradical37 

R-CEC-C-R Q---) R-C=C=C-R c-.-) R-C-C=C-R ! 

R .. 
- /  ............. 

R-C=C-C=C \ &  (1 1 
\ ............. 

2 R-CEC- CEC-R c=C-C=C- R 
/ 

R 

(39) 

as the rate-determining initiation step (equation 1) in the thermal polymeriza- 
t i ~ n ' ~ ~ , ' ~ ' .  From the heat of polymerization, -36.4 kcal mol-', and C(sp2)-C(sp2) (J 

bond energy, 94.5 kcal mol-', the enthalpy change for the formation of 37 is calculated 
to be 21 kcal mol-', in good agreement with the experimental activation energy, 22.5 
kcal mol-'. Others have proposed a biscarbene as the intermediate formed in the 
initiation step, but it is estimated that the formation of a biscarbene dimer would have 
a much greater energy requirement, ca. 58 kcal mol-' Iz7 .  
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The frequency factor for polymerization of PTS, lo7 s-l, is surprisingly low, and this 
has been attributed to the formation of 37 in a triplet configuration7. This would be the 
lowest energy configuration of the diradical, but its formation from singlet precursors 
would be spin-forbidden and expected to display a low frequency factor. 

It should be pointed out that the observation of a carbene species at a nonpropagat- 
ing chain-end does not preclude an initiation step or propagation steps involving 
diradicals. In fact, the distinction between diradicals and carbenes becomes hazy for 
these molecules. For example, 38 and three other ‘biscarbene’ structures are contribut- 
ing structures, although minor, for the ‘diradical’ 37. 

R .. / 
R -c =c-c- c \ .. 

C-C-CGC-R 
/ 

(38)) 

b. Photochemical initiation. Absorption of radiation by the diyne unit, by a 
chromophore in the side-chain or by sensitizers contained in mixed crystals can initiate 
photopolymerization. Thus the photoaction spectrum of 39 shows a maximum rate for 
265 nm light, and a maximum in the absorption spectrum appears in this same reg- 
ion37. Similarly, the photoaction spectrum of 40 in a multilayer assembly exhibits 

maxima at 256 and 242 nm, corresponding to maxima observed in the absorption 
spectrum66. On the other hand, the rate of polymerization of HDU reaches a maxi- 
mum at ca. 290 nm, corresponding to absorption by the phenylcarbamoyl group3’. 
Usually, diacetylenes with chromophore besides the diyne unit are photo-active over 
the whole range of absorption irrespective of the location of the chromophore relative 
to the diyne, and the photoaction curves are distorted versions of the absorption 
curves99. 

Mixed crystals of 41 and phenazine (42) undergo sensitized photopolymerization 
upon irradiation at 420 nm, corresponding to phenazine excitation, even though 41 
itself is not polymerized by light with wave-lengths longer than 300 nm142J43. Simi- 
larly, sensitized polymerization occurs when mixed crystals of 41 and the cyanine dye 
43 are irradiated at 600 nm6j. 

(42) 

The lowest excited electronic state of diynes, the triplet state, lies ca. 72 kcal mol-1 
above the ground stateljj”, whereas the activation energy for thermal polymerization of 
diacetylenes is only 22.5 kcal mol-’. Consequently, initiation in the photo and thermal 
polymerizations either occurs by different pathways, involving an electronically 
excited monomer for the former and a vibrationally excited state for the latter, or 
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there is a common vibrationally excited monomer precursor which can be populated 
by thermal excitation or by radiationless decay of an electronically excited monomer. 
Comparison of the solution and solid-state ultraviolet spectra of various diynes indi- 
cates that a coupling of electronic excitation and crystal vibrations is of basic importance 
in the solid state p~ lymer i za t ion~~ .  

The  results of the sensitized photopolymerization of mixed crystals described above 
seem to provide support for a vibrationally excited intermediate provided, of course, 
that the sensitized and nonsensitized reactions involve the same precursor state. Thus, 
the excited states of 42 and 43 lie well below the lowest excited state of the diyne, and 
electronic excitation of the diyne by energy transfer from excited sensitizer is unlikely. 
It has been proposed, however, that the sensitized and nonsensitized processes do 
proceed by different rne~han i sms '~~ .  The proposal is based on slightly different activa- 
tion energies found for the two processes. Thus, for 420 nm light the activation energy 
for polymerization in mixed crystals of 41 and 42 is 4.8 kcal mol-I, whereas it is 3.9 
kcal mol-' for 280 nm light. The difference, 0.9 kcal mol-', is somewhat larger than 
the experimental error, and is associated with the formation of a chain-initiating 
species for the sensitized reaction; it has been suggested that this may involve proton 
transfer from the acid to p h e n a ~ i n e ' ~ ~ .  

The  rate of polymerization of mixed crystals of 41 and 42 remains constant up to ca. 
10% conversion for both 280 and 420 nm radiation, indicating that deactivation of the 
primary excited states by polymer molecules is very inefficientij3. The quantum effi- 
ciency, i.e. the number of monomer units added per photon absorbed, is 0.5 for 280 
and 0.1 for 420 nm radiation. Calculations indicate a very short intrinsic lifetime for 
the electronically excited state, suggesting a singlet for both monomer and sensitizer 
e ~ c i t a t i o n ' ~ ~ .  

Kesults tor the photopolymerization of PTS, however, have been interpreted as 
involving a triplet diradical state as the principal chain-initiation  specie^'^^^. The pre- 
ferred scheme, corresponding to excitation of the side-chain chromophore (R), is 
summarized in Scheme 7s8. The singlet-excited state of the side-group (SR) is expected 

So + hv energy 

transfer 
- SD 

intersystem 

crossing 
- polymer 

SCHEME 7 

to correspond roughly in energy to that of toluene, 4.3 eV (99 kcal mol-I), which is 
higher than that of the lowest excited sin let of the diyne unit in the trans-bent 

the side chain to the diyne unit is possible. The triplet state of the diyne (TD) at 3.1 eV 
(72 kcal mol-I), formed from the singlet by intersystem crossing, is the initiator of 
polymerization'8. 

Photopolymerization of DCHD is much slower than that of PTS78, and it has been 
pointed out in an earlier section that this may be a consequence of the fact that the 
triplet state of the carbazolyl group, at  3.0 eV,.lies below that of the diyne, and that the 
interaction between the carbazolyl and diyne n systems is negligible'3~'38. 

The  kinetics of photopolymerization of PTS have been studied using flash photo- 
chemical techniques's. Thus, crystals of FTS were irradiated with 3 ns pulses of 337 
nm light from a nitrogen laser, and the formation of polymer was monitored by 
measuring the reflectance at 575 nm. The first change in reflectivity, announcing 
formation of polymer, was noted ca. 300 ns after the laser pulse. Polymer formation 
then proceeded with slowly decreasing rate and ceased after a few milliseconds. The 
300 ns delay represents the time necessary to build up polymer chains of sufficient 

configuration (SD), 3.7 eV (85 kcal mol-')' 4 j b v c .  Consequently, energy transfer from 
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length to reflect significantly in the region where the long chain polymer does, i.e. ca, 
10 monomer units. 

Low-temperature photopolymerization studies have provided a great deal of infor- 
mation about reactive intermediates in the reaction. Photoinitiation occurs a t  temper- 
atures in the range 4-77 K, but chain-growth ceases at an early stage, yielding short- 
chain oligomeric species with reactive chain-ends. Information about these species has 
been obtained by ESR21,14s-148 and absorption s p e c t r o s ~ o p y ~ ~ ~ ' ~ ~ - ' ~ ~  of crystals in 
which small concentrations have been trapped. Evidence that these are truly inter- 
mediates in the growth of the polymer chain is provided by the fact that they disappear 
and polymer chains simultaneously appear when the crystals are allowed to warm up. 

When PTS is irradiated with UV at 4.2 K, a low concentration of oligomers arises as 
evidenced by continuously increasing absorption in the region between monomer and 
polymer maxima, but polymer formation does not occur149. Two intense long- 
wavelength maxima appear at 664 and 714 nm, along with weak maxima at 425 and 
510 nm. When the crystal is allowed to warm up, the 510 nm peak disappears a t  ca. 
50 K and the 425 nm peak at ca. 90 K; the 664 and 714 nm peaks begin to deform at 
100 K and disappear at 105 K-absorption attributable to the polymer increases up to 
150 K'4y. Studies of ihe transient behaviour of the 425 and 510 absorptions have been 
carried out by irradiating a PTS crystal with 15 ns laser pulses of wavelength 308 nm, 
and monitoring the absorption at 425 and 510 nm150. If the crystal is irradiated at 
77 K, absorption rises sharply within ca. 50 ns after the laser pulse and then remains 
stable as long as the temperature is not raised. A t  room temperature, however, absorp- 
tion at  425 nm reaches a maximum and then decays quickly; onset of absorption a t  
510 nm occurs 370 ns after the laser pulse, reaches a maximum and decays with 
approximately the same time constant as the 425 nm peak. Polymer formation occurs 
slowly after the transient absorptions disappear. It has been concluded that the species 
absorbing at 510 nm is formed from the one which absorbs at 425 nm by a bimolecu- 
lar process with an activation energy of ca. 4.6 kcal mol-' 150. Evidence presented 
below suggests that the species under study here may be diamagnetic trimers and 
tetramers, possibly diradicals. 

When a PTS crystal at 4 K is irradiated with 312 nm light, a set of ESR lines is 
observed which have been attributed to triplet carbenes, F-J (see Figure l)145. The 

T >lo5 K Nonparamagnetic species 
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FIGURE 1. ESR and optical intermediates in low-temperature photopolymerization of PTS. 
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lines occur in pairs as a consequence of the two different orientations of monomer 
stacks that exist in the low-temperature phase, but only one member of each pair is 
considered here since the two sets show the same behaviour. The ESR spectra are 
related to that of the triplet carbene 35 observed during thermal polymerization, but 
fine-structure splittings are larger for the photo intermediates. For example, D/hc 
ranges from 0.2746 to 0.3675 cm-I, and this is interpreted to mean that the carbenes 
are associated with short oligomer chains, instead of the polymer-length chain of the 
thermal intermediate. Differences in fine-structure splitting among the photo inter- 
mediates are attributed principally to differences in oligomer ler.gths, the largest D 
value assigned to the shortest chains and vice-versa. Evidence presented below sug- 
gests that F is a dimer, G a trimer, etc. 

As with the thermal intermediate, the structure of one terminal unit is represented as 
a hybrid of the three resonance structures 35. All of the signals show hyperfine split- 
ting which arises from hyperconjugative coupling with the methylene unit of the 
TsOCH, group, and the magnitude of the coupling leads to a calculated spin density of 
0.4 on the terminal sp carbon14j. 

The chain lengths could not be ascertained from the ESR data, nor could the nature 
of the active species on the other end of the oligomer, except that the splitting pattern 
showed no evidence for a quintet state (S = 2 ) .  O n  this basis, quintet dicarbenes, 
illustrated for the dimer in 44, were ruled out, but triplet dicarbenes such as 45 were 
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considered as likely In more recent studies, quintet states have been 
detected among the photo products from PTS a t  4.2 K, and have been assigned as 
dicarbenes on very short oligomers, as in 44147a,b. ESR signals of these states disappear 
irreversibly within a few minutes above 110 K. 

When the irradiation of PTS is carried out at 77 K, signals for the triplet carbenes, 
F-j, appear, but in addition there are signals for three new paramagnetic species, B, 
C and E146.148. These have much smaller fine-structure splittings, viz. D/hc = 0.0306, 
0.0393 and 0.0538 cm-I, respectively, and show hyperfine coupling to four protons of 
two CH2 groups. The spin density at  each of the terminal sp carbons has been esimated 
to be 0.5. From these results, it has been concluded that the triplet electrons are 
localized symmetrically at both ends of extremely short oligomers. Agreement with 
observed splittings is obtained by assuming a major contribution (ca. 95%) by the 
diradical-type structure 46 and only a minor contribution (5%) by the triplet carbene 
structure, 47. Trimers and higher oligomers C-E would have structures analogous to 
46 with spins concentrated on the terminal carbons. 
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The signals for these triplet diradicals are tempera ture-depender~t '~~ . '~~ .  Below 
90 K they disappear and reappear reversibly when the crystal is cooled or warmed. 
This behaviour signifies that the triplet diradicals are thermally excited states of the 
singlet ground states, A (see Figure 1). which is estimated to lie ca. 0.2 kcal mo1-l 
below the triplets. 

Above 100 K the ESR signal of B begins to decrease and at the same time that of C 
initially increases. then decreases, and finally disappears above 105 K1463148. There is 
evidence that B is the only triplet diradical formed initially. The rate of formation of B 
is proportional to the square of the light intensity, indicating a bimolecular process, 
and consequently B is believed to be a dimer. The remaining diradicals, C-E, are 
believed to be trimers. tetramers and pentamers formed by successive addition of 
monomer units. Fine-structure splittings for the presumed tetramer D have not been 
observed, but it is included in the scheme to obtain agreemerit with the splittings that 
have been observed and with the decay  kinetic^'^^.^^^. 

Optical absorption spectroscopy has provided evidence for a group of five diamagne- 
tic metastable oligomers. L-P (Figure 1). which are formed when PTS is irradiated 
with 3 15 nm radiation at 10 K I s ' .  The intermediates are generated sequentially in the 
order listed. i.e. L is the first to appear and P the last, and L appears to be formed 
directly from monomer. After the steady-state concentration of intermediates is estab- 
lished, if the 315 nm source is replaced by a 365 nm source, the generation process 
ceases and the intermediates disappear sequentially in the same order as their genera- 
tion. After ca. 10 minutes. all the intermediates disappear and polymer molecules are 
produced. 

The intermediates are converted to triplet carbenes by light of the same wavelength 
as their individual absorption maxirnaljl. Thus L, which shows maximum absorption at 
420 nm, is converted to the triplet carbene trimer G by 420 nm radiation. Similarly, M 
is converted to H by 510 nm light. The intermediates are thermally unstable and at 
90-1 00 K they disappear, in the same order as their generation, and are converted to 
triplet carbenes and quintet dicarbenes. They have not been characterized completely, 
but apparently these paramagnetic species are different from F-K. Finally, at 
130-1 50 K the paramagnetic intermediates disappear and poly-PTS is formed151'. 

The absorption maxima of these diamagnetic intermediates are at  considerably 
longer wavelengths than would be expected for short-chain oligomers. Thus for L, 
believed to be a trimer, the maximum is a t  420 nm. whereas the expected value for a 
trimer. i.e. a system with six conjugated multiple bonds, is ca. 365 nm'j?. For P, 
presumably a heptamer, the observed and calculated values are 710 and 470 nm. 

Highly unusual structures have been proposed for these intermediates involving a 
'distorted pseudo-cyclopropene with one extended weak CY bond"". For example, 48 is 
the structure proposed for the trimer. 

Higher oligomers have the same types of terminal units, separated by additional 
monomer units. Contributions from structures involving charge separation were pro- 
posed to account for the red shift in the absorptions of these species. 

A major problem with the proposed structures, which makes them highly unlikely, 
arises from the enforced planarity of the system, which requires that all four bonds 
from the starred carbons in 48 be coplanar! 

A more reasonable possibility is that the diamagnetic oligomers are singlet diradi- 
cals. comparable to the dimer diradical 37 proposed for the thermal reaction, and 
illustrated in 49 for the trimer L. Arrows designating electron spins are included to 
emphasize the distinction from the triplet diradical 46 and the biscarbene contributor 
is included to emphasize that this is the same species as a so-called 'singlet dicarbene'. 
There is support in the litererature for this interpretation. Several years ago Bergman 
and coworkers were able to demonstrate that the benzene- 1,4-diylSO is an intermedi- 
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ate in the thermal rearrangement of 3-hexen-1 ,5-diyneslS3. That it is a true intermedi- 
ate, and not a transition state, was demonstrated by trapping experiments in which 50 
reacted with solvent, e.g. by hydrogen abstraction to give benzene. The formation of 
50 is simply the intramolecular counterpart of the bimolecular process proposed as 
the initial step in both the thermal and photopolymerization reactions. 

Although X-irradiation of IPTS at 77 K at low dosages resulted in the formation of 
radicals (S = t ) ,  for which structure 51 was proposed'54, later studies have shown that 

Oligomer 
/ 

/ 
C = C = C = C - CH ~ O T S  

TsOCH~ 

(51 1 

triplet diradicals are the principal intermediates along with a small concentration of 
S = t radicals when TCDU is treated similarly155. The dimer diradical 46 was pro- 
posed as the initiator, with chain-growth involving consecutive addition of monomer 
units to the ends of the diradical. 

The photopolymerization of TCDU at  4.2 K has also been studied21. Four triplet 
centres, Q-T, were resolved in the ESR spectrum with Dlhc values of 0.2982,0.2932, 
0.2894 and 0.2871 cm-' respectively. Signals appear in succession for Q-T, and when 
the temperature is raised, they disappear in the same order. Centre Q simply decays at 
ca. 100 K, but the others initially increase in intensity and then decrease at succes- 
sively higher temperatures. The total concentration of triplet radicals remains essen- 
tially constant up to ca. 200 K where the last centre T begins to decay. Long oligomers 
with triplet diradical-carbene chain-ends have been proposed as structures for these 
centres2'. From the zero-field splitting parameters, it has been deduced that the 
oligomers contain 7-10 monomer units, i.e. they are somewhat longer than the PTS 
oligomers F-J formed under the same conditions. The increase in activation energy 
for each monomer unit added is approximately constant and equal to 2 kcal, probably 
reflecting increasing crystal strain with increasing chain length. 

When BPG crystals are irradiated with UV light at 4.2 K, ESR signals appear which 
correspond to ground-state triplet carbene diradicals located a t  the ends of short 
polymer chains; the hyperfine parameters are Dlhc = 0.2630 cm-' and 
E/kc = -0.0079 cm-' 156: In addition, three metastable excited state triplets, which 
appear only while the sample is being irradiated, have been shown to arise from triplet 
excitation of the monomer. 

c. Termination. There has been only limited speculation concerning the termination 
step of the polymerization. Alkylcarbenes are known to undergo rapid rearrangement 
by hydrogen migration to give alkeneslS7, and one attractive possibility for the termi- 
nation step based on this type of rearrangment is illustrated in equation (2). 
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F. Properties of the PoIy(diacety1enes) 

1. Structure 
As pointed out in Section I.B, the olymers derived from acyclic diynes are found to 

carbons and the polymer chain direction. The iransoid conformation 52 has been 
found in all cases examined; no examples of backbones with the cisoid conformation 
53 have been established, although it seems likely that it is present in the polymer 

have repeat distances of 4.9 & 0.1 BT , with angles of 12-13” between the backbone 

R R 

(52) (53) 

derived from the bicyclic diyne 32139, as illustrated in 54a. It might be expected that 
ring-strain would force the poly-BPG backbone into the cisoid conformation, 54b, but 
X-ray studies have established the customary transoid arrangement with the bridging 
groups alternating above and below the backbone plane in a spiral-type arrangement 
as depicted in 5525. In this case, of course, the repeat distance is twice the customary 
value. 

a. Bond lengths. Determination of the bonding scheme in the poly(diacety1ene) 
backbone has been the object of extensive investigations. As mentioned previously, 
there are two principal contributing structures, 56 and 57, commonly referred to as the 
Lacetylene’ and ‘butatriene’ structures. Efforts have been directed toward determina- 
tion of which of these pairing schemes best represents the backbone structure, and 
whether or not the structure varies when the side-chain R is varied. 

Significant differences in carbon-carbon bond lengths would be expected for the 
two extremes, 56 and 57, and experimental determination of bond lengths in 
poly(diacety1enes) by X-ray diffraction provides the most reliable evidence for bonding 
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patterns. The values expected for the limiting structures, as well as experimental values 
for five polymers are summarized in Table 6. It is seen that the experimental values for 
poly-PTS, HDU and DCHD are very similar and correspond closely to those expected 
for structure 56, but the values for poly-TCDU and poly-BPG are significantly differ- 
ent. In poly-TCDU the 1-2 bond length corresponds to that anticipated for the buta- 
triene structure 57, while the 2-3 bond falls between the two extremes, and the 3-4 
bond is even shorter than expected for the triple-bond length in 56. In poly-BPG the 
3-4 bond corresponds closely to the theoretical value for the butatriene structure, but 
the other two fall between the extremes. 

TABLE 6. Bond lengths in poly(diacety1enes) 

Bond length (A) 

Expected for Found for polymer of 

Bond 5620 57" F'TS'58 HDUg6 DCHD"' TCDUzO BPGg4 

1-2 1.34 1.46 1.36 1.36 1.33 1.46 1.42 
2-3 1.43 1.32 1.43 1.41 1.44 1.38 1.38 
3-4 1.21 1.28 1.21 1.21 1.21 1.17 1.29 

These results, along with others obtained from spectroscopic studies summarized 
below, have been interpreted to mean that the butatriene structure makes a significant 
contributionz0~84~160-16za; in fact, some workers have proposed that poly-TCDU is an 
example of a poly(diacety1ene) possessing the butatriene structure, 57161,162a. How- 
ever, the only part of the side-chain in poly-TCDU, PhNHC02(CH2)4, that would be 
expected to interact significantly with the IT system of the backbone, i.e. the phenylcar- 
bamoyloxy group is insulated from the backbone by a chain of four methylene units. 
Consequently, there is no reason to expect that electronic interactions with the side- 
chain would cause the butatriene structure to  become more stable than the acetylenic 
structure in this polymer. Instead, there is evidence that hydrogen bonding between 
the phenylcarbamoyl groups of adjacent side-chain introduces strain in the polymer 
chain, and this is probably the factor than causes deviation of the bond lengthss3. It is 
possible, of course, that the butatriene pairing scheme is the more stable one in the 
strained chain. The I3C-NMR spectra of solutions of poly-3BCMU and -4BCMU show 
that the polymer backbone has the acetylenic structure16zb. 

In poly-BPG the IT system of the backbone is conjugated with the aromatic rings 
constituting the side-chains, and electronic interactions couId conceivably stabilize the 
butatriene structure. However, there is severe strain in this polymer alsoz5, and this 
seems a more likely cause for distortion of the bond lengths. 

b. Theoretical calculatioris. Calculations of the backbone electronic structure of 
poly(diacety1enes) by a variety of methods, including Huckel and extended 
Hu~ke1'6~-'6~ and SCF168-175 indicate the acetylenic structure 56 to be more stable 
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than the butatriene structure. The energy difference between the two structures has 
been calculated as 11174 and 16.6 kcal mol-' 167. Interestingly, the orbital correlation 
diagram indicates the polymerization of diacetylenes to be thermally forbidden and 
photochemically allowed 67. 

Poly(diacety1enes) have been classified into two groups on the basis of the lowest 
energy transition in their optical spectra: the band appears in the range 15,000-16,000 
cm-' in one group and at 18,000-19,000 cm-' in the second. Poly-PTS and poly- 
DCHD are typical examples of the first group while poly-TCDU and poly-ETCD fall 
in the second category. The absorption involves excitation of the backbone x system, 
and it has been assumed that absorption in the low-energy range is characteristic of 
polymers with an acetylenic backbone, whereas the higher energy transition corre- 
sponds to a butatriene ~ k e l e t o n ~ ~ . ' ~ ~ , ' ~ ~ . ' ~ ~ .  However, all theoretical calculations 
indicate that the polymer with the butatriene backbone should exhibit the higher 
energy transition. In line with the discussion above, it seems likely that the differences 
in absorption spectra are the result of strain on the backbone rather than a funda- 
mental difference in electronic ~ t r u c t u r e ~ ~ , ~ ~ ~ , ~ ~ ~ .  This is discussed more fully in Section 
l.F.3. 

2. Photoelectron spectroscopy 

The highest valence band in poly(diacety1enes) derives from the backbone n electrons 
and has an ionization potential of ca. 6-7 eV177-18u. This value can be compared with 
the theoretical values calculated by a variety of methods which are summarized in 
Table 7. The best agreement is with the SCFX, calculation. The width of this K band is 
estimated to be about 5 eV for poly-PTS, indicating that the discrete highest filled K 
states of the monomer are replaced by a wide K band in the polymer as is to be 
expected when a conjugated carbon skeleton of effectively infinite length is formed'79. 

Unfortunately, the information which can be derived from photoelectron spectra 
regarding deeper valence bands of the backbone is meagre because the energy range 
of interest is dominated by spectral features originating in the side-groups'79~160. This is 
particularly true for poly-PTS and ~ O ~ Y - D D U ' ~ ~ .  The spectrum of poly(2,4- 
hexadiyne-l,6-diol), HD, in which less side-group interference might be expected, is, 
unfortunately, relatively free of structure180. One common low-lying peak at ca 17.5 
eV is observed in the spectra of poly-PTS, poly-DDU and poly-HD, and is attributed 
to a backbone (3 orbital. 

Stevens, Bloor and Williams report that the width of the valence band in poly-DDU, 
poly-FTS and poly-HD is 17.5, 16.9 and 17.5 eV, respectively180. Comparison with 
values derived from theoretical calculations given in Table 7 shows that again the best 
agreement is with the SCFX, calculated valuelsO. It should be noted, however, that 
Knecht and Bassler have reported a deep-lying CY state, binding energy 42 eV, for 
poly-PTS which implies a much greater total valence band-width than obtained in any 
of the  calculation^'^^. 

TABLE 7. Calculated ionization potentials and valence band-widths for uoIv(diacetv1enes) 

Ionization Valence 
Calculation method potential (ev) band-width References 

6.8 
10.8 Extended Hiickel 

Extended HuckeP 11.9 
Ab initio 10 

SCFX, 15.8 
19 
16.8 
24 

169 
164 
173 
172 

"Calculated for polymer with CH20H side-chain. 
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3. Electronic spectroscopy 

Poly(diacety1ene) crystals exhibit an intense electronic transition around 17,000 
cm-', the 2 eV band, which is responsible for the deep colours of the crystals. The 
locations of the maxima for several polymers are presented in Table 8. The transition 
involves excitation of the sc system of the backbone and is strongly polarized in the 
chain direction. As a consequence, the crystals are strongly dichroic and birefringent, 
Light polarized in the chain direction is very strongly absorbed while the spectrum for 
light polarized in a perpendicular direction is either without structure in the 2 eV 
region, e.g. ~ O ~ ~ - T C D U ' ~ ' ,  or very wcak as in poly-PTS''l 

Because of the very large absorption coefficients for light polarized in the chain 
direction, typically greater than lo5 cm-', it is very difficult to prepare crystalline 
samples thin enough for transmission spectroscopy. It is possible to obtain absorption 
spectra from reflectance measurements, but this involves a Kramers-Kronig transfor- 
mation of the data, which is tedious and introduces  approximation^^^*"^*^^^. 

With poly-4BCMU the absorption spectrum by transmission can be measured 
by using thin polymer crystals and light polarized perpendicular to the chain direc- 

Absorption occurs in this case because the transition moment does not 
coincide exactly with the chain direction. The peak absorption coefficient, kl, is ca. 1000 
crn-l, and form the dichroic ratio, kll/kl = 200, measured on partially polymerized 
samples, it is estimated that the absorption coefficient in the chain direction is 2 x lo5 

Polymer absorption spectra can be measured in thin sections of monomer crystals 
containing very small concentrations of polymer  chain^^''^. Because the polymer 
absorbs at much longer wavelengths than the monomer, it is possible to measure the 
polymer spectrum without interference from monomer absorption. However, s'train on 
the polymer chains in the partially polymerized crystal may cause distortion of the 
spectrum from that observed for the fully polymerized material115a. The presence of 
polymer with substantially shorter chains in the early stages of polymerization in some 
cases may also lead to spectra substantially different from that of the final 
polymer121.122. The colour of partially polymerized diacetylene crystals can be corre- 
lated with the number of methylene groups in the side chain1s3b. 

The 2 eV electronic transition is accompanied by progressions of weaker side-bands 
on the high-frequency side. Comparison with Raman spectra shows that the shifts in 

cm-l 183a. 

TABLE 8. Absorption maxima in the electronic spectra of crystalline poly(diacety1enes) 

Polymer Eo (cm-'y References 

Poly-PTS 
Poly-DDU 
Poly-3BCMU 
Poly-ETCD 
Poly-4BCMU 
Poly-IPUDO 
Poly-TCDU 

16,200' 
15,800 
15,700 
15,750; 18,500 (120°C) 
15,800; 18,900 (110°C) 
15,750; 18,500 (116°C) 
15,500; 18,800c 

182 
53a 
183a 
59 
183a 
60 
160, 162a 

'Some polymers undergo phase transitions which lead to large shifts in absorption maxima. In 
these cases, the value below the transition temperature is cited first, followed by the value above, 
and the transition temperature given in parentheses. 
bPoly-PTS undergoes a phase transition at ca. -100°C but no sharp change in absorption 
maximum occurs. Instead, the absorption is split into two components below this temperature 
(see text). 
CSluggish and incomplete phase transition occurs below - 170°C'60. Complete conversion can be 
accomplished under pressure 162a. 
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these side-bands correspond to vibrational modes of the polymer backboneIE2. The 
vibrational structure is greatly enhanced for crystals with maximum absorption in the 
15,000-16,000 cm-' range compared to those with maxima in the 18,000-19,000 
cm-l range 76. 

The question of whether the 2 eV transition is a band-to-band or an excitonic 
transition is considered in Section I.F.5. 

a. Con formational and side-group packing effects. (i) Low-temperature splitting of 
poly-PTS bands. The absorption maximum for poly-PTS which appears at 16,200 
cm-' in the room-temperature spectrum shifts toward the red and splits into two bands 
at  low temperatures"'. The splitting, which is first detectable at ca. 200 K and is 
observed with both fully and partially polymerized crystals, increases as the tempera- 
ture is lowered and amounts to 260 cm-' at 4 K for fully, and 500 cm-' for partially 
polymerized The piezo-modulated reflectance spectrum indicates 
that weak splitting persists even at 300 K, but it is not detected in ordinary reflection 
spectra because of thermal broadening of the bandsls8. Studies of the effect of pressure 
on the splitting, however, indicate that the weak splitting at 300 K has a different 
origin than the low-temperature splittinglo6. 

A number of explanations were proposed originally to account for the low- 
temperature ~ p l i t t i n g ' ~ ~ ~ * ~ ~ ~ ' ~ ~ ,  but the actual cause was not identified until X-ray 
studies revealed the occurrence of a second-order phase transition at ca. 200 K in both 
polymer and monomer c~stals15~1*u~1y2-1y4. The phase change for the polymer is 
caused by a change in conformation of the side-groups belonging to polymer chains 
situated on every second (102) cleavage plane. This leads to a doubling of the unit cell 
in the a direction, and the presence in the unit cell of two pairs of nonequivalent 
chains. The presence of these two kinds of chains is believed to be responsible for the 
splitting in the polymer crystal, even though careful X-ray studies have failed to reveal 
any structural differences between the backbones of the two types of polymer 
chainslg6. The transition, which occurs over a wide temperature range, is complex, and 
spectroscopic studies indicate that it has some two-dimensional character186. 

The monomer crystal also undergoes the same type of phase transition around 
200 K as the polymer110J93+194, and this is believed responsible for the splitting in 
monomer crystals containing small concentrations of p ~ I y m e r * ~ ~ . * ~ ~ .  

Studies of the low-temperature spectra of other poly(diacety1enes) have failed to 
reveal similar s p l i t t i n g ~ ~ ~ .  

(ii) Solvent-nonsolvent-induced changes. Polymers with alkoxycarbonylmethyl- 
carbamate side-chains, ROCOCH2NH(CH2),, have provided a key link in our under- 
standing of the p o l y ( d i a c e t y l e n e ~ ) ~ ~ . ~ ~ J ~ ~ .  These polymers are quite soluble in polar 
solvents such as chloroform, THF and DMF in spite of their high molecular weights, 
e.g. 1000-2000 repeat units. The high solubility in chloroform is attributed to long 
flexible side-chains and the presence of the ester and urethane functions, for which 
chloroform shows a special a f f i n i t ~ ~ ? ~ ~ .  Dissolving, then, is a consequence of solvation 
of the side-chains. The discussion that follows will be concerned with chloroform 
solutions unless specified otherwise. 

Solutions of 4BCMU and 3BCMU are yellow with absorption maxima occurring at 
ca. 21,500 cm-l, substantially blue-shifted from the maxima at ca. 16,000 cm-' (Table 
8) observed for the crystals at room temperaturej3. Conjugation length, I,, the length 
of polymer backbone over which planarity is maintained without interruption, and not 
the polymer chain length itself, determines the location of absorption maxima. Rota- 
tion by 90" about a 'single' bond in the polymer backbone interrupts the conjugation 
and determines the end of a conjugation length. It is estimated that the rotation is 
endothermic but this is more than compensated for by the increased entropy of the 
side-chain, and by the increased solvation of the side-chains made possible by the 
rotation4-'y6. From the location of the absorption maxima, it is estimated that the 
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average conjugation lengths in poly-3BCMU and poly-4BCMU yellow solutions are 
6-7 repeat units. There is probably a statistical distribution of 90" rotations about the 
single bonds along the backbone. Absorption maxima of ca. 16,000 cm-' for the 
crystalline polymers corresponds to an effectively infinite conjugation length4. 

Dramatic colour changes occur when a polymer 'nonsolvent' which is miscible with 
chloroform is added to solutions of poly-ACMUs in chloroform, e.g. solutions of 
poly-3BCMU turn blue and those of poly-4BCMU turn red when hexane is added 
until the mole fraction of chloroform, X, ,  in the solvent is reduced to ca. 0.7 and 0.5, 
respectively4~55.* 9h. Additional hexane leads to precipitation of polymer, but the origi- 
nal solutions are true solutions. The colour changes are sharp, are independent of 
polymer concentration, and therefore are purely single-chain phenomena. They are 
attributed to conformational changes resulting in a planar chain, with large increases in 
conjugation length. For solutions of poIy-3BCMU, addition of hexane shifts the 
absorption maximum to 15,900 cm-I, a value corresponding to an effectively infinite 
conjugation length, and it is believed that the actual conjugation length is at least 30 
repeat units. 

The ordering of the polymer chains in the blue solutions is the result of intramolecu- 
lar hydrogen bonding between the carbamate functionalities of adjacent side-chains, 
as illustrated in Figure 2. Infrared spectroscopic studies summarized in Table 9 pro- 

FIGURE 2. Segment of poly-3BCMU chain in 
the planar conformation, illustrating the hydrogen 
bonding between carbamate functions on adjacent 
side-chains. 
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TABLE 9. Infrared absorptions for 3BCMU and poly-3BCMU solutions' 

Eo (cm-I) 

3BCMU 

x,= 1 
Yellow soh., Blue soh., 
x,= 1 X ,  = 0.66 

v1 (ester C=O) 1745 1750 I750 
v2 (urethane C=O) 1725 1715 1695 
v 3  (amide 11) 1520 1530 1545 
v 4  (N-H str.) 3445 3340, 3445 3320 

vide support for this interpretation'. Pertinent bands for the monomer, given in the 
second column, correspond well with the free, nonhydrogen-bonded values. and are 
virtually unaffected by X ,  variations. The ester carbonyl frequency, v l ,  is virtually 
unchanged in the polymer, and does not change with solvent composition, thus 
demonstrating that the ester function does not participate in hydrogen bonding. The 
values for the carbaniate absorptions, however, show that this function is involved in 
hydrogen bonding to varying extents, dependent on solvent composition. The loca- 
tions and shapes of the band for the blue solution, as well as the enhanced intensity of 
v 4 ,  correspond to a strongly hydrogen-bonded structure. e.g. as in Figure 2. It is 
estimated that the hydrogen bonds contribute 14-20 kcal mol-' toward the stabliliza- 
tion of the planar structure. O n  the other hand. the spectrum of the the yellow solution 
shows the presence of both free and hydrogen-bonded functions. From the intensities 
of the two N-H absorptions, it is estimated that one out of four N-H groups is not 
involved in hydrogen bonding. This suggests an average conjugation length of ca. 4 
repeat units for the polymer in the yellow sc;.lution. in reasonable agreement with the 
value of 6-7 repeat units deduced from the optical spectra'. 

When a nonsolvent is added to a solution of a flexible polymer, the molecular coil 
contracts, and the reduced viscosity decreases with increasing amounts of non-solvent. 
With solutions of poly-3BCMU, however, there is no change in reduced viscosity upon 
addition of a nonsolvent, signifying that the extended-chain conformation present in 
the blue solutions is present in the yellow solutions as well5'. 

Addition of very small amounts of trifluoroacetic acid (XTFA = O.OOS), a very 
powerful hydrogen-bonding donor, to a blue solution of poiy-3BCMU or a red 
solution of poly-4BCMU converts it comp:etely to the yellow solution4. This provides 
a dramatic demonstration of the role of hydrogen bonding in the conformational 
transitions of these polymers. The FTIR spectra of the solutions show that the 
dominant interaction of trifluoroacetic acid involves hydrogen bonding with the 
carbonyl groups of the ester and urethane functions. 

It has been found that solutions of poly(diacety1enes) with simple carbamate func- 
tions in the side-chain, e.g. poly-DDU and poly-TCDU, show the same kind of 
chromic behaviour as poly-3- and 4-BCMUs.3a. These polymers are slightly soluble in 
DMF. and solutions with concentrations in the range of lo-'  mol I - '  can be prepared. 
(In describing polymer concentrations. the term mole refers to moles of repeat units.) 
It is likely that the soluble polymers are at the low end of the molecular-weight range. 
The solutions are yellow. with an absorption maximum at 21.100 cm-'. Upon the 
adition of a nonsolvent (chloroform or methanol) the maximum shifts to 17.100 cm-' 
for poly-DDU and 19,400 cm-I for poly-TCDU, and it is clear that the planar- 
nonplanar transition also occurs with these polymers. 

(iii) Effect of p H  arid electrolyte coticeritration . Poly(diacety1enes) with carboxylate 
groups in the side-chain. as in  58-61. are quite soluble in water, and their aqueous 
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(S) n = 3 

(59) n = 4 

(W) m = 2 

($1) m = 3 . .  

solutions undergo visual conformational transitions which are analogous to the 
helix-coil transformation of  polypeptide^^^^'^. The nonplanar-planar (or twisted) con- 
formational transitions are of the same type as described above for poly-3BCMU and 
-4BCMU, and are effected for the aqueous solutions by varying the pH or  electrolyte 
concentration. 

Solutions of 58 are yellow, and remain yellow at p H  > 7. When the p H  is lowered 
below 7, however, the colour changes abruptly to red, and then gradually to deep 
purple at p H =  2. Precipitation of polymer as a blue-black solid occurs if the p H  is 
lowered below 2. The absorption maximum shifts from 21,600 cm-'  at  p H  = 9.5 to 
18,700 cm-' at  pH = 3, with an additional peak at 17,400 cm-I also appearing in the 
low-pH range. When KC1, NaCl or  LiCl is added to a solution of 58 with p H  = 9.9, a 
new absorption band appears at 19,400 cm-I and the solution turns red. 

At  high pH values the carboxyl groups will exist entirely as carboxylate ions, 
-COO-, and electrostatic repulsion between these charged groups prevents close 
approach of the side-cha'ins and hence forces the polymer backbone into the nonplanar 
conformationy7. As the p H  is lowered, the charged groups are progressively converted 
to uncharged carboxyl groups, facilitating the transition to the planar conformation. 
Reduction of intergroup repulsion through ion pairing is believed responsible for the 
analogous conformational change that occurs when the concentration of electrolyte is 
increased. 

(iv) Abrupi dissolution. In contrast to the 'good' solvents for the poly-nACMUs, 
there is another group of 'poor' solvents, including xylene, o-dichlorobenzene, 
methyl ethyl ketone, ethyl acetate and acetic acid, in which the polymers are com- 
pletely insoluble at room temperature. but dissolve almost instantaneously at  higher 
 temperature^'^'. Dissolution occurs abruptly over a narrow temperature range (ca. 
3"C), and is accompanied by a colour change. This is believed to be the first report of a 
dramatic increase in the solvent power of liquids on varying the temperature. For 
example, when poly-4BCMU is heated in o-dichlorobenzene, a metallic-to-red transi- 
tion occurs at 49"C, and red fibrous particles are formed. If this mixture is stirred, and 
heated slowly between 49 and 55°C over a period of half an hour, a red solution is 
formed, but if it is heated rapidly, a yellow solution arises abruptly (<$ min) at 58"C, 
accompanied by a dramatic increase in viscosity. The temperature at which the ther- 
m>xhromic transitions occur is dependent o n  the polymer and the solvent. The heat of 
dissolution of poly-4BCMU in o-dichlorobenzene, measured by differential scanning 
calorimetry, is 8.4 kcal mol-' ly7. 

It is proposed that the metallic-to-red transition is due to intermolecular dissolution 
in which the solvent diffuses into the polymer crystallg7. The red-to-yellow transition 
involves intramolecular dissolution of the individual polymer chains in which the 
intramolecular hydrogen bonds are broken. Breaking of the intramolecular hydrogen 
bonds is believed to be a cooperative process, i.e. once the planarity of the backbone 
is interrupted by the breaking of a few hydrogen bonds due to solvent-side-chain 
interactions, the whole molecule becomes nonplanar very rapidly by a sequential 
breaking of the adjacent hydrogen bonds. 

(v) Effects ofstrain.  The shift in the absorption maximum during the polymeriza- 
tion of PTS, attributed in part to strain caused by lattice mismatch, as  well as  the shifts 
produced by applying mechanical stress to poly-PTS crystals has been described in 
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Section I.E.1. Shifts in absorption maxima may also result from interactions between 
side-chain groups which, in turn, introduce strain on the backbone. It is these interac- 
tions that will be considered in this section. 

For polymers containing a carbamate function in the side-chain, 
RNHC02(CH2),-, the value of m seems to be the major factor in determining 
side-chain interactions, and the nature of R has little effect4. For those with m = 3, 
models indicate that the optimal arrangement for hydrogen bonding between adjacent 
chains can be achieved without the introduction of strain, in agreement with the 
results found for poly-3BCMU. For m = 4 on the other hand, the formation of 
hydrogen bonds requires distortion of the tetramethylene chain, as well as possible dis- 
tortion of the polymer backbone itself4. This is the factor believed to be responsible 
for the differences in the optical properties of solutions of poly-3- and 4-BCMU in 
their planar form. Maximum absorption for the planar form of poly-3BCMU is at  
15,900 cm-', corresponding to an effectively infinite conjugation length, whereas it is 
at 18,900 cm-l for poly-4BCMU, corresponding to a conjugation length of ca. 15  
repeat units. The shortened planar segments are probably a consequence of the strain 
involved in forming the hydrogen bonds required to maintain the planar conformation. 

In poly-TCDU the carbamate function is also separated from the polymer backbone 
by a four-carbon chain, and in line with the ideas presented above, it is not surprising 
to find that visible and Raman spectra for poly-TCDU crystals and solutions of poly- 
4BCMU in the planar form are virtually identical4. Furthermore, X-ray diffraction 
spectra of poly-TCDU clearly show the intramolecular hydrogen bonding between the 
urethane groups, and gross distortions in the tetramethylene chain. 

The initial polymer formed by UV irradiation of multilayer assemblies of 10,12- 
pentacosadiynoic acid and related compounds is blue, with absorption maxima at  ca. 
15,700 and 17,000 cm-' 64a,65,66,99. A change to red-coloured polymer, with absorption 
maxima at  ca. 18,700 and 20,000 cm-', occurs when the samples are irradiated for 
longer periods or  are heated at 90°C. Changes in backbone strain, brought about by 
changes in side-group packing, are believed to be responsible for the spectral shifts3a. 

Large spectral shifts are frequently observed when monomer is removed from 
partially polymerized samples by extraction with a suitable solvent. With the initial 
blue polymer of 10,12-pentacosadiynoic acid described above, for example, removal 
of monomer leads to an immediate colour change to red with concomitant shift in 
absorption maxima to 18,700 and 20,000 cm-' 66. Similar behaviour is observed for 
the blue phase of the polymer derived from the bis(m-tolylcarbamate) of 2,4- 
hexadiyne-1,6-dio12. The shifts are believed to be due to the release of strain from the 
backbone, as well as some twisting made possible by removal of the monomer matrix. 

(vi) Thermochromism . Many poly(diacety1enes) exhibit thermochromic properties, 
and the factors responsible are the same as those responsible for the spectral shifts 
which have been described in the preceding sections, i.e. planar-nonplanar transitions, 
backbone strain and the interplay of inter- and intramolecular hydrogen bonding. 

When yellow solutions of poly-3- or 4-BCMU in o-dichlorobenzene at  115-120°C 
with polymer concentrations less than 0.1% are cooled to room temperature, deeply 
coloured, viscous solutions are formedlg8. The poly-38CMU solutions are blue, with 
maximum absorption at  15,750 cm-', and.the poly-4BCMU solutions are red, with 
maximum absorption a t  18,350 cm-'. Plots of the poly-3-BCMU spectra measured at 
various temperatures show the presence of an isosbestic point. FTIR spectra of the 
blue and red solutions show ester and carbamate frequencies that are virtually identi- 
cal with those given in Table 9 for solutions of poly-3BCMU in chloroform-hexane, 
and correspond to hydrogen-bonded carbamate frequencies. Spectra of the high- 
temperature yellow solutions show free N-H and free C=O bands, and correspond 
to those for poly-3BCMU in pure chloroform. Thus, the thermal behaviour of these 
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solutions can also be accounted for in terms of planar-nonplanar transitions. The 
presence of an isosbestic point both with varying temperature as well as with varying 
solvent-nonsolvent ratios, means that the planar and nonplanar forms exist in equilib- 
rium with each otheriq8. 

When hot o-dichlorobenzene solutions containing more than 0.1 % poly-3- or 
4-BMCU are cooled, brightly coloured blue or red gels forrnI9*. The process is revers- 
ible, and the gels redissolve with heating. The gels are amorphous by X-ray studies, 
and are interchain complexes associated at widely separated points. Differential scan- 
ning calorimetry shows endothermic transitions when the gels are heated. These tran- 
sitions are attributed to the breaking of intramolecular hydrogen bonds, and the 
enthalpy change for the planar-nonplanar transition is found to be ca. 7 kcal mol-' of 
repeat units. From this it is concluded that all of the intramolecular hydrogen bonds 
are broken in the transition to the yellow, nonplanar form'98. 

Films of poly-3 and 4-BCMU are formed by slow evaporation of chloroform solu- 
t i o n ~ ~ ~ ~ ~ .  Poly-3BCMU films are blue, and poly-SBCMU films are red, signifying the 
presence of planar forms. At  room temperature, poly-3BCMU films show maximum 
absorption at 15,800 cm-', and poly-4BCMU films at 18,700 cm-', values which 
correspond closely to those of solutions of the planar forms. When the temperature is 
raised the films turn yellow and the absorption maxima shift to 21,000 cm-' and 
22,000 cm-' respectively. Changes in the FTIR spectra of the films with increasing 
temperature correspond to a change from a hydrogen-bonded to a free structure, in a 
manner totally analogous to the solution b e h a v i o ~ r ' ~ ~ ~ .  

Crystals of many poly(diacety1enes). particularly those with a carbamate function 
separated from the polymer backbone by a four-carbon chain, undergo thermo- 
chromic phase transit,ions5~~.'9~60~1j2~16"~162.'83a~199~~oo. Most of these exhibit maxima in the 
15,000-16,000 cm-' range below the transition temperature, and the crystals have a 
reddish-gold colour. (see Table 8). Above the transition temperature the maxima shift 
to 18,000-19,000 cm-', and the crystals take on a greenish metallic sheen. 

The degree of reversibility of the transition varies from one polymer to another. For 
example, when a poly-IPUDO crystal is cooled from the transition temperature to 
25"C, the spectrum resembles closely the original room-temperature spec t rudl .  On 
the other hand, when a poly-TCDU crystal is cooled to 77 K. some parts of the crystal 
show a golden lustre, while others continue to exhibit the original green metallic 
sheen, and these same domains continue to coexist in the crystal after it is warmed 
back to room ternperatureI6'. 

Some workers have proposed that the thermochromic transition involves a change 
from the acetylenic backbone structure at lower temperatures to the butatriene struc- 
ture at higher temperatures61.'60.'62. However. there is mounting experimental evi- 
dence that the thermochromism is a consequence of backbone distortion caused by 
changes in side-group packing o n  going from the low-temperature phase (I) to the 
high-temperature phase (II)j3a,j~,'~7.'s3a~1yy~200. Hydrogen bonding plays a major role in 
the side-chain interactions. The optical properties of phase I1 correspond closely to 
those of polymer films and solutions (planar form) in which the chains are reasonably 
free of intermolecular constraints. It follows, then, that phase I is stabilized by inter- 
molecular effects on side-chain packing, and intermolecular hydrogen bonding is likely 
to be a major factor here. On this basis, it has been proposed that thermochromism 
involves a change from inter- to intra-molecular hydrogen bondingj3". If, as seems 
likely. intramolecular hydrogen bonding is retained in phase I. it is suggested that 
either the geometry of the hydrogen bonding is altered from the near optimal 
arrangement of phase 11, or the strain caused by the hydrogen bonding is taken up by 
other bonds in the side-group and is not transmitted to the backbone. 
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When crystalline poly-3BCMU is heated it undergoes two thermochromic transi- 
tions, metallic to red and red to yellow, and differential scanning calorimetry shows 
corresponding endotherms at 420 and 450 K'993200. The low-temperature endotherm 
and the corresponding metallic-to-red colour change are not observed in the amorph- 
ous polymer. and this transition is attributed to intermolecular melting. Intramolecular 
hydrogen bonds still persist, and maintain one-dimensional order in the polymer. The 
endotherm at 450 K corresponds to rupture of the intramolecular hydrogen bonds. 
This interpretation is supported by FTIR studies'". 

Monomeric DCHD crystals. but not the fully converted polymer, undergo a phase 
transition at 142 K which has been described in Section I.E.lzz.lll. When monomer 
crystals containing a small concentration of polymer are cooled through the transition 
temperature, the colour of the polymer changes reversibly from blue to red, and the 
absorption maximum shifts from 15,100 to 18,640 cm-I l l l .  This is the largest shift 
yet observed for a poly(diacety1ene) and it is opposite in sense from those described 
above for polymers with urethane functions in the side-groups. Relatively small shifts 
in the backbone stretching frequencies are noted in the Raman spectrum, in spite of 
the large change in lattice parameters, showing that the major change must be in bond 
angles. The large change in the absorption frequency is attributed to the deformation 
of the polymer structure at  the phase transitionll'. 

b. Optical nonlinearities. Two-photon absorption. Crystalline poly-PTS and poly- 
TCDU exhibit very large values for  the third-order susceptibility which are compar- 
able to those of inorganic semiconductors201.202. This behaviour can be attributed to 
the one-dimensional electron delocalization along the conjugated backbone of the 
polymer203. Third-order mixing in solutions of poly-4BCMU has also been 
observe d204.205. 

The large third-order susceptibility of poly(diacety1ene) crystals coupled with their 
stability at  high optical intensities, u p  to 50 CW/cmz with picosecond pulses, suggest 
that they might find important applications in devices such as parametric amplifiers, 
ultrafast light shutters and optical pulse sharpeners201,206. However, the usefulness of 
the polymers in these applications has been found to be limited by a strong two-photon 
a b s o r p t i ~ n ~ ~ ~ ~ ~ ~ ~ .  The two-photon process was ascribed initially to the presence of 
defects in the ~ r y s t a l s ~ ~ ~ . ~ ~ ~ ,  but later workers have shown that strong two-photon 
absorption is a fundamental property of the poly(diacety1ene) b a ~ k b o n e ~ O ~ . ~ O ~ .  The 
energy and band-width, as well as symmetry assignment and oscillator strength for the 
two-photon transition in solutions of poly-4BCMU have been determinedzo5. 

4. Vibrational spectroscopy 

Infrared spectra of poly(diacety1enes) are complex and are generally dominated by 
side-group  vibration^^^-'^^. The use of IR spectroscopy for studying side-group interac- 
tions involving hydrogen bonding has been described in Section I.F.3 .a. Near-IR 
spectroscopy has provided useful information about strain in partially polymerized 
PTS  crystal^'^', and far-IR spectroscopy has been used for studying the low- 
temperature phase transitions of PTS and poly-PTS'86.208. 

Resonant Raman spectroscopy provides the capability of studying the backbone 
vibrations of poly(diacety1enes) without significant interference from side-group vibra- 
tions, and consequently it has proved to be a powerful tool for studying these poly- 
mers116. Resonant Raman scattering occurs when the frequency of the exciting 
radiation is close to that of the TC -+ TI* transition of the conjugated chain, and the 
Raman spectrum is dominated by those vibrations that couple strongly with the 
electronic states of the backbone. The great majority of the normal modes of the 
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TABLE 10. Higher frequency Rainan lines for poly(diacety1enes) 

Raman lines (cm-') 

Polymef 1 2 Others References 

Poly-PTS 2086 1485 1203,953 113, 116 
Poly-PMBS 2084 1482 1202, 954 112 
POIY-HHD~ 2120 1518 1262, 1198, 963, 937 211 

POIY-DADD~ 2098 1450 1398, 1287, 1199, 1050 211 

Poly-HDU 2110 1504 39 

Poly-DCHD, phase IIbid 2124 1470 1243, 672 111 
Poly-DCHD, phase Ibpd 2144 1508 1248, 982 111 

Poly-DUDD 2072 1460 1345, 1215, 1050,700 116 

Poly-DDEU 2078 1458 160 

Poly-TCDU, phase IId 2088 1488 1216 160 
Poly-TCDU, phase Id 2077 1444 1204 160 

'Values are for completely polymerized samples unless noted otherwise. 
bSpectra measured on monomer crystals containing a few percent polymer. 
'No values reported. 
dPhase I and phase I1 refer to low- and high-temperature phases, respectively. 

polymer are associated with side-group motions which interact only weakly with the 
backbone electrons. Consequently, the resonant Raman spectra are much simpler than 
nonresonant spectra, and contain from four to ten intense lines between 600 and 
2200 cm-' y1,116,1s2,20y,210. The applications of resonant Raman spectroscopy to poly- 
(diacetylenes) have been reviewed1I6. 

Raman lines that have been reported for a selection of representative poly- 
(diacetylenes) are presented in Table 10. The two highest frequency vibrations, u1 

and u2,  corresponding to triple-bond and double-bond stretching modes respectively, 
are the fingerprint frequencies for these polymers116, and are listed separately from the 
others in the second and third columns. While u1 and u2 are reasonably independent of 
the side-chain, the lower frequencies, which involve side-group motions to a greater 
extent, show greater dependence on the nature of the side-group"'. The calculated 
frequencies based on a model with simple point masses and harmonic force constants 
are in excellent agreement with those observed experimentally for four poly- 
(diacetylenes) with greatly different side-chains211. 

For a series of 19 different poly(diacetylenes), v 1  was found to range between 2067 
and 2133 cm-', with an average value of 2108 cm-'; similarly, v2 fell in the range 
1455-1533 ern-', with an average value of 1501 cm-l 3y .  A linear correlation was 
found between u2 and v l ,  and this was cited as evidence for significant contribution 
from the butatriene backbone structure. 

Raman spectra do not provide an unequivocal answer to the question of the extent 
of butatriene contribution. Poly-PTS is recognised from X-ray data to have a predo- 
minantly acetylenic backbone, and if the values of u1 and v2 for poly-PTS are charac- 
teristic of the acetylenic backbone, then it would seem that the majority of the other 
polymers in Table 10 possess essentially the same type of backbone. For a series of 
crystalline, monomeric tetraarylbutatrienes, Ar'Ar2C=C=C=CAr3Ar4, Raman 
lines appear at 2030,1580 and 1220 cm-1 160, and it is seen that only small differences 
exist between butatriene and 'acetylenic' frequencies. 

Different frequencies are observed for poly-TCDU in the low- and high- 
temperature phases. Originally these were attributed to an acetylenic backbone for the 
polymer in the low- and a butatriene structure in the high-temperature phasei60, but it 
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is likely that the different frequencies result from differences in side-group interactions 
as described in Section I.F.3.a. 

The absorption spectrum of poly-ETCD contains three broad bands at  15,900, 
18,500 and 21,700 cm-', and this has been interpreted in terms of a distribution of 
conjugation lengths, peaked at the three lengths corresponding to these excitation 
f r e q u e n c i e ~ ' ~ ~ .  The resonant Raman lines of the polymer vary somewhat in location 
and intensity when the excitation wave-length is changed. It has been proposed that 
these changes correspond to excitation of polymer with different average conjugation 
lengths. This polymer undergoes a thermochromic phase transition, green to red, at ca. 
135°C and the changes observed in the Raman spectrum of the high-temperature 
phase are interpreted to mean a difference in the distribution of the polymer chains in 
the three conjugation length domains'52. 

Small shifts are observed in the Raman lines of poly-DCHD present in low concen- 
tration in monomer crystals when the monomer undergoes a phase transition at  142 K, 
as shown in Table 10, and these shifts are also attributed to changes in strain on the 
polymer brought about by the phase change'". 

The Raman frequencies of several poly(diacety1enes) shift when tensile stress is 
applied to the polymer crystal, and this forms the basis of a method described recently 
for obtaining frequency-modulated visible light21*,*13. In the method a periodic stress 
is applied to a poly(diacety1ene) fibre, e.g. poly-HDU, and the frequency of the 
Raman light scattered from the fibre is modulated at the frequency of the applied 
stress. The method promises to have applications in information transfer systems. 

5. Electrical properties 

The distinct metallic lustre of poly(diacety1ene) crystals might lead to the naive 
expectation that they will exhibit high electrical conductivity. Such is far from their 
actual behaviour. They are insulators, or at best, wide gap semiconductors. It has been 
pointed out that all it takes to reconcile metallic lustre with low electrical conductivity 
is the presence of a strong ahsorption band iz the visible range in which the excited 
electrons are not very mobile, e.g. an exciton band2I4. 

a. Conductivity. Careful studies with poly-PTS have given dark-conductivity values 
of 2.2 x lo-" ohm-' m-l in the chain direction and 2.4 x 
ohm-' m-'. in directions perpendicular to the  hai in'^','^^. Thus the charge carrier 
mobility along the polymer chain is lo3 times that perpendicular to the chain. The 
ohmic conductivity for the samples studied was caused by impurities creating a carrier 
concentration of ca. 3 x 10l6 m-3, which corresponds to one carrier per 30 m on a 
single chain! Others have also concluded that the dark conductivity of poly-PTS must 
be attributed to impurities, and they estimate that the true intrinsic dark conductivity 
of the polymer should be around 

From the temperature dependence of conductivity it was deduced that a level exists 
0.8 eV below the band edge (ca. 2.4 eV) which dominates the current by containing 
most of the carriers, and which is present at a concentration of ca. 1017 m-l. The level 
can be due either to an impurity or a chain-end216. 

It has been concluded from these results that poly-PTS can be classified as a one- 
dimensional semiconductor which can be obtained with a purity and electronic per- 
fection comparable to conventional inorganic semiconductors216. 

b. Photoconductivity. Poly(diacety1enes) exhibit photoconductivity, and numerous 
studies have been devoted to attempts to unravel the details of charge-carrier 
generation 2nd the mechanism of charge transport. Some early workers suggested that 
th.e intense 2 eV absorption of these polymers represented a valence band-to- 
conduction band transition, and hence the onset of p h o t o c ~ n d u c t i o n ' ~ ~ ~ ~ ' ~ .  From an 

and 1.3 x 

ohm-l m-' at 300 K2I5. 
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analysis of the line-shapes for poly-PTS and poly-BPG, for example, it was concluded 
that the transition is a band-to-band transition of a one-dimensional s e m i c o n d ~ c t o r ~ ~ ~ .  
Others proposed, however, that the transition is a more localized, excitonic type 
transition, i.e. one in which bound electron-hole pairs are created, and which is not a 
conducting state. Excitation to a conducting state requires higher energy radiation. 
Subsequent experiments have confirmed that the transition is excitonic, and some of 
the pertinent evidence is summarized here. 

The profusion of vibrational side-bands in the electronic transition, and resonant 
Raman scattering, as observed with these polymers, are normally observed with 
excitonic rather than band iransitionsI8’. The distinction is not clear-cut, however, 
since valence and conduction bands in organic crystals can also be subject to vibronic 
spIitting2IR. 

The photocurrent action spectra of poly(diacety1enes) exhibit a minimum at the 
main peak of the crystal absorption spectrum, confirming that the dominant crystal 
transition is photoelectrically inactive and thus cannot be a band gap transi- 

A transition between valence and conduction bands, constituted by highest filled 
and lowest vacant n states, does occur, and it is responsible for the photoconductivity 
that is observed at photon energies above the 2 eV peakzz’. However, the oscillator 
strength of this transition is much smaller than that of the exciton transition, and it is 
buried under the accompanying vibronic side-bands. Because of this the determination 
of the band gap energies for these polymers has proved very difficult, and in spite of the 
fact that several reports of measured values have appeared, some workers believe that 
there is not yet a reliable ~ a l u e ‘ ~ . ” ~ .  Values of the band-gap energy determined from 
photoaction spectra at  room temperature include: 17.000 cm-I ( 2  eV) for poly-PTS; 
21.000 cm-’ (2.6 eV) for poly-TCDU and 17,700 cm-’ (2.2 eV) for poly-DCHD222. 
Comparison of these values with the energies of the optical transitions of these poly- 
mers (Table 8) shows that the band-gap lies ca. 1000-2000 cm-* above the excitonic 
transition. The band-gap for poly-PTS at  2 K. as determined from the electroreflec- 
tance spectrum is 19,700 cm-I (2.44 eV)225. 

Part of the difficulty encountered in determining the band-gap for poly(diacety1ene) 
crystals can be overcome by using multilayer assemblies containing only a few layers of 
polymer molecules’”. In this manner. the band-gap of poly(10,12-tricosadiynoic acid) 
was found to be 70.000 cm-l (2.5 eV) for the blue polymer and 21,000 cm-] (3.6 eV) 
for the red polymer; the corresponding absorption maxima were at  15,600 and 18,700 
cm-I. 

Studies with poly-PTS show that light polarized in the chain direction is at least ten 
times more effective in photoionization than light polarized perpendicular to the 
chain’Is. Similarly. the quantum yield for photoelectric charge generation is higher by 
a factor of 10’ when the electric field is parallel to the chain226. Charge-carrier 
mobilities have been measured by several g roup~j~ ,?~~.”‘ . ’?~ .  The mobility in the chain 
direction is 800 times that perpendicular to the chain. further denicnstrating the 
one-dimensional nature of the photoconduction’~6~2~7. There is disagreement, how- 
ever, about the magnitude of the mobility along the chain. One group concludes that 
poly-PTS is a high-mobility semiconductor in  which the carriers travel a constant 
distance on the order of 1 mm in less than 1 ps, independent of the field, before being 
trapped”’. Another group concludes that the mobility is near the lower limit for 
band-like transport. and they classify poly-PTS as a low mobility. band-like semicon- 
d uct01-j~. 

It \vas mentioned above that the dark conductivity of poly-PTS is dominated by a 
localized energy level 6500 cm-I (0.8 eV) below the band-edge. A steep photoconduc- 
tive edge is also found at  6500 cm-],  which is in agreement with the existence of such a 
localized leve143,21 5. 

I 1on34 33.161.206 215,219-223 
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c. Doping experiments. Treatment of poly(acety1ene) films with substances such as 
AsF5, iodine or bromine yields materials with high room-temperature electrical con- 
ductivity’. Attempts to induce similar behaviour in  poly(diacety1enes) have not been 
successful‘. Upon exposure of a multilayer assembly of the polymer derived from 
10,12-pentacosadiynoic zcid to iodine vapour, an increase in conductivity occurred 
which was comparable to that reported for poly(acetylene), but the sample still 
remained an insulator because the initial resistance of the film (> 10i30hm) was so 
high. The effect was only transient, however, and when the iodine was removed the 
conductivity dropped to a value only ca. 30 times its initial value. 

6. Defect properties 

Defects in poly(diacety1ene) crystals give rise to shifts in electronic excitation ener- 
gies and to states in the forbidden gap of the perfect chainix2. These lead to cosltinuous 
optical absorption and ESR centres with complex thermal behaviour. 

Partially polymerized PTS as single crystals or polycrystals exhibit fluorescence 
with frequencies significantly higher than the absorption edge of perfect polymer 
chains14*.228. Thus. excitation at 4.2 K yields two emission bands at  20.468 and 20.802 
cm-’, accompanied by vibrational side-bands. The fluorescence intensity depends on 
the location of the excitation laser spot on the crystal surface, the strongest emission 
being observed in polycrystalline samples when the boundaries between crystallites 
are irradiated. The  fluorescence is attributed to localized defects connected to a 
polymer chain. possibly trapped active ~hain-ends’~’ .  

Intense laser pulses of picosecond duration induce tailing in the absorption curvc of 
p ~ l y - p T S ~ ~ ? .  The  tailing has been attributed to defects created by breaks in conjuga- 
tion. 

Possible modes of defect formation in poly(diacety1enes) have been examined”‘. 
One plausible mode. orbital flipping. involves rotation by 90” of the p orbitals on two 
adjacent sp’ carbons so that they become parallel to the in-plane p orbitals of the 
adjacent sp carbons, and leads to interruption of conjugation in the out-of-plane TI 

system. A comparison of the possible intrinsic conformational defect states has been 
p re~cn ted ’~~ .  

7. Other properties 

The mechanical properties-Young’s modulus, ultimate tensile strength and defor- 
mation processes-have been determined for crystals of poly-HDU and poly- 
PTS1’**231. The ultimate tensile strengths, 1.7 x 10’ and 2.0 x 10‘N m-’, respec- 
tively. indicate crystals of a very high degree of perfection. The per-chain modulus for 
each polymer is nearly as  high as that of diamond. 

Poly-HDU crystals exhibit negative thermal expansion coefficients in the chain 
direction95~119, and a patent has been issued for the formulation of polymers with 
near-zero uniaxial thermal expansion  coefficient^'^'. For poly-PTS the coefficient is 
positive at room temperature. but changes sign below 70 K13(’. The origin of the 
negative coefficients has been discussedys~’!Y~’”’~’O’. 

The heat capacities of monomeric and poly-PTS single crystals have been measured 
from 3 to 300 K233. The heat capacity for the polymer crystal. which serves as a model 
for quasi-one-dimensional solids, is strongly influenced by the lattice vibrations of the 
polymer chains. Small peaks in the heat-capacity curves appear at 161 K for the 
monomer and 198 K for the polymer, corresponding to the phase transitions described 
previously. 

Poly-PTS exhibits a higher dielectric constant parallel to the polymer chain than 
that of the monome:, as a result of the greater n: d e l o c a l i ~ a t i o n ~ ~ ~ .  Measurements 



968 William D. Huntsman 

have been carried out at 10.0 MHz, 9.04 GHz and at optical f r e q u e n c i e ~ ' ~ ~ J ~ ~ , ~ ~ ~ .  
The pyroelectric effect in poly-PTS has been studied over the range 76-300 K235. A 

change in sign occurs between 170 and 210 K, which is related to the phase change that 
occurs in this range. 

Some of the unusual features of the optical spectra of poly(diacety1enes) can be 
accounted for in terms of a strong phonon-electron coupling which gives rise to 
Fano-type interference236. Exciton surface polaritons have been detected in poly-ITS 
crystals a t  room temperature by attenuated total reflection spectroscopy214. 

Studies of the morphology, mechanism of deformation and twinning of poly-PTS 
crystals have been r e p ~ r t e d ~ ~ ' - ~ ~ ~ .  

G. uses 
In addition to the uses that have been described in preceding sections, these applica- 

tions of the polymers and the polymerization reaction may be cited: as cumulative 
time-temperature indicators and radiation dosimeters41~80~188~234~z44, for recording 
latent fingerprints24s, and for accelerating cross-linking in other p o l y r n e r ~ ~ ~ ~ , * ~ ~ .  

Crystalline poly-BCMU is quite resistant to radiation, but the amorphous polymer 
undergoes cross-linking between side-groups and is converted to a gel248. 

111. POLYYNE POLYMERS CONTAINING TRANSITION-METAL ATOMS IN THE 
MAIN CHAIN 

An interesting class of polymers containing conjugated acetylenic groups and 
c3-bonded transition-metal atoms in the backbone has been described recently249. The 
transition metals that have been included in ths  chain are platinum, palladium and 
nickel as illustrated in 62-64. In addition, polymers have been prepared in which two 

(MI 
different metals appear at alternating positions in the chain. The groups are arranged 
in a trans configuration about the square-planar metal atom, and the polymers have an 
extended rod shape. In all of the polymers the metal is complexed with truns- 
trialkylphosphine ligands. Besides the usual stabilization of the metal in the + 2 oxida- 
tion state, these groups may stabilize the polymers by preventing close approach of 
polymer chains to each other. 

enratlon of the Polymers 
Three methods have been used for preparing the polymers: (1) Condensation of 

dialkynylmetal complexes with metal halides in amine solutions, catalysed by cop- 
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per(1) halides, (2) oxidative coupling of dialkynylmetal complexes and (3) alkynyl 
ligand exchange reactions. All three methods serve for the preparation of platinum- 
and palladium-containing polymers, but, because of side-reactions in the first two 
methods, only the third one has been found successful for nickel derivatives2s0. 

Condensation of the bis(butadiyny1)platinum complex 65 with 66 in diethylamine 
containing a catalytic amount of a copper (I) halide gives the polymer 62 as a yellow- 

PBu3 P B u ~  PBU, 

I I 
PBu3 PBU, (3) 

H-=-=- I 1 
- - Pt-z-=-H +Cl-Pt-Cl 

(65) (W (62) 

coloured powder in 96% yield (equation 3)24y,251. Similarly, use of 57 as the alkynyl 
component provides polymer 68 with p-diethynylbenzene repeat units (equation 4). 

H- 

Diethylamine serves as solvent and acid scavenger, and is also believed to serve as a 
ligand for copper(1) intermediateszsz. Polymerization does not occur in the absence of 
the copper(1) salt. The reaction is carried out in an inert gas atmosphere to prevent 
oxidative coupling of the alkynyl component251. The reactionoccurs slowly at room 
temperature, e.g. 62, with weight-average molecular weight (M,) 70,000, is formed 
from 65 and 66 after one month at room temperature, but the reaction is considerably 
faster when it is carried out in refluxing diethylamine, 62 with a,,, = 70,000 being 
formed after 24 h under these conditions. 

Polymer 70, with both butadiyriyl- and p-diethynylbenzene units in the chain, has 
been prepared by condenstaion of 65 and 69 (equation 5)253. In this case the reaction 

PBug 

- H + CI-Pt - 
I H-=-=- pt-z-=- 
I 
PBU3 PBU, 

I 
PBu3 

- 

(5) 
(655) (69) 

PBU, 

PBU, 
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temperature has an effect on the regularity of the repeat units in the polymer chain. 
When the reaction is carried out at room temperature for 12 days, polymer with 
aw = 34,000 and with a high degree of regularity is obtained. When the reaction is 
carried out in boiling diethylamine for 20 h, however, polymer with comparable 
molecular weight is obtained, but in this case there is significant irregularity in the 
structure. 

Polymers such as 72, with alternating platinum and palladium atoms, have been 
prepared by condensation of 65 with 71, and also 73 with 66 (equation 6)254. The 

polymers obtained by the two routes are almost indistinguishable, but the broadening 
of the bands in the ultraviolet spectrum of the polymer prepared by the second route, 
as well as the results of depolymerization studies, indicate some disorder in the chain, 
compared to that prepared by the first route. 

The second route to these polymers, oxidative coupling of bis(acety1ide) complexes 
of transition metals, is illustrated by the preparation of 74 from 67, and of 75 from 65 
(equations 7 and S)255. The palladium analogue of 74 can be obtained by the same 
route. The value of M ,  for 74 was 95,000, but the molecular weight of 75 could not be 
determined because of its insolubility. The solvent for the oxidative coupling polymer- 
ization should be one in which the polymer as well as the reactants are soluble, 
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PBu3 
02.CUCI 

I H--- = -p t -z -E -H  - 
I ~ z N C H Z C H ~ N M ~ ,  SCH2CIZ 

PBu 

(75) 

otherwise, precipitation of product at intermediate stages will lead to low-molecular- 
weight polymer. Methylene chloride has been found to be a good solvent, both for the 
reactants and for the polymeric products. 

Polymers containing nickel atoms in the backbone are not obtained by either of the 
two preceding methods, because of side-reactions of dihalonickel complexes with 
amines or of dialkynylnickel complexes under oxidative coupling conditions250. They 
can be obtained, however, by alkynyl ligand exchange in the presence of copper(1) 
halides. Thus, the nickel-containing polymer 78, with mw = 13,000, is obtained from 
the reaction of 76 with 77 (equation 9). Mixed nickel-platinum polymers 79 have been 

P B u ~  P B u ~  
I 
I I 

I Et NH H-=-=-Ni-=-Z- - - -  H + H-G-Ni -E-H 
cu I 

P B u ~  P B u ~  

(76) (77) 

-(I?=-=) + n/2H---H (9) 

PBU3 'n  

(78) 

prepared by the reaction of 77 with the butadiynylplatinum derivative 65 
(equation 10). 

P B u ~  PBu, 
I I 

I I 
P B u ~  P B u ~  

Et NH 

- H--cZur, 
H- -=-pt-E-=- - - H + H-E-Ni-=- 

\PBu-J PBu3 4l 

(79) 

B. Properties of the Polymers 

The polymers are obtained as yellow or brownish-yellowr powders which are gener- 
ally soluble in diethylamine, dichloromethane, THF, benzene and toluene but in- 
soluble in methanol. They are air-stable and can be purified by chromatography over 
alumina. 
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Properties of representative examples are summarized in Table 11. Molecular 
weights, given in the second column, are seen to range from 10,000 to 170,000. 
Decomposition temperatures are listed in the third column, and it is seen by compar- 
ing the first three entries that thermal stability decreases in the order Pt, Pd and Ni. 
Decomposition temperatures are generally higher when the sample is heated in a 
nitrogen atmosphere than when it is heated in air. 

The lowest-energy electronic transitions, listed in the fourth column, have been 
assigned as metal-to-ligand charge-transfer transitions250. Comparison of the 
wavelengths for the simple polyyne polymers listed as the first three entries shows that 
the transition moves to lower energies in the sequence Pd, Pt, Ni, reflecting increasing 
metal-to-alkynyl charge-transfer interaction2j0. 

The polymers exhibit one or more IR absorptions in the carbon-carbon triple-bond 
stretching region, as can be seen in column 5. The intensities of the bands vary greatly 
from polymer to  polymer. 

31P-NMR spectroscopy has proved to be extremely useful for assigning configura- 
tion around the transition metal in these polymers. For example, studies with model 
compounds of known configuration have shown that the chemical shift of 31P in 
rrans-dialkynylbis(tributylphosphine)platinum(II) derivatives is in the range - 3.0 to 
- 4.5 ppm (with respect to 85% H3P04),  whereas that of the cis isomers is upfield 
from the reference and falls in the range +2.6 to +3.6 ppm255. The chemical shifts 
cited in the sixth column of Table 11 correspond entirely to the trans configuration. No 
evidence for the cis isomer has been noted for any of the polymers. 

Depolymerization studies have been very useful in determining polymer structures. 
The palladium-carbon bond, weakened by the trans alkynyl group, is cleaved when 
palladium-containing polymers are treated with platinum or  palladium halides and a 
catalytic amount of copper(1) iodide in diethylamine at  25°C254*255. For example, 80 is 
cleaved smoothly to 81 under these conditions (equation 11). Platinum-alkynyl bonds 

PBu, 
I 
I 

+ CI-Pd-Cl 

PBu, 

Cul 
Et2NH 
- CI 

P B u ~  
I P&3 I 

I I 

(81) 

-Pd-z--f-Pd-CI (11) 

P B u ~  P B u ~  

are not cleaved under these conditions; polymer 62, for example, fails to react at  room 
temperature (equation 12), and reacts only very slowly in boiling diethylamine. 

P B u ~  

(1 2) 
I CUl EZ )- + CI-Pd-CI E~PNH,  250c no reaction 
I 
PBu3 

Advantage is taken of this difference in metal-carbon bond strengths in determining 
the regularity of structure in mixed metal polymer. Mixed metal polymer 72, prepared 
by condensation of 65 and 71, gives the trinuclear complex 82 exclusively (equation 
13) as shown by gel-permeation chromatography, and demonstrating complete regu- 
larity in the polymer backbone254. The polymer which was obtained by condensation 
of 73 and 66, on the other hand, gave a mixture of oligomers under the same condi- 
tions, and it was concluded that there is significant disorder in the chain. 
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\be", PBU, 

(72) 

PBU, PBU, PBu3 
I I I 

I I I 

(82) 

Cl-Pd-=- 3 -Pt--=- E- Pd-c l  (13) 

P B u ~  PBu, P B u ~  

Platinum-alkynyl bonds can be cleaved under more drastic  condition^^^^.'^^. Thus, 
75 undergoes depolymerization slowly in boiling piperidine in the present of CuI and 
66 to give the tetraynyl derivative 83 (equation 14). 

\PBu3 ' f l  

(75) 

PBu3 PBua 

(83) 
The formation of a liquid crystalline phase has been observed in concentrated sol- 

utions of these polymers256. For example, concentrated solutions of 62 in trichloro- 
ethylene appear turbid even though there is no undissolved material. The solutions 
appear opalescent on gentle stirring, but this fades rapidly when stirring is stopped. 
The viscosity behaviour is typical of liquid crystalline materials. 
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1. INTRODUCTlON 
The thermal oligomerization of alkynes has been known for more than a 
the temperatures required are as  high as 400°C for the uncatalysed reactions. The 
cyclization of acetylene to benzene, cyclooctatetraene and styrene under the influence 
of Ni(Ii) catalyst occurs at much lower temperatures (60-70°C)s3. Since Reppe’s 
discovery, a large number of publications have appeared concerning catalytic and 
stoichiometric reactions of transition metals with triple bonds. Some of the more 
recent reviews include the following: the synthesis and use of alkyne-transition-metal 
complexes in general4’, the synthesis of pyridines from alkynes and nitriles with 
organocobait catalysts?, the synthesis of rhodium complexes from diynes and their 
reaction with a number of substrates to give benzenes and aromatic  heterocycle^^^ and 
the synthesis of transition-metai cyclobutadiene complexes from, for example, 
alkynesls. In addition, V01lhardt~~ has demonstrated the applicability of specific 
cycloaddition reactions of properly substituted alkynes to afford polycyclic compounds 
using organocobalt catalysts. 

Cyclodimerization of alkynes at  or below room temperature has been mainly 
achieved by Lewis acids such as AICl, and AIBr3: the aluminium halide CJ complexes of 
the corresponding cyclobutadienes show a variety of chemical reactions leading to 4-, 
5- and 6-membered ring compounds. 

In the present review the synthesis of aluminium halide G complexes of substituted 
cyclobutadienes from alkynes and their chemical reactivity will be dealt with and a 
comparison will be made with similar reactions of alkynes under the influence of 
transition-metal complexes. 

I\ .  CYCL.ODlMERlZATlON OF ALKYNES 

A. Cyclodimerization of Alkynes to Aluminium Halide c Complexes of 
Cyclobutadienes 

More than a decade ago the A1CI3-induced tetramerization and trimerization of 
2-butyne were reported: 2-butyne and AIC13 in c y ~ l o h e x a n e ~ ~  afford octamethyl 
syn-tricycle[ 4.2.0.02*5]-octadiene (1) (equation 1)* and 2-butyne and (a catalytic 
amount of) AKI3 in ben~ene~’ . ’~  yields hexamethyl(Dewar)benzene (2) (equation 2). 
Some years later it was found that 2-butyne cyclodirnerizes with AlC13 to an  AlCl, G 

complex of tetramethylcyclobutadiene (3) (equation 3) in methylene chloride using 
2-butyne and AIC13 in a 2:l molar ratio41. Reactions (1) and (2) are likely to proceed 
via complex 3: when complex 3 is decomposed with DMSO in the presence of 
2-butyne both compounds 1 and 2 are observed together with some hexamethyl- 
benzene (equation 4)35. 

(1 1 

& I 5% AIC13 

1 1 1  berum. 35°C * 
I 

(2) 
*In this review the methyl group will be represented by a line, as in terpene chemistry. 
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I1 

Me 
FIGURE 1. Representation of the 
spatial structure of complex 3. 

(3) 

OMSO/Z- but yne 1 + 2 +  )# (4) 

The structure of complex 3 has been determined by X-ray diffraction (Figure 1)42, 
clearly showing the nonplanarity of the four-membered ring (dihedral angle 30") and a 
relatively short C(2)-C(4) distance of 1.775 A. These features are probably due to a 
C(2)-C(4) homoaromatic interaction, which has also been recognized o n  the basis of 
13C-NMR chemical shift values. In cyclobutenyl cations 4 there is a large effect of the 
nature of the substituents on the 13C-NMR chemical shift values of C(2,4) and C(3) 
(Table l)j0. It has been concluded that ion 4a possesses allylic, and ion 4b 
homocyclopropenium character. ion 4c representing an intermediate case. From the 
I3C-NMR chemical shift values of complex 3 (Table 1) and its molecular structure in 
the crystalline phase, it has been inferred that complex 3 exhibits homoaromatic 
interaction as well13. The same is thought to be true for complexes 15 and 17. For 
reasons of simplicity however, we shall denote the o complexes in this review by the 
allylic structure. 

TABLE 1. I3C-NMR chemical shift values (ppm) of 
C(2,4) and C(3) of 3. 4, 15 and 17 

C(2,4) C(3) 

3 
4a 
4b 
4c 
15 
17 

162.0 
190.0 
133.5 
171.3 
184.0 
162.8 

164.3 
152.3 
187.6 
171.3 
152.3 
165.4 
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R 2  R' 

R3 R4 

(4 
(a) R = Ph (3) R' = R 2  = R3 = R4 = Me, X = ('1 

(b) R = H 

(c) R = M e  

(15) I?' = R3 = H, R 2  -= R 4  = Me, X = Br 

(17) R' = H, R 2  = R3 -= R4 = Me, X = Br 

Besides the use of AlC13, other Lewis acids induce a similar cyclodimerization of 
2-butyne. Complexes analogous to complex 3 have been obtained using AlBr3 14, 
BC13 22 and GaC13 3. In some cases the chemistry of these complexes differs from that 
of complex 3, which will be exemplified in Section 1II.A. Reaction of 2-butyne with 
AuC13 does not afford a AuC13 (J complex of tetramethylcyclobutadiene; instead 
truns-3,4-dichloro-l,2,3,4-tetramethylcyclobutene (5) is isolated (equation 5)39. With 
diphenylacetylene analogous results are obtained. 

(5 )  

Inspired by the convenient preparation of complex 3 from 2-butyne and AICI3, a 
number of alkynes have been subjected to Lewis acids, and found to give similar 
cyclodimerizations. 2,8-Decadiyne and 2,9-undecadiyne react with AICl3 in 
methylene chloride to afford complexes 6a and 7a and b, respectively. The exclusive 
formation of 6a (6b has not been detected by NMR spectroscopy), if compared to the 
1:1 ratio of complexes 7a and 7b, is remarkable. Inspection of Dreiding models has 

shown that compound 6b cannot be formed without severe disturbance of the 
cyclobutenyl ring skeleton'5, whereas the model study does not indicate a preference 
for either 7a or 7b. Attempts to cyclodimerize 2,7-nonadiyne failed, as expected from 
inspection of Dreiding models33. 

With the cyclic diynes 1,7-~yclododecadiyne, 1,7-~yclotridecadiyne and 1,8- 
cyclotetradecadiyne, intramolecular cyclodimerizations have been performed that 
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Ill n 
cl;' 

17 fJjAlc13- 

(1 0) 

result in complexes 8, 9 and 10, r e~pec t ive ly '~ .~~ .  The assignment of the structure of 
complex 9 is based on the similarity with complex 6a. 

Besides dialkyl-substituted alkynes, alkynes containing a heteroatom have also been 
used in the cyclodimerization. 6-0xa-2,9-undecadiyne cyclodimerizes intramolecularly 
to complex l l a ,  when treated with AK13 in a 1:2 molar ratio. This ratio is necessary 

AICI, 
t 

CHzC12 

AIC13- 
I 

AICI3- '.+ ,. 

I 

because of the complexation of AlC13 to the oxygen atomI9. Of the two theoretically 
possible structural isomers only l l a  is observed, which contrasts with the 1:l 
occurrence of the all-carbon 7-membered ring complexes 7a and 7b. This is possibly 
caused by an electronic effect of the oxonium ion, as suggested by the observation that 
cyclodimerization of l-methoxy-3-pentyne affords only two of the four possible 
isomers 12a-d: complexes 12a and 12b (observed in a 7:3 ratio) contain only one 
P-oxonium-ion-substituted ethyl group on the positively charged allylic cation moiety. 
Attempts to perform a similar reaction with l-methoxy-2-butyne have been 
unsuccessful, as is the case with 5-oxa-2,7-nonadiyne and 7-oxa-2,l l - t r ide~adiyne '~.  
Analogous to the reaction of 6-oxa-2,9-undecadiyne, 6-isopropyl-6-aza-2,9-undeca- 
diyne undergoes an intramolecular cyclodimerization to yield complex 1334. The 
structure of 13 has not been established by 'H- and 13C-NMR spectroscopic measure- 
ments due to insolubility, but has been deduced from a subsequent reaction with 
ethyl cyanoformate (Section 1II.A). 
' Intramolecular cyclization of 5-oxa-l,8-cyclotetradecadiyne with AlBr3 results in a 

mixture of isomers, presumably 14a and 14b19. 
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Monoalkyl-substituted alkynes have also been used in the cyclodimerization. At 
- 85°C propyne cyclodimerizes with AIBr3 in a regioselective way yielding complex 
1S3*. A similar cyclodimerization is observed with t-butylacetylene producing complex 
16. The use of AIBr, instead of AICI, is crucial. for AICl3 induces only polymerization 
of the terminal alkyne, which might be due to the low solubility of AIC13. Moreover, a 
low temperature (-S5"C) is beneficial for complex formation: complex 15 is formed in 
70% yield at -85°C and in 350/0 yield at -130°C. 

Quite interesting is the strong preference for cocyclodimerization of 2-butyne and 
propyne to yield complex 17; complex 3 (AIBr,) or 15 are not observed in the 
'H-NMR spectrum of the reaction mixture3'. When 2-butyne and phenylacetylene are 
used in a 1: 1.2 molar ratio, complex 18 is obtained. Phenylacetylene itself decomposes 
under the influence of AIBr, and no cyclodimerization of it has been observed. O n  
using 1,9-decadiyne and 2-butyne in a 1 :2 molar ratio a cocyclodimerization affording 
complex 19 is observed. A similar reaction with 1,5-hexadiyne results in complex 20; 
the addition of a second molecule of 3-butyne does not occur31. 

H H  H 

Preliminary results with acetylene and AICI, or AIBr, indicate that, probably due to 
polymerization of acetylene. no cyclodinierization occurs?-'. 

Finally. it is worth mentioning that thc reaction of 2-butyne with chlorine in the 
presence of BF, affords trcms-3,4-dichloro-1,2.3,4-tetramethylcyclob~tene~~~. The 
latter reaction is. however, limited to 2-butyne only'. 

Furthermore, Lewis acids were shown to be useful in the cycloaddition of alkynes 
with olefins to yield cyclobutene derivatives6.'1,jj.60. 

8. Mechanism of the Cyclodimerization of Alkynes by Aluminium Halides 

The interaction of Lewis acids with alkynes leads to alkyne-Lewis acid TC complexes. 
IR measurements at - 100°C: have shown such an interaction between 
dialkyl-substituted alkynes and AIBr3. whereas in the case of monoalkyl-substituted 
alkynes only polymerization has been detected5?. With 2-butyne and diphenyl- 



988 Hepke Hogeveen and Douwe M. Kok 

acetylene AuCl and Au2C14 n complexes have been observed by means of 
'H-NMR m e a s ~ r e m e n t s ~ ~ .  In addition, 'H- and 13C-NMR spectroscopic measure- 
ments a t  -100°C of solutions of 2-butyae and AlBr3 have shown the presence 
of a n complex32. Line-broadening measurements reveal the presence of a degenerate 
exchange process (Scheme 1). The transition state or intermediate of this bimolecular 
exchange may involve a pentacoordinated aluminium atom. 

I I I I  

I I I I  
/Il-AIBrg + 1 1 1  

SCHEME 1. 
with A1Br3. 

Ill + Ill-AIBr3 

Dynamic process of 2-butyne 

The cyclodimerization of alkynes to aluminium halide cs complexes of 
cyclobutadienes may proceed via a complex, having two alkynes coordinated to the 
aluminium atom, although a comparison with the cyclodimerization with proton acids 
(Section 1I.C) makes a concerted r2, + ,Ja70 or a stepwise cationic mechanism as 
exemplified for propyne in equations (6) and (7) respectively, more likely. 

I 

C. Comparison of the Cyclodimerization of Aikynes by Proton Acids, 
Organotransition-metal Complexes and Aluminium Halides 

Besides Lewis acids, proton acids and organotransition metal complexes can also 
cyclodimerize alkynes. The dimerizations of alkynes with transition-metal derivatives 
and the chemical behaviour of the resulting dimeric organotransition-metal complexes 
have been extensively investigated and reviewed as mentioned in the introduction. In 
order to compare these reactions a few aspects of the cyclodimerization of alkynes as 
effected by proton acids, organotransition-metal complexes and aluminium halides, 
will be dealt with. 

1. Proton acids 

Strong proton acids, e.g. CF,COOH, FS03H and HBF, have been used for the 
cyclodimerization of disubstituted alkynes to cyclobutenyl cations, which have a 
structure similar to the aluminium halide complexes of cyclobutadienes (Section 
II.A, Figure 1). For example, diphenyla~etylene~~.~ ' ,  3,3-dimethyl-l-phenylb~tyne~~, 
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l - p h e n y l p r ~ p y n e ~ ~  and 3,3-dimethyl-l-b~tynyldimethylarnine~~ cyclodimerize to 21, 
22, 23 and 24, respectively. In the reaction of 2-butyne with FS03H, the tetramethyl- 
cyclobutenyl cation 25 has been observed as a minor product50. As opposed to the cyclo- 

(21) R' = R 2  = Ph 

(22) R' = Ph, R 2  = t-Bu 

(23) R' = Ph, R2 = Me 

R' R 2  

I I I + I l l  I I  - H+ "\dR2 ... 
I I  R 2  R I  (24) R' = NMe,, R2 = t-Bu R 2  R' 

dimerization by aluminium halides (Section I IA) ,  cyclodimerization of mono-sub- 
stituted alkynes, e.g. t -b~ty lace ty lene~~ and pheny la~e ty lene~~  has not been 
accomplished. 

With weaker acids, e.g. HCI and HBr, the cyclodimerization of mono- and 
di-alkyl-substituted alkynes leads to mixtures of products, including the chlorinated 
and brominated cyclobutanes, r e s p e ~ t i v e l y ~ ~ , ~ ~ .  

(25) R' = R 2  = Me 

2. Organotransition-metal complexes 

In general, two types of complexes have been prepared from alkynes and 
transition-metal derivatives, namely type I complexes, which contain a 5-membered 
ring with the metal atom being part of the ring (metallocyclopentadienes) and type I1 
complexes in which the cyclobutadiene moiety is n-bonded to the metal atom. 

I 
M(L")  
I I  

Although the aluminium halides (T complexes of cyclobutadienes have so far been 
mainly prepared from (di)aZkyl-substituted alkynes, the synthesis of complexes of type 
I have been frequently performed with phenyl-substituted alkynes. For example, 
complexes of type I have been synthesized from 1,6-, 1,7- and l&phenylsubstituted 
diynes and M(PPh3)3C1 (M = Rh or Ir)46. In addition, diphenylacetylene and in some 
cases dimethyl acetylenedicarboxylate has been used to synthesize complexes of type I 
with the metal being Pd4Ot4j, Ir5, Pt45, Ti65, C067,72, Fe38 or Ruj8. 

As pointed out in Section II.A, in the few cases investigated, the cyclodimerization 
of a mixture of two alkynes by Lewis acids affords exclusively the mixed aluminium 
halide (T complex of a cyclobutadiene. Similar mixed cyclodimerizations have been 
performed using an organotransition metal: e.g. preformed TC alkyne complexes of 
structure 26 react with either phenylacetylene, methyl phenylacetylenecarboxylate, 
methyl methylpropiolate, p-tolylacetylene or 1 ,4-d i rne tho~y-2-butyne~~-~~ to afford 
metallocyclopentadienes containing two different alkynes. In the reaction of complex 
26 (R' = Ph, R2 = C02Me) with methyl methylpropiolate only two of the four possible 
isomers are obtained (equation 8). 
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The complexes of type 11, prepared from alkynes and transition-metal complexes 
have been recently reviewed by Efratyis. In most examples phenyl-substituted alkynes 
have been used, although a number of other alkynes, such as acetylene, 2-butyne and 
3-hexyne and a few diynes have also been reported. In addition the cooligomerization 
of a,o-diynes with (bis)trimethylsilylacetylene and di-t-butylacetylene using 
CpCo(CO)? as a catalyst has been shown to afford mixed cyclobutadiene cobalt 
sandwich complexes28. 

1111. CHEMICAL REACTiVIBY OF THE CYCLODIMERIC COMPLEXES OF 
ALKYNES 

A. Aluminium Halide s Complexes of Cyclsbutadienes 

In this section the chemical reactivity of the aluminium halide CT complexes of 
cyclobutadienes will be presented. With regard to the chemical reactivity the weakness 
of the carbon-aluminium bond of these complexes is probably the most important 
feature: the loss of the aluminium halide group leaves formally a cyclobutadiene 
moiety, which can undergo reactions with a variety of substrates. Whether o r  not a free 
cyclobutadiene moiety is actually generated as an intermediate is uncertain; in some 
reactions its presence becomes very improbable. 

The weakness of the carbon-aluminium bond has been demonstrated by NMR 
spectroscopyI5. At room temperature a solution of complex 3 in methylene chloride 
shows line-broadening of the 'H-NMR signals. The process responsible for this 
phenomenon has been shown to involve a 1,2-migration of the AICl, group (Scheme 
2). the 1,3-migration being effectively absent. 13C-NMR measurements reveal a 

SCHEME 2. Degenerate isomerizations in 
complex 3 by means of migration of the 
AICI, group. 

temperature-dependent line-broadening of the signals of both the methyl groups and 
the cyclobutenyl ring-atoms, thereby excluding a migration process involving the 
methyl groups. In contrast to the dynamic behaviour of complex 3. the AI,C16 complex 
3a. prepared by using a 100% excess of AIClj, exhibits no line-broadening up to 75°C. 
indicating that migration of the A12Clh group should be a factor of at least 2500 
smaller". Similar to the behaviour of complex 3 the signals of 6a and 7a,b show line- 
broadening on raising the temperature. In complex Ca. the rate of the 1,2-shifts has 
been determined to be about 2 100 times smaller than that of complex 3.  Due to the 
complexity of the 'H-NMR spectrum of complexes 7a.b the line-broadening process 
has not been analysed i n  detail. but the rate constapts have the same order of 
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magnitude as that of complex 3IS. Recently, the susceptibility of the carbon- 
aluminium bond to irradiation has been demonstrated by ESR spectroscopy. 
Irradiation of a solution of complexes 3 or 3a with UV light a t  -85°C results in 
homolysis of the carbon-aluminium bond and the ESR spectrum of the tetramethyl- 
cyclobutadiene radical cation has been detectedJ. 

In principle, the aluminium halide (J complexes of cyclobutadienes can react by at 
least three different pathways. The  first one (equation 9) involves liberation of a 
cyclobutadiene by loss of the aluminium halide to a species which possesses a IT bond 
or a lone pair of electrons, followed by a cycloaddition of that species to the 

Y=X - AIC13 + 
AIC13 

Wt3- -.. 

‘rfAIC13- -.+ .. . 

/ \  

cyclobutadiene. The second one (equation 10) implies an insertion of a reactive 
substrate into the labile carbon-aluminium bond followed by a cyclization. In the third 
(equation 11), the reaction starts with an eiecfrophiiic addition of the aiiyiic cation 
moiety to an electronegative centre, followed by cyclization. In some reactions 
evidence has been obtained for the occurrence of one of these reaction types; this 
evidence, which is mainly derived from the substitution pattern in the obtained 
products, will be dealt with at the appropriate places in this chapter. In the following 
section a variety of reactions of complexes 3 and 6-20 will be presented. 

I. Reactions with carbon-carbon triple bonds 

Complex 3 reacts with carbon-carbon triple bonds yielding (Dewar)benzene 
derivatives. Reaction of complex 3 with dimethyl acetylenedicarboxylate results in 
1.4,5.6-tetramethyIbicyclo[ 2.2.0]hexa-2,5-diene (27)4’. The same reaction, employing 
complexes 6-11, produces (Dewar)benzene diesters 28-33 in yields varying from 44% 
to 73% (Table 2)13.’4-1y- In some cases two experimentally different methods have 
been employed for the synthesis of the (Dewar)benzenes. The first procedure involves 
direct reaction of dimethyl acetylenedicarboxylate with the aluminium halide (J 

complex of tetramethylcyclobutadiene41, whereas in the second procedure dimethyl 
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TABLE 2 .  Reactions of aluminium halide (5 complexes of cyclobutadienes with carbon-carbon 
triple bonds 

Complex Alkyne Product(s) Yield (%.)” 

3 

6a 

7a,b 

8 

9 

Me02CC=CC02Me 

Me02CCSCC02Me 

27’ 

736 

Me02CCECCOZMe &c02Me @/co2Me a/b/c 153~  = 2/1/1 

\ 
C02Me C02Me 

hle02CCfCC02Me 

(W 

Me02CCGCC02Me 

49’ 

446 
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TABLE 2. continued 

Complex Alkyne Product(s) Yield (%)" 

C02Me 
10 MeO? CCECC02Me 

3 -c=c- 

4 9  
a/b = 213 

COP M e  

(32 a) 

\ 
C02Me 

(32b) 

C02Me 

(33b) 

40 
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TABLE 2.  codnued 

Heplre Hogeveen and Douwe M. Kok 

Complex .4lkyne Product(s) Yield (%>" 

6a -C=C- 

3 -C=CC02Me 

22 

906 

Ph (a) R = methyl 75 

(b) R = menthyl 60 

C02R (c) R = bornyl - 

(d) R = s-octyl - 

3 PhC=CCO;?R @? 
(36) 

'Yields are based on the amount of alkyne used. 
bIsolated and characterized as the (di)acid(s), obtained by alkaline hydrolysis of the esters. 

acetylenedicarboxylate has been added to aluminium halide G complexes at  - 50°C 
(at which temperature no reaction occurs), followed by addition of dimethyl sulph- 
oxide (DMSQ) thereby inducing the cycloaddition with dimethyl acetylenedi- 
~arboxylate '~ . '~ .  In the absence of dimethyl acetylenedicarboxylate, complex 3 
reacts at  -40°C with DMSO to the syn dimer of tetramethylcyclobutadiene (1) 
in 79% yield (equation 12)35; it is therefore believed that DMSQ liberates the 

(3) 

tetramethylcyclobutadiene at this temperature. In the case the reaction of the 
aluminium halide G complexes of cyclobutadienes with dimethyl 
acetylenedicarboxylate would proceed via intermediate cyclobutadienes, the product 
distribution might reflect the equilibrium of the valence isomers of the 
cyclobutadienes. Recently, convincing chemica! evidence has been reported for the 
existence of such an equilibrium in the parent cyclobutadiene6y. On this basis the 
equilibria as depicted in Scheme 3 should occur, showing in the case of a 
six-membered ring a preference for an endocyclic double bond, whereas such a 
preference does not exist with the seven-membered ring species13. 
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r n = n = 4  > g o %  

k = 4 > 90% r n = 4 , n = 5 >  90% 

k =  5 50% 50% r n = n = 5  40% 60 % 

SCHEME 3. 
formation (Table 2). 

Equilibria of the valence isomers of cyclobutadienes on the basis of product 

When complex 3 is treated with methyl methylpropiolate in the presence of DMSO 
at - 50°C, it results in the fcrrnation of compound 1 only. However, it has been found 
that the (Dewar)benzene derivative 35 is obtained if the reaction is performed at 0°C 
without the use of DMSOI5. A t  the same temperature, methyl and the optically active 
menthyl, bornyl and s-octyl phenylpropiolates afford compounds 36a, b, c and d, 
respectivelyl0-I2, with optical yields of the hydrolysed products of 21%, 6.5% and 6.9% 
in the latter three cases. 

Finally, complex 3 and 6a have been found to react with 2-butyne affording the 
(Dewar)benzene derivatives 235 and MI3 respectively. As mentioned before 
hexametRyl(Dewar)benzene has also been prepared in the A1C13-catalysed 
trimerization of 2-butyne in benzene (Section II.A, equation 2)55,56. 

2. Reactions with carbon-nitrogen triple bonds 

Besides the reactions of the aluminium halide cr complexes of cyclobutadienes with 
carbon-carbon triple bonds carbon-nitrogen triple bonds (nitriles) have also been 
found to react, yielding pyridines; e.g. with ethyl cyanoformate complex 3 gives 
l-carboethoxy-2,3,4,5-tetramethylpyridine (37) in 60% yield (Table 3). On using this 
nitrile, complexes 6-11 and 13-20 afford the substituted pyridines 38 to 51 in yields 
varying from 18% to 59% (Table 3)15-16,19-31,34. In the case of complex 15 it has been 
observed that the yield of pyridine is very sensitive to the amount of AlBr3. Reaction 
of 15 yields only 12% of a mixture of isomeric pyridines 46a and 46b, whereas on using 
15.(A12Br6) the yield increases to 54%31. The difference in yield is due to a faster and 
therefore cleaner reaction of 15.(A12Br6). On adding ethyl cyanoformate to complex 3 
at -5OoC, no reaction occurs and addition of DMSO results in the dimerization of 
tetramethylcyclobutadiene affording 1 (equation 13). Apparently the cycloaddition of 
ethyl cyanoformate with complex 3 has to be initiated by the ethyl cyanoformate 
itselfI3. The results with complexes 15-28 show that the major (or exclusive) pyridine 

' p e C 1 , -  1 N C C 0 2 E t  

2 DMSO. - 5 O T  
\ 
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TABLE 3. Reactions of aluminium halide 0 complexes of cyclobutadienes with nitriles 

Complex Nitrile Product(s) Yield ("h)" 

3 N-CCOZEt &C02Et 60 

6a NECC02Et &COzEt 

7a,b NsCC02Et  
*CO2Et 

53 
a/borc = 6/1 

50 
a/b orc = 314 
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TABLE 3. continued 

997 

Complex Nitrile Product(s) Yield (%)” 

8 NfCC02Et 

9 NECCOZEt 

10 NZCCO2Et 

Ila N=CCO,Et 

41 

40 

43 

53 
a/b ore = 611 
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TABLE 3. continued 

Hepke Hogeveen and Douwe M. Kok 

Complex Nitrile Product(s) Yield (%)” 

13 NESCCOZEt 

14 NGCCOZEt 

18 

26 
a/b = 215 
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TABLE 3. continued 
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complex Nitrile Product(s) Yield (%)” 

38 

58 

H 

H 
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TABLE 3. continued 

Complex Nitrile Product(s) Yield (%.)” 

Hepke Hogeveen and Douwe M. Kok 

3a N=CCN 

3a NECCHzCN 

3a N f C P h  

65 

22 

18 

22 

aYiel& are based on the amount of alkyne used; a/b or c indicates that the spectroscopic data of 
the second compound cannot distinguish between structures b and c. 
hIn these complexes the AIBq group has been replaced by AIzBr6. 

isomer obtained has the hydrogen atom attached to the u carbon atom. This means a 
preferential attack of the nitrile nitrogen atom on the carbon atom bearing the 
aluminium bromide group. The structure of the pyridines 38,41 and 43 obtained from 
complexes 6, 9, and 11, respectively, is in agreement with this hypothesis. The 
mechanism of the reaction probably involves an insertion of the nitrile in the 
carbon-aluminium bond followed by ring-closure, as exemplified for complex 3 in 
equation (14). The failure to detect a (Dewar)pyridine is probably due to its 
instability, especially in the presence of a Lewis acid, which can act as a catalyst in the 
aromatization. It should be pointed out that this mechanism does not allow for the 
formation of minor quantities of isomeric pyridines in some of the reactions (Table 3). 

Other nitriles have also been used in the reaction of complex 3 (Table 3) and the 
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results indicate that the pyridine formation depends on the electron-withdrawing 
character of the group attached to the nitrile. With cyanogen (CN being a powerful 
electron-withdrawing group) a 65% yield of 52 is observed, while malononitrile and 
benzonitrile give yields of 22% (53) and 18% (54) r e spe~ t ive ly~~ .  With acetonitrile no 
pyridine is formed; instead the dinier of tetramethylcyclobutadiene (1) is obtained 
(equation 15)16. However, on using the BC13 (T complex of tetramethylcyclobutadiene, 
pentamethylpyridine (55) has been isolated in 22% yield22. 

3. Reactions with carbon-carbon double bonds 

It has been found that complex 3 also reacts with carbon-carbon double bonds: the 
formed bicycle[ 2.2.0lhexenes 56-65 together with the alkenes used are listed in 
Table 425362-71. From the structure of products 56-65 it is deduced that the 
cycloaddition follows the endo rule for Diels-Alder reactions and that no 
isomerization occurs at the carbon-carbon double bond of the alkene during the 
cycloaddition. It is believed that the abstraction of the AlC13 group and the 
cycloaddition are simultaneous and possibly proceed via structure 6662. 

I 
OMe 

4. Reactions with heterocumulenes 

The aluminium halide (T complexes of cyclobutadienes have been found to react with 
heterocumulenes such as isocyanates, methyl isothiocyanate, carbodiimides and 
sulphinylaniline. 

Complex 3 reacts at room temperature with methyl, phenyl and cyclohexyl 
isocyanate to give the substituted 3-oxo-2-aza-bicyclo[2.2.0]hex-5-enes (‘Dewar 
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TABLE 4. Reactions of complex 3 with alkenes 

Hepke Hogeveen and Douwe M. Kok 

Alkene Product(s) Yield (%.)" 

HIco2Me H C02Me 

Hgo H 

0 

K 1 co2 Me 

@$ C02Me 

C02Me 

'C02Me 

@CO2Me 

Jd$ 
C02Me 

35 

30 

52 

21 

40 

39 
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TABLE 4. continued 

Alkene Prodilct(s) Yield (%.>" 

H "1:" 

0 

34 

65(55)' 
a/b or b/a = 411 

64 

"Yields are based on the amount of alkyne used. 
bThis yield has been obtained by van Rantwijk and coworkers6* for one of the isomers. 

pyridones') 67, 68 and 69 respectively (Table 5)31. The addition of methyl isocyanate 
to  Complexes 10, 1S.(Al*Br6) and 17.(Al*Br6) shows a remarkable regioselectivity in 
the formation of (Dewar)pyridones 70, 71 and 72 respectively. Furthermore, when 
DMSO is added to  a solution of complex 3 and methyl isocyanate at -50°C, a t  which 
temperature the latter two compounds do  not react, formation of compound 1 is 
observed (equation 16). Therefore it is concluded that reaction of these complexes 
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TABLE 5.  Reaction of aluminium halide (5 complexes of cyclobutadienes with isocyanates, 
R-N=C=O 

Hepke Hogeveen and Douwe M. Kok 

Complex R Product Yield (%)" 

3 Me 85 

46 3 Ph 
Ph 

57 3 C-Hex 

10 Me 62 

H 

H w \ Me 69 

H w \ 85 Me 

'Yields are based on the amount of alkyne used. 
these complexes the AIBr3 group has been replaced by AlzB1-6. 
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with isocyanates proceeds via a nucleophilic attack of the isocyanate nitrogen atom at 
the 2(4) carbon atom of the allylic cation, followed by a cyclization on the 3-position 
(equation 17). 

’R 
G 

On using di-t-butyl- and diphenyl-carbodiimide as heterocumulenes in the reaction 
with complex 3, the substituted 2-aza-3-imino-bicyclo[2.2.O]hex-5-enes 73 and 74 are 
observed respectively (Table 6)31. 

Reaction of complexes 3 and 17.(A12Br6) with methyl isothiocyanate leads to 
compounds 75 and 76 in 66% and 70% yield, respectively (Table 6). A remarkable 
difference is apparent in these products: product 75 contains a carbon-nitrogen double 
bond and product 96 a carbon-sulphur double bond. The synthesis of 76 is carried out 
below -30°C and that of compound 75 under identical conditions at 0°C or higher. It 

TABLE 6. Reactions of aluminium halide o complexes of cyclobutadienes with carbodiimides, 
methyl isothiocyanate and sulphinylaniline 

Complex Cumulene Product(s) Yield (%)” 

3 

3 

H )q 

68 

47 

66 

70 
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TABLE 6. continued 

Complex Cumulene Product (s) Yield (%)" 

3 

3 

3 

30 
(T = - 8O"C)C 

74 
(T = -6O"C)C 

Ph-N=S=O 
0 s - N H  

II 
0 

(784 

Ph-N= S= 0 N-P 49 
D S - N H  ( T  = 2O"C)C 

II 
0 

"Yields are based on the amount of alkyne used. 

'See text. 
this complex the A1Br3 group has been replaced by Al~Br6. 

is therefore conceivable that in the latter case the temperature is high enough to 
induce a rearrangement by AlC13 of the initial addition product (with a C=S bond) to 
the observed product (with a C=N bond). When compound 76 is treated with tri- 
fluoroacetic acid at 20°C it also rearranges, and compound 79, containing a carbon- 
nitrogen bond, is isolated in 48% yield31. 

H *+ H *" 
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In the reaction of complex 3 with sulphinylaniline it has been shown that the nature 
of the product is strongly dependent on the temperature at which the reaction is 
carried out. When a mixture of complex 3 and sulphinylaniline at  -80°C (13C-NMR 
measurements reveal that no reaction occurs at this temperature) is quenched in 
alkaline water, pyrrole 77 is isolated in 30% yield. When the reagents are allowed 
to react at  -6O"C, 13C-NMR measurements reveal the formation of 78a and this 
compound has been isolated in 74% yield. When the reaction is performed at room 
temperature a mixture of isomers 78a and 78b (in a 2: 1 molar ratio) is obtained in 49% 
yield (Table 6)31. 

5. Miscellaneous reactions 

a. Reactions with diazo compounds. Complex 3 has been allowed to react with 
p-tolylsulphonyldiazomethane and ethyl diazoacetate to give, under expulsion of 
nitrogen, cyclopentadienes 80 and 81, respectively (equations 19 and 20). These 

\d-AIC13- CNxCN CN CN w 

N 2  
..?. . 

/ \  

N2CHCOZEt +:02Et 1.5 - H - s h i f t  * 
- N 2  

3 

ICNXCN CN CN 
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compounds react with TCNE to give Diels-Alder adducts 82 and 83 in 54% and 38% 
yield (based on used alkyne), respectively. In contrast to 80, cyclopentadiene 
derivative 81 exhibits a 1,5 H-shift at room temperature to give $4, which has been 
isolated as the Diels-Alder adduct 85 in 16% yield31. 

b. Reactions with isocyanides. When complex 3 is treated with cyclohexyl isocyanide 
in a 1: 1 molar ratio, a new species is formed which still contains a carbon-aluminium 
bond (equation 21)14,17. ‘H-NMR, 13C-NMR and IR measurements do not distinguish 
between %a and 86b. Here as in the case of the isogyanates, the reaction takes place at 
the 2(4) carbon atom of the allylic cation. (The reactivity of the allylic cation moiety 
has also been observed with fluorine-substituted cyclobutenyl cations, which show 
electrophilic substitution reactions at benzene59.) Addition of water results in cyclo- 
butene derivative 87 (R = C-C&11, one isomer) in 55% yield (equation 21). A similar 

R 
\ 

reaction is found withp-tosylmethyl isocyanide affording a mixture of two cyclobutene 
derivatives (cis and trans) 87 (R = p-MeC6H4SOZCHz) in 35% yield (equation 21). 

When the corresponding complex 3, bearing an A1Br3 group is treated with 
cyclohexyl isocyanide in a 1:2 molar ratio, a new complex is observed to which, on the 
basis of 13C-NMR and IR measurements, structure 88 has been assigned”. Upon 
hydrolysis the cyclopentadiene derivative 89 is isolated in 42% yield (equation 22). 

0 

IN N\ 
‘GH1l C6H11 

3*(AIBr3) 

(W ($9) 

c. Reactions with sulphur dioxide. When SOz is added to complex 3 at  -4O”C, 
adduct formation takes place; 13C-NMR measurements reveal the presence of a 
cyclobutene ring in the adduct, suggesting either structure 90a or 90b. After hydrolysis, 
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(W b) 

the sulphonic acid derivative 91 (cis and trans isomers) is obtained in 50% yield 
(equation 23)  14. Complex 3 . (AIBr3) exhibits identical behaviour; however with 
excess SO2 at 20°C (cis or trans)-3,4-dibromo-l,2,3,4-tetramethylcyclobutene (92)7.9 
is formed in 38% yield (equation 24). A similar reaction with complex 6a(AIBr3) gives 
a mixture of dibromides from which compound 93 has been isolated in 35% yield 
(equation 25)14. 

(6a)-(AIBr3) (93) 

d. Reaction with m-chloroperbenzoic acid. Complex 3 reacts with 
m-chloroperbenzoic acid to give compound 5 in 32% yield (equation 26)31, also known 
from the BF3-catalysed reaction of 2-butyne and chlorine (Section 1I.A). 

( 26) 
* 

AIC13- ~ - C I C ~ H ~ C O ~ H  
..?. . 

+ct 
(5) 

Ft 
(3) 

e. Reactions with water. It has been demonstrated that the dynamic behavioui of 
complexes 3 and 3a as manifested by 'H-NMR line-broadening is quite different. 
Moreover, it has been observed that complexes 3 and 3a diverge in their behaviour 
towards water. Complex 3 gives a mixture of unidentified products whereas complex 
3a is converted into cyclobutenyl cation 25 (equation 27)13. 
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5. Comparison of RWetallocyclopentadienes, Transition-metal II and 

Hepke Hogeveen and Douwe M. Kok 

Aluminium Halide Q Complexes of Cyclobutadienes 

It has been found that complexes of type I, e.g. cobalt complexes, afford substituted 
benzenes, cyc l~hexad ienes~~  and 2-( 1 H ) - p y r i d o n e ~ ~ ~  in reactions with alkynes, 
alkenes and isocyanates, respectively. Rhodium complexes of type I show a similar 
behaviour towards alkynes; with alkenes, however, no reaction occurs46. The product 
formation in these reactions contrasts with the strained bicyclic products that are 
obtained in the reactions of the aluminium halide (J complexes of cyclobutadienes 
(Section 1II.A). Although the difference in products may in part be due to a difference 
in reaction temperature (the aluminium halide ci complexes react at  or below room 
temperature, the rhodium and cobalt complexes require temperatures of 70°C and 
higher), the structure of complexes of type I makes the formation of a product, 
containing a cyclobutene fragment, i.e. a bicyclic product, less probable. The reactions 
of complexes of type I1 with alkynes and alkenes at room temperature affords also 
substituted (Dewar)benzenes and bicyclo[ 2.2.0lhexenes (see for instance References 
26 and 68). Both aluminium halide (J complexes of cyclobutadienes (Section 1II.A) 
and cobalt complexes of type 166 react with nitriles to yield pyridines. 

The above-mentioned reactions are stoichiometric in nature. Catalytic 
(co)cyclotrirnerizations have, however, also been extensively investigated. It is 
believed that transition-metal complexes of type I are intermediates in these 
cyclotrimerizations. For example, in the synthesis of substituted aromatic compounds 
V01lhardt~~ has cocyclotrimerized a variety of diynes with alkynes using 
( X C ~ H ~ ) C O ( C O ) ~  as catalyst. With (bis)trimethylsilylacetylene, optimal results are 
obtained, which is caused by the fact that (bis)trimethylsilylacetylene does not 
cyclotrimerize itself. Furthermore, the trimethylsilyl group can easily be converted 
into orher organic functionalities. More recently, Funk and V ~ l l h a r d t ~ ~ , ~ ~  have 
elegantly applied this concept in the synthesis of dl-oestrone: compound 94 reacts with 
(bis)trimethylsilylacetylene to 95 using (nC5H5)Co(C0)2 as catalyst (equation 28). 
Compound 95 is converted to dl-oestrone by regiospecific functionalization of the 
trimethylsilyl groups. 

Bonnemann2 has reviewed the catalytic cocyclotrimerization of alkynes and nitriles 
to pyridines by organocobalt derivatives (equation 29, path a). A large variety of 
mono- and di-substituted alkynes can be used, whereas cyclotrimekation of alkynes 
(equation 29, path b) is suppressed by performing the reaction at a low steady-state 
concentration of alkynes. The nature of the substituent R2 can be alkyl or a sulphur-, 
nitrogen- or  oxygen-containing organic group. It has been shown (Section 1I.A) that 
there is a preference for the cocyclodimerization of two alkynes, when treated with 
aluminium halides; in the catalytic cocyclotrimerization of acetylene, propyne and 
acetonitrile a mixture of mono-, di- and tri-substituted pyridines has been obtained, 
showing a poor selectivity for the intermediate cobaltocyclopentadiene complex 
Catalytic cocyclotrimerizations of alkynes with isocyanates3’ and c a r b o d i i m i d e ~ * ~ , ~ ~  
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I R1 

R' 

have been reported to yield 2-( 1H)-pyridones and 2-imino-1 ,2-dihydropyridines7 
respectively. 

Like the stoichiometric reactions of complexes of type I, the catalytic (co)cyclo- 
trimerizations differ also from the aluminium halide cr complexes of cyclobutadienes 
in terms of product formation: whereas catalytic (co)cyclotrimerization leads to 
benzenes, 2-( 1H)-pyridones and 2-imino-l,2-dihydropyridine, the aluminium halide 
D complexes afford in similar cases (Dewar)benzenes, 3-oxo-2-azabicyclo[ 2.2.0lhex- 
5-enes and 2-aza-3-iminobicyclo[2.2.0] hex-5-enes respectively. A similarity in both 
types of reaction is found in the formation of pyridines. 

Finally, the polymerization of phenylacetylene, using a (me~itylene)M(CO)~ 
(M = W or  Cr) catalyst, leads to a ladder polymer, which is probably formed by 
consecutive [ 2 + 2]cycloadditions (equation 30). In the polymerization of 2-butyne 
with ( t~luene)Mo(CO)~,  the presence of hexamethyl(Dewar)benzene has been 
detectedz0. 

Ph,, 7 rh { T&H 
(meslMICO13 

PhC=CH mes = rnesitylene * - (30) 
M = W or Cr u' 1 I \ 

" Ph H < 6h Ph 

IV. CQMCLUSBQMS 

At the end of this review a number of summarizing remarks are appropriate with 
regard to the synthesis and chemical reactivity of aluminium halide D complexes of 
cyclobutadienes. Because the scope of these complexes is still expanding, the 
conclusions present the state of the art at this moment. 

(1) The use of alkynes in the synthesis of the cr complexes has been so far mainly 
limited to mono- and di-alkyl-substituted alkynes, although in some cases a 
heteroatom is allowed to be present in the substituent. 

(2) The cyclic diynes used have shown a strong preference for intru-, rather than 
inter-molecular cyclodimerization. 

(3) The cyclodimerization of monosubstituted alkynes is regioselective, e.g. the 
cyclodimerization of propyne with AlBr3 leads to complex lSonly.  

(4) There is a strong preference for cocyclodimerization of a mono- and a 
di-alkyl-substituted alkyne rather than the corresponding cyclodimerizations. 
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( 5 )  With a few exceptions, the reactions of the CT complexes with unsaturated 
reagents, e.g. alkynes, alkenes and heterocumulenes, lead to strained bicyclic 
compounds. 

(6 )  In the reactions of the ci complexes with unsaturated reagents, it depends on the 
nature of the reagent whether initial attack occurs a t  the allylic cationic moiety 
or  at the carbon-aluminium bond. 

(7) In  general, the reactions of the ci complexes are stoichiometric in nature, with 
one notable exception, the cyclotrimerization of 2-butyne to hexa- 
methyl(Dewar)benzene under the influence of a catalytic amount of A1C13. 
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I. INTRODUCTION 

This chapter will review and summarize the results of structural determinations, both 
experimental and theoretical, and related spectroscopic measurements. Wherever 
possible, the most accurate structures will be indicated. It should be noted that in the 
present context, the structure of a molecule is taken to refer to its nuclear 
configuration, rather than its electronic configuration. Discussions of the latter can be 
found in another chapter. 

II. DIATOMIC MOLECULES 

In spite of the apparent simplicity of diatomic molecules there are still unresolved 
problems concerning the structure nf many of relevance to the present volume. Since 
the theoretical aspects of such molecules have been discussed in another chapter only a 
brief summary of the structural features will be given here. 

Although it is now established' that the ground state of the C2 molecule is 'El, there 
is still doubt in the case of CN+. The most recent calculations2 favour a 
state for CN+. The internuclear distances for C2 and CN+ are 1 . 2 ~ ~ ~ ~ ~ ~  
1.1729 A3, respectively, while the vibrational frequencies are 1851.5~ and 2033 cm-' 3, 

respectively. Additional discussion of the CN+ configuration problem can be found in 
another chapter. 

111. TRlATOMlC MOLECULES 

The microwave spectra and structure of HCN have been determined by Costain4. 
Centrifugal distortion constants and anharmonic potential constants have been 
obtaineds. The lattice energy of hydrogen cyanide has been evaluated6. The force 
constants and ideal gas thermodynamic functions have been calculated'. A number of 
spectroscopic studies in the infrared have been carried Rotational constants for 
HCN and DCN are available'O. The bending-rotation Hamiltonian has been discussed 
with reference to HCN". The molecular Zeeman effect has been observed in the 
J = 0 + 1, AM = 0 and 2 1  transitions in Hl2CIsN and the molecular g values, 
magnetic susceptibility anisotropies, and corresponding molecular quadrupole 
moments have been found". Studies of the intermolecular interactions and 
self-association of HCN have been reported13. 

There has been considerable interest in hydrogen isocyanide for a number of years. 
HNC was first observed in the laboratory only in frozen matrices of Ar and COz, 
subsequent to photolysis of CH3N3 or HCN14. Calculations indicate an equilibrium 
mole fraction of HNC in HCN at 300 K of approximately 3 x lo-", which is below 
the limits normally detectable with a conventional microwave spectrometer. Hydrogen 
isocyanide was first observed when Snyder and Buhl discovered a strong emission line 
at 90665 (+1) MHz in the radio sources W51 and DR21's. This has been ascribed to 
the .I = 1 + 0 transition of HNC. It has been shownL6 that a mole fraction of 
approximately lo-* can be detected, which sets a lower limit to the zero-point energy 
difference between HCN and HNC of 0.47 2 0.02 eV (10.8 kcal mol-l). Subsequently 
HNC was identified in the laboratory by two independent  group^"*'^. DC glow 
discharges in mixtures of cyanogen and hydrogen, cyanogen and acetylene, and 
nitrogen and acetylene were used as sources. The isotopic species HN13C was detected 
in a number of molecular and the hyperfine structure of HN13C was 
determined20. Brown concluded that the deuterium enrichment in interstellar HCN 
and HNC must be due to isotopic effects that influence the formation processes rather 
than equilibria involving HCN or HNC2I. 
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TABLE 1. Structural features of some triatomic molecules, X-CSN 
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Bond lengths (A) 

Molecule CEN x-c Reference 

HCN 
FCN 
ClCN 
BrCN 
ICN 

1.15535 
1.159 
1.159 
1.158 
1.159 

1.0631 7 
1.262 
1.631 
1.789 
1.994 

4 
22 
22 
22 
22 

The structure of the cyanogen halides (or halogen cyanides) has been reported by 
Tyler and Sheridan22 and is summarized in Table 1. The force constants in a number of 
linear triatomic molecules, including the cyanogen halides, have been e ~ a l u a t e d ~ ~ . ~ ~ .  
The values obtained indicate that the CN bond is relatively insensitive to the nature of 
the attached atom. Ideal gas thermodynamic functions have been calculated for 
C1CN25 for 298, 500 and 1000 K and for BrCN for a variety of temperatures26. The 
influence of the environment on the vibrational frequencies of C E N  bonds has been 
examined for BrCN and other 

IV. LINEAR MOLECULES CONTAINING -CN AND -EX- 
The structures and spectra of a number of linear cyano compounds have been 
obtained. The microwave spectrum of cyanoacetylene (cyanoethyne) has been studied 
by Westenberg and Wilson28 and by Tyler and S h e ~ i d a n ~ ~ .  A summary of the 
microwave spectrum and related data is provided by Lafferty and Lovas30. Alexander, 
Kroto and Walton31 have obtained the microwave spectrum, substitution structure and 
dipole moment of cyanodiacetylene (cyanobutadiyne). The microwave spectra of 
l-cyano-2,4-pentadiyne3’ and of ~yanohexat r iyne~~ were published in 1978. 

Oka34 has demonstrated that values of Bo for polyacetylene compounds can be 
successfully predicted by a numerical extrapolation of the series of rotational constants 
available for H-(CfC),-CZN, where n = 0, 1, 2 and 3. 

The rotational spectrum of cyanobutadiyne has been observed in the range 
26.5-40.0 G H z ~ ~  and the emission spectra of the cations of cyanodiacetylene, 
methylcyanodiacetylene and ethylcyanodiacetylene in the gas phase have been 
detected using low-energy electron beam e ~ c i t a t i o n ~ ~ .  The microwave spectrum of 
cyanohexatriyne has also been measured37. Table 2 summarizes the measured values 
of the rotational constants for the ground state. 

Although not falling within the same group of cyano molecules just listed, 
C-cyanophosphaethyne(NEC-CC-P) is, nevertheless, linear and thus should be 
included in the present section. This molecule has now been made from cyanogen 
azide (NCN3) and phosphaethyne (HCGP) and its microwave spectrum measured38. 

TABLE 2. Ground-state rotational constants 

Molecule Bo (Mc/s) Reference 

HC-CCN 4,549.06 2 0.01 29 
H(C=C)2CN 1,331.333 & 0.002 35 
H( C f  C)&N 564.00074 & 0.0001 6 37 
CH3( C E  C) 3H 778.2445 2 0.0005 32 
CH3( CZC) 2CN 778.0401 ? 0.0008 32 
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TABLE 3. Experimental bond lengths in linear cyanides 

Bond lengths 

Molecule H-C c=c c-c C I N  Reference 

Cyanoacetylene 1.058 1.205 1.378 1.159 29 
Cyanobutadiy ne 1.0569 1.2087 1.3623 1.1606 31 

CH3( CfC)zCN - 1.2071 1.3629 1.1605 32 
1.2223 1.3636 

H(CZZC)3CN 1.0569 1.2087 1.3623 1.1606 37 
1.2223 1.348' 
1.2223 1.3636 

'Estimated value. 

Considerable interest in linear cyano molecules has resulted from their detection in 
the interstellar medium. A substantial number of reports of the detection of these 
molecules can be found in the literature. Further discussion of these would 
unnecessarily enlarge the number of references. For additional details reference may 
be made to a list of interstellar molecules by Mann and Williams39. 

The availability of bond-length data for linear cyanides with increasing chain lengths 
provides an opportunity to examine the effect of electron delocalization on such 
structural parameters. Table 3 summarizes the information on bond lengths of such 
molecules. The addition of one acetylenic group to form cyanobutadiyne produces a 
marked elongation in the length of the C E C  bond closest to the cyano group, while 
both C-C bonds are shorter than that found in cyanobutadiyne. In cyanohexatriyne, 
the central C-C bond length was obtained by adjusting it to reproduce the observed 
value of B037. The estimated value of 1.348 A is much smaller than the value of 
approximately 1.38 A commonly found for the carbon-carbon single bond. Although 
such a shortened C-C bond is also found in Me3Si(C-C)4SiMe340, for which a value 
of 1.33 A has been reported, the length of the central C-C bond in cyanohexatriyne 
is considerably shorter than those found in ~yanobu tad iyne~~ .  

Ab initio calculations on a variety of linear alkynes with both the STO-3G and the 
6-31G basis sets have shown that the C-C and C-C bond lengths depend on the 
length of the molecule, the position of the particular bond in the molecule and the 
presence or absence of sub~tituents~'. Although the trends are reproduced, the 
single-determinant calculations with either of these two basis sets are unable to 
reproduce the smallest C--C bond lengths found in the longer-chain alkynes, for 
example, cyanobutadiyne. Although small changes in the o-overlap populations were 
found, it appears that the variations in bond lengths are primarily re1a:zci to alterations 
in the tr-overlap populations. 

V. CYANAMIDES 

The structure of cyanamide and its substituted derivatives has been of interest for 
many years, in part as a consequence of the uncertainty concerning the planarity of the 
molecule. In 1959, the structure of cyanamide was believed to be planar42, and 
subsequent in 1961, was interpreted as confirming the earlier conclusion. 
However, in 1962, Millen, Topping and LideA4 concluded, from their microwave 
studies, that the amine hydrogen atoms were slightly out of the plane defined by the 
remainder of the molecule. Further studies reported in 196845 supported the latter 
conclusion. An ab initio calculation reported in 197046 found a nonplanar 
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TABLE 4. Structures of cyanamides 

Molecule 

Structural parame'ter 

C E N  (A) 1.160 1.158 - 

R-N (A) 1.001 1.399 - 

RkC (deg.) - 105.4 - 
N b J  (deg.) - 173.9 - 

N-C (A) 1.346 1.386 1.351 

&R (deg.) 113.5 102.8 116 

36 - Out-of-plane angle (deg.) 38 

configuration of cyanamide to  be more stable than a planar one. CNDO  calculation^^^ 
provided additional support for this contention. In 1972, Tyler, Sheridan and Costain 
confirmed the nonplanar structure of cyanamide48 and found the out-of-plane angle 
for the HNH group to be 37" 58' 21".  Subsequent ab initio calculations with an 
STO-3G basis produced an out-of-plane angle of 49.7°49. 

The structure of a disubstituted cyanamide, difluorocyanamide, was reported in 
197250. With F2NCN the pyrcmidal nature of the amide bonds is more evident than in 
cyanamide (Table 4). The RNR angle in F2NCN is approximately 10" smaller than in 
H2NCN. In addition the NCN angle is not 180", as expected, but 173", with the cyano 
nitro en bent away from the fluorine atoms. The N-C bond length is approximately 
0.04% longer than that in H2NCN and 0.05 A shorter than that in FzNCH351. The 
C=N distance in F2NCN is similar to that in H2NCN. 

The microwave spectrum of dimethyl cyanamide has been obtained5'. With this 
molecule an out-of-plane angle of 36" was found for the amino group. A gas-phase 
electron diffraction study of dimethyl cyanamide53 is in essential agreement with the 
microwave results. 

VI. ACETOMITWILES 

Accurate structural data have been available for acetonitrile (methyl cyanide) for a 
number of years. Costaid4 has published its complete structural analysis (Table 5). 
The microwave spectrum of acetonitrile in excited vibrational states has been 
a n a l y ~ e d ~ ~ . ~ ~ .  The ground-state rotational spectrum of 12CH312C14N has been 
investigated by sub-Doppler spec t ro~copy~~ .  Consequently, values for all the sextic 
centrifugal distortion constants are now available. The spectrum of 12CH312C15N has 
also been reported5x. The lJC isotopic forms of acetonitrile are of considerable 
astrophysical interest and importance59. The ground-state microwave spectra of 

TABLE 5. Molecular structure of acetonitrile from various sources 

C-N (a) C-C (A) H-C (A) HeC (deg.) HeH (deg.) Reference 

1.1572 1.4582 1.1120 109.27 109.67 61 
54 1.157 

1.1572 1.4596 1.094 - 108.93 62 
63 1.153 

1.1567 1.4617 1.0947 109.85 109.09 60 

1.458 1.103 109.5 - 

1.465 1.095 109.7 - 
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acetonitrile and acetonitnle-d3 and their I3C and I5N isotopic species have been 
remeasured between 8 and 240 GHz. The quartic centrifugal distortion constants, 
rotational constants and structures have been derived". The structural information 
from such work and that of others is summarized in Table 5. 

WII. SUBSTITUTED ACETOMITRILES 

The structures of a number of halogenated acetonitriles have been studied by 
Graybeal and coworkers64 and also by Morino and coworkers66. Graybeal and 
C ~ r n w e l l ~ ~  employed nuclear quadrupole resonance spectra to demonstrate that the 
cyano group, with its strong electron-withdrawing capabilities, changes the ionic 
character of the immediately adjacent bond, rather than altering the contribution of 
double-bond character to the bond. In monochloroacetonitri1e65~66 the length of the 
C-C1 bond (Table 6) is little different from that in either CH3Cl or CH2C12, thereby 
suggesting little, if any, double-bond character in this bond. In contrast the C-C bond 
length is significantly shorter (Table 6) than that of the usual C-C single bond (1.54 A), 
thus indicating either some double-bond character in the C-C bond, possib!y arising 
from a contributing resonance form or as a result of the existence of some positive 
charge on the carbon atoms, again possibly from contributing resonance forms. 

The microwave spectrum of monofluoroacetonitrile has been measured67 but only 
the single common isotopic species was employed. If the H2CCN skeleton structure 
obtained for monochloroacetonitrile65 is assumed, the C-F bond length and CCF 
angle are 1.39 A and 112", respectively. 

Structural parameters for bromoacetonitrile are listed in Table 6. Values of the 
quadrupole coupling constants have been interpreted as indicative of the absence of a 
bonding in the C-Br bond and approximately 4% ionic character in that bond. 

Microwave spectral data have been used69 to show that, in aminoacetonitnle, the 
amino and methylene Sroups adopt the trans orientation with respect to each other. 
Later results70 from the measurement of the infrared and Raman spectrum of 
aminoacetonitrile support this conclusion. Although intramolecular hydrogen bonding 
may be responsible for the preferred orientation, large gas/liquid frequency shifts 
occur, possibly due to intermolecular hydrogen bonding in the liquid phase. 

Measurements of the pure rotational spectrum of methoxyacetonitrile 
(CH30CH2CN)71 have shown that the trans and gauche conformations (with respect 
to rotation about the O-CH2 bond) differ by approximately 5.7 kJ mol-l, with the 

TABLE 6. Molecular constants of halogenated acetonitriles 
~~ 

Structural parameter C ~ H Z C C N ~ ~  C ~ H Z C C N ~ ~  B ~ H z C C N ~ ~  

c-xu (A) 
cex 
c-c (A) 
C-H (A) 
H...H (A) 
CeH 
CEN (A) 
CeN 

1.767 
111" 24' 
1.472 
1.0706 
1.728 
109" 30' 
1.158' 
180" 

1.7815 

111" 29' 
1.458' 
1.0881 
1.7812 
107" 27' 
1.158' 
180" 

1.901 
11 1" 32' 
1.487 
1.107 
1.718' 
102" 52' 
1.158' 
180" 

'X = C1, Br. ' Assumed. 
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latter having the lower energy. The dihedral angle in the gauche conformer has been 
estimated to be approximately 69" from the cis orientation. 

Costain and Y a r w o ~ d ~ ~  have measured the microwave spectrum, structure and 
dipole moment of diazoacetonitrile (1). Vibrational spectra of matrix isolated 

(1 1 
diazoacetonitrile and several of its isotopic forms have been obtained73. The force 
constant for the CC stretch is larger than that expected for a CC single bond, while the 
C G N  stretching force constant is smaller than that for a typical CN triple bond. Both 
of these observations indicate the importance of the resonance structure 2. 

H 
+ /  NIN-C 

(2) 

The experimentally measurep CNN length in diazoacetonitrile is shorter than that 
in diazomethane and the HCN in the former is more than 6" larger than the 
corresponding angle in the latter, thus suggesting significant interaction between the 
C-N and the CNN groups. Measured values for bond lengths and angles of 
diazoacetonitrile and diazomethane are summarized in Table 7, along with 
calculated values for these two molecules as well as those €or diazopropyne. The 
experimental C E N  bond length is approximately 0.006 A longer than the 'normal' 
C-N bond length. M ~ l l i k e n ~ ~  has estimated that an increase of 0.005 A in the length 
of a triple bond can significantly alter the bonding in the remainder of the molecule. 
The C-C=N chain in diazoacetonitrile is bent by approximately one degree, 
presumably due to the interaction between the two chain-like portions of the 
molecule. Costain and Y a r w ~ o d ~ ~  note that the available evidence supports a planar 
structure for diazoacetonitrile. 

TABLE 7. Structuref of diazoacetonitrile, diazopropyne and diazomethane 

N2CHCN7' NzCHCCH N ~ c H ~ ~ ~  

- C E N  1.165 [1.159Ib - 

c-c 1.424 [ 1 .439Ib [1.173Ib (CEC) - 

C-H 1.082' [1.081Ib [1.082Ib 1.075 [ ~ 0 7 9 1 ~  
[ 1 .064Ib (EC-H) 

C=N 1.280 [ 1 .303Ib [ 1.298Ib 1.300 [ 1.282Ib 
N-N 1.132 [1.180Ib [ 1.1 84Ib 1.139 [1.190Ib 
H k C  117" [122.lIb [ 122.21b 
C e N  119" 32' [ii9.9jb [ 120.7Ib 
H ~ N  123" 28' [118.0Ib [ 117.lIb 117.0 [119.2Ib 

"Calculated values (STO-3G) in square brackets; bond lengths in A, bond angles in degrees. 
bReference 74. 
CAssumed. 
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The microwave spectrum of propionitrile (ethyl cyanide) was first measured by Lerner 
and D a i l e ~ ~ ~ .  More recently, the ground-state rotational spectrum of propionitrile has 
been reinvestigated between 8 and 250 GHz7a and the work since that of Lerner and 
Dailey has also been summarized. The structure of propionitrile is summarized in 
Table 879. 

The infrared and Raman spectra of pentafluoropropionitrile (C2F5CN) have been 
measured and frequencies assigned to the 2 1 fundamental modesa0. Ideal-gas 
thermodynamic properties have also been calculated. Lower C-C and C-F 
stretching constants have been obtained for C2F5CN than for CF3CN. The C G N  
stretching constants are 18.30 and 18.00 md/A for the former and latter, respectively. 

The microwave spectrum of 3methoxypropionitrile (CH30CH2CH2CN) has been 
measureda1. Only one rotational isomer (the fully-trans form) was found. This 
observation was rationalized in terms of a Combination of polar and steric effects. 

TABLE 8. Structure of pr~pionitri le~'  

Bond Bond length (A) 

c-c 
C-CN 
C-N 
C-H (methylene) 
C-H (methyl) 

1.525 
1.427 
1.168 
1.087" 
1 .087' 

Angle Bond angle (deg.) 

CeN 1806 
CCC 
CCH (methyl) 
HeHC (methyl) 
CCH (methylene) 
HCCHd (methylene) 

110.9 
111.2 

107.6 
111.8 
59.8 

HeHC (methylene) 106.7 

"C-H C-D. 
bAssumed. 
CCalculated from the other structure parameters. 
dDihedral angle formed by in-plane methyl H, the two ethyl C 
and rnethylene H. 

IX. BUTYRONITRILE 

The microwave spectra of n-propyl cyanide (butyronitrile)82 and i ~ o c y a n i d e ~ ~  have 
been obtained. Both molecules can exist in two rotational isomers, trans (methyl trans 
to cyanide or isocyanide substituent) and gauche. The energy difference between the 
two cyanide conformations is estimated as probably less than 1 kcal mol-I. The 
dihedral angle of the gauche form is estimated as approximately 60" from the cis 
orientation. Fuller and Wilsona3 have found the isocyanide gauche dihedral angle to be 
61" (-t2") from the cis position and the isocyanide gauche conformer to be slightly 
more stable than the trans form. Wilsona4 has also reviewed and discussed the 
conformations of a variety of small molecules. Ab initio calculations with an STO-3G 
basis and geometry optimization have been performed on it-propyl cyanide and 
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isocyanide for four rotational conformations, trans, cis and gauche (dihedral angles of 
60" and 90" from cis)s5. For both the cyanide and isocyanide the trans and 60" gauche 
isomers are calculated to be the most stable, in agreement with the experimental data 
(Figure 1). Although the trans form is calculated to be 0.2 and 0.1 kcal rno1-I smaller 
than the 60" gauche form for the cyanide and isocyanide respectively, this difference is 
probably too small to permit any differentiation between the stabilities of these two 
conformers. Fuller and Wilsons3 found the 60" gauche ground state to be 
0.3 & 0.1 kcal rno1-l above the trans form. As can be noted from Figure 1, thegauche 
90" and cis forms are calculated to be approximately 1.8 and 4.9 kcal mol-', 

-20738 

I 

-207'39 

-207.40 

Ln aJ 
E 
$ -207.41 
j. 
P 

6 

c 

a, 

-207.42 

- 207.43 

n - Propyl 
isocyanide 

--- Assumed 7, 
4.9 \ - 

.kcal mol-' 
. k cal mold \ 

\ + '14' 

I 
22.1 

kcal mol-' 

n- Propyl 
cyanide 

180 120 90 
cis Dihedral angle about central C-C bond (deg) 

0 
ffuns 

FIGURE 1. Energies of rotational isomers of n-propyl cyanide and n-propyl isocyanide. 
Reproduced by permission of Elsevier Scientific Publishing Company, Amsterdam from 
J.  B. Moffat, J.  Mol. S t r u t . ,  44, 237 (1978). 
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respectively, above the gauche 60" conformation for both the cyanide and isocyanide. 
I t  is of interest to note. >hat with either the cyanide or t$e isocyanide >he two 
framework angles (two CCC angles in former case and one CCC and one CCN angle 
in latter case) are 4 degrees larger in the cis form than in the trans conformer. 

It is interesting to note that in the case of n-propylacetylenes6 the experimental data 
indicate that the trans andgauche (6.5") forms are the most stable, but the latter is the 
more stable of the two conformers mentioned. 

X. NITRILES CONTAlNlNG UNSATURATED SUBSTlTUENTS 

A. Vinyl Cyanide 

The structures of vinyl cyanide ( ac ry l~n i t r i l e )~~  and isocyanidess have been obtained 
from microwave spectra and are summarized in Table 9. Ab initio geometry-optimized 

TABLE 9. Structures of vinyl cyanide and isocyanide -. 
Vinyl cyanidea7 Vinyl isocyanide8' 

Bond Bond length (A) 

c=c 
C-H 
c-c 
C-N 
C-EN 

1.338 
1.086 
1.425 

1.163 
- 

1.339 
1.086 

1.376 
1.165 

- 

Angle Bond angle (deg.) 
~~ ~~ 

Ci&3 U 121.2 121.7 

C'e2H4 121.2 121.7 

C2e'H5 121.7 120.8 

N6&'C2 - 123.6 

=C1 and C2 are ethylenic carbon atoms with the cyanide or isocyanide group 
attached to the  former. H3 and H4 are  attached to  C2 with the former tmns 
t o  the cyanide o r  isocyanide group. C6 and N6 are the carbon and the 
nitrogen atoms of the cyanide and isocyanide group, respectively. 

C6elc2 122.6 - 

calculationss9 with the STO-3G basis sets and the 6-31G set have been carried out for 
both molecules. The extended basis provides bond lengths in better agreement with 
those obtained experimentally, while the smaller basis yields more acceptable values 
for the bond angles. The  available data on the microwave spectrum of vinyl cyanide and 
derived molecular parameters have been reviewed9". 

B. Substituted Vinyl Cyanides 
The substituted propenes have been employed for studying the changes in the 

methyl group barrier to internal rotation resulting from adding various groups to the 
ethylene part of the molecule. Lowering of this barrier due to addition of various 
substituent groups has been attributed to conjugation. A number of these studies have 
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been concerned with cyanide group substitution. For example, the microwave 
spectrum of crotononitrile (1-cyano-2-methylethylene) has been measured, first by 
Lauriegi, and later by Suzuki and Kozimag2 and Hsu and Flygareg3. Ab initio 
geometry-optimized calculations at the STO-3G level have also been doneg4. Studies 
of methacry l~ni t r i le~~ have shown that the barrier to internal rotation of the methyl 
group is 2030 2 60 cal mol-', considerably smaller than that found with the same 
molecule where the cyano group is replaced by a halogen atom, for example. 
Rationalization of this observation through a conjugation effect is discussed in more 
detail in the theoretical chapter of this volume. 

XI. CYANIDES WTW NITROGEN IN THE SUBSTITUENT GROUP 
Nitrosyl chloride and silver cyanide react at -30 to -20°C to form a blue-green gas 
which is stable at room temperature for several hoursg6. The microwave spectrum for 
this substance, nitrosyl cyanide (ONCN) was first reported in 197397. The structure as 
given then (3) was obtained by assuming a planar molecule. The NCN bond is slightly 
bent and the C E N  bond is somewhat longer than normal. However the C-N bond is 
only 1.401 A in length. 

\ 
172"31 c<zy 

1.401 N 1.228 

Gowenlock and coworkers have employed an electron impact method to obtain the 
R-NO bond strengths in some C-nitroso compoundsg8 and a number of halogenated 
C-nitroso compoundsyy. They have predicted that the governing factor in the R-NO 
bond energy is the reorganizing energy of the liberated nitric oxide and that there is no 
correlation between the bond dissociation energy and the bond length. This prediction 
has been tested and confirmed by measuring the bond energy in NC-NO by an 
electron impact methodloo. A value of 28.8 2 2.5 kcal mol-' is obtained, apparently 
the smallest so far obtained for any C-nitroso compound. Since the C-N bond is short 
and the bond energy is relatively small, there appears to be no direct correlation 
between bond energy and bond length. 

The vapour-phase infrared spectrum of nitrosyl cyanide has been measured in the 
region between 4000 and 2% cm-' Io1. Ideal gas thermodynamic properties have also 
been calcuiaied for temperatures from 100 to 2100 K. 

Ab initio calculations on nitrosyl cyanideIo2 rationalize the electron reorganization 
energy for NO, released through the dissociation of NCNO, as resulting from the 
change from a o-bonded fragment, with an sp2-hybridized nitrogen atom, to a TI 

radical. 
The pure rotational far-infrared absorption spectrum of nitrosyl cyanide has been 

measured in the range 20-100 cm-' lo3. The infrared spectra of nitrosyl cyanide and 
eight isotopically substituted species have been obtainedlo4. Force constants have been 
obtained both from the experimental data and ab initio calculations. Both the N=O 
and the C-N stretching force constants are found to be relatively small. 

The microwave spectra of cyanogen azide, NCNNN, and two isotopic species have 
been measured between 11 and 37 GHzIo5. The observed data are consistent with a 
planar V-shaped structure (4). The rotational spectrum of cyanogen azide has also 
been studied by Bolton, Brown and Burdenlo6. 
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(4) 

Cyanogen isocyanate (NCNCO) has only recently been prepared for the first 
time*07~10s. The infrared spectrum of cyanogen isocyanate has been interpreted as 
showing that the molecule is bent in the solid phase but linear in the gaslo7. The 
microwave spectrum has been obtained by Hocking and G e r ~ y ' ~ ~ ~ '  lo.  Since only one 
isotopic species was studied, only two structural parameters were calculated, after 
assumption of values for all others. The two 5alculated values are 1.283 8, and 140" 
for the NC-NCO bond length and the CNC angle, respectively. These authors 
conclude that, of the three most probable resonance forms, two are linear (5a,b) and 
the third is bent (5c), with the bent form presumably being the most important. 

(54 (W (5c) 

Theoretical studies of cyanogen isocyanate and its isomers"' provide 
semiquantitative support for the bent structure and the existence of resonance 
delocalization. For example, the C=O bond in cyanogen isocyanate is calculated to be 
1.176 8, (STO-3G) while that in the parent molecule, isocyanic acid (HNCO is 
predicted to be 1.183 A. Further, the calculated NC--N bond length, 1.382 8: is 
considerably shorter than that expected for the usual C-N single bond. 

XII. CYCLIC MOLECULES 

The microwave spectrum of cyclopropyl cyanide has been investigated by a number of 
 worker^^^*-^^^. Some years ago a theory of strained hydrocarbons was outlined116. The 
energy per CH2 group is assumed to be a function of a hybridization parameter 5 
[where the angle (n - 25) is the angle between two hybrid orbitals of a carbon in a 
field of symmetry C,,] and the energy is minimized with respect to this parameter. The 
hybrid orbitals are written as linear combinations of the atomic 2s, 2p(r and 2pn 
orbitals of carbon. For cyclopropane a value of 38" is obtained for 5. This can then be 
interpreted as showing that the angle between the orbitals binding the carbon atoms is 
104", even though the angle between the C-C directions is 60". Since the C-C 
bonds must then be displaced outward from the centre of the ring, the internuclear 
distance between carbon atoms should be decreased. In addition, the CCC bond angle 
is reduced from the tetrahedral value 109" through an increase in the amount of p 
character in the hybrid bonds, thus decreasing the strain. This leads to an increase of 
the HCH angle abov? the tetrahedral value because of increased s character. For 
cyclopropane the HCH angle is predicted to be 116". The resonance energy is 
calculated as 3.3 eV. The cyclopropyl ring is more electrophilic and more conducive to 
conjugation with substituents as a result of the delocalization of the C-C 
bonding electrons relative to that in unstrained hydrocarbons. 

Friend and Dailey'l2 have obtained the microwave spectra and rotational 
constants for cyclopropyl cyanide and two deuterated species. Their results provide 
support for the Coulson-Moffitt theory116. A C-C distance of 1.523 A is foynd, 
0.037 a shorter than the C-C distance in the ethyl halides. The HCH and HCCN 
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angles have been determined to be 114.6’ and 119”, respectively. The conjugating 
ability of the cyciopropyl ring seems to lie between that of benzene and ethylene. 

Hofmann has suggested’ l73 l l8  from the Walsh model for cyclopropanel l9 that 
substitution with a cyano group, for example, that is, a good TT acceptor ligand, will 
produce a net strengthening of the 2,3 bond and a corresponding weakening of the 1,2 
and 1,3 bonds. In contrast, substitution with a n-electron donor is predicted to weaken 
all three ring-bonds. 

The microwave spectrum of the normal isotopic species of cyclopropyl cyanide and 
of the isotopic species with 13C substituted in the ring has been obtained113. The 
C(l)-C(2,3) and C(2)-C(3) bond lengths are found to be 1.528 8, and 1,500 A, 
respectively, compared with 1.510 AlZo and 1.514 8,lZ1 for either length in 
cyclopropane. Therefore, in agreement with the predictions of Hoffmann117, 
substitution with a n-electron acceptor shortens the bond opposite the substituent and 
lengthens the two adjacent ones. However, the predicted effect with n-electron donors 
was not observed. 

The results of ab inirio calculations (4-21G) for cyclopropyl cyanide123 in 
comparison with those for other substituted cyclopropanes provide evidence for a 
conjugative interaction between the K orbital of the substituent and the (3 orbital of the 
ring. For example, the calculated values for C(l)-C(2,3) and C(2)-C(3) are 1.525 
and 1.505 A, in good agreement with the experimental  result^"^. In addition, the 
length of the C-CN bond is predicted to be 1.435 A, significantly shorter than 
expected for a C-C single bond. 

Most recently, Brown, Godfrey and Ottrey”’ have analysed the quadrupole 
hyperfine structure of six selected rotational transitions of cyclopropyl cyanide. 
Coupling constants were derived and slightly revised rotational constants were 
obtained. 

The microwave spectrum of cyclopropane-1,l-dicarbonitrile has been measured 
and the 2,3 C-C bond length is found to be 1.485 A’“. This may be compared with 
the values of 1.500 8, found in cyclopropyl cyanide113 and 1.515 for cyclopropanelZ1. 
This provides further support for Hoffman’s ~ontention”~. 

Brown, Godfrey and Ottrey have also measured the microwave spectrum of 
2-cyanoaziridine (6)  lZ4. No evidence could be found for the rotational transitions of 

cH2 
/ \ ,H 

HN -C 
‘CN 

(6) 

the frans isomer of this molecule. Consequently these workers concluded that if the 
rrans isomer is present, then the rotational transitions must be an order of magnitude 
weaker than those of the cis isomer. A lower limit of 11 kJ mo1-l was calculated for 
the free energy difference between the two configurations. These authors note that the 
tram configuration was found to be the predominant invertomer from NMR and 
infrared investigations of 2-substituted aziridines125.1Z6 and consequently suggest that 
the difference may be due to a significant dipole-dipole interaction between the amino 
and nitrile groups. However, it has been suggested that the relative stability of isomers 
in molecules such as hydroxyacetonitrile may be influenced by electron-exchange 
terms between groups. The authors127 predict the inversion barrier height of 
2-cyanoaziridine to be of the order of 16.7-19.1 kcal mol-’. 

The far-infrared spectrum of cyanocyclobutane has been obtained128 and the poten- 
tial function for the ring-puckering vibration of cyanocyclobutane determined. Since 
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only one minimum was found in this function it was concluded that only one 
ring-conformation was stable. However, it was not possible to determine whether the 
cyano group was in the axial or equatorial ring-position. The microwave spectrum 
from 18.0 to 40.0 GHz was recorded129 for one isotopic species of cyanocyclobutane. 
By a comparison of the results with those obtained earlier for chlorocyclobutane'30, it 
appeared that only the equatorial form would fit the observed moments of inertia. 

The infrared spectra and assigned frequencies for ben~on i t r i l e '~ ' - ' ~~  and 
b e n ~ o n i t r i l e - d ~ ~ ~ ~ , ' ~ ~  have been reported. A number of infrared absorption 
frequencies and their tentative assignments of benzonitrile-p-d have been 
p~b l i shed '~" . ' ~~ .  A normal coordinate analysis for the in-plane vibrations has also been 
carried The results of microwave studies are also a ~ a i l a b l e ' ~ ~ , ' ~ ~ .  The results of 
the measurement of the microwave spectrum of benzonitrile and nine isotopic 
species139 show that the substitution of cyano group on benzene shortens the ring 
C-C bond. However, the structural changes are small, the largest being the decrease 
of 0.01 A found for the C(l)-C(2) bond. 

The spectra and assignment for a series of para-substituted benzonitriles have also 
been reported140. Infrared and Raman spectra of p-methylbenzonitrile are available, 
together with assignment of frequencies and the results of calculations of ideal gas 
thermodynamic proper tie^'^^-'^^. 

Spectra in the ultraviolet visible region have been reported for c ~ a n o b e n z e n e ' ~ ~ - ' ~ ~ ,  
dicyanobenzenes'", ~yanopyridines'~~, di~yanopyridines'~~, and tetra- 
cyanobenzeneljO. Semiempirical calculations have been employed to predict 
spectral transitions for these  molecule^'^^. A n  improved parameterization has recently 
been proposed for such calculations on ~yanoarenes'~~. 

The microwave spectrum of 2-cyanopyridine has been observed and assigned153. 
Perturbations of the pyridine ring structure by a cyano group substituted adjacent to 
the nitrogen have been ~ o n s i d e r e d ' ~ ~ .  The microwave spectrum and dipole moments 
of all three of the cyanopyridines has recently been reported15j. It was concluded that 
the pyridine ring must be distorted, but no quantitative information could be supplied. 

XIII. BICYAMB 

A. Dicyanoketene and its isomers 
Although cyanoketenes are considered as both highly reactive and unstable155, the 

first preparation of dicyanoketene was claimed in 19781j6. Ab initio STO-3G 
calculations were carried out on dicyanoketene and five of its isomeric forms157. It was 
shown that the dicyanoketene structure is the most stable of all the isomers 
considered, the next most stable form NC-CC-NCO being 26.2 kcal mol-' higher 
in energy. The heats of formation of dicyanoketene and dicyanooxirene were 
calculated to be 56.5 and 119.5 kcalmol-' respectively. The generation of free 
dicyanoketene in the gas phase has been reported recently158. MNDO calculations 
were used to predict heats of formation of 52 and 118 kcal mol-' for dicyanoketene 
and dicyanooxirene, respectively, in good aggreement with the values calculated 
earlier'j'. However the MNDO calculations on the isomer NC-CC-OCN 
produced a heat of 101 kcal mol-' 158 as contrasted with a value of 88.5 kcal mol-' 
from the ab initio calculations1s7. Although no details of the MNDO calculations were 
given it appears that these authors'58 assumed a linear structure for NC-CC-OCN, 
whereas the geometry-optimized STO-3G calculations'57 predict a nonlinear molecule. 
Further the latter calculations predict that the isomer NC-CC-NCO is 
5.8 kcal mol-' more stable than NC-CC-OCN. 

Dicyanothioketene has also been detected in the gas phasels9 and the heat of 
formation has been estimated as 110 kcal mol-'. 
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8. Methylene Cyanide 

The first spectroscopic studies of methylene cyanide were.done many years ago. The 
Raman spectrumI6' and the infrared spectrum, with a normal coordinate ana1ysisl6l, 
have been reported. The microwave spectrum and structure have been ~ b t a i n e d ~ ~ * . ~ ~ ~ .  
The rotational spectrum in excited vibrational states was also reported by H i r ~ t a ' ~ ~ .  
Centrifugal distortion effects in the microwave spectrum have also been studied165. 

The structure of methylene cyanide, as determined by H i r ~ t a ' ~ ~ ,  shows values of 
structural parameters similar to those found in related molecules. However the CCN 
group is bent by 3.67 f 2.9". 

C. 1,l -Dicyanoethene 

The microwave spectra of 1,l-dicyanoethene and its deuterated species 
CD2C(CN)2 have been reported for their ground and lowest excited vibrational 
states'66. The infrared spectrum of the normal isotope of 1,l-dicyanoethene has been 
studied and the Urey-Bradley force constants for the in-plane vibrations have been 
calculated167. Vibrational Raman frequencies and the centrifugal distortion constants 
determined from the microwave rotational spectrum have been used to calculate a 
harmonic force field168. Values for structural parameters were assumed. 

D. Carhnyl Cyanide 

The spectrum of carbonyl cyanide (7) has been of interest for a number of 
 year^'^^-'^^. Most recently the molecular structure has been obtained from gas-phase 

0 

/I 

electron d i f f r a ~ t i o n ' ~ ~ .  These authors175 note that carbonyl cyanide is a small molecule 
with conjugated double and triple bonds which may produce electron delocalization 
effects. Since the C-C single bond lies between a double and a triple bond, some 
effect should be observable. Kuchitsu and coworkers176 have termed this the 
'secondary environment effect'. According to thEse authors, the C-C single-bond 
length in carbonyl cyanide should be longer than that found for acetyl cyanide. 
However these values are found from experiment to be 1.469175 and 1.477 A176, 
respectively. Typke and coauthors175 suggest that the sc systems of the cyano groups 
and the carbonyl group can interact, leading to the shortening of the C-C bond 
lengths. 

E. f,2-DicyanotePrefluoroethane 

The infrared spectra of 1,2-dicyanotetrafluoroethane have been obtained in the 
vapour, glassy solid and crystalline solid states'77. Raman spectra have been measured 
for the liquid and crystalline solid177. In the crystal, only the trans form has been 
identified, whereas trans and gauche forms coexist in the vapour, liquid and in the 
amorphous solid with the trans conformer dominating. 
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F. Cyanogen 

in c y a n ~ g e n ” ~ - ’ ~ ~ .  T h e  more recent results give 1.154 and 1.389 
C-C, respectively. 

isotopic forms17y.1s1-184. 

Gas-phase electron diffraction has been employed to find the  internuclear distances 
f o r  C E N  and 

T h e  force constants for  cyanogen have been calculated from frequency shifts of 

XIV. TRICYANO MOLECULES 

Ab irzitio calculations performed on cyanoform HC(CN)3 and  its isomer, 
dicyanoketene imine (NC)2C=C=NH18s have shown that the  former is 
approximately 10 kcal niol- ’ lower in energy than the  latter. Subsequent microwave 
spectroscopyIs6 appears to demonstrate the  existence of cyanoform. 
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Acetylenes exhibit an axis of symmetry on account of the triple bond and in 
dimethylacetylene the rotational barrier around the bond between the unsaturated 
and terminal carbons is less than 0.1 kcal mol-' l .  

The free circulation of electrons, which in spherically symmetrical atoms and 
molecules such as benzene gives rise to diamagnetic effects, also occurs around the 
triple bond in acetylenes (or nitriles) when the axis is parallel to an applied magnetic 
Field and has the effect of inducing a magnetic moment. As a consequence of this 
diamagnetic circulation around the acetylenic axis the protons in acetylene absorb a t  
higher field than anticipated on  the basis of hybridization. Thus for ethane, ethylene 
and acetylene the relevant chemical shifts are 0.88, 5.30 and 1.49 ppm. 

The anomalously high field absorption of alkyne protons was calculated' to be 
ca. 10 ppm, and more recent calculations of local anisotropic contributions of protons 

1035 
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adjacent to alkyl groups have been made.3 The 13C tensors of but-2-yne have 
previously been shown4 to exhibit considerable anisotropy and are probably similar to 
those for acetylene. From these values the high field local anisotropic shifts of protons 
in alkynes have been calculated to be ca. 4.44ppm. An ‘inherent’ shift of a 
-C=C-H system based on the electron-withdrawing character of the alkyne group 
and estimated to be ca. 7 6 based on acid strengths of inter alia propiolic acid gives, 
when corrected for the local anisotropy, a value of - 2.6 6, which is close to a cited 
experimental value of 2.88 6. 

Chemical shifts of acetylenic protons of a large number of monosubstituted 
acetylenes have been determined by Drenth and his collaborators5. The values of a 
representative number of compounds, determined in carbon tetrachloride and 
extrapolated to infinite dilution are given (in ppm from TMS) in Table 1. 

A broad correlation exists between the ‘H acetylenic chemical shifts and the 
electronegativity parameter of Dailey and Schoolery6, as long as correction is made for 
anisotropy effects, with the restriction that the substituent is part of subgroup 
H-CEC-CH2X, i.e. that one is dealing with propyne derivatives. However, when 
the substituent is capable of mesomeric electron donation to the ethynyl system such 
as may occur with HCZEC-NEt, or H-CZC-OEt more pronounced shielding of 
the acetylenic proton is now apparent and can be rationalized on the basis of 
contributions from structures lb.  Similarly, a shielding effect is noted in 

H-CrC-0-Et - H-C=C=b-Et 

( la)  (W 
butadiyne and cyanoethyne where mesomeric charge transfer is essentially precluded; 
here the ring currents of CEC and the substituent X are considered to be coupled with 
a consequent increase in the diamagnetic anisotropy effect. 

By way of contrast a deshielding of the acetylenic proton is now manifest when 
X = Ph, PK2 or P(0)R2 and transfer of electrons from the triple bond is postulated in 
suitable cases’. 

In the case of phenylacetylene an earlier postulated transfer of charge from the 
phenyl ring occurs with concomitant expansion of the p orbitals of C( 1) attended by a 
lessening of the anisotropic contribution. It is also noted* that solvent change only 
marginally affects the lH chemical shift of the ethynyl proton in PhC-CH. 

The ethynyl-t-butyl group of 1,3-di-t-butylpropargl alcohol (2) was assigned to the 
absorption at 6 1.23 2 0.02 and the alkyl-r-butyl group to that at 6 0.97 rt 0.03, the 

TABLE 1. Proton chemical shifts in some monosubstituted 
acetylenes, HCEC-X 

X 6 (PPm) X 8 ( P P 4  

H 1.80 C02H 3.02 
Me 1.76 CZZCEt 1.78 
CHzOH 2.33 SnEtj 2.07 
CHzCI 2.40 CN 2.48 
CHzCN 2.15 NEt2 2.15 
CMe3 1.87 PEt2 2.70 

2.92 QEt 1.33 
Ph 2.93 SEt 2.64 
C6H4NOZ-p 3.21 F 1.57 
CQMe 3.50 

2.80 AsPhz 2.82 CF3 
CH=CHz 
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former value being very similar to the corresponding protons of t-b~tylacetylene~. The 
relative deshielding of the ethynyl-r-butyl group allows an experimental delineation of 
the deshielding and shielding zones to be partially made. This result contrasts with 
predictions based on treatment of the triple bond as a point dipole centrally locatedl0 
and also a subsequent analysis based on location of point dipoles at the ends of the 
triple bond", in that the size of the deshielding zones is larger than calculated. 

By means of a set of gauge-invariant atomic orbitals a number of 'H chemical shifts 
have been accounted for1*, and in particular, the qualitative trend of chemical shifts 
relative to methane accounted for; the values obtained in ppm, and with experimental 
values in parentheses are: C% (0) ;  C2H4 -6.20 (-5.20); C2Hz -2.27 (-1.35); 
propyne, methyl protons -1.35 (-1.54); G C H  -2.38 (-1.58). 

cm3 mol-' l3 for the magnetic anisotropy of the 
carbon-carbon triple bond (see also Reference 8) was e m p l ~ y e d ' ~  in an investigation 
of the effect of an electric field on 'H chemical shifts. The concurrence of two 
independent sets of calculations of 'H chemical shifts of inter alia 4-cyano-and 
4-ethynylstyrene by two independent methods, viz. CND0/2 and Buckingham's field 
effect model with the experimental shifts in hydrocarbon solvent, extrapolated to 
infinite dilution, indicated decisively the role of electric effects. 

Mohantyl5 has examined with precision the chemical shifts of acetylene brought 
about by isotopic substitution. For the 'H spectrum b(C2H2) - 6(H13CCH) is 
0.000 k 0.002 ppm and in Ha-13C-C-Hb, 6(Ha) - ~(HL,) is 
0.001 k 0.002 ppm; in doubly labelied acetylene the value a(C2H2) - 6(H13C13CH) 
is 0.000 -r- 0.002 ppm. These values are refinements of earlier valuesI6. The proton 
chemical shift anisotropy Ao = 011 - 01, where 011 and C T ~  are components of the 
shielding tensor parallel and perpendicular to the molecular axis, was found to be 
22 4 2 ppm using a liquid crystal technique. 

The magnetic anisotropy of inter alia acetylene has been calculated" to be ca. 
-8 x e.m.u. mo1-l with broadly similar values for the isoelectronic molecules 
HCN and NZ. However the anisotropies of -36 x e.m.u. mol-I have previously 
been determined for the triple bonds C E C  and CEN1*J9, and it is pointed out" that 
the local paramagnetic contribution, difficult to quantify and frequently neglected, 
may significantly affect proton chemical shifts. 

An average value Ax = -25 x 

In general acetylenic compounds absorb in the region 65-90 ppm downfield from 
tetramethylsilane; however wide variations are known for particular acetylenes (vide 
infia). The 13C chemical shift of 1,2-13C-acetylene absorbs 56.6 ppm to high field of 
benzene15. Shieldings of sphybridized carbons of acetylenes are given in References 
20 and 21 and only a few representative values are given in Table 2 (in ppm downfield 
from TMS); other values are mentioned where relevant. Thus downfield shifts of 
54-61 pprn are exhibited for the sp-hybridized carbon with respect to the 
corresponding alkane. Using the same comparison carbons bonded to an ethynyl 
carbon are shielded by 10-14 ppm; this latter shielding may have origins in the 
diamagnetic anisotropy of the triple bond and is not reproduced22 by calculation of og, 
which yields a eontribution of only 4 ppm, using an admittedly contentious value of Ax. 
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TABLE 2. 13C-NMR chemical shifts of alkyne carbons in acetylenes 

C(1) C(2) 
~ ~~~~ ~~~ ~ ~ 

Acetylene 73.2 - 
But-1-yne 67.3 85.0 
Hex-1-yne 68.6 84.0 
Pent-I-yne 68.2 83.6 
Oct-3-yne 111.5 C(3) 112.8 C(4) 
3,3-Dimethylbut- 1 -yne 66.9 92.1 

Phenylpropyne 86.4 C(2) 80.4 C(3) 
Phenylacetylene 83.3 77.7 

Diphenylacetylene 89.7 - 

The shielding at i3 and Y carbons is rather irregular, although conformational 
differences may be responsible for variations at y and more remote carbons. The y 
parameter which is of the same sign and magnitude as for alkanes, although of 
uncertain origin, allows, at a phenomenological level, for the unambiguous assignment 
of the absorption of sp-hybridized carbons in alkynes where the triple bond is removed 
from the end of the chain by not more than three sp3-hybridized carbons. 

13C-NMR spectra of a number of heteroatom-substituted acetylenes have been 
determined’ where the heteroatom is 0, S, P and Ge. +In the case of ethoxyethyne, 
contributions of the resonance form H-C( 1)=C(2)=O-Et are proposed from the 
high field chemical shift of 22.0 pprn for C(1), and a value of 88.2 ppm for C(2). In 
accord with this interpretation the methylene carbon absorbs at 71.2 pprn compared 
with 66.8 ppm in diethyl ether. Conversely in di-s-butylethynylphosphine, C( 1) now 
absocbs at 91.5 pprn which supports the significance of the resonance form 

In order to assess the effect of a triple bond 13C chemical shifts of a number of 
diynes and a triyne were determined22, the former case exemplified by 3,5-octadiyne 
where the absorptions occur at C(1), 12.8; C(2), 12.2; C(3), 77.6 and C(4), 64.5 ppm. 
The interior C(4), C(5)  carbons are then shielded by ca. 13 ppm from the 
corresponding monoalkyne (Table 2); thus the shielding effect of a triple bond at an a 
carbon is essentially independent of the nature of the hybridization at that carbon. The 
spectra of 1,7-0ctadiyne and 1,7,13-tetradecatriyne show that the and Y carbons are 
shielded by only ca. 1 pprn with respect to the corresponding carbons in oct-1-yne. In 
conjugated diynes assignment of the ‘inner’ carbons is facilitated since these 
absorptions exhibit a smaller peak height, on account of attenuation of the Nuclear 
Overhauser Effect (N.O.E.) for carbons with no adjacent protons. In cyanoacetylene 
C(2) absorbs at 57.1 ppm; this is ca. 17 pprn upfield from the value in acetylene 
whereas the terminal carbon is only slightly deshielded2’. This shift of C(2) is in 
contrast to the small a effect observed in saturated nitriles. 

Incorporation of the acetylene moiety into a cyclic system affects the chemical shifts 
of sp carbons only marginally24; thus in 3 the acetylenic carbons absorb at 80.4 ppm 
and in tetradeca-l,7,13-triyne sp-hybridized carbons absorb at C(1), 68.2; C(2), 83.2 

H- C= c=P( BU-S)~. 

(3) 
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and C(7), 80.1 ppm. Carbons a to the triple bond now absorb ca. 10 ppm upfield from 
the other sp3-hybridized carbons. 

Also examined were a number of polyynes, exemplified by 
tetradeca-1,3,8,10-tetrayne (4). Calculations suggest that, based on the anisotropy of 
the triple bond, C, and C, in 4 should be deshielded by  the transannular pair of triple 
bonds. Experiment shows this to be the case by 2.9 ppm and 2.4 ppm respectively with 
respect to the corresponding carbons of tetradeca-1,6,8,13-tetrayne. However the 
deshielding of 1.9 pprn experienced by C, of 4 is not predicted definitively by the 
calculation, since C, lies close to the boundary of the shielding and deshielding zones. 
The relative deshielding of C, in 4 by 2.0 ppm though is in accord with the calculation. 
The role of electric field effects in determining chemical shifts is considered to be 
important only when a large electric dipole exists within the molecule and as such 
probably do  not have a major influence in acetylenes. 

13C chemical shifts of 28 propargylic alcohols have been reportedzs with the 
terminal carbon again at higher field than C(2); the hydroxymethyl group deshields 
the bonded sp-hybridized carbon by ca. 10 ppm, about half the value in alkyl alcohols. 

A y effect of the hydroxylic group yBH, operating via the TC bond at C(1) is 
deshielding by ca. 6.5 ppm, and is appreciably greater than the corresponding y b e  
effect, ca. 0.65 ppm, and also deshielding, observedzz in linear aikynes. A much 
smaller PSH deshielding effect is observed at the closer sp-hybridized carbon; this 
effect is also much smaller than that of ca. 10 ppm observed in alkanols. 

In diacetylenic alcohols both u and fl sp-hybridized carbons are shielded by 
ca. 4.5 pprn with respect to the corresponding ethynyl compound as a consequence of 
mutual shielding interaction between the ccnjugated triple bonds26; a yBH effect is 
again evident and deshields the ‘interior’ sp-hybridized carbon b y  ca. 5 pprn with 
respect to the methyl analogue. 

The olefinic bond of both the cis and trans isomers 5 and 6 strongly deshields the 
terminal carbon C(l)  while shielding the interior carbon C(2). Thus in 5 the relevant 
absorptions occur at C(1), 82.1 and 80.3 pprn and in 6 respectively at 75.8 and 
82.5 ppm; these values are to be compared with those of pent-1-yne (Table 2). The 
olefinic carbon C(3) in 5 and 6 experiences an cz shielding effect of 18 ppm from the 
triple bond, nearly twice that observed at an sp3 carbon a to  the carbon-carbon triple 
bond. When a SiMe3 group is introduced, as in 7 and gz6, the acetylenic carbons a and 

Me / X  +, 
y 2  

(5) X = H 

(7) X = SiMe3 

(6) X = H 

(8) X = SiMe3 

@ to it are deshielded by ca. 17  and 22 ppm respectively. The deshielding of the fl 
carbon is rationalized via a postulated mixing of carbon sp orbitals with d orbitals on 
silicon. 
Trimethyl(phenylethyny1)silane (9) shows absorptions for C,, 92.5 ppm; 

1J 13c-29si, 83.6 fi; c,, 104.4 ppm; 2J 13C-z9Si, 16.1 Hz2’; with the couplings 
instrumental in the assignments; the chemical shift of 3-phenylpropyne is given in 
Table 2 for‘comparison. The greater than 18 ppm deshielding of Cp in 9 with respect to 
the corresponding carbon in 1-phenylprop-1-yne is attributed to a significant 
ground-state contribution from the resonance form 9a. 

+ - 
Ph -CP- C,-Si Me3 Ph- C = C =SiMe 

(9) (94 
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The effect of alkyl substituents on the shifts of sp-hybridized carbons in aliphatic 
alkynes has been examined via 55 linear and highly branched alkynes. The shifts range 
over 25 ppm with limiting values noted for t-butylacetylene where C(1) and C(2) 
absorb at 66.9 and 92.1 ppm respectively, and are discussedzh in terms of the authors’ 
DARC protocolzsb. Alkyl groups influence chemical shifts of the sp-hybridized carbons 
independently, and such influence is attenuated with increased alkyl branching. Small 
values of yn effects (< 0.8 ppm) are indicated; indeed 6, effects may be larger in 
certain cases up to a maximum of 1.2 ppm although the origin of these effects is 
uncertain. 
13C chemical shifts of all acetylenic carbons in inter a h  the pentayne 10 have been 

assigned as indicatedz9. The same group have investigated several polyyne aldehydes 
and ketones30, e.g. 11, where the acetylenic carbon 6 to carbonyl, C(5) in 11, absorbs 
ca. 10 ppm downfield with respect to the corresponding alcohol 12; this is attributed to 
extended conjugation with the carbonyl group. 

(CH3)3C - C E C- C ZE C - C 

30.3 28.588.5 64.662.3 62.1561.8 

C- C Z C - C C - C(CH313 
(1 0) 

OHC-C=C-C~C-CH,OAC (11) 

HOCH,-C3C-C =C-CH~OAC (12) 

The nature of alkynylcarbenium ions (13) has been investigated by 13C-NMR in 
order to assess the significance of structures 13a and 13b31. With respect to the 

(13a) 

propargyl alcohol precursors, C, and C, in 13 are markedly deshielded. Thus in the 
case where R1 = Rz = R3 = Me, C, and C, shifts are 269.0(204.0) and 219.1(141.4) 
ppm respectively, values of the alcohol shifts are given in parentheses; clearly meso- 
meric structures of type 1% are significant. Aromatic substitution at C, and C,, e.g. 
13, R1 = Rz = Ph, R3 = Me and 13, R’ = R3 = Ph, Rz = Me results in less deshield- 
ing at C,  and C, as positive charge is delocalized into the aromatic ring, preferentially 
the C, ring wherepxsible. 

The same group31 has envisaged resonance structures 14a-c for a series of alkynoyl 
cations, prepared from the respective fluorides. Here C, and C, are shielded, 
124.1(141.7) and 48.9(69.1) pprn with respect to the precursor fluoride in the case of 
14, R = H; by contrast C,  in the ion is now deshielded by 110.7(82.4) ppm. These 
data indicate that oxonium form 14b is a major contributor to the ionic structure with 
the mutual shieldings of the C,  and C, contributing to the observed high field shifts of 
these carbons. The authors31 point to a parallel with ethynylbenzenes and 
benzonitriles where a similar shielding is observed for the C ips0 absorption. It is also 
noted that consistent with the importance of 14b as a reson?nce contributor it is not 
possible to prepare carbenium ions of the type H-CC-C-CR2 (R = alkyl or aryl), 
whereas 14 is quite stable. 

O=e,--Cp”C --R - 6=C,-C P- =C Y --R - O=C,=Cp=iy-R 
Y 

(1 4 4  (1 4b) ( 1 4 ~ )  
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The 13C chemical response of all carbons, including those of an aromatic nucleus, 
have been examined in inter alia arylethynyl carbenium ions of type 1532. With respect 
to phenylcarbenium ions, ions of type 15 show less scatter in the 13C chemical shifts of 
the ips0 and ortho carbons, demonstrating that through-bond and through-space 
effects are important. 

(1 5 )  (1 6) 

The acetylenic carbons of 16 have been assigned C(2), 165.1; C(3), 93.2; C(4), 
195.7 ppm; which indicates an appreciable mesomeric vinyl cation contribution to the 
structure31; in parallel vein appreciable nitrenium ion character is shown in 
a-cyanocarbenium ion@. 

In 17 C(2) absorbs at 79.3 ppm and shows second-order coupling, 
2J C(2)-C(3)--H7 48.5 Hz; 2J H-CEC, 7.5 Hi; the terminal carbon C(3) absorbs 
at 72.9 ppm with 'J C-H, 247 +HZ and 3J H,C-C_C, 4 Hz. The propargylic carbon 
absorbs at 47.7 ppm, 'J C-H, 135 In amine oxides the acetylenic absorptions 
are inverted such that in 18 C(1) absorbs at 78.8 ppm, C(2) at 74.4 pprn with the 
propargylic carbon now deshielded to 63.2 ppm. 

N-CH,-C=CH cg CH 2 - c = c H 

(1 7 )  (1 8 )  

C 
The acetylenic carbons of 1-phenylpropyne Ph-C(3)=C(2)-C( 1)H3 absorb at 

85.7 and 79.8 ppm and have been variously a s ~ i g n e d ~ ~ . ~ ~ ;  the assignment in which 
C(2) absorbs at 86.4ppm and C(3) at 8 0 . 4 ~ p m ~ ~  is supported both by specific 
labelling and partial proton decoupling. Additionally a C-C bond is less efficient than 
a C - C  bond in transmitting a substituent effect, a finding confirmed in the p values for 
p-carbon shifts in substituted phenylacetylenes ( p  = 3.6 ppm) as compared with 
styrenes ( p  = 4.73 ppm). 

From the 13C-NMR spectra of 41 alkynes a series of incremental shifts at a, 8, y and 
6 carbons has been made3'. 

11s. CALCULAT10NS OF '3C CHE ICAL SHIFTS AND ANflSOTROPlES 

Gauge-invariant atomic orbitals have been employed in INDO calculations in order to 
calculate I3C chemical shifts of inter alia acetylenes; these indicate that in propyne the 
terminal and methyl-substituted sp-hybridized carbons deviate from experimental 
values by 16.7 and 14.7 ppm re~pectively~~. From the same INDO calculations the 
main I3C shielding tensor elements have been obtained and these reveal appreciable 
anisotropies for acetylenes; the values obtained are a,, - 130.00; uyy, - 130.00; uzz, 
36.53 ppm. 

By means of a CI?D0/2 method the charge density on the sp-hybridized carbons of 
diphenylacetylene, which absorb at 89.7 ppm, is calculated to be -64 x lop3 e . ~ . ~ ' .  
Also in diphenylbutadiyne Ph-CaECp-CpZCa-Ph, C, absorbs at 
81.50(66.30) ppm and C, at 74.37(67.5) ppm, where the parenthesized figures refer 
to butadiyne; in diphenylbutadiyne the respective charges at C, and C, are now 
-83 x lop3 e.u. and + 14 x 10-3 e.u., respectively. By comparison with allenic 
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systems it is concluded that the large difference in diamagnetic anisotropy between the 
cumulenic and acetylenic TI systems accounts for the ca. 15 pprn difference of the C(l) 
phenyl carbons in tetraphenylcumulenes and diphenylacetylenes. The anisotropy 
difference is also largely responsible for the ca. 70 ppm upfield shift experienced by 
butadiyne (or diphenylbutadiyne) with respect to butatriene as the CNDO/2 
calculations indicate little disparity in the relative charge densities at the 

Ditchfield40 has calculated the shieldings for the carbons in propyne 
C(3)H3-C(2)_C( 1) using gauge-invariant atomic orbitals; values found are C( l ) ,  
92.3(72.4); C(2), 84.4(84.7); C(3), 6.6(7.3). 

A slightly extended set of orbitals was then used in SCF calculations of the 13C 

chemical shift of acetylene41. The method gives a value for acetylene of 75.2 ppm 
downfield from methane, compared with an experimental value of 76 ppm. 

For fluoroacetylene F-C( l)=C(2)--H, C(l)  and C(2) are  now calculated41 to 
absorb at 82.5 and 26.9 ppm, respectively, in good agreement with the experimental 
values of 90.8 and 16.3 ppm. 

More recently gauge-invariant atomic orbital basis sets and semiempirical wave 
functions embracing all valence electrons have accounted for the major 13C shielding 
trends of hydrocarbons4*. Good agreement has been reached between the 
experimental, 74.6 ppm, and calculated 75.9 pprn shifts of acetylene. For propyne 
C(3)H3-C(2)=C(1) shifts are calculated to be C(1), 86.76(70.98); C(2), 
102.43(82.24); C(3), 11.77(4.89) ppm. In 1,3-butadiyne the shifts of the terminal and 
central carbons are calculated to be 64.64(69.27) and 99.15(70.98) ppm respectively; 
experimental values are given in parentheses. Together with cyclopropane, the errors 
in the calculations of the chemical shift of acetylene with respect to the internal 
carbons of diacetylene are ascribed to three-centre terms; in particular the internal 
carbons in diacetylene are Calculated to be shielded by ca. 25 ppm with respect to 
those of acetylene, cf. an observed value of ca. 5 ppm. 
'M, 13C and "F chemical shifts have been calculated for inter 

alia H-C(2)_C( 1)-F using SCF linear combination gaussian orbitals43. With respect 
to hexafluorobenzene the 191? chemical shift is calculated to be 96.9 ppm, compared to 
an experimental value of 100.1 ppm. 13C chemical shifts are calculated to be ca. 8 pprn 
for C(l) and ca. 90 ppm for C(2). 

"F screening constants and their anisotropies have been calculated44 inter alia for a 
number of fluorinated acetylenes, including some for which data are not available. For 
F3C-CGC-CF3 the 19F chemical shifts in the INDO and CNDO/S calculations have 
been calculated to be 435.8 and 461.1 ppm, respectively, compared with an 
experimental value of 486 ppm (expressed as low frequency with respect to F?). 

As part of a study of the variation of the lccal diamagnetic shielding term in I3C 
chemical shifts values of the local diamagnetic shielding c$, have been calculated45 for 
acetylene by an extended Flygare method. The value obtained is 261.50 ppm, or 
-0.08 pprn when referenced to methane; this latter value compares with a figure of 
-0.26 ppm from X-ray photoelectron spectroscopy. For carbon in a representative 
series of environments agreement is generally good. 

13C screening constants have been calculated for a group of unsaturated molecules46 
using Pople's gauge-dependent atomic orbitals and IND0/3 parameterization. For 
acetylene the calculated screening tensor of 122.1 ppm is made up of a& 260.67 ppm, 
ukc -134.45 pprn and u $ ~ ~ ~ ~ ~ ;  the experimental u value is 120.0 ppm4'. The 
experimental cob5 is derived from - (hx - hethylene) = +74.0 where 6, is given relative 
to TMS and 74.0 pprn represents the ab initio 13C screening of ethylene. 

Calculations have been carried out on ethane, ethylene and acetylene with the 
INDO approximation using SCF finite perturbation theory when the molecules are 
subjected to the fields caused by positive or negative monopoles or dipoles juxtaposed 
with the hydrocarbon in a large number of geometrical  arrangement^^^. When the 

carbons. 
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monopole is located along the carbon-carbon axis of acetylene for maximum effect, a 
chemical shift difference of 12.3 ppm is estimated between C(l)  and C(2); for a dipole 
the largest calculated difference, predictably, is smaller, 4.46 ppm. These values are 
rather larger than reported in conformationally mobile systems. A monopole or dipole 
shifts the two carbons in opposite senses but by different amounts; the sense of the 
shift of a particular carbon is reversed either when the sign of the monopole or the 
sense of the dipole is reversed. The behaviour is in accord with that expected from an 
electric field. 

The flow of electron density in CY and TC systems of acetylene in response to electric 
field effects has been ~ o n s i d e r e d ~ ~ ;  interpretation based solely in terms of 
polarizability and charge densities is considered too facile. Although the polarizability 
of carbon-carbon triple bonds is larger than that of the corresponding double bonds a 
larger electric field effect is exhibited in the latter case. A linear relationship is shown 
between 13C shifts and x-electron densities in acetylenes and ethylenes. 

Previous work has been concerned with the 13C' chemical shift anisotropies of 
acetylene, propyne and 1 , 3 - b ~ t a d i y n e ~ ~ . ~ ~ ,  the last molecule has also been considered 
in the solid state4. The value for acetylene has been calculated to be 237.1 pprn 
(cf. 215.7 ppm") and the observed value is 269 * 11 pprn (cf. 245 c 20 ppmlS). For 
propyne C(3)H3-C(2)rC(1)H the anisotropies found by the gradient method 
together with the calculated values in parentheses are for C(2), 251 c 9 (271.3 ppm) 
and C(1), 191 c 10 ppm (211.1 pprn). In dimethylacetylene the anisotropy of C(2) is 
160 c 7 ppm (calc. 237.6 ppm). The experimental values change by 80-90 ppm for 
the acetylenic carbon in HCECH, MeCECH and MeC-CMe whereas the 
calculations indicate a smaller range, though with the correct trend, with emphasis on 
the change in anisotropic shielding along the axis of the triple bond. 

Cyanopropyne, H3C( l)-C(2)=C(3)-C(4)EN, oriented in a nematic phase of 
p-n-butyl-p'-methoxyazoxybenzene orients preferentiallys' with its long axis parallel 
to the optical axis of the nematic solvent, as found for other acetylenes except 
acetylene itself52. It has been suggesteds3 that a bond exists between the acetylenic 
hydrogen and the II orbitals of the aromatic rings of the liquid crystal. 

In diacetylene the axially symmetric shielding anisotropy Acr = 011 - 01 has been 
found to be 218 ppms4 from proton-enhanced nuclear induction spectroscopy at low 
temperature and the isotropic shift obtained from melting the sample; the value 
compares with 60 = 240 ppm for acetylene from the liquid crystal methodlS. 
Parenthetically, a C-H internuclear distance of 1.094 a.u. is reported from the dipolar 
splitting of C(l) in the 6 1  region of the two-dimensional patterns4. 

The same has determined 13C shielding parameters for inter a h  
dimethylacetylene. For the methyl carbon at -186"C, ol1 = crZ2 = 113 * 6 ppm and 
o~~ = 127 e 6 ppm; the acetylenic carbon has crl l  = cr22 = -29 2 6 pprn and 
cr33 = 173 * 17 ppm. 

Values of &, 316 ppm; a&p, - 195 ppm (converted to ethylene reference using 
GmS = +122.8 ppm) enable a paramagnetic shielding to be estimated for inter alia 
acetylene. From this an 'average electronic excitation energy' AE of 9.45 eV which 
reproduces the shieldings is ~ a l c u l a t e d ~ ~ .  

Complex formation between PhCOCGCH or PhC=CH and a number of aromatic 
solvents has been demonstrated with a 1: 1 stoichiometry d e m ~ n s t r a t e d ~ ~ ,  and 
equilibrium constants measured. 

13C spin-lattice relaxation times, T 1 ,  of the carbons of phenylacetylene (19) have been 
measured58. In  deuterated degassed acetone at 25.2 MHz the various T I  (2 5-10%) 
are given in seconds. T1 values forpuru carbons are, as is customary, shorter than those 
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I 

I 8.2 a C-C-H 1 . 1 e C G C - C G C a  75 125 A---T' 
14 14 107 5.2 5.5 I 

132 9.3 , 

I 

I 8.2 a C-C-H 1 . 1 e C G C - C G C a  75 125 A---T' 
14 14 107 5.2 5.5 I 

132 9.3 , 

of ortho and meta carbons of the same ring; rotation around the C2 symmetry axis does 
not lead to any effect on T 1  of thepara carbon. 

In diphenyldiacetylene (20) the motional anisotropy is such that T1 for para carbons 
is now ca. 5 times less than that for the ortho and rneta carbons. This value corresponds 
to the rate of rotation about the long molecular axis, A, being ca. 17 times those 
around the short axes B and C. For comparison, if the ratio of the rates of rotation 
about the longer and shorter axes in an axially symmetric molecule is very great then 
the ratio Tl0~"/T1P tends towards a theoretical limit of 64. In phenylacetylene the 
tumbling modes are less anisotropic than in 20. 

Diphenyldiacetylene (DPDA) is the only compound where the carbons are 
predominantly relaxed by the chemical shift anisotropy mechanism at 23.5 kG at 
ambient temperature. At a concentration of 30% w/v in acetone-d6 (degassed) the 
T 1  values for C, and C ,  are respectively 82 and 136 s. For C,, which is >3 A distant 
from an available proton, T I  is >lo2 that for the para carbon. Indeed so long is the 
C, TI. that the value can be determined outside the magnetic field, save for initial 
polamation and final measurement. This weak-field determination gives T I  = 340 2 
70 s, in accord with over 60% of the C, relaxation deriving from the chemical shift 
anisotropy (CSA) method. At high field, 63 MHz, the T1 values for C, and C ,  are now 
15 and 30 s respectively, in particular C, is now relaxed by the CSA mechanism to the 
extent of 90%; generally the importance of the CSA mechanism is enhanced at 
lower temperatures also. The chemical shift anisotropy is calculated to be 270 ppm 
for C, in 20 for which the competing spin-rotation relaxation is insignificant. 

The C,  of DPDA gives an NOE effect of 0.5 2 0.1 9;  this together with the T1 value 
for C, enables the components of relaxation to be dissected (at 23 kG with a 30% 
sample): TICSA 200 ? 80 s, TIDD 500 ? 100 s, Tlother 500->5000 s, where DD 
refers to dipole-dipole interactions. 

A method of calculating I3C relaxation times from those of a directly bonded 2H has 
been developed and, when relaxation of 13C occurs via dipole-dipole interaction 
agreement is generally good5*. Such is the case with phenylacetylene where in 
PhCECD, T 1  for D is 0.25 s; this leads to a value of 7.8 s for the 13C T1 as compared 
with an experimental value of 9.3 s for a degassed sample. 

If D and 13C T1 values are known then the 2H quadrupole coupling constant may be 
calculated; here although a good correspondence is shown in general, an exception is 
phenylacetylene where a discrepancy now exists since here the 13C relaxation time 
contains substantial contributions from chemical shift anisotropy. 

W. COUPLING CONSTANTS 

ColrpIing constants in acetylenes fall into four classes: (1) proton-proton, (2) 
proton-carbon, (3) carbon-carbon and (4) those involving a heteroatom with either a 
proton or carbon. Coupling constants are presented in the form "JXu where X and Y 
are the coupled nuclei and the superscript n indicates the number of bonds separating 
X and Y. In the main the numbering system of the original paper is preserved. 
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A. Mono- and Poly-acetylenes; Non-~elteroa%om-sub~t~uted Acetylenes 

The values for acetylene were determined by two  group^^^,^^ and the values 
obtained were 'JCH, 248.7 (249.0); ' JcH,  49.7(49.3); ' JHH,.  9.8(9.55) (see also 
References 15 and 61); 'JCc, 170.6(171.6) Hz; parentheslzed values refer to 
Reference 60. At the same time a number of acetylene derivatives inter alia were 
examined34 and these gave values Ph -C(2)-C(l)-H, 'Jc 1)c(2), 175.9 Hz; 
Ph-C(3)EC(2)-C( 1)H3, 1Jc(1)c(2), 68.6 Hz; PhC(3)EC(2)-C(l)EN, 1Jc(1)c(2), 
155.8 Hz. It was concluded34 that the C, C coupling constant was proportional to the 
product of the s character of the relevant carbon atoms and it was also noted60 that 
the values of lJCc, 'JCH and 'JCH increased markedly along the sequence ethane, 
ethylene and ethyne. 

A correlation between H,H and C,H coupling as a function of hybridization at 
carbon has been proposed by Karabatsos' group62 and takes the form 

J C H  = a .  J H H  

where for sp carbon a = 0.6; corresponding values for sp2- and sp3-hybridized carbons 
are 0.4 and 0.2. 

The earlier studies involving coupling to I3C were often carried out using 
isotopically enriched materials, frequently at multiple sites, but subsequently the 
advent of Fourier transform techniques has made such procedures less necessary, save 
for experiments concerned with the determination of signs of coupling constants. 

found a value of 'Jc(Z)c(3) = 67.4 Hz in propyne together with a 
geminal carbon-carbon coupling ' J c ( I ) c ( ~ )  = 11.8 Hz, considered to be positive by 
analogy with the carbon-proton coupling in acetylene where the sign of JHH has been 
calculated to be positive64. 

In propyne the three couplings between the acetylenic proton and 13C are positive in 
sign whereas the sign of those involving methyl protons alternates'?. For propyne the 
couplings between 'H and 13C have recently been reported66; thus for 

4.65; 2JC(2)Ha, 50.11; 'Jc(~)H, -10.45 Hz have been obtained. 
By means of SCF theory in the INDO approximation a coupling constant 

lJCH = 122.0 Hz within the methyl group has been calculated for p r ~ p y n e ~ ~ .  Also 
cited are one-bond coupling constants lJCH involving an acetylenic proton6': 
PhCGCH, 251.0; HCEC-CMe20H, 253.0; HCEC-CH20H, 248.0 Hz, which are 
quite well reproduced by the calculations. The same group68 has calculated 
'Jc(2),-(3) = 67.4 Hz in propyne together with other trans triple-bond carbon-carbon 
Couplings: PhCfCH,  156.3 (exptl. 175.9 Hz); PhCEC-CC-N, 148.7 (exptl. 
155.8 Hz). 

The 13C-NMR spectrum of dimethylacetylene has been analysed as an A3A3IX 
system66 and from this has been obtained 'JcH, +130.64; 4 J ~ ~ ,  i-1.58; 'JcH, -10.34; 
3JcH, +4.30 Hz; also in this molecule 5JHH is +2.79 Hz. Certain couplings such as 2J 
for the H-CEC kagment between acetylene and methylacetylene and the 3 J ~ H  
couplings of the H-C-CGC fragment together with 'J for H-C-CG are, where 
appropriate, essentially transferable between acetylene, methylacetylene and 
dimethylacetylene. Thus all the IH, 13C spin coupling constants through the triple 
bond are positive as has been found for HCGC-CH2C169 and HCZEC-CH070 
where the coupling constants are as shown in 21. 

The 'HIH coupling constants are of alternating sign in acetylene, methylacetylene 
and dimethylacetylene with magnitudes little different from those of saturated 
compounds. 

By means of methyl tetrolate (22) labelled at carbons C(1), C(3) and C(4) the 

Roberts' 

C(3)H3C(2)rC(1)Ha Values Of 'Jc 3 ) ~ ,  131.55; 3JC(3)H7 3.41; 'JC(I)H, 248.1; 3Jc(1)~, 
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carbon-carbon couplings have been determined71. These are 3J~(~)c(4)y + 1.84; 
2Jc(1)c 3), +20.33; 'Jc(~)c(~ t65.15 *, cited values for propyne H(5)3C(4)-C(3)S 
~(2114 (numbering from Jeference 71) ark 1~c(3)c(4), 67.4; *JC(~).H(S), - 10.6; 'JC(4)H(S), 

+ 131.4 Hz. More elegantly the C( 1) monolabelled methyl tetrolate has been 
employed for the same end by means of selective population transfer and off- 
resonance methods72; similar results have been obtained and a value of 1Jc(1)c(2). = 
+ 127.5 Hz given. The signs of the coupling constants have been determined relative 
to 4.fcll)H(5), -1.96 Hz. Additional coupIings involving the ester group have been 
determined: 3Jc(1)H(7), +4.17; *Jc(I)C(6), -2.28 Hz. Neither group makes reference to 

contribution of 0.95 Hz from finite perturbation theory or 1.39 Hz from modified 
Karplus equation have been e ~ t i r n a t e d ~ ~ .  

nuclei have been determined in totally 
13C-labelled diacetylene, together with the bis(trimethylsi1 1) d e r i ~ a t i v e ~ ~ .  Thus in 

15.9 Hz were found; thus Jcc coupling between acetylenic carbons is ca. 22 Hz 
greater in diacetylene than in acetylene. This suggests that an interpretation based 
solely on A electrons is too facile since the A electron density of the triple bond is 
higher in acetylene. Rather the Fermi contact contribution, associated with c 
electronic effects, is shown by INDO-calculations to be responsible for the difference 
with orbital-dipolar and spin-dipolar terms essentially constant. The natural 
abundance spectrum gives the following CH couplings: IJCH, 259.1; *JcH, 52.3; 3 J ~ ~ ,  
6.5; 4 J ~ H ,  0.4 Hz. From the values of 2Jcc in diacetylene (18.9 Hz) and propyne 
(1 1.8 Hz) it is postulated that an intermediate value should be obtained for the 
corresponding coupling in vinylacetylene. 

in methyl tetrolate. 
( H E C - E C H )  5Jm is 2.2 Hz61 and a calculated n-electron 

The spin-spin coupling between 

diacetylene, values of *Jc(1p2), 194.0; 'JC(2)C(3), 154.8; 1 JC(I)C(3)r 18.9; 3Jc(~)c(4), 

In the triacetylene 23 a long-range proton-proton coupling 9 J ~ ~ ,  = 0.4 Hz was 
m e a ~ u r e d ~ ~ . ~ ~  and the' a-electron contribution to the proton coupling in triacetylene 
was calculated to be 0.32 H273. More recent calculations in the INDO and CNDO 
 approximation^^^ have reproduced the coupling constants for a number of acetylenes 
with reasonable accuracy. Thus for a number of compounds the H,H coupling 
constants experimental and calculated (in the CNDO and SNDO approximations) 
respectively are propyne, 2.9-3.6 (0.06, - 2.29); but-2-yne, 2.7 (2.34, 3.29); 
1,3-pentadiyne, 1.27 (0.00, 0.97); 2,4-hexadiyne, 1.3 (0.87, 1.38); 2,4,6-octatriyne 
0.4 (0.00, 0.58) Hz. Homologation of propyne and penta-l,3-diyne only slightly 
affects the coupling constants. although that ( J H H )  for butadiyne is almost twice those 
of the mono and bis homologues. The authors consider that except for acetylene the 
coupling constants are transmitted via the n system. 

H3C--C~C--C-C-C~C-CH*OH 

(23) 
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The long-range proton-proton coupling constants are given for 
2,5-dichlorophenylacetylene (24) (JHAHM, +0.29; JHBHM, -0.07; J H ~ M ,  +0.33 Hz), 
its homologue (25) (JHAHM, -0.30; JHBHM, +0.15; J H ~ M ,  -0.26Hz) and 
4-vinylphenylacetylene (26) (JHAHM, 0.10; J H ~ w ~ ,  +0.11; J H ~ M ,  +0.14 Hz); the 
coupling constants are well reproduced by INDO  calculation^^^. The acetylene group 
is ca. half as effective as a methyl group in transmitting spin information from a phenyl 
a electron system and almost as effective as a vinyl group. The signs of the long-range 
coupling constants are entirely consistent with transmission of spin information via the 
K system. 

(24) R = HM 

(25) R = CH,(M) 

c+ 
C-H, 
I 
HB 

lH, 13C coupling constants in butenyne (27) (and their 13C chemical shifts) have 
been determined; in particular: 3Jc(3)Hj1), 16.3; 3JC(3)H(2), 9.5; 3Jc 4)H(3), 4.0; 
4 J ~ 4 ) ~ ( 1 ) - 4 J c ( 4 ) ~ ( 2 ) ,  C 1.0 Hz. A couplmg constant 'Jc(l)H(3) = 8.8 fIz is also 
reported7* compared with a value of 2Jm = -2.4 Hz in ethylene corresponding to an 
increment of 11.2 % for the - E C H  substituent; this value of 8.8 Hz does not 
accord with the corresponding value of 3.7% found for 2 J C ( 1 ~ ( 3 )  in 
Z-l-methoxybut-l-en-3-yne for which a value of 16.5 Hz has been ~a lcu la ted~~.  These 
authors conclude, without the benefit of direct evidence, that the value of 'JC(I)H(3) 

reported previously78 is in error. 

W), ,H(3) 
,C(l)=C(2), 

H(2) C( 3k 
*C(4)H 

(27) 

The 'H'H coupling constants of pent-l-en-3-yne (28) have been reportedE0. Thus a 
value of 'JH(1)H(2) = 2.28 Hz was found and the other values were referred to this 
coupling taken as positive: 3JH l)H 3), 11.11; 6 J H ( 1 ) H ( +  -0.56; 35H(2)H(3p 17.49; 
~ J H  2)H(4), -0.71; 5JH(3)H(4)~ 2.30 A. fn vinylacetylene (29), ~ J H ( ~ ) H  4), 0.92; JH(f)H(4), 
0.71 and 4JH(3)H(4), -2.17 were found. The reversal of sign witL an approxmate 
retention of magnitude indicates that x coupling is the prevailing mechanism of these 

( 28) 

couplings with the reservation that a K coupling should result in values of J which are 
geometrically invariant. By way of contrast, replacing the olefinic proton H(3) in 29 by 
a methyl group to give 30 results in 'JH(3)H(4) = 0.3 Hz, i.e. a diminution of ca. 7. This 
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(a) (W 
is understood in terms of a hyperconjugative model such that whereas the methyl 
group and both the double and triple bonds are involved in a resonance structure 31 of 
2.8, a structure such as 32 involves the methyl group and the double, but not the triple, 
bond. 

U 

(31) (32) 

The spin information of the methyl group in 21[) can be transmitted through the x 
system of the triple bond via carbon px or pr orbitals; the latter case is favoured since 
the C(2)-H(3) bond forms a dihedral angle, 8 = 0" with the px orbitals (33) and the 
effectiveness of the coupling follows a cos2 8 relationship. In the corresponding diene, 
trans-penta-l,3-diene, the analogous coupling 5JH(3)H(4) is now only 0.4 Hz since the 
angle 8 is here 90". Previously the 'HIH coupling constants of vinylacetylene have 
been investigated by two grcups*1.s2. 

B. Hetero~titoslP-suQstitutecl Acetylenes 

In (HC=C)2PNPh2 and HC_CP(OEt), respective values of ?Ipc, - 9.8 and 
-50 Hz, have been found, the negative sign also being found for saturated and 
aromatic phosphines and thus being independent of the hybridization at carbon, a 
parallel which can be extended inter a h  to HCEC-P(0)Ph2 where 
?JPc = +164.6 Hz is found83. In HC32-P(OEt), a small negative value 
(3JpH = -2.42 € 3 ~ )  is found, whereas in fragments P-C-C-H, P-0-C-H, 
P-N-C-H and P-CC-H, containing a three-coordinate phosphorus, 3JpH is 
positive. 

In acetylenic phosphine oxides lJPc and 2 J p ~  are positive and larger than in saturated 
and aromatic phosphine oxides. It is susfested that in this series 'JPc, 'JPc and 3JpH to 
which lJPc and 'JPc are linearly related are mainly dependent on the Fermi contact 
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term, though not exclusively, as a plot of 'JPC or 2 J p ~  vs. 3JpH does not pass through the 
origin. 

In P(III) acetylenic derivatives lJPc and 2Jpc are, in contrast to the P(Iv) 
counterparts, not related to the electron-withdrawing power of substituenis bonded to 
phosphorus, and the indication is that the orbital coupling mechanism, possibly with 
the spin dipolar term, is more independent than the Fermi contact term. 

'3JpH is positive in acetylenic phosphine oxides, as is general for coupling via three 
bonds, whereas in R2P(0)C=CMe 4 J p ~  is negative, presumably since the observed 
value mainly reflects contributions. However in acetylenic phosphines 3JpH is 
negative, exemplified by a value of -2.4 Hz for (EtO),P-CECH, the first such 
acyclic example. In propynylic phosphines 4 J p ~  is positive, though precedent here 
contaix examples of both signs. l J p ( ~ ~ ) c ( ~ ~ )  is positive in both acetylenic and propynylic 
phosphke oxides. 

An NMR study at 165 K of H-C-P, prepared in addition to inter alia HCGCH, 
which served as an adventitious standard, from passage of PH3 through a carbon arc 
gave S(31P), 32.0 pprn to high field of external 85% H3P04; 2J~p,  43.9 Hz, 6(l3C), 
154 pprn downfield of external Me4Si; lJpc, 54.0; ' JcH,  211 Hzss. This last coupling 
implies 43% s character of this bond; however this is a minimum value since 
electropositive atoms decrease the value of ' J C ~ .  The high value of both one- and 
two-bond coupIings in HCP indicates a high s character in the bonds transmitting the 

coupling. Polarization is thought to be in the sense HC=P. 
In P (C=C-CF3)3 a coupling 4 J p ~  = 6.4 Hz has been determined, with no evidence 

for hindered rotation; the F absorption is 112.05 ppm to low field of C6F6s6. In the As 
and Sb analogues the 19F chemical shift is similar. 

The 'H decoupled 13C- and 31P-NMR spectrum of 34 has been analysed as an ABX 
system. In CDC13 3Jpp is founds7 to be 5.5 Hz with 3Jp,.,~(5), 15.9 HZ and 2 J p ~ ~ ( 5 ) ,  

1.46 Hz; very small 13C isotope shifts are reported on 31P nuclear shieldings. 

6-  Si 

Ph 

Ph/ A Ph 

/ 
P --c(5)-c-PB, 

Ph, 

(34) 

In disubstituted acetylenes exemplified by Me3Sn-CGC(2)-C( 1)H3 ~JC(~)H is 
130 Hz; for PhSe-C(3)-C(2)-C(1)H3, values of lJC(l)H, 132.8; 2 J ~ ( 2 ) ~ ,  10.4; 
3Jc(3)H, 5.8 Hz have been found65. In general for this class of compound the magnitude 
of the coupling constants varies little whereas in monosubstituted acetylenes a much 
greater range is observed. Thus the following values have been obtained: for 
Me3Si-C(2)=C(1)H, 'JcH, 236.2 and 2JC(2)H, 42 Hz and for PhO-C(2)=C(l)H, 

The 13C-NMR spectra of lsN-labelled propargylamines 35 and 36 have been 
determinedss. 2JHc(2) = 3JNc(1) = 0.9 Hz in 35, and in 36: 1JN~(3), 36.2; 2 J N ~ ( 2 ) ,  5.5; 

?7~-(1)~, 269 and 2Jc(2)~, 61 Hz6'. 

Me, N - C (3) H 2 - C (2) C (1 ) - R 
Ph 

(35) R = H 
(36) R = Me 

3JNc(1 < 0.5 Hz. The experimental values are greater than those obtained using 
Binsct's equation (equation 1) which relates the coupling to the product of the per- 
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centages of s character SC and SN in the hybrid orbitals forming the C-N bond. This 
indicates that the Fermi contact term is not alone in its contribution to the coupling. 

80)1J'5N'3CI = S N X S C  (1 1 
In the INDO approximation using either fixed atomic values for the integrals, or 

integrals allowed to vary according to the molecular environment, the respective 
calculated valuess9 for 2JNc(1) in 35 are 0.458 and -0.431 Hz. The magnitudes of the 
coupling constants of 36 are well reproduced by the calculations. 

In the complex fr~ns-[Pt(CfC-CR~OR~)~(PMe2Ph)21 (37), R1 = Ha, the 
coupling 4 J p t ~ a  was found to be in the range 11.5-12.4 HzgO. When R1 = Me, R2 = H, 
lJptc is 892 Hz, which is much greater than the corresponding value of 594 Hz in 
trans-[ PtPh,(PEt,),, probably on account of a hybridization change of the carbon 
bonded to platinum. 

In the analogue of 37 with arsenic as a ligand, ?JRC is now 91 5 Hz; the increase from 
892 Hz is attributed to greater Pt-C bond strength in the arsine complex. In 37, 
R' = Me, R2 = H, Jptc  decreases along the carbon chain from 892 Hz to 2Jptc, 255 and 

13C data have been reported for a number of Pt(I1) compounds, in particular 
tram-[di-f-butyla~etylene-PtC1~. NC5H4X-p], (38) and trans-[methylacetylene- 
Pt.NC5H4X-p], (39)91. In 38 with di-t-butylacetylene numbered C 3 H3)3C(2)- 

6 C(2), 29.58 ppm were found. In tr~ns-[p-Me(CH~)~0C~H~Pt(Me~PhP)2- 
C(1)EX(2)-C(3)H3] observed parameters were now l J p t ~ ( ~ ) ,  1238 Hz, 6 C(1), 
59.66 ppm; 2JRc(2), 359.1 Hz, 6 C(2), 100.46 ppm. In thep-CN pyridyl analogue 
3J,c(3) is 27 Hz; broadly similar data were obtained when halogen replaced pyridyl as  
a Iigand. 

Tungsten-carbon coupling constants have been observed recently; thus from the 
acetylenic complex (C0)3WC5H5C( 1)H2-C(2)rC(3)H in perdeuterotoluene J w ~ ( l ) ,  
29.5 Hz, 6 C(1), - 33.2 ppm and for (CO)4BrWrC(1)-C(2)H=C(Ph)NMe2 values 
of J w ~ ( l ) ,  168.5 Hz, 6 C(1), 283.9 ppm; Jwrqz) ,  34.0 Hz, 6 C(2), 108.5 ~ p m ~ ~ .  In 
(CO)4BrWEC-CCfC-Ph, Jw~(l) ,  185.5 ppm, 6 C(1), 230.6 ppm; Jwq2), 53.5 Hz, 
6 105.8 p ~ m ; J ~ c ( ~ )  9 10.0 Hz, 6 C(3), 72.2 ppm. There does not appear to be a very 
precise correlation between 13C-183 W coupling and hybridization at carbon. 

'JCC coupling constants between acetylenic carbons have been measured in mono- 
and di-substituted silyl- and ~tannyl-acetylenes~~ and are given in Table 3. I t  is 
noteworthy that even the highest value is as low as 130.9 Hz. Entry 4 in Table 3 shows 
a value of 'JCc = 81.0 Hz, little higher than that for ethylene, thereby indicating a 
large contribution from the resonance form 4Qb. The ratio of 2JMc(1) is 1.6 for entries 1 
and 3 and 2.2 for entries 2 and 4 consonant with a significant change in rc-electron 
density of the triple bond on further substitution with R3Si and R3Sn. 

3Jptc, 20.6 Hz. 

C(1)=CC(CH3)3, values of lJPtc, 183.5 Hz; 6 C(1), 76.40 ppm and 1" Jptc(2), 15.7 Hz; 

TABLE 3. Coupling con2tants (Hz) in 13C-labelled silyl- and stannyl-acetylenes 
R1-M-C(2)~C(1)--R- in acetone 

Entry Compound lJC( 1)C(2) 2 - h C (  1) 

1 Et3SiCeCH 130.9 18.6' 
2 Bu3SnCECH 119.8 61.jb 
3 Et3SiCZCSiEt3 101.4 11.5" 
4 Bu$nCZCSnBul 81 .o 28.2' 
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R3M-C=CH - R3M=C=& 

( M a )  (Mb) 

However it has previously been claimed that d,-p, interaction between tin and the 
acetylenic triple bond is unimportantg4. I t  might be pointed out here that introduction 
of R3Sn and R3Si groups also causes deshielding of the a and p  carbon^^^*^^. 

Wrackmeyerg6 has determined coupling constants for a large number of silicon-, tin- 
and lead-substituted acetylenes. Thus whereas in Me3CCGCH 'Jc- is 168.7 Hz, the 
corresponding value drops to 151.6 Hz in Me3SnCECOEt and the further reduced 
values of V C c =  127.6 Hz for Me3SnCECMe and 112.0 Hz for Me3SnECSiMe3 
are observed, although no specific interpretation is proposed. 

VI. DEUTERlUM QUADRUBOLE COUPLING 

From the 2H-NMR spectrum of non-1-yne-1-d, in a nematic phase, the deuterium 
quadrupole coupling constant has been calculated from the quadrupolar deuterium and 
dipolar 13C-D splittings", the first such application to an acetylenic deuteron. After 
correction for vibrational averaging a value of 205 -+ 3 kHz has been determined. 

Deuterium quadrupol,. coupling constants have been determined in nematic liquid 
crystal solutions for a number of small molecules, in particular C2D298. The value of 
e2qQ/fi along the bond axis is 198 f 7 kHz. In this work are cited, with references, 
corresponding values in CH3CECD, 199.4 -+ 2.0, 208 -C 10; CICZCD, 226 rt 8, 
175 k 20; FCGCD, 212 f 10; PhCGCD, 215 t- 5 kHz. A subsequent paper gives the 
deuterium quadrupole coupling constant of 227 2 4 kHz at 299 K in the case of 
phenylacetyleneg9 by combining measurements of deuteron spin-lattice relaxation 
times in a compound with deuterium bonded to carbon C, together with TIDD, the 13C 

dipole relaxation time for C, in the undeuterated molecule. A value of 230 f 14 kHz 
is cited for p-dideuteroethynylbenzene. 

The deuterium quadrupole coupling constant in cyanoacetylene determined from 
spin-lattice relaxation times has a value of 200 f 2 kHz; the analogous value for the 
14N nucleus is 4.14 -+ 0.05 MHz'OO. 

In acetylene the experimental coupling constant ~ J L J C ~  is 249.0 Hz compared with 
values of 156.2 and 125.0 Hz in ethylene and ethane respectively; the corresponding 
calculated isotropic coupling constants are 141.9, 80.1 and 64.6 Hz respectively'0'. 
The calculated anisotropies, J ,  - i(J,,,, + J,) are 18.0,24.5 and 33.0 Hz respectively, 
where the x axis of the coupling tensor is parallel to the C-H bonds. Although 
agreement is only moderate, the trend is consistent with that anticipated from changes 
in hybridization and their effect on the Fermi contact and spin dipolar cross-term. The 
experimental isotropic Jcc is 66.5 Hz; the Fermi term contributes 56.1 Hz. 

WM. CARBON-BRO [ME COUPLING 

In bromoacetylene B r E C H ,  'J '3C79Br is 266 Hz between - 11 and -50°C the near 
constancy indicating that relaxation via spin rotation (SR) interaction is negligible. 
The spin rotation coupling constants in bromoacetylene are calculated to be 
ca. -0.9 kHz, and at - 11°C TISR is ca. 1350 s ,  and contributing less than 0.4% of the 
relaxation, is considered negligible, as is the chemical shift anisatropy (CSA) where 
TICSA is ca. 550 s102. The predominant relaxation mechanism is presumably scalar 
coupling, since the resonance frequency is similar to that of bromine which is rapidly 
relaxed by quadrupole interaction. 
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In bromoacetylene the quadrupole coupling constant is 648.0 MHz for 79Br and 
541.4 MHz for *IBr. The magnitude of the coupling constant ?r 13C79Br varies linearly 
with the s character of the carbon hybridization indicating a predominant role for the 
Fermi contact interaction; however a plot of J against s character does not pass 
through the origin, for reasons which are not clear. Also 'Jcn in bromoacetylene is 
261 Hz, larger than the value in acetylene. 

VIII. CONFORMATIONAL MOBILITY 

Whereas three sharp signals are observed in the 'H-NMR spectrum of 
4,4,7,7-tetramethylcyclooctyne (41) at lower temperature the a and y methylene and 
the methyl protons splitIo3, and from the CH2 and CH3 protons similar values of 
AGf = 12 kcal mol-' have been determined. This value associated with 
conformational mobility is appreciably less than that for cyclooctene, though 
resolution of 41 into optical isomers does not appear possible. Nevertheless, the 

(41) 

mobility of 41 is surprisingly high, due in part to the ready deformation of the 
CGC-C angle, manifestation of which comes from a shielding of ca. 0.3 ppm of the a 
methylene protons in 41 with respect to those of a linear analogue bearing the 
grouping -CH2-CC=C-CH2- since the a protons in 41 are moved toward the 
shielding zone of the triple bond. 

More recently the a methylene 'H resonances of cyclododecyne (42) in the 251 MHz 
spectrum have been shown to broaden at low temperat~re '"~ with a 'coalescence 

[4 yne 3321 

(42) 

temperature', T,, of - 107°C in an unspecified conformational process with 
AGf --- 7.8 -+ 0.3 kcal mol-I. Maximum broadening in the 13C-NMR spectrum is 
achieved at -95"C, and at - 133°C three sharp lines, with idealized intensity 1:4:1, 
are observed, indicative of two conformations, one symmetrical and the other 
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unsymmetrical. The symmetrical conformation is assigned the [ 3yne 3331 structure 
(for nomenclature see footnote 8 in Reference 104 and Reference 105; note that the 
numbers refer to the number of bonds, not carbons). 

Force field calculations identify the [ 4,,,332] and [3,,,333] conformations as the 
most stable in that order although the strain energy difference is given as only 
0.8 kcal mol-' (& 1 kcal mol-'). The minor conformer is thus tacitly assigned the 
[4,,,232] structure and a conformational energy barrier of 7.9 t_ 0.3 kcal mol-' at 
-95 C between this and the [3,,,333] conformation is found from the 13C spectrum. 
However this interconversion corresponds to  a C2 time-averaged symmetry; in 
contrast the 'H spectrum of cyclod.odecyne corresponds to CZv time-averaged 
symmetry. It is thus concluded that a further conformational process exists with a 
magnitude ca. 8 kcal mol-'. 

The phenomenon of time-averaged anisochrony of geminal groups which remain 
symmetry non-equivalent under conditions of rapid conformational inversion, and 
under the constraint that all conformers are equally populated, has been considered 
criticallylo6. Such molecules are of type 43 where CU2V is designated the sensor group. 

Me Me, / ,c-crc-c, 
M e  I I CI 

xYzc--Ic=c),cu,v H H 

(43) (44) 

The first example was provided by 2-chloro-5-methylhex-3-yne (44) where in the 'H 
decoupled ~pectrum'~ '  an anisochrony of 0.01 1 ppm was observed for the methyls of 
the isopropyl group. In the 'H decoupled 13C-NMR spectrum of a mixture of meso and 
rucernic isomers of 44 the methyl and acetylenic carbons gave distinct absorptions. It 
had previously been calculated that intrinsic diastereotopic discrimination was likely to 
be extremely small and 'experimentally insignificant' for nuclei of low atomic 
numberlo*. Notwithstanding this, the 'H-NMR spectrum of 2-(2-naphthyl)- 
5-methylhex-3-yn-2-01 (45) at 300 MHz showed two methyl doublets A6, 1.3 x l ov3  

ppm, though the authorslo6 add that 'the question now remains to what extent the 
observed anisochrony can be associated with a freely rotating species'. 

Investigation of the low-temperature NMR of ditriptycenylethyne (46) at low 
temperatures gives no indication of hindered rotationlog whereas the internal methyl 
groups of the tetramethyl derivative (47) show two singlets whose intensity is 
temperature-dependent, broadening, T,  = 1O"C, to give ultimately a singlet a t  70°C. 
The low-temperature behaviour is ascribed to two conformers of which the more 
stable is antiperiplanar (48) together with a syn-clinal counterpart (49). The hindered 
rotation is essentially due to a nonbonded interaction between methyl substituents 
such that for conversion of $8 +- 49, AGf = 65.2 kJ mol-' and for conversion of 
49 -+ 48, AGf = 63.1 kJ mol-'; the related ethenes and ethanes have also been 
considered. 
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15 x 

(46) R, = Ri = H 

(47) R, = R i  = Me 
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CHAPTER 26 

Preparation and synthetic applications 
of cyano compounds 

ALEXANDER J. FATlADl 
Centre for Analytical Chemistry, National Measurement Laboratory, 
National Bureau of Standards, Washington, D. C. 20234, U.S.A. 

I. INTRODUCTION . 
11. NEWER METHODS F O R  SYNTHESIS OF NITRILES: SOME OF THEIR 

REACTIONS 
A. Preparation of Nitriles by Elimination . 

a. Trifllioroacetic anhydride 
b. Trifluoromethanesulphonic anhydride and other mild reagents 
c. Selenium dioxide 
d. Trimethylamine-sulphur dioxide complex and chlorosulphonyl 

e. Acetonitrilium salts and carbodiimides . 
f. Dehydration of aldoxides by phase-transfer catalysis . 
g. Triphenylphosphine-carbon tetrachloride system . 
h. Dehydration of oximes by diphosphorus tetraiodide . 
i. 
j.  Additional methods for preparation of nitriles via oximes . 
k. Special methods . 

a. The Beckmann fragmentation of oxime ortho ester adducts . 
b. Fragmentation of a-hydroxyketoximes . 
c. Ring-opening of cyclic oximes . 
d. Ring-expansion of cyclic oximes, and exceptions thereto . 

B. Conversion of Carboxylic Acids via their Amides or  Thioamides into 

1. Conversion of aldehydes and ketones, via their aldoximes, into nitriles . 

isocyanate 

Dehydration of oximes by phosphorus triiodide 

2. Nitriles from ketoximes via an abnormal Beckmann rearrangement . 

Nitriles . 
1,. New reagents and methods . 
2. Sodium borohydride reagent 
3. Urea sulphamic acid reagent 
4. Diethyl azodicarboxylate-triphenylphosphine reagent . 

C. Synthesis of Nitriles from Amines, Hydrazones and their Derivatives 
1. Oxidation of amines . 

a. Copper (I) chloride reagent . 
b. Lead tetraacetate reagent 
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2.  Conversion of aldehydes and ketones via their hydrazones into nitriles 
containing additional carbon atoms . 
a. p-Tolylsulphonylmethyl isocyanide reagent . 

3. Synthesis of nitriles via metalation of hydrazones . 
a. N ,  N-Dimethylhydrazine + oxirane reagent . 

D. Stereoselective Synthesis of Unsaturated Nitriles . 

a. trans-2-Alkenenitriles from aldehydes . 
b. Sterecspecific synthesis of vinyl nitriles from vinyl halides . 

2. 3,4-Disubstituted mucononitriles from 1 ,Zdiketones via the Wittig 
reaction . 
a. Mononitriles of muconic acid from o-benzoquiiiones, catechols and 

phenols . 

1. Sjiiiihesis of Zaikenenitriies 

3. Stereospecific synthesis of 2-alkenenitriles from 2-alkynenitriles . 
a. Lithium aluminium hydride reagent . 
b. Diisobutylaluminium hydride reagent . 
c. Phenyl cyanate reagent . 
d. Decarboxylation of a-cyanoacrylic acids 
e. Cis- and trans-3-methylthioacrylonitriles 
f. Chiral isocyanate reagent 

E. Additional Syntheses of Unsaturated Nitriles . 
1. Conversion of carbonyl compounds 

a. Carbon homologation of carbonyl compounds to unsaturated nitriles . 
b. Unsaturated nitriles via a-selenonitrile intermediates . 
c. Additional methods . 
d. Special reactions . 

Synthesis of Aminonitriles, Enaminonitriles and Related Compounds 
1. a-Cyanoenamines . 

a. Tertiary a-cyanoenamines via cyanation of enamines with cyanogen 
bromide . 

b. Secondary a-cyanoenamines by nucleophilic substitution of halogen- 
substituted enamines , 

c. Cyanoenamines via deprotonation of a-aminonitriles . 

G. Asymmetric Synthesis of Amino Acids via Aminonitriles . 

F. 

2. Additional preparations of aminonitriles . 

1. The Strecker synthesis , 

a. (S)- or (R)-a-Methylamino acids via external asymmetric Strecker 
synthesis . 

b. (2S, 3R)-3-Amino acids via a cyanohydrin reaction . 
H. Synthesis of Saturated Nitriles . 
J. Synthesis of Aromatic Nitriles . 

1. Nickel-catalysed cyanation of aromatic halides . 
2. Synthesis of polycyanobenzenes . 

a. Conversion of polyiodobenzenes 
b. Conversion of 1,315-tricyano-2,4,6-tnfluorobenzene . 
c. Conversion of p-dichlorobenzene 
d. Di- and tetra-cyanobenzene derivatives via ring-enlargement and 

e. Aryl nitriles by oxidation of a-azidostyrenes . 
f. Aromatic nitriles from bis(tosy1hydrazones) . 
g. Additional methods . 

K. Synthesis of Heterocyclic Carbonitriles 

aromaiization . 

1. Cyanation of indoles, pyrroles and related heterocycles . 
a. Cyanation with triphenylphosphine-thiocyanogen . 
b. Cyanation with chlorosulphonyl isocyanate . 
c. Cyanation of quinoline and isoquinoline via phase-transfer catalysis . 
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26. Preparation and synthetic applications of cyano compounds 

L. Cyanohydrins . 
1. Synthesis and transformations of cyanohydrins . 

a. Aromatic cyanohydrins . 
b. Aryl ketone cyanohydrins 
c. p,y-Unsaturated ketones via cyanohydrins . 
d. Selected preparation of cyanohydrins, and their reactions . 

a. Regiocontrolled reactivity of (trimethylsily1)- and (ethoxyethy1)- 
2. ;Protected cyanohydrins . 

protected cyanohydrins . 
3. Acenaphthenone cyanohydrin rearrangement . 
4. Carbohydrate cyanohydrins . 
5. Specific reduction of cyanohydrins . 
6. Thio and seleno analogues of cyanohydrins 

1. Cyanoethylation via acrylonitrile . 
M. Cyanoethylation 

a. Cyanoethylation of alkanolamines . 
b. Reaction of phenylhydrazones with acrylonitrile 
c. N- and S-cyanoethylation of pyridazines 
d. y-Cyanoethylation of steroid a ,$-unsaturated aldehydes 

a. Three-carbon annelation via the Nazarov cyclization . 

equivalents . 

2. Selected synthesis of carbocyclic compounds via cyanoethylation . 

3 .  Ketene adducts with 2-acetoxy- and 2-chloro-acrylonitriles as ketene 

4. Cyanoacetylene and chlorocyanoacetylene from acjlonitrjle 
5. a-Metalated nitriles in organic synthesis. Reactions of allylic nitrile anions . 

. 

a. Alkylation of primary nitriles . 
b. Addition of aldehydes to acrylonitriles . 

6. Useful synthetic transformation of unsaturated nitriles . 
a. Conversion of amide + a-cyanoenamine -+ a-diketone 
b. Hydroxylation of a$-unsaturated nitrile steroids with osmium 

te traoxide 

a. Reductive addition via copper(1) trialkylmethylborates 
b. Reduction of the cyano group. Synthesis of novel ‘cascade’ molecules . 
c. Pyrolysis of poly(acrylonitri1e) . 

N. Cyanomethylation via Acetonitrile . 

a. Cyclohexylideneacetonitrile . 
b. a $-Unsaturated nitriles . 
c. Selective 1,2- or 1,4-addition of arylacetonitrile anions to mesityl oxide 
d. Benzoylacetonitrile . 
e. Tritylation of weak carbon acids 
f. Addition of acetonitrile to unsaturated nitro compounds . 
g. Addition of acetonitrile via electrolysis . 
h. Vilsmeier formylation of acetonitrile . 
i. Novel silylation of acetonitrile . 

2 .  Reactions of substituted acetonitriles 
a. Vicarious replacement of hydrogen by various a-substituted aceto- 

nitriles . 
b. Additional methods . 
c. Specialmethods . 
d. Acetonitrile in thermal reactions 

7. a,p-Reduction of conjugated nitriles 

1. -Nitriles by two-carbon elongation via an acetonitrile anion, e.g. CH,CN. 

0. Synthesis and Alkylation of Nitriles under Phase-transfer Catalysis . 
1. Synthesis of nitriles . 

a. Catalytic synthesis of cyclopropanes . 
b. Synthesis of a-vinylnitriles . 
c. Phase-transfer photochemistry . 
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2. Alkylation of nitriles . 1136 
a. Indirect alkylation of amino acids . . 1136 
b. The Michael reaction . . 1137 
c. Catalytic two-phase alkylation of cyanamide . . 1137 
d. Additional phase-transfer reactions . . 1137 
e. Three-phase catalytic reactions . . 1138 

O=C-CN, C=N-CN and S=C-CN . 1139 
1. Cyano compounds having O=C-CN, O-C-CH2CN and 

O= C- CH2CH2CN groups . 1139 
a. Aroyl cyanides . . 1139 
b. Benzoyl cyanide as an acylating agent . . 1140 
c. Trifluoroacetyl cyanide . . 1140 
d. Trifluoroacetonitrile . . 1140 
e. 4-Ketonitriles . . 1140 
f. 3-Ketonitriles from carboxylic anhydrides . . 1141 
g. 3-Ketonitriles from a,p-unsaturated ketones via the Nagata reagent . 1141 
h. 1 :3-Diketonitriles via an ene reaction . . 1141 
i. 3-Cyano aldehydes via hydrocyanation of alkylideneamines . . 1143 
j .  Cyanoformates from chloroformates . . 1143 

2. Cyano compounds having the C=N-CN group . . 1144 
a. Alkyl N-cyanoimidates . . 1144 

3. Cyano compounds having S=C-CN, O=S-CN, S-C=N-CN and 
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1. INTRODUCTION 

In the past decade, the chemistry of the cyano group, usually second in abundance and 
diversity to that of the amino group, has achieved parity and is moving ahead rapidly to 
new frontiers. Today, there is hardly any branch of organic, organometallic, inorganic 
or physical chemistry wherein cyano compounds are not employed. The discovery of 
organic metals, introduction of the phase-transfer reaction, and the synthesis of new 
heterocyclic systems, organic and organometallic semiconductors and conducting 
polymers are but a few topics wherein cyano compounds are involved. Such electron 
acceptors as tetracyanoethylene (TCNE) and tetracyanoquinodimethane (TCNQ); 
oxidants, e.g. 2,3-dicyano-5,6-dichloro-l,4-benzoquinone (DDQ); organic reagents, 
e.g. the synthons acrylonitrile, malononitrile, or cyanocarbons; organometallic cyano 
reagents, e.g. a-phosphoryl (Wittig reagents) and 2-trimethylsilyl (Peterson reagents); 
and inorganic reagents, e.g. sodium cyanoborohydride, are but a few areas wherein 
the present trend is proceeding. All of these topics will be covered in this review; in 
addition, pertinent, recent methods for the preparation of nitriles are also discussed. 

During the past decade, synthetic applications of cyano compounds have grown 
enormously, and the field is expanding rapidly. Consequently, it is, in a single review, 
impossible even to attempt to cover all of the recent synthetic developments in cyano 
chemistry exhaustively. 

Owing to limitations of space, and the extensive literature on the subject, the 
present survey of new, synthetic applications will be thorough, but not exhaustive. An 
effort has, however, been made to provide the reader with all of the major 
developments in synthetic applications of cyano compounds achieved during the past 
ten years (1970-1980); this has not, however, proved-an easy task as several thousand 
references had to be considered. The chemistry of the cyano group has been reviewed in 
an extensive monograph' and two booksz,'. Four recent accounts deal with the 
chemistry of cyanamides4, cyanocarbon~~,  cyanoethylation6 and cyanohydrin~'.~. The 
chemistry of malononitrile and related cyano compounds has been r e v i e ~ e d ~ ~ ' ~ .  

A monograph by Freeman" discusses in considerable detail malononitriles, 
ylidenemalononitriles, cyanocarbon acids and dimers and trimers of malononitrile. 
Two recent reviews by Freeman12.13 deal with recent developments in the Chemistry of 
ylidenemalononitrilesl* and new reactions of substituted ma lo no nit rile^'^. Two other 
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reviews have discussed the reactions of halogen derivatives of nitriles14 and the 
properties of the dicyanomethylene group, e.g. the analogy between the oxygen atom 
and the C(CN)2 group15. 

llD. NEWER METHODS FOR SYNTHESIS OF NBTRILES: SOME OF THEIR 
WEACTIIONS 

Since the last comprehensive survey of the chemistry of the cyano group', a large 
number of reports has appeared on new and improved procedures for the synthesis of 
cyano compounds. 

The present artisle surveys recent methods by which a nitrile group is introduced 
either by substitution or addition and those by which the nitrile group is formed in situ 
by the elimination of elements or groups. Because of the specificity of various new 
reagents used in preparing nitriles, this survey treats, as separate topics, the 
preparation of unsaturated nitriles or enaminonitriles, saturated nitriles and aromatic 
and heterocyclic nitriles, stereospecific and asymmetric synthesis of nitriles and 
cyanoethylation and cyanomethylation reactions. The continual discovery of new 
synthetic reagents makes it extremely difficult to assess the claims of new methods for 
the general synthesis of nitriles, as compared to standard, classical methods. Indeed, 
the purpose of this article is, in part, to demonstrate the ongoing, new methodology 
and to point out new trends in the chemistry of the cyano compounds of the future. 

A. PREPARATION OF MlVRlLES BY ELIMINAT1ON 

1. Conversion of aldehydes and ketones, via their aldoximes, into nitriles 

Over the years, a number of methods have been described for the conversion of 
aldehydes into nitriles via the dehydration of the corresponding oximes (equation 1) 

RCHO 
H f l  - OH - RCH= NOH ___) 

- H,O 
RC-N 

with such reagents as acetic anhydride, acetyl, benzoyl and thionyl chloride, and 
phosphorus petaoxide, and all of these, and other classical methods, have been 
surveyed'6-20. However, development of new reagents and methods in synthetic 
organic chemistry are indisputable facts today21,22. 

The known methods leading to nitriles from aldoximes often present some 
disadvantages, such as vigorous reaction conditions, tedious processing, unsatisfactory 
yields, limited adaptability, and, most important, a lack of generality for both the 
aliphatic and aromatic a l d o ~ i m e s ~ ~ - ~ ~ .  Recent preparative  method^^^-^^ for the 
transformation of aldoximes to nitriles stress mildness, versatility, convenience (e.g. 
one-flask conversion), and high yield of the product. 

a. Trifluoroacetic anhydride. Trifluoroacetic anhydride and pyridene at ambient 
temperature is a mild dehydrating system for the efficient preparation of nitriles from 
aldoximes (equation 2)30. The reagent has also been used for preparation of nitriles 

from primary amides. In this fashion3', a series of trans-(E)- and cis-(2)-aldoximes was 
converted into nitriles in 80-99% yield. The usefulness and versatility of the method 
was demonstrated by the efficient dehydration of a structurally complicated and 
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sensitive substrate, i.e., all-trans-retinaldoxime (80-85% conversion). By the same 
procedure, some dioximes were converted into the corresponding dinitriles in 62-98% 
yield31. 

The dehydration of aldoximes may occur by a base-promoted, bimolecular 
mechanism in which stereochemical factors must play a most important role in deter- 
mining the different reactivities (anti stereochemistry favouredj3’. 

b. Trijluoromethanesulphonic anhydride and other mild reagents. Nitriles are 
obtained in excellent yield from either syn- or anti-oximes by treatment with trifluoro- 
methanesulphonic anhydride (triflic anhydride) as a dehydrating agent (equation 3)26. 
Aldoximes, (E)-  and (2)-, are convertedinto the corresponding nitriles by treatment with 
N,”-carbonylbis(imidazo1e) (CBI) in dichloromethane at room temperature or under 
reflux (equation 4)33. Alkyl and aryl oximes have successfully been converted into 

(F3C-SO~) ,OINEt~ICH~CI , .  -78 to +2O”C 

RCH=NOH - R C r N  (3) 
84-94% 

R = alkyl, aralkyl, aryl 

RCH=NOH 
CBI/CH,CI, * R C E N  (4) 

75-99% 

nitriles with such mild reagents as trichloroacetonitrile (equation 5)36,  
N-ethylacetonitrilium fluoroborate (equation 6)34735, or phosphononitrile dichloride 
trimer (1,1,3,3,5,5-hexachlorocyclotriphosphatriazene) and an excess of triethylamine 
at room temperature (equation 7)36. 

0 
I 1  

ArCH=NOH + CI,CCN ArCN + CI,C-C-NH, (5) 

MeO, I 

CI 
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c. Selenium dioxide. Another mild and versatile method for the conversion of 
aldoximes into nitriles in high yield uses selenium dioxide in c h l o r ~ f o r m ~ ~  (equation 
8). It is surprising that this reaction occurs so readily, since in some previous 
 investigation^^^, selenium dioxide with dioximes yielded heterocyclic compounds of 
the selenadiazole type. 

Sosnovsky and coworkers3s have described an interesting one-flask conversion of 
aldehydes into nitriles by hydroxylamine hydrochloride and selenium dioxide 
(70-89%) (equation 8). The method was successfully used with aldehydes containing 

Se02/CHC13 

R = dkyl; 20-23OC 

R = aryl: reflux 

RCH=NOH - R C E N  
--loo% 

R = Ph, 4-02NC,H4, 4-CIC6H4, 4-MeOC6H4. n-Pr, n-Hex, n-Hep, c-Hex 

either allylic hydrogen atoms, such as  vitamin A aldehyde, or a hydroxyl group, 
without affecting these moieties (equation 9). 

d. Trimethylamine-sulphur dioxide complex and chlorosulphonyl isocyanate. Olah 
and Vankarz8 have reported the preparation of nitriles from aldoximes via 
dehydration with the trimethylamine-sulphur dioxide complex. The method appears 
to be general for both aryl- and alkyl-substituted aldoximes (equation 10). Olah and 

have also found chlorosulphonyl isocyanate to be efficient in the 
conversion of aldoximes (and amides) into nitriles in good yield (equation 11). The 
same have also utilized sulphonyl chloride fluoride (C1SO2F) in the 
preparation of nitriles from aldoximes. 

Shah and Bhatt40 have dehydrated oximes to nitriles with phenyl isocyanate 
(70-8096) (equation 12). 

e. Acetonitrilium salts and carbodiimides. As reported by Ho4', aldoximes are 
dehydrated to nitriles when treated in acetonitrile with N-ethylacetonitriiium 
tetrafluoroborate (8 h at 20"C, and then 0.5 h at 80°C) (equation 13). The aldoximes 
are also dehydrated with dimethyliminium salts in refluxing chloroform in excellent 
yields (equation 14)42. Carbodiimides are effective for the dehydration of aldoximes to 
nitriles, generally in 70-96% yield (equation 15)43. 

f: Dehydration of aldoximes by phase-transfer catalysis. Aldoximes (also amides and 
thioamides) are dehydrated to nitriles by dichlorocarbene, generated in situ from 
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1. HflOH-HCIIpvridhelchloroform; 

or chloroformlethanol (70:33). reflux, 2 h; 
or DMF, 70-C. 2 h  

0 2. SeOz. 2 h 
R-C< * 

H 

, CH3-CH-CH2--, HO--(CH&--, 
I 
OH 

R = fvk, n-Pr, n-Hex, 

, Ph-CHZCH- 

t Et3N 
RCH=NOH + Me3NS02- 

R = n-Pen, n-Hex, Ph, 4-MeC6H4, 4-MeOC6H4, PhCH=CH2, 2-fury1 

R = Subrt. Ph, n-Pen, c-Hex 

R' 

R~-C-OH 
I 
I rnNCO R' \ 

R3CN -t R2/'=0 -70-80% 

R3-C=NOH 

R', R 2  = H, alkyl, Ph 

R3 = Ph, alkyl 

R'. ~2 = cyclic 
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M e C r N E t  BF4- -HBF,- 

1069 
+ 

CHCI3/A 

82-97% 
RCH=MOH + Me2h=CCI2 CI- - RCEN 

R = Me, Ar 

(1 3) 

(1 4) 

chloroform and aqueous NaOH in the presence of a phase-transfer catalyst, e.g. 
benzyltriethylammonium chloride (TEBA). Yields range from 50 to 85%. Substrates 
cannot be sensitive to alkalis or contain groups that react with dichlorocarbene4. 

g. Triphenylphosphine-carbon tetrachloride system. Primary a r n i d e ~ ~ ~ . ~ ~  and 
a l d o x i m e ~ ~ ~  react readily with triphenylphosphine and carbon tetrachloride to give 
nitriles. Secondary a r n i d e ~ ~ ~  and ketoximes4* react with the same reagent to give 
imidoyl chlorides. A system of a polymer-supported phosphine and carbon 
tetrachloride has been reported49 to be better for conversion of aldoximes or 
ketoximes into nitriles, or imidoyl chlorides, respectively. The advantage of the 
polymer-supported  reagent^^^.^' is the simplified processing, i.e. isolation of the 
product. The polymer-supported reagent (Ph3P-CC14)49 is also efficient in the 
conversion of amides into nitriles (76-100% yield), and particularly useful in the 
reaction with ketoximes to yield moisture-sensitive imidoyl chlorides (equation 16). 

0 - 
I I  Ph3P/CCI, 

R’-C-NH, or R’CH=NOH R’C-N 

N R ~  
0 
I I  R2\ Ph,P/CCI, R’-C, // 

C=NOH 85% * R’-C-NHR~ OT 
R” CI 

R’ = aryl or steroid 

h. Dehydration of oximes by diphosphorus tetraiodide. Diphosphorus tetraiodide 
(p&) converts both aliphatic and aromatic aldoximes into nitriles under mild 
conditions in ether at room temperature, in moderate to good yields (equation 17)52. 
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R = CI, MeO, NO,, Me2N 

i. Dehydration o f  oximes b y  phosphorus triiodide. PI3, a powerful deoxygenating 
agent efficiently transforms aldoximes into nitriles under mild conditions53 at room 
temperature in dichioromethane (equation 18). 

R = C,,H,,, PhCH2, Ph 

j .  Additional methods for preparation of nitriles via oximes. Recent methods found 
for the conversion of both aliphatic and aromatic aldehydes into nitriles in a one-flask 
procedure include the use of 0-(2,4-dinitrophenyl)hydro~ylamine~~, 
hydroxylamine-0-sulphonic acid54 and a mixture of hydroxylamine hydrochloride and 
formic acid55. 

Other mild methods for conversion of aldoximes into nitriles invo!ve the application 
of phosph~nylimidazolide~~, dichloro-NJV-dimethylmethaniminium chloride57, dialkyl 
(or diphenyl) hydrogen phosphite-carbon tetrachloride5*, trichloro-1,3,5-triazine- 
~ y r i d i n e ~ ~ ,  phenyl chlorosulphite-ether-N,0-bis(trifluoroacetyl)hydroxylamine60, 
phosphorus tris(dimethylamide)61; also, potassium cyanide-phase-transfer catalyd2. 
titanium(rv) chloride63 or 0-(4-chlorophenyl)carbonochloridothiolate~ther or 
4 i ~ h l o r o m e t h a n e ~ ~ .  

Conversions of aldoximes into nitriles that require heat or an elimination process 
involve the use of dicyclohexylcarbodiimide43~65, methyl isocyanate-N,N-dimethyl- 
formamide66, phenylchlor~carbonate~~, trichloroacetonitrile68, l-amin0-2-pyridone~~; 
also, 1 ,Zelimination of 0-substituted a l d o x i m e ~ ~ ~ . ~ ~  or 1,2-elimination of a Schiff-base 
tosyl group (equation 19)70. 

k. Special methods. Nitriles are prepared by treatment of aldoximes with potassium 
cyanide in the presence of a crown ether (equation 20)71; also from aldehydes via 
ammonia-nickel peroxide treatment (equation 21)20 or from benzyl chloride 
analogues via oximes and dehydration steps (equation 22)73. 

KCN/lB-crown-B 
Me3SICI - PhCN 
40 - 50% 

PhCH=NOH 

NHg/nickel peroxide 

Nazso,/bmmE 
* RC=N 

58-76% 
RCHO 

R = Subst. Ph, n-octyl, fury1 

i-PenONO 1.NaN3/DMF 

* R C G N  
HClIdioxan 2.AcOH - R C r C ,  -60% overall 

RCHZCI 

R = heterocyclic 
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2. Nitriles from ketoximes via an abnormal Beckmann rearrangement 

Although ketoximes cannot normally be converted into nitriles, a-oximino ketones 
or acids or f3-keto ether oximes undergo fragmentation or an abnormal Beckmann 
rear rangerne~~t~ .~~,  giving nitriles. This rearrangement is brought about by strong acids, 
acid chlorides, acylating agents, bases, or  heat atone. The abnormz! Beckmanfi 
rearrangement of ketoxirnes with an adjacent carbonyl or carboxyl group, or 
ketoxirnes bearing an amino or ether substituent at the p-position, or transformation of 
a-keto acids to nitriles has been d i s c ~ s s e d ~ , ~ ~ * ~ ~ .  

a. The Beckmann Fagmentation of oxime ortho ester adducts. The oxime ortho ester 
adducts are generaliy stable under neutral  condition^^^. However, in the presence of 
various acid catalysts, they give nitriles, esters and alcohols (equation 23)77. The 
fragmentation probably involves reversible formation of a conjugate-acid 
intermediate, followed by formation of an oxime alkoxycarbonium ion and subsequent 
fragmentation of the 

H+ 
R’CH=NOCR2(0R3), - R’CN + R2COOR3 + R30H (23) 

b. Fragmentation of or-hydroxyketoxiqes. Phosphonitrile dichloride reacts at room 
temperature with aldoximes to give nit rile^^^*^^, but in the presence of pyridine it 
causes the fragmentation of cc-hydroxyketoxime to give ketone (or aldehyde) and 
nitrile in almost quantitative yields (equation 24)79. The reaction is assumed to proceed 
as a Beckmann fragmentat i~n~~?~’.  

I - n20 
C 

R3’ *N-OH 

R’ 

c. Ring-opening of cyclic oximes. Frequently, under Beckmann rearrangement 
conditions, cyclic oximes undergo ring-openingsO to yield cyanocarboxylic acid deriva- 
tives, e.g. acetals (equation 25)81 or esters’’. Rosini and Medici” have also found 
that synthetically importantsL a-cyano aldehydes are readily obtained from oximes of 
cyclic acyloins by treatment with phosphonitrile dichloride-pyridhe. Thus, 

I I 

W N H T s  
L C H ( O M e I 2  

70 % 
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I ,c1 
N-P 

‘;. lpyndne/THF 
CI’ \N=p 

I ‘CI 
CI 

1 h. 80-85% 

OH 

2-hydroxycyclohexanone oxime is cleaved to give 6-nitrilohexanal (equation 26). The 
method79 is also useful in steroid chemistry. Thus, 3/3, 
5a-dihydroxy-6-oximinocholestanone is cleaved by the reagent, to give 
3-hydroxy-6-nitrilo-5-oxo-5,6-secocholestane in 80-85% yield; the free 3B-hydroxyl 
group is not affected (equation 27). Previously, 2-alkoxycycloalkanone oximes were 
cleaved by phosphorus(v) chloride to give o-cyan0 aldehydes; this is the only reportx3 
on record. 

CI 
I CI 

N-P’ ’ “N IpyndinelTHF 
CfP\ / 

N=P 

CI 
I ‘CI 

HO 

OH N, 

~ - 
-H,O 

(27) 

d .  Ring-expansion of cyclic oximes, and exceptions thereto. Although simple 
2,2-disubstituted cycloalkanone oximes undergo cleavage (Beckmann fragmentation) 
under Beckmann rearrangement ~ o n d i t i o n s ~ ~ , ~ ~ . ~ ~  to produce nitriles, the correspond- 
ing 2,2-disubstituted 1-indanone, tetralone or benzosuberone oximes reportedly 

HON &k PPA.125OC Me5cN - 
\ 

Me 

CN 
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undergo, almost exclusively, r ing-e~pansion~~, with the formation of 7-membered-ring 
amides. 

However, on treatment of 6,6-dimethylbenzosuberone oxime with warm 
poly(phosphoric acid) (PPA), an amide was obtained by Amit and HaSsnera6, probably 
through Beckmann fragmentation of the oxime in PPA, to give the 2- 
(3-aikenyijbenzonitriie, which by acid-cataiysed cycioaddition and hydroiysis may give 
the amide (equation 28). This constitutes a useful, synthetic pathway to the (otherwise 
difficultly accessible), substituted tetralin system. 

B. Conversion of CaWxyllC bids Wla their Amides or Thioermides into Nitriles 

The most important method for the conversion of carboxylic acids into the corres- 
ponding nitriles consists in the dehydration of their amides or thioamides (equation 
29) with common dehydrating agents17-19. 

1. New reagents and methods 

Often, new reagents used for the dehydration of oximes to nitriles are also found to 
be effective for the dehydration of amides to nitriles. Thus, the dehydration of amides 
or thioamides with triphenylphosphine, carbon tetrachloride and triethylamine pro- 
vides a convenient method for the preparation of nitriles under mild conditions (equa- 
tion. 30)45,46. Similar transformations have been achieved with triphenylphosphine 

/ y  Ph3P/CCI,/NEt 3 
RC< * R C r N  

NH, 

Y R Yield (%) 

0 H 51 
0 Me 92 
S Me 89 

90 

60 

and carbon tetrachloride (80-100%)45987, with trifluoroacetic anhydride (70-90%)30, 
titanium(rv)chloride (66-91 %)63, phosphononitrile dichloride trimer (83-100%)36,88, 
dichlorocarbene 40-95%)44.89 or zinc chloride (60-80%)90a, and quite recently, with 

The use of polyphosphoric acid ethyl ester in chloroform, in certain cases, is superior 

cyanuric chloride 6 0 b  . 

to other dehydration procedures (53-93%)91. 
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2. Sodium borohydride reagent 

Amides are resistant to mild reducing agents such as sodium borohydride. However, 
primary amides that are not substituted at nitrogen may be dehydrated by sodium 
borohydride in refluxing pyridine (10-20 h) (equation 31); N,N-disubstituted amides 
zrc i~stcad converted into amines. Monosubstituted amides do not react under these 
cond~t~onsYz~y3. 

R = Me, Et, Ph 

3. Urea-sulphamic acid reagent 

treatment with urea and then with sulphamic acid (equation 32)90. 
Cyclohexanecarboxylic and benzoic acids have been converted into nitriles by 

0 
I1 

NH2CNH2 

NH$S02H 

69-75% 
RCOOH - RCN 

4. Diethyl azodicarboxylate-triphenylphosphine reageni 

Thioamides give nitriles with a combination of diethyl azodicarboxylate and 
triphenylphosphine. The reactions involve the formation of a 1: 1 adduct which is then 
desulphurized by triphenylphosphine to generate the nitriles. The method is appar- 
ently specific for thioamides (equation 33)94. 

S 
R C C  + 

NH2 

EtOOC, 
THF. 20°C II 

s 
I 

PPh3 I THF. 35-40°C 
* RCGN (33) 50-66% I 

L Et OOC- N- NH- COOEt j 
R = Me, Ph, pyridyl 

C. Synthesis of Nltriles from Amines, Hydrazones and their Deriwatiwes 

1. Oxidation of amines 

The oxidation of amines to nitriles has been achieved with various oxidizing agents, 
such as nickel peroxideY5, lead(1v) acetateY6, silver(II1) oxideY7 or silver(I1) picolinateY8. 

a. Copper([) chloride reagent. A new procedure99 reports mild oxidation of amines 
to nitriles by the use of copper(1) chloride in pyridine under an atmosphere of oxygen. 
In this way, benzylamine is oxidized to benzonitrile (equation 34) and 3,4- 
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dimethoxyphenetylamine to 3,4-dimethoxybenzyl cyanide (equation 35). Similarly, 
o-phenylenediamine is oxidized to cis,cis-mucodinitrile in high yield (equation 36)lOO. 

b. Lead tetraacetate reagent. Degradation of 2-aminocyclohexanone with lead tetra- 
acetate in dichloromethane-ethanol leads to a o-cyanoethyl ester (equation 37)lO'. 

0 
I I  

W O n C ) , /  C-OEt 

(37) 

Other procedures include bromination of amines, followed by treatment with 
triethylamine (equation 38)lo2, alkylation of a cyanide ion with substituted ben- 
zylaminks (equation 39)lo3, diazotization of aniline (equation 4O)lo4, chlorination 
of dimethylaniline (equation 41)lu5 and dehydration of a 2- 

* L N  

NH2 CHpC12/EtOH 6 50% 

0 

R = alkyl, aryl 

DMF. 110-130°C. N p  

23-88% 
CH2NH2 + KCN 

* O " $ Y M e  

fi 1 NaNOp/HCI 
2 CuCI/KCN 

84% 

* c*c' CI CI 

excess CIzICCI,. 6W"C 

- HCI 

CI 
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NrC-(CH2),--CH--COOH 
0, 

>C-(CH2),-CH-COOH 
I 
I 

DCC NH 
I 
I 
NH 

H2N 

*'';H2 N E C  -(CH2),-CH-COOH (42) 
I 
NH2 

____t 

n = 1, 70% 

n = 2. 78% 

wle 
+ /  

R-C, //N\Wle BF,- 

OEt 

Ph 
I 

fJH2 

OEt 

R-C-CN 
1 mol NaCN I 

I 
N W 2  A- R = H, 3% 

R = Me, 63% 

2 mol NaCN 
R-C-CN 

I 
NMe2 

R = Me, 66% 

R = H, 51% 

Ph 
I 

Qo 7 A 

Ph 
I 

I 
R 

Ph 
I 

O O H  Ph 

RCEEN + 
Ph 

I 
H 

(43) 

Ph 

(44) 
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amino-o-aminocarbonylcarboxylic acid with dicyclohexylcarbodiimide (equation 
42)lo6. Additional methods include cyanation of (dimethy1amino)ethoxymethylcar- 
bonium tetrafluoroborate (equation 43)'07, thermal decomposition of pyridonelo8" or 
quinazolinone'08b aldimines (equation 44), reaction of aldehydes with cobalthexam- 
mine complexes, followed by oxidation with bromine (equation 45)lo9 and thermal 
decomposition of an azide (equation 46)"O. 

MeCN 
RCHO + Co(NH,),X, - 

2. Conversion of aldehydes and ketones via their hydrazones into nitriles containing 
additional carbon atoms 

The currently accepted method involves the reaction of the hydrazones with hyd- 
rogen cyanide (or potassium cyanide); the hydrazones used are methoxycar- 
bonylhydrazone" l ,  tosylhydrazone' l2  and 2,4,6-triisopropylphenylsulphuyl- 
hydrazone*13. This method is superior to any procedure involving dehydration 
followed by catalytic hydrogenation of the cyanohydrins initially formed. 

In the procedure of Ziegler and Wendler"', a ketone was first treated with methyl 
carbazate, to give methoxycarbonyl hydrazone, and then, successively, with hydro- 
gen cyanide (to yield the hydrazide), dehydrated with bromine to 
N-methoxycarbonyldiazene, and, finally, with sodium methoxide to afford the nitrile 
(equation 47). Caglioti and coworkers'l' showed that p-toluenesulphonylhydrazones 

NHCOOMe 
1 HCN/t&OH 

2. Br2/NaHC03/H20/CH2CI2 * 

NC NZNCOOMe CN 
\ /  I 

0 NeOMe/MeOH 

80% overall 

(of cyclohexanone and Cheptanone) react with hydrogen cyanide to give the corres- 
ponding adducts; on heating, the desired nitriles are obtained (equation 48). Reese 
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R1\ / IriHNHTos 180°/decalin R'\ c, H 
* (48) 

60% R2/ 'CN 
C 

R2' \ C N  

and  coworker^"^ allowed the reaction to proceed in the presence of an excess of 
potassium cyanide in refluxing methanol, so that the high-temperature decomposition 
of the hydrogen cyanide adduct was avoided. 

a. pTolylsulphonylmethyl kocyanide reagent. Oldenziel and van Leusen found114 
that, when adamantanone was treated with p-tolylsulphonylmethyl isocyanide and 
sodium ethoxide in 1,2-dimethoxyethane-ethanoi at O"C, 2-cyanoadamantane was 
obtained (equation 49). Similarly, benzaldehyde, pivaldehyde, cyclohexanone (equa- 
tion jO)l15 or l-tetra1one1l6 have been converted into the corresponding nitriles. 

r-BuOKITHF. -1OOC 
2. WCOOH 

, 

NH-CHO 

3. Synthesis of nitriles via metalation of hydrazones 

A convenient synthesis of nitriles from hydrazones involves their reaction with 
active amides, prepared from diethylamine plus lithium in hexamethylphosphoric 
triamide (HMPT). As shown by Normant and coworkers (equation jl)"73"s, lithium 
N,N-dimethylamide metalates the nitrile at a position ci to the cyano group; protona- 
tion of the anion then gives a nitrile (H+, hydrolysis). The lithium salt may also react 
with various electrophiles, including various alkylating agents (e.g. dimethyl sulphate, 
to give trisubstituted nitriles) or  with aldehydes and ketones (to give 3-hydroxynitriles) 
(equation 51)llS. This provides a convenient, one-flask procedure for a direct synthesis 
of nitriles from aldehydes (77-94% yield). 
a. N, N-Dimethylhydrazine + oxirane reagent (e.g. HR-kMe 3CH2CH2OH). A new 

mild method for converting aldehydes into nitriles involves the reagent prepared from 
N,N-dimethylhydrazine and oxiranellg. A previously reported method'20 for the con- 
version of aldehydes into nitriles involves the 1,2-elimination of the trimethylamino 
group in RCH = N - NMe3+ I- by a base. 
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R' 
H+ I 

R~ - c - csz N 
I I 

H 

D. §tereos@iectiwe Synthesis of Unsaturated Nitriles 

1. Synthesis of 2-alkenenitriles 

The preparation of cl,@unsaturated nitriles is of considerable i m p ~ r t a n c e ~ ' , ' ~ ~ , ' ~ ~ .  
The stereoselective synthesis of 2-alkenenitriles from aldehydes has been realized via 
several routes: (a) the Doebner condensation of aldehydes with cyanoacetic acid123, 
which usually leads to a mixture of Z(cis) and E(trans) isomers; (b)  the carbonyl 
olefination of aromatic aldehydes with cyanomethylenetriphenylphosphorane124~125 
(the Wittig reagent), which gives the E(trans) isomers in good yields; and (c) the 
carbonyl olefination of aldehydes with diethyl cyanomethanephosphonate anion126 
(the Wittig-Horner reaction), which affords 2-alkenenitriles (90%), the E(truns) 
selectivity being 2 70% in the case of aromatic aldehydes, but poor for aliphatic 
aldehydes. A new procedure entails reaction of an organometallic substrate with, for 
example, cyanogen chloride, phenyl cyanate or 2-alkynenitriles. 

a. trans-2-Alkenenitriles from aldehydes. A new method127, suitable for transform- 
ing aromatic and some aliphatic aldehydes into 2-alkenenitrileq employs cyano- 
methyldiphenylphosphine oxide [2, (Ph),P(0)CH2CN] as the alkenating 
agent. The reaction of the aldehyde 1 (R = i-Pr, Ph) is performed in THF in the 
presence of potassium t-butoxide (3) at room temperature. Compound 2 is thus con- 
verted into potassium diphenylphosphinate (6), which makes product separation 
easier. The yields are 82-95%, with the E(truns)-2-alkenenitrile (5, R = Ph) predo- 
minant (90%) and less of the Z(cis) isomer (4, R = Ph) (10%) (equation 52). Some 
similar reactions are summarized in Table 1. 

b. Stereospecific synthesis of vinyl nitriles from vinyl halides. Vinyl bromides are 
converted into nitriles by potassium cyanide in benzene in the presence of Pd(0) 
catalyst and 18-crown-6. The reaction is highly stereospecific (equation 53)lZ8. 
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0 
CN Ph,II + P-OK -I- t-BuOH (52) 

H‘ /* H\ / 
/c=c \  + ,c=c 

R CN R ‘H Ph’ 

z (cis) E ( Irans) 

(4) (5) (6) 

TABLE 1. 2-Alkenenitriles from aldehydes (and acetophenone) (1) and cyano- 
methyldiphenylphosphine oxide (2)”’ 

Reaction component Solvent Yield (%) ZJE Ratio 

( 0 t . H O  
THF 95 
DMF 90 

THF 
Me0 CHO DMF 

90 
90 

3:97 
10:90 

5:9s 
10:90 

CI CHO 
THF 
DMF 

93 5:95 
10:90 

O2N 

THF 

CH=CH-CHO THF 0 

95 

i-PrCHO THF or DMF 94 

THF 82 

5:95 

10:90 

17: 83 

6:94 

R3 
/ 

R3 Pd(PPh31,/18-crown-6/benzare R’, 
(53) 

CN 
&0-98% 

+ KCN 
x 

R’ = H. Bu 

R2 = H, Me, Bu, Ph 

R3 = H, Ph 

X = Br, CI 
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2. 3,4-Disubstituted mucononitriles from 1,2-diketones via the Wittig reaction 
The more reactive 1,2-diketones can be readily transformed into muconic acid 

derivatives via the Wittig reaction. It has also been found129 that several, less reactive 
1 ,Zdiketones (e.g. 2,3-butanedione or 1,2-~yclohexanedione) can undergo the trans- 
formation with m excess of the Wittig reagefit. Thus, 2,3-butasedi=ne (?, R = Me) 
reacts with 3 mol. equiv. of cyanomethylenetriphenylphosphorane (Ph3P=CHCN) in 
benzene solution at room temperature to give E,E(frans, rrans)-3,4- 
dimethylmucononitrile (8, 70%); the E,Z(trans, cis) isomer (9) is not observed in this 
reaction (equation 54). Similar reaction with 3,4-hexanedione gives a mixture of 
(E,E)- and (E,Z)-mucononitriles; however, benzil is not affected by the reagent. 

R 
\ /R 
//c-c 

R 
\ /R 

t -  //c-"\\ 
'C-CN ' 

R 
\ IR Ph3P-CH-CN/C&16, r t , 0.5h ~ 

NC-C C-CN -t H-C 
\ /  70% 

\ti H I  NC H 
0 ."-c'. 

(7) (€,El 

R = Me,Et (8) (9) (54) 

a. Mononitriles of muconic acid from ebenzoquinones, catechols and phenols. A 
new copper reagent 'CuO/NH,' (equation 55) reacts with o-benzoquinones, catechols 
and phenols in the presence of oxygen to afford the corresponding cis, cis-mononitriles 
of muconic acid (equations 56-58, R = t-Bu; equations 57 and 58, R = H; 40-70% 
yield)130. The mononitrile of muconic acid can be converted into the industrially im- 
portant ecaprolactam (equation 59). The oxidative cleavage of o-benzoquinones and 
catechols can also be achieved in the absence of oxygen. 4-t-Butylcatechol yields a 
mixture of three isomeric muconic mononitriles. The formation of the nitrile may 
involve sequential two-electron processes131. 

Certain acyclic and cyclic amides react stereospecifically with cyanomethylene- 
triphenylphosphorane (the Wittig reagent), to give either 2-alkenemononitrile or 
2-dialkenedinitrile derivatives (equation 60)13*. 

4CuCI + 02 - pY [ ] 7 NH3 'CuO/NHs' 

P Y  P C O O H  + 'CUO/NH~ + 0.502 R- 
CN 

R 

PY FCOGH 
+ 'CuO/IVHi + 02 - R- 

CN 
R OH 
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Me Me 

N t H \ / \ /  H 
I 

H , / \  H 
I 
N 

C C 

PhgP=CHCN/melt, 16OOC. 4 h 

C C' E.E. 71% 

E.Z.  56% II II 
NC-CH CH-CN (60) 

I1 
0 

II 
0 

CH-CN 

e:-ND PhgP=CHCN/melt .  E.E. 68% 17OOC. 4 h, @ - N D  

0 CH-CN 

3. Stereospecific synthesis of 2-alkenenitriles from 2-alkynenitriles 

A recent report133 has described an efficient, stereospecific synthesis of cis-2- 
alkenenitriles from vinyl cuprates and suitable cyanide sources, e.g. cyanogen 
chloride, benzenesulphonyl cyanide or p-toluenesulphonyl cyanide. A similar, recent 

has shown that specifically substituted 2-alkenenitriles are also accessible by 
adding organocopper(1) compounds to 2-alkynenitriles: this addition proceeds in the 
cis manner. The required 2-alkynenitriles are obtained by cis addition of alkyl cuprates 
to 1-alkynes. Thus, 2-alkynenitriles, R2CECCN (10; R2 = Me, Ph, etc,), readily react 
with organocuprates (11) in a stereospecific manner, with a formation of the 2-cyano- 
vinyl cuprates (12) with groups RL and CN in the cis position, from which pure 
E(truns)- or Z(cis)-2-alkenenitriles (13) can be obtained in excellent yields (equation 
61). 2-alkynenitriles (10) are useful starting compounds for E(trans)- as well Z(cis)- 
2-Alkenenitriles (13) as they readily react in the cis manner with various organocup- 
rates; however, the reaction conditions must be carefully ~ o n t r o l l e d ' ~ ~ .  The isomer- 
ization of the adduct 12 appears to be strongly dependent on the reaction temperature 
and the type of cuprate (11) used. 

R ' [ C u X ] M ( l l ) / T H F  a ether 
R~-C-C-CN - * 

(1 2) (1 3) 
R', R2 = alkyl, 1-alkenyl, Ph 

X = CI, Br, I, R' 

M = Li, MgCI, MgEr 

a. Lithium aluminium hydride reagent. In diethyl ether as the medium, lithium 
aluminium hydride is capable of adding in the trans manner to 2-alkynenitriles (14), to 
furnish the a-cyano-substituted vinyl alanates (15), from which the desired trans-2- 
alkenenitriles (16) are obtained on careful acidification (70-98% yield) (equation 
62)lz2. 

b. Diisobutylaluminium hydride reagent. As shown by Zweifel and coworkers13s, 
isomerically pure a,&unsaturated nitriles can be prepared directly from alkynes. Thus, 
in a hydrocarbon as the solvent, diisobutylaluminium hydride adds cis to an acetylenic 
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ether R - C r C - C E N  + 0.5LiAIH4 - 

(1 5 )  (1 6 )  

(3- = Ph, Et,  n-Bu, H C-c--, 
- 1  

R Z H  Me 

bond; the resultant trans-vinylalane may be converted into the trans-alanate with 
methyllithium in ether. Subsequent addition of cyanogen yields trans-a$-unsaturated 
nitriles (equation 63). In diglyme as the solvent, lithium methyl diisobutylalanate, 

H 

I \ R 2  H \CN 
CH3 trans 

/ 

(63) 
R’, ,H ,c = c [ NC-CN 

Li+ - 
R2 = i-Bu 

Alkyne Yield (%) 

BuC=CH 87 
c-HexCSCH 78 
PhCSCH 64 
Et C E  CE t 76 

however, adds trans to the acetylenic bond. Subsequent addition of cyanogen affords 
cis-a$-unsaturated nitriles (equation 64)135. 

Me 
CN AR NC-CN E t \  / 

Li [ HT::] Li+ 65% c=c\  
Et-CrC-Et - [ z > C  = C ~ \ R l  H’ Et 

(64 
cis 

c. Phenyl cyanate reagent. Recently, Murray and Zweifel have reported136 an 
improved procedure for the preparation of phenyl cyanate (PhOCN) by conducting 
the reaction in pentane-ether instead of acetone137, to suppress the von Braun side- 
reaction (equation 65). The reagent can be utilized either for synthesis of important 
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(65) FhOH + BrCN + Et,N p PhOC-N + Et3N -HBr 

2-alkynenitriles or isomeric a,@-unsaturated nitriles. Treatment of lithium acetylides 
(17) with phenyl cyanate (18) at - 70°C produces the corresponding 
2-~!kynenitri!es (I?) (equztio:: 66) 136. The rezgext has also successfully been 

(66) 

n - pentan el ether 

ether. -70°C 
R C 3 C U  + PhOCN 70-95% - RCSCCN 

(1 7)  (1 8)  (1 9) 

( H ’ O ’ O  

EtO, 
R = n-Hex, P-Bu, CH--. Thp-0-CH--. 

EtO/ I 
Me 

applied for cyanation of the E(trans)- and Z(ck)-1-lithio-1-octenes. Treatment of the 
(E)-vinyllithium compound (20) with phenyl cyanate at - 70°C affords an 80% (iso- 
lated) yield of isomerically pure (E)-2aonenenitrile (21). Cyanation of the ( Z )  isomer 
(22) to the (2) isomer (23) can be achieved by adding cold vinyllithium reagent (22) to 
phenyl cyanate at - 70°C. This slight modification gives the (2)-alkenenitrile (23) in 
80% yield (equation 67)136. An alternative method for the preparation of phenyl 
cyanate has been reported13’. 

6th. -70°C Hex\ / H  c=c, 
H /  CN 

+ PhOCN 80% 
Hex \ / H  

H /  c=c,Li 

Hex, Li ether, -70°C Hex\ /CN 

80% H/c=c\ ti 
c=c + PhOCN 

H /  ‘H 

d. Decarboxylation of u-cyanoacrylic acids. This method provides a convenient 
access to cis-@unsaturated nitriles (equation 68)13*. These are obtained thermally 
using copper(1) oxide as the catalyst and removing the cis isomer as fast as it is formed. 

NaOH - 0 
R - C z  + H C 

H \CN 

H ,COOH cupo. ~ 1 0 . 2  torr. H, / 
H \  ,c=c \ (68) 

R CN ,c=c \ 46-80% 
R CN 

cis 

R = Fh, 2-ClC~H4v 3,4-C12CgH3. 2,6-C12CgH3 

e, Cis- and trans-3-methylthioacrylonitriles. Thiocarboxylic 0-esters (24; R1 = Ph, R2 
= ester) and dithio- and trithio-carbonic esters undergo condensation with acetonitrile 
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in THF at -80°C in the presence of butyllithium to give the lithium salt (25). This can 
be methylated to give (2) and ( E )  isomers of 3-substituted 3-methylthioacrylonitriles 
(26) in various ratios (separation of isomers by fractional distillation) (equation 69)139. 

S 

,CN 

(25) (-3 - (2Q) (a - (26) 

f: Chiral isocyanate reagent. A chiral isocyanate reagent, (R)-( -)-1-naphthylethyl 
isocyanate, is useful for chromatographic separation of diastereomers; the reagent has 
been used to resolve 5-cyan0-2-pentene'~~ and also for the preparation of the chiral 
1,3-dialkylallenates and the synthesis of the chiral pheromone of the male bean- 
weevil141. 

E. Additional Syntheses of Unsaturated Nkriles 

I. Conversion of carbonyl compounds 

The direct conversion of carbonyl compounds into 2-alkenenitriles is of great 
interest, as the latter compounds serve as versatile intermediates in organic synth- 
e s i ~ ' ~ ' ~ * . ' ~ ~ .  Several methods give good to excellent yields of nitriles from aromatic 
carbonyl ~ o m p o ~ n d s ~ ~ ~ J ~ ~ , ~ ~ ~ - ~ ~ ~ ,  but only a few methods are efficient with aliphatic 
aldehydes or ketones124J45J47-14g. 

a. Carbon homologation of carbonyl compounds to unsaturated nitriles. The 
Wittig-Homer reaction of carbonyl compounds (27) using diethyl 
t-butoxycyanomethanephosphonate (28) gives a-t-butoxyacrylonitriles (29). Cleavage 
of the t-butyl ether bond in 29 by use of zinc chloride in refluxing acetic anhydride 
affords a-acetoxyacrylonitriles (30) in high yield (equation 7O)l5O. The new homologa- 
tion sequence is reasonably efficient for an array of structually diverse aldehydes and 

0 CN 
NaH Z n C l p / A c p O .  140OC. 15 min EtO\ I I  I 

/ 

EtO/P--CH - OBu-f 57-88% 
c=o 4- 

R', 

I 

CN 

OCOMe 

R'\ / 

= c\ (70) 

(90 1 

~ l ,  R 2  = Ph(CH2)2-, cholest-4-en-8-one or 5u-androstane-3,17-dione skeletons 
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ketones. The presence of carbon-carbon double bonds, aromatic rings, certain ketonic 
functions or another carboxylate group do not interfere with the reaction. The alkaline 
solvolysis of 30 can give acids, esters or amides150,1s1. 

a-Alkoxyacrylonitriles may also be obtained from metalated a-(trimethylsilyl) 
derivatives [e.g. Me3SiCH(R)CN] with carbonyl compounds152. 

b. Unsaturated nitriies via a-seienonitriie intermediates. o-Nitrophenyl selenocyan- 
ate effects the facile cyanoselenylation of aldehydes. Subsequent oxidation (HzO2) of 
the intermediate a-selenonitrile affords the a,o-unsaturated nitrile in excellent yield 
(equation 71)lS3. 

The conversion (96%) of the saturated nitrile into the a#-unsaturated one involves 
similar oxidation of the intermediate a-phenylselenonitrie with hydrogen peroxide 
(equation 72)154. 

SeCN 

CN 

Li 
I 

2. PhSeSePh 
t 

SePh 

(not isolated) 54% E/46% Z 

c. Additional methods. Additional, new methods for the synthesis of 
a-alkenenitriles from ketones or aldehydes involve application of either 0-ethyl 
S-cyanomethyl dithiocarbonate or S-cyanomethyl diethyl pho~phorothionate'~~, the 
enolate from acetonitrile plus a carbonyl compound (two-carbon chain-elonga- 
t i ~ n ) ' ~ ~ , ' ~ ~ ,  the Wittig reagent147,1s7, oxalyl chloride158, iodine-copper(1) cyanide159, 
cyanomethylcopper(II)160, flow pyrolysis of N,1-dichloroperfluoro-1,2-dihydro-2- 
naphthylideneamine161, a Schiff base plus a phase-transfer catalyst'62, diethyl phos- 
phonate ~yanohydr in l~~ ,  the sodium salt of a 1-alkyl-1-cyanoacetate plus a l-bromo- 
l - n i t r ~ a l k a n e l ~ ~ ,  potassium cyanide plus an aryl .i~othiocyanate'~~, degradation of 
hydrazones'66, electrochemical reduction of din it rile^'^^ and oxidation of a,$-diamino- 
acrylonitrile derivatives (to give di-N-substituted diaminomaleonitriles)168. The 
synthesis and reactions of diiminosuccinonitrile (DISN) and diaminomaleonitrile 
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(DAMN) have been r e p ~ r t e d ’ ~ ~ . ~ ~ ~ .  Synthesis with the organomagnesium derivative 
of phenylacetonitrile leads to the formation of both the unsaturated nitrile and the 
hydroxynitrile (i.e. cyanohydrin) 171. 

d. Special reactions. These include the preparation of a~etylenenitriles’~~, mixed 
acetylene-alkene-nitrile~~~~, 1-cyclobutenecarbonitrile (via dehydrocyanation of the 
d i ~ ~ i t r i l e ) ’ ~ ~ ,  conjugated nit rile^'^^; also unsaturated nitriles via base-catalysed elimina- 
ti or^'^^, acid-catalysed elirninati~nl’~, thermal degradati01-1’~~ and thermal rearrange- 
ment 179,180. , most of these transformations are shown below in equations (73)-(97). 

S R’ R2\ 

R3/c=0 1 
I I  I + 

EtO-C-S-CH-CN 

0 R’ 

c=o Eta, I1 I R2\ 
,P--S-CH-CN + 

EtO R3/ 

(Ref. 155) (73) /R ’  

\ CN 

C=CH-CN (Ref 156) (74) 
KOH/18-crown-B. V . R’, 

50-85% R2’ 
C = O  + MeCN 

R’\ 

R2’ 

0 
R’ - H. Me 

R2 = Ph. Me*. M e O o ,  C l e .  ‘b 

KOH R’\ c=o - C Z C H - C N  
R’\ M e C G N  + 
R2/ R2/ 

(Ref. 157) (75) 

R1 R2 CO = cyclohexanones. cycloheptanone, cyclohexadecanone. diethyl ketone, etc.. 
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Ph3P=CH- CN - 
Me-s-(CH2), + of 4 3 4 3 %  

EtO, 
P -CH2-CN 

EtO' I I 
0 

n = 3,4 
Nle-C-(CH2),-CH=CH-CN (Ref. 157) (76) 

II 
0 

Ph3P= CH- CN / CBHs /A 
R-CH=CH-CN (Ref.145) (77) 

73-85% RCHO 

0 0 

oxalyl chlor ide/chloroform/A 

73% 

(Ref. 1 58) (78) 

I p l h e p t a n e .  85'C 
H2C=CH--CH=CH2 + 2 CUCN * 

H20. reflux 

~ C U  . NC-CH2-CH=CH-CH,-CN . CUI 96% * 

NC- CH 2- CH = CH - CH - CN (Ref. 1 59) (79) 

H2C=CBr-CH2-Br + Cu-CH2-CN - 
80% 

H2C=CBr-CH2-CH2-CN (Ref. 160) (80) 

F CI Fwr F 

1 M C N  (Ref. 161) (81) 

F F  F F  

R 
F'hCH26Et3 CI-/ NaOHI to luene .  0°C I 

* Ph2C=N-CH-CN 75-95% 
Ph2C=N-CH2-CN + RX 

RX = Me2S0,, EtBr, i-PrBr. i-BuBr, Et-CH-Br, PhCH2CI (Ref. 162) (82) 
I 
Me 
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CN 0 
1 11 ,OEt 1oo-600°C. 2-3mm Hg 

* R-CH=CH-CN RCH2CH-O-P, 
51 -71% OEt 

R3 
I HMPT, 20°C CN 

/ 
R’-Cy Na’ -+ R2-C--Br 

COOEt 1 
NO2 

12oT R’‘ 0 R3 
(Ref. 1 64) (84) 

‘R2 
,c=c 

NC 
62-75% 

COOEt NO2 

R’ = i-Pr, mBu, mC8H17, PhCH, 

R2 = Me 
R3 = Me, Et 

/‘ c (Ref. 165) (85) 
R’O-CO CO-R2 

R’ = E t ,  R 2  = Me 

R ’ =  Me, R2 = M e 0  
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R2 / R 2  CI-CH=C-CH=N-N 
/ - . - - -+  I ‘R2 \R2  47-64% 

CH2R’ 
CI-CH=C-CH=O + H2N-N 

I 
CH,R’ 

(Ref. 166) (86) N - CH 2-C- CN 
R2, 

1 EO-MOC 
2. K2C03 

II 
CHR’ 

26-5256 * R2/ 

R’ = H, Me 

R 2  = Me. Et 

NC-CH2- CH2-CH=CH -CH2-NH, (Ref. 167) (87) 

R’ = H, R 2  = t-Bu 

Me 

(Ref. 1 68) (88) 

&CN/Et20/MaCN 

60% 
* PhC=CCN (Ref. 172) (89) P h C s C C u  

OR 

R = Me, PhCO 
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dCN (Ref. 174) (91) 

CN ascarite 
200-225OC q 59% * 

CN 

Ph 

(Ref. 175) (92) 

R3 = COzR, COPh. C H ( 0 r ~ l e ) ~  

x- = (30,- 

A 
R3R2CHCR'(CN)&MeCH2CO2Et CF3S03- 73-95%- R3R2C=CR'CN 

(Ref. 176) (93) 

1 R,B R 

(Ref. 177) (94) 
Br 

CN / 

A 

quantitative 

EtO 
(Ref. 1 79) (96) 

0- H 

F. Synthesis of Amlnonitriles, Enamlnoniitrlles and Related Compounds 
The synthesis, structure and reactions of enamines and aminonitriles have been 

s u r ~ e y e d ~ ~ ~ - ~ ~ ~ .  A comprehensive account of enaminonitriles and 0-aminonitriles has 
appeared185. 

?. a-Cyanoenamines 

2-Amino-2-alkenenitriles (a-cyanoenamines) have in recent years received con- 
siderable attention as starting materials for the synthesis of a variety of compounds. 
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Tertiary a-cyanoenamines have been synthesized from 2-alkenal~ '~~,  a-chloro- 
enaminedB7, a-halo aldehydes188~189, carboxyamide~'~~ and from the addition of 
cyanogen bromide to enamineslS9. Secondary a-cyanoenamines have hitherto been 
exclusively obtained from a-chloroaldimines and potassium cyanide in methanol"'a 
The synthetic utility of a-cyanoenamines has been demonstrated by their conversion 
into a - d i ~ i i ~ ~ ' ~ ~ ,  ~ i i d  Gj theii iiiteiiiizdiacy ia the iiansfoiiiiaiioil of aldehydes into 
amides191b. The reaction of tertiary a-cyanoenamines with organolithium reagents 
provides possibilities (depending on the organometallic reagent used) for, e.g. selec- 
tive deprotonations, additions to the nitrile group, or Michael  addition^'^^-'^^, thus 
allowing carbon-chain elongations with the aid of electrophiles. It has been reported 
that the nitrogenous groups in tertiary a-cyanoenamines play a determinative role in 
these reactionslS9. Conversely, a-aminonitriles have been readily converted via a 
metalation-alkylation step (lithium diisopropylamide + RCH21, Br or Cl) either 
into carbonyl compounds (70-90% yield) or via dehydrocyanation (KOH + refluxing 
toluene) into enamines or dieneamines (48-93% yield)192. 

a. Tertiary a-cyanoenamines via cyanation of enamines with cyanogen bromide. A 
new synthesis of an a-cyanoenamine, 33, involves as the first step reaction of an 
enamine (e.g. 31) with cyanogen bromide to afford 32, which on treatment with 
triethylamine eliminates hydrogen bromide to give 33 (equation 98)lS9. Tertiary 
a-cyanoenamines, e.g. 33 (R' = R4 f H) are converted into vic-diketones on treat- 
ment with organolithium compounds189. 

/ R3 BiCN 

'R4 -CN*ooC 

C=CH--M 
R" 

R' R* R3 R4 

Me Me Me Me 
Me Me -(CH?)A- 

b. Secondary a-cyanoenamines by nucleophilic substitution of ha.,Jgen-su,stituted 
enarnines. a$-Disubstituted cinnamonitriles (35) can be prepared by treatment of 
bromoenamines (34) with potassium cyanide in dimethyl sulphoxide (equation 99)193. 

(cis + trans) 
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Compounds of type 35 can also be prepared by using phase-transfer catalysis194. Thus, 
39 has been conveniently obtained from an excess (2: 1) of 4-substituted phenylaceto- 
nitriles 36 with a 3- or 4-substituted nitrosobenzene (37) as shown in equation (101). 
When equimolar amounts of 36 and 37 were used, the intermediate 
2-phenyliminophenylacetonitrile (the Schiff base) (38, R' = R2 = H) is isolated in 
72% yield (equation 100). The electronic effect of substituents and of the reactant 
ratio on reactions of 4-substituted acetonitriles (36) with nitrosobenzenes (37) has 
been 

Et31PhCH2)rj cl/50% aq. NaOH/barrsna at  30°C 

R 1 0 C H 2 - C N  + ON 72% 

(36) (37) 

R1m mR1 
* ,c=b\ 

N 

* Et31PhCH~)N'CI-/50% aq. NaOH/be~ume  at  30°C 

93% 
38 

c. Cyanoenamines via deprotonation of a-aminonitriles. Deprotonation of 
u-aminonitriles, derived from aromatic aldehydes, with potassium amide in liquid 
ammonia195, sodium hydride in N, N-dirnethylf~rmamide'~~ or by phase-transfer 
catalysis197, has been utilized s y n t h e t i ~ a l l y ' ~ ~ , ~ ~ ~ .  R e ~ e n t l y ' ~ ' - ~ ~ ~ ,  the deprotonation of 
a-aminonitriles has been achieved with lithium diisopropylamide [ LiN(i-Pr)z] in tetra- 
hydrofuran at - 78°C. Thus, conversion of 40 into 41 [ 2-(N-methylanilino)acrylo- 
nitrile has been achieved via a sequence of reactions involvir,g deprotonation, silyla- 
tion and treatment with formaldehyde (equation 102). The latter has been utilized in 
the synthesis of compounds of the type R1CH2COR2 2oo. 

ICN 
1. LiNlPr-iJ2 3. LiN(Pr-;j2 
2. Me3SiCI 4. H2C=0 

* H$=C 

N-Ph 
\ 

I 
Me 

"2f 75 % 

N-Ph 
I 

Me 

(40) (41 1 
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2. Additional preparations of aminonitriles 

The syntheses of the following or-cyanoenamines, a-aminonitriles and related com- 
pounds have been reported: tertiary a-cyanoenamines havin bulky substituentsZo1, 
enaminonitriles202, a,&unsaturated 3-amino-2-fluoronitrileszo~, 2-cyanoenamines via 
t r z ~ s z m i ~ + t i ~ ~ ~ ~ O ~ ,  ~-2minonitri!es vi2 rezction of trimethy!si!y! cyznide wit!? I Schiff 
base or oximeZo5, aryldicyandiamides*06, conjugated enamino nitriles207, 3-cyanoazo- 
methine imines208.209, N-cyanoguanidine210, 2-iminonitriles (imidoyl cyanides)211, 
and also cyanoenamines via deprotonation of fruns-3-( 1-pyrro1idinyl)acrylonitrile with 
lithium diisopropylamide (LDA) at - 1OS0C, followed by an electrophile EZl2. All 
these and other useful preparations are depicted in equations (103)-(122)201-221. 

1. R3NH2, r.1. 

2. N-chlorosuccinimide I CCI,. r.t. 

3. KCNfMeOH. V - 
73-95% 

H CN 

R3 

(Ref. 201) (103) 
CN 

R’ = R 2  = Me, R3 = t-Bu 

R4X = R40S02F, R40S020R4;  Et,O+ BF4- 

CN R, /CN 
‘C/ C CN LibH, R \  / 

H /  \ CN 40% C C 

R 

II (Ref. 202) (104) It + ___9 C 

H’ \ NH2 H2N’ \ H 
cis trans 

R = H, M e  

R-C=CF-CN (Ref. 203) (1 05) NH3 ~ RCF,CF= C F, 
I 

NH2 

R 7 a>> , 93% yield 

R = m ) - - - C F 2 - .  77% yield 
S 

R = HCF2-CF2-CF2- , 48%yield 
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R = &  , 79% yield 

, 44% yield 
n 

R-R = 

R = -CH2--(3, 62% yield 

1 AIC131cr ZnlZ for R3 = OH) 

20'C. 1- 24 h (or 48 h) R' 
I 

I 

2. Hp/ether(a M O H )  for R 3  = OH 
l3'\ C=N-R3 + Me,Si-CN t R2-C--NH-R3 (Ref. 205) 

(R3 = OH): 81-98% 

(107) lR3 = OH): 66-81% CN 
R2' 

R', R2. R3 = H, Me, Pr, Ph. OH 

NH3 H2N, NaOH 
MeS, 

MeS MeS 
,C=N-CN - ,C=N-CN - 

NH . .. . 

H 1 1  H 
Ar-N-C-N-CN 

(Ref. 206) 

/ CN ArNH 
NaN \ CN 5 5 2 % -  

1 0°C 

CN R3 2.1Mloc R2, ,CH-C-CH=C=N- + HN' - / 

R" H R' I I  (Ref. 207) 

(109) 

N+ 
\R4 88-94% 

c=c=c, R2\ 

R3' 'R4 

R', R2, R3, R4 = H, D, Me, Et. Pr, Bu 
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(Refs. 208 and 209) (110) 

1. NaHS03/H20 
2. R3NH2 

C"*+ HN,, //' 3. KCN/H20 

\H  69-94% 
,C-NH-CrN 

"2N\ 

H2N H2N 
2 ,c=s * 

.R3 
HN' - (Ref. 21 0) (1 11) 

I t-&rOCl/b€mZErm CH-CH-CEN 
R2\ 

R" 

R', R2, R3 = H, Me, Pr 

R2N*Li 

/ \ Li' N- 
It 

lE+ k 

E = D, Me, Et, PhCHOH 

(Ref. 212) (113) 

Retention of stereochemistry is observed 
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2 P b(OAc), / HOAc / CH 2CI NH 
R’\ C=N-NH-C, 4 r 

R2’ NH2 76% 

R’ = Ph, R 2  = Me 

Ar-CH-NH-Ar 8096- Ar-C=N-Ar (Ref. 214) (115) 
MnOp 

I 
CN 

I 
CN 

R’ 

\R2 
(Re 

/ 
NC-N=CH-N 21 5) 

CN 
(Ref. 216) (117) + ,NMe2 NaCN As SiO2 / 

BF,- 7 WOeC(CN),NMe, 4296 CH2=C, 
OEt NMe2 mc, 

CN 

(Ref. 217) (118) 
El 0 I 

RCH2CN + Me3SiN=CHOSiMe3 RC=CHNH2 

R = CN 

HCN. 0 2  

MeOH.  CHCI3 

64% 
* p-N02C6H,C=NAr (Ref 218) (119) 

I 
p-N02C6H,CH = NAr 

CN 

Ar = Ph 

&‘ H - -g+ H - 

(Ref. 219) (120) 
Cholestene 

0 
II 

1 (E10)2P-CN/THF 

2 HCIlCHCI3 

* (Ref. 220)(121) ONZ0 NaHC03 67% 
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CH2=CHCN C I C H ~ C H ~ C H ~ C N / K ~ C O ~ / B U O H ~ A  
* 

- % - ?  66% 

N!-!Z Kcr 

C-N 

\NA-C-N (Ref. 221) (122) 

L E N  

6. Asymmetric Synthesis of Amino Acids via Aminonitriles 

molecules has been discussed in a book222 and several recent 
The application of asymmetric synthesis to the preparation of ahiral organic 

1. The Strecker synthesis 

Chiral amines and amino acids have been prepared by addition of nucleophiles to 
imines. The most studied case is the Strecker synthesis in which cyanide is added to a 
chiral imine, such as 42, selectively giving one diastereoisomer of the aminonitrile 43. 
Nitrile hydrolysis, and reductive cleavage of the benzyl group, complete the synthesis 
of the amino acids (S)-44 (equation 123)222.229. An early claim230 that (S)-44 having a 
98% enantiomeric purity (i.e. an enantiomeric excess225) was obtainable in this way 
has been found to be i n c o r r e ~ t ~ ~ ~ ? ~ ~ ~ .  Improved results [ 61-75% enantiomeric purity 
of (S,S)-46] are obtained in Lewis acid, e.g. zinc chloride-catalysed condensation of 
the imine (S)-42 with trimethylsilyl cyanide, to give 45, acid hydrolysis of which yields 
the aminonitrile (S,S)-46 (equation 124)233. 

H CN H 1 H30+ 

I HC N I I 2 H2IPd-C 
R'-CH=N-C*-Ph - Rl-C'NH-C'Ph * 

I 
Me 

I 
H 

I 
Me 

(42) (43) H 
I 

I 
NH2 

[(S)- 441 

R1-CLCOOH (123) 
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a. ( S ) -  or (R)-u-Methylamino acids via external asymmetric Strecker synthesis. 
l-aryl-2-propanone (47) with (4s: 5 S)-(  +)-5-amino-2,2-dimethyl-4-phenyl- 1,3-dioxane 
(chiral reagent 48) and NaCN gives the chiral aminonitrile 49, and through (i) hydro- 
lysis of the nitrile group in (@), (ii) oxidative C-N cleavage and (iii) ether cleavage 
( m r  at 140°C), affords the chiral a-amino acid 50 (equation 125)234. A Strecker asym- 

Me 
I 
c=o 

I 
R' 

PAe 

(47) (48) 
CN 
I 

I 
CH2 

'NH-C -Me 

I 

1 HCI 

2. Ranev NiINaOH 

3 HCI 

4. HBr/dilute Hfl-NHz.HzO 

- q0" 70-100% 

OH 

OMe OMe 
OMe H 
H H 

(51) [ (W-1- 523 

Me 
R ~ ~ ( c H * ) " - C - C N  I (126) 

I 

I 
NH 

Me -CH- Ph 

[(/?I- or (S)-531 

R', R2 = H, OMe 

n = 1.2 
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metric synthesis with (S)-( -)-1-phenylethylamine (52) as the chiral reagent and an 
arylalkyl methyl ketone (51), to give the chiral u-methyl-u-aminonitrile (53) in high 
yield, has been describedzz9 (equation 126), and other, analogous syntheses have been 
d i s ~ ~ s s e d ~ ~ ~ ~ ~ ~ ~ .  Furthermore, interest in asymmetric induction has resulted in several 
efficient procedures for the synthesis of chiral 2-hydroxynitrile~~~~. 

b. (2S,3Kj-3-Arnino acids via a cyanohydrin reaction. Recentiy Rich and coworkers 
(equation 127)z37 have described the synthesis of (2S,3R)-3-amino-2-hydroxy-5- 
methylhexanoic acid and its derivatives. The first step is a conversion of the aldehyde 
into the cyanohydrin, hydrolysis of which gives the hydroxyamino acids as a mixture of 
diastereoisomers in 85-95% yield (separated by column chromatography over silicagel). 

1 HCI 
2. Boc-Nj 

i-C4Hg i-C4H9 
NaHSO,/KCN 1 

Z-NHCHCHCN -* 
I 

Z-NHCHCHO 
s 
OH 

OH 
I 

CHCH2CHCHC02R2 (1 27) 
*\ 
Me’ I 

NHR’ 

R’ = R2 = H (2S, 3R) 

#. Synthesls of Saturated Nitriles 

Many procedures used for the preparation of unsaturated nitriles may aiso be 
applied for the synthesis of saturated nitriles. However, methods characteristic for the 
preparation of certain types of saturated nitriles are: a substitution reaction of alkyl or 
acyl halides with tetraethylammonium cyanidez38, a substitution reaction of alkyl 
halides with potassium cyanide and 1 8 - c r o ~ n - 6 ~ ~ ~ ,  hydrocyanation of methacrylonit- 
rile in the presence of 1 8 - ~ r o w n - 6 ~ ~ ~ ,  reaction of acrylonitrile with cuprous trialkyl- 
m e t h y l b ~ r a t e ~ ~ ~ ,  hydrocyanation of an unsaturated steroid in the presence of 18- 
~ r o w n - 6 ~ ~ ~ ,  the Friedel-Crafts reactionz4z, hydrogenation of an unsaturated nitri l~?~~, 
decomposition of an unsaturated h y d r a z ~ n e ~ ~ ~  (equations 128-135). Dinitriles can be 
prepared from dicarboxylic acids by an exchange reaction245, and via an ethyl 
cyanoacetate reagentz46 (equations 136 and 137). Syntheses of spirocyanocyclo- 
propane, dispirodicyanocyclohexane and tetracyanocyclopropane are given in equa- 
tions (138)-(140)247-zs0. 

CH2C12/-15 t O  50°C 

=-as% +- RCN + Et4N+ X- (Ref. 238) (128) Et,N+ CN- + RX 

R = primary, secondary or tert iary group 

KCN/MeCN/lB-crown-B 
NCCH2CH2CN (Ref. 239) (129) 

97 % 
ClCH 2CH2CI 

KCN/hIeCN/lB-crown-6 

92 % 

C”3 I - CH3CHCH2CN (Ref. 239) (130) 
I 

CHp=CH-CN 

CN 
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[R3BCH3]Cu + CH2ZCH-CN - RCH2CH2CN (Ref. 240) (131) H2O 

88-93% 

* a,\ (Ref. 241) (132) 
Me2C(OH)CN/KCN/18-crown-6/C6H6 

83-86% 

CN 
0 0 

AIc13 
PhH + CI(CH,),CN Ph(CH2)jCN (Ref. 242) (1 33) 

Hp / Ni boride 

(Ref. 243) (134) -CN 1w)% * -CN 

1. EtpNLi/PhH/HMPT 
2. R3Br - R'R2R3CCN (Ref 244) (135) 

93% 
R1R2CHCH ="Me2 

H3P0, / 150-300"C * 
n = 7 .  07% 

HOOC-(CH2),-COOH + NC-A-CN 

n = 10. 97% 

NC 
R3X COOR2 

K+ - COOR2 DMSO I -/ 
R'-CH=O + H2C, / + KCN - R'-cH-C, 

CN CN 

CN COOR2 CN CN 
HZ!J. 145OC I I  

X- R1-CH-CH-R3 (Ref. 246) (137) 
I I  

I 
R1-CH - C - R3 

62 % 

CN 

R1 = Et, R3X = Etl  

n = 3-6 CN (Refs. 247-250) (138) 
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NaCN/DMS0/130°C 

95% 

Mes = mesyl 

B C H ( C N J 2  /KI 

NC 

n = 4,60% 
n = 6.92% 

(Refs. 247-250) (139) 

(Refs. 247-250) (140) 

J. Synthesis of Aromatic Nitriles 

The reaction of an organic halide with a metal cyanide remains one of the most 
convenient methods for the synthesis of nitriles. Conversion of aryl halides into the 
corresponding nitriles is usually effected by heating the halide with copper(1) cyanide 
at 150-250°C without a solvent, or  in such solvents as pyridine, quinoline, DMF, 
DMSO or HMPT17,251 Recently, new methods particulary suitable for the synthesis of 
aryl nitriles have been developed. 

I .  Nickel-catalysed cyanation of aromatic halides 

In a new p r o c e d ~ r e * ~ * , ~ ~ ~  employing nickeI(0) complexes as catalysts, the reaction 
temperature of the conversion of aryl halides into nitriles can be as low as  30"C, e.g. 
using sodium cyanide in the presence of tris(triphenylphosphine)nickel(O) (equation 
141). The reaction can be conducted in methanol, ethanol or acetone, at 30-60°C, 
and the yields are high; for example, bromobenzene gives benzonitrile (97% yield) and 
1-chloronaphthalene yields I-naphthonitrile (90% yield). 

X = CI. Br, I 

Cyanation of bromobenzene with acetone cyanohydrin-triethylamine in the pres- 
ence of trans-chlorobis(tripheny1phosphine)nickel [ i.e. NiClZ(PPh3)d catalyst is also 
effective (80% conversion)253. Similar conversion of chloro- or iodo-aryl compounds 
into aryl cyanides has been performed with potassium cyanide in the presence of 
tetrakis(triphenylphosphine)palladium(O) [Pd(PPh3)j] catalyst in refluxing tetrahyd- 
rofuran; yields of aryl cyanides were 82-91 %; however, the conversion of bromoben- 
zene was only 1 2 ? P 4 .  
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2. Synthesis of polycyanobenzenes 

The conventional procedures for introducing several cyano groups into a benzene 
nucleus are the dehydration of benzenepoly(carboxamides) and the Sandmeyer reac- 
tion of appropriate aminocyano compounds. However, these direct methods often 
suffer from poor avai!ability of the starting materials, and low yields due to extensive 
side-reactions. Multiple replacement of aryl halogen atoms by cyano groups can in 
Some cases be effected by the action of copper(1) cyanide in aprotic solvents, prefer- 
ably at elevated 

a. Conversion of polyiodobenzenes. Suzuki and coworkers255 have found that heat- 
ing of readily obtainable256 polyiodobenzenes with copper(1) cyanide in HMPT at 
-80-100°C for 1-2 h leads to complete replacement of iodine atoms by cyano 
groups. Catalysts are unnecessary. Thus, 4,6-diiodo-l,2,3,4-tetramethylbenzene is 
converted into 4,6-dicyano-l,2,3,5-tetramethylbenzene in 73% yield. The range of 
other conversions is 38-88% (equation 142)255. 

Me Nle 

(142) 
NC C N  

CuCNIHMPT. 90- 100°C 

73% 

M e  

b. Conversion of 1,3,5-tricyan0-2,4,6-trifluorobenzene. Hexacyanobenzene is pre- 
pared by reaction of 2,4,6-trichloro-1,3,5-tricyanobenzene with potassium fluoride in 
dimethyl sulphoxide, and reaction of the resultant 173,5-tricyano-2,4,6- 
trifluorobenzene with calcium cyanide (equation 143)257a. Hexacyanobenzene reacts 
with boiling water to give pentacyanophenol which can be converted to bromo- and 
chloro-pentacyanobenzene (equation 144)257b. 

F CN 

(1 43) 
NC C N  

Ca(CN12/DMFor diglyme / 2 5 ” C  

50% 

I 
C N  C N  

C N  OH 

C N  C N  

C N  

CI 

LPOCl3 /CgHgN Nc@ 

NC CN 
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c. Conversion of pdichlorobenzene. p-Dicyanobenzene can be prepared in good 
yield by the reaction of p-dichlorobenzene with molten eutectic of potassium cyanide 
and copper(1)cyanide in a Carius tube at 400-500°C (equation 145)258. 

CI CN 

CI CN 

d. Di- and tetra-cyanobenzene derivatives via ring-enlargement and arornatization. 
Tetrasubstituted phthalodinitriles are conveniently obtained by refluxing tetrasubsti- 
tuted cyclopentadienones with chloromaleodinitrile in bromobenzene (equation 
146)259. The analogous reaction of tetrachlorocyclopentadienone dimethyl acetal with 
the reagent, without a solvent, at 250-260°C in vucuo takes a different course, giving 
rise to methyl 4-chloro-2,3,5,6-tetracyanobenzoate (equation 147)259. 

R’ 

R1 = R 2  -= R3  -= Ph (96%) 

R’ = Pr, R 2  = R3 -= Ph (86%) 

COOMe 

CI 

e. Aryl nitriles by oxidation of a-azidostyrenes. Benzonitrile can be prepared by 
cleavage of a-azidostyrene with peroxybenzoic acid, or of 1-azido-1-phenylpropene 
with lead tetraacetate-trimethylsiiyl azide (equations 148 and 149)2m.261. The frag- 
mentation of the azido epoxide intermediate provides an isoelectronic, aza analogue 
of an extremely versatile reaction discovered by Eschenmoser and coworkers262. 

PhC=CH& + P ~ ( O A C ) ~ - ~ ( N ~ ) ~  60%- PhCN + MeCHO + N, (149) 
I 
N3 

f: Aromatic nitriles f rom bis(tosy1hydruzones). Thermal, potassium-hydroxide- 
induced, ring-opening of the bis (tosylhydrazone) of acetnapthenequinone affords 
1,s-dicyanonaphthalene (equation 1 5 0 p 3 .  
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KOHIHOCH~CH20H1110°C 

39% (1 50) 

R = I\]-NHTs 

g .  Additional methods. Aromatic cyano compounds may also be prepared from 
aromatic  hydrocarbon^^^^.^^^, benzoic acid2% and replacement of benzylic amino267, 
bromo26s7 h y d r o ~ y l ~ ~ ~  or hydroxylamino groups27o with cyanide. Special methods for 
the synthesis of aromatic nitriles involve dehydrogena t i~n~~~ ,  the Beckmann fragmenta- 
tion272 and anodic ~ y a n a t i o n ~ ~ ~ .  Also, as depicted, special methods involve the 
replacement of organometallic groups, e. . thallium274 or  oxidation276, solid- 

using dicyanoacetylene as the dienophileZg0, the reaction of 2,3,4,5- 
tetramethylthiophene with dicyanoacetylene in the presence of aluminium chloride (to 
give thiepin), followed by thermal sulphur extrusionzs1 or regiospecific reactionzs2; 
also, pyrolysis of 2-phenyl-A2-thiazoline-4-carboxylic acidzs3, of condensed, aromatic 
1,2,5-thiadiazole 171-dioxide288J or of N,N-dichloroperfluorep-toluidine at 550°P4 
(equations 15 1-1 62). 

absorbent277, addition27s, cyc1oadditionzM 9 79, the Diels-Alder reaction of thiophene 

CN TI(0Ac) (CIO,) 

(Ref. 276) (153! 
NH2 C U C I / O ~ / P ~  

35-41% 

R 

NaCN. alumina 
Pd(c I )catalyst. toluene 

- 90% * ArCN ArX 

Ar = naphthyl, Ph 

X = Br. I 

(Ref. 277) (1 54) 

(Ref. 278) (1 55) 
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?&OH/ quinoline F" 
I 1 50-7O'C 

/ Me 2.145-205°C 
clod- Me\ + 

N=CH -C=CH-N P 

I \Me mCH2 + Me' F1 
CN 

(Ref. 279) (156) 

R 

(Ref. 280) (1 57) 
CN 

NC CN 

100% 

Me NC-CGC - CN 

57% 
Me 

Me 

(Ref. 281) (158) 

Me 

Me NO, 

Na;2:;:-/p ms Me* CN (Ref. 282) (1 59) 

CI H Me 

x W s f 0 ' "  - -100% 250°C X G C N  (Ref. 283) (160) 

X = H, CI 
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NCI, 

F 
a F3Ck$CN (Ref. 284) (1 62) 

F 
CF3 

K. Synthesis of Heterocyclic Carbonitriles 

ion have been reviewedz85. 
Reactions of aromatic heterocycles that involve the catalytic action of .the cyanide 

7 .  Cyanation of indoles, pyrroles and related heterocycles 

Indole and pyrrole carbonitriles are very important intermediates in organic synth- 
esis286-288. Among important reactions for cyanation involving cyano reagents are: (i) 
N-indolylmagnesium iodide with cyanogen chloridezg9, (ii) pyrroles with aryl cyanates 
in the presence of hydrogen chloride290, (iii) indole with tr ichlor~acetonitri le~~~, (iv) 
indole with chlorosulphonyl i s o ~ y a n a t e ~ ~ ~ . ~ ~ ~  and ( v )  anodic cyanation of indoles and 
p y r r ~ l e s ~ ’ ~ , ~ ~ ~ ;  the last method is unique, and the cyanation takes place predominantly 
at an unusual position of the pyrrole nucleus, namely C-3. Some recent methods for 
cyanation are discussed next. 

a. Cyanation with triphenylphosphine-thiocyanogen, Ph3P(SCN) 2 .  Treatment of 
indole and pyrrole with the combined reagent [Ph3P(SCN)2 in dry dichloromethane at 
- 40°C for several hours] gives high yields of the cyanated indole and pyrrole com- 
pounds (equations 163 and 164)295. If C-3 is substituted, the cyanation occurs at C-2 
of the indole ring. For pyrrole, the cyanation occurs at C-2. No cyanation is observed 
with indoles having electron-withdrawing groups (e.g., ethoxycarbonyl or benzoyl) 
at N-1 or C-2 or with 2,3-dialkyl-substituted indoles. With hydroxyindoles, thio- 
cyanation of the alcohol group occurs competitively with the cyanation of the indole 
nucleus. A possible route for the cyanation for indole is an addition of the electron- 
rich carbon atom (C-3) to the -N=C=S carbon of Ph3P(SCN)2295, 

Me Me 

H H 

Ph,PiSCNl, /CH2Cl2/-4O0C 

80% 

I I 
I 

H H 
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b. Cyanation with chlorosulphonyl isocyanate, CISOzNCO. Reaction of indoles 
with the powerful electrophile chlorosulphonyl isocyanatezg8 offers a versatile route to 
3-substituted indolesZy3. The reaction in dry ether or acetonitrile at 0-5°C furnishes 
the intermediate N-(chlorosulphonyl)indole-3-carboxamide, which in turn gives 
indole-3-carbonitrile in a one-flask manipulation (equation 1 65)293. 

CISO2NCOl 

MeCN a e e  
r 

I 
H 

c - NH - so,- CI o,\ 

&Me 

MeCN 80% I DMF + d - M e  (165) 

* =:y166) 

I 
H I 

H 
c. Cyanation of quinoline and isoquinoline via phase-transfer catalysis. A new 

method for improving the yields of Reissert reactionszy6 by using a phase-transfer 
catalyst has been described2y7. Thus, addition of an acyl chloride to a mixture of 
quinoline (or isoquinoline) with potassium cyanide in dichloromethane-water in the 
presence of benzyltriethylammonium chloride (the phase-transfer catalyst) yields 
Reissert products in good yields (equations 166 and 167)297. 

0 
II 

KCNlH,O/CH~C1~/R~~CI-/E1(3-C-CI 

72% 

I 
C 

dN H CN 

03 
EtO’ *o 

* *, Ac 
(1 67) 

KCNIH,O/CH,CI~/R , r; CI-IACcl 

82% 

d.  Additional methods. Additional, special methods for the cyanation of hetero- 
cycles include the preparation of Ccyano-1 ,Cdihydropyridines (equation 168)z98, a 
2-cyano-l,2,3,4-tetrahydropyridine derivative (equation 169)299, cyanation of the 
1,2,3-dioxaphosphorinane ring (equation 170)300 and cyanation of N- 
l-methylthymine301a. A n ew preparation of 4-cyanopyridine has recently been 
described301b. 

CN 

I 
R 

I 
R 



26. Preparation and synthetic applications of cyano compounds 1109 

GN 

cis :trans = 6 : 94 

ClCN 

8. Cyanohydrins 

I. Synthesis and transformations of cyanohydrins 

The preparation and reactions of cyanohydrins have been reviewed7J6. Of the 
numerous classical methods for the nucleophilic carboxylation of carbonyl compounds 
to u-hydroxy carboxylic acids or related compounds, one of the most important entails 
the addition of hydrogen cyanide to aldehydes and ketones, resulting in the formation 
of cyanohydrins (equation 171)14*; these are also useful intermediates for the prepara- 
tion of u-hydroxy aldehydes, amino alcohols, nitriles, ketones and lactones. If amines 
are present, the u-aminonitriles, useful precursors of a-amino acids, are obtained (e.g. 
the Steecker synthesis or the Bucherer reaction) (equation 172). Recent improve- 

H C N  R’ \,/OH - 
‘CN 

R2/--‘ I 

ments in the standard synthetic procedures, using hydrogen cyanide alone , have 
featured the use of diethylaluminium cyanide (equation 173)302 (or trialkylaluminium 
and hydrogen cyanide, the Nagata reagent302-305) or trimethylsilyl cyanide (equation 
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174)306 in the presence of a Lewis acid (particularly zinc iodide3”) or other cata- 
lyst308,309. Subsequent acid-catalysed cleavage of the 0-(trimethy1silyl)cyanohydrins 
obtained with the latter reagents allows isolation of ketone cyanohydrins in good 
overall yield (equation 175)308. 

1 C B H ~ - C ~ H ~ W / - ~ ~ “ C  
2. H 3 0 +  

EtZAICN P 

OSiMe3 1 L8NlPr-i)p 

2. R 2 X  0 I 
‘H I 

R’-C4 + Me3SiCN - R’-CH , 

CN 

QSiMe3 1 2 N H C I  0 
2 2 N N O H  I I  

*- R’-C--R2 (174) 
I -  

R’-c-R, 
I 60-80% 

CN 

OSiMe, H+ OH 
Ph,CO + Me3SiCN - P h 2 C l  - 90% PhC’ (1 75) 

‘CN CN 

a. Aromatic cyanohydrins. Aromatic cyanohydrins can be prepared by starting with 
the treatment of an aromatic aldehyde with sodium hydrogen sulphite in water. The 
mixture is cooled to O”C, and ether is added, followed by a solution of sodium cyanide 
in water. The cyanohydrin is isolated by extraction with ether310a. Recently, a similar 
procedure was used for the preparation of cyanohydrin nonana1310b. 

b. Aryl ketone cyanohydrins. Cyanohydnns of aromatic aldehydes readily add to 
vinyl ethers to give stable mixed acetals. These can be alkylated, in the presence of 
aqueous sodium hydroxide, with tetramethylammonium chloride as the phase-transfer 
catalyst. These acetals are not isolated, but are hydrolysed by dilute hydrochloric acid 
to  aryl ketone cyanohydrins which are then hydrolysed to ketones by methanolic 
potassium carbonate3I1. 

c. p,y- Unsaturated ketones via cyanohydrins . Under phase-transfer conditions (Ali- 
quat 336), cyanohydrins of aliphatic aldehydes react with allylic bromides to afford 
p,y-unsaturated ethers. On treatment with lithium diisopropylamide (LDA) the latter 
undergo a [ 2,3]sigmatropic rearrangement and elimination of lithium cyanide to give 
p,y-unsaturated ketones (equation 176)312. 

OH 

I R3/ 
H 

I R2\ Car.. CH2Ct2. NOH. H 2 0  * 
15-55% 

R’C-CN i- C=CHCH2Br 

H R *  
I I 
I 
R3 

I 
R1 

2 LDA, THF. - 78°C 

25-75% 
* R’CQCCH=CH, (176) C=CHCH,Q-C-CN 
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d. Selected preparation of cyanohydrins, and their reactions. A few methods for the 
preparation of cyanohydrins, and some of their transformations, are ~ h o ~ n ~ ~ ~ - ~ ~ ~  
(equations 177-186). 

(Ref. 314) (178) Na 
0 + RCOCN 80%- 

R = Ph 

(Ref OEt OEt 
NaNISiMe312. 95°C I - MeCH-0 CN (Ref.315) (179) 

I 
0 -CHMe 
I 62% 

CICHzCH 2CHCN 

KCN 
PhCOCl 

* go 65%-- OH CrO3/H2SO, I HOAc 

N 
R 

Ref. 316) (180) N r$O!-Ph - N 

R’ R /  

NC OSiMe3 , L,A,H, 

(Ref. 317) (181) 
2 H20 

7 4 . 5 %  -4 - HCNIH2S04 (Cat.) 

Bu-n (Ref. 318) (182) 

LI CN / THF/ O°C 

+ MeMgl - [)<:?I 75% 

(Ref. 319) (183) 
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1 LDA OH 
2. Mo05'Py.HMPT I 

CH3(CH2)15CH2CN 55-60% - CH3(CH2)15CHCN (Ref. 320) (184) 

OH CN CN 
I I I  

Ph2CHCN Ph2CCN + PhCHO -k Ph2C-CPh2 (Ref. 320) (185) 
\ 

71% * 11% 
6 

6 M  HCI- 
ZNH OH ZNH OH 

(=&CH2~H-~~S03Nil - KCN O C H 2 A H - L N  - dioxane 

R RS 

( O t C H 2 & - : H C O O H  (Ref. 321) (186) 

H2N OH 

(2RS, BR)-AHPA 

2. Protected cyanohydrins 

The use of such protected cyanohydrins as 2-(dialkylamino)a~etonitriles~~~~~~~ and 
the 0-protected c y a n o h y d r i n ~ ~ ~ ~ - ~ ~ ~  as acyl anion  equivalent^^^^.^^^ has been studied 
by Stork323,327 and Hunig306,325,326, and has found wide applicability in chemical 
synthesis. 

a. Regiocontrolled reactivity of  (trirnethylsily1)- and (ethoxyethy1)-protected 
cyanohydrins. A recent study by Jacobson and coworkers324 has shown that the pro- 
tected cyanohydrins (54) might serve as acyl anion equivalents328 (55) or homoenolate 
e q ~ i v a l e n t s ~ ~ ~ + ~ ~ ~  (56) (equation 187). It has been that on metalation with 

NC - OR 

Y -  
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lithium diisopropylamide (LDA) trimethylsilyl-protected cyanohydrins display exclu- 
sively a reactivity with aldehydes and ketones at - 78°C; for example, they form with 
cyclohexanone the a adduct in 68% yield, via acyl anion equivalent addition (equation 
188). The metalated ethoxyethyl(EE)- protected cyanohydrin also reacts with cyclo- 
hexanone to give the ci adduct at -78°C (72% yield); however, at O"C, the product 
is y-Iactone (60% yield) formed via homoenolate equivalent addition (equation 189). 
Thus, temperature control allows for complete regiocontrol in the metalated, 
ethoxyethyl-protected cyanohydrin addition to ketones and aldehydes324. 

HO 

NC 

LOA - 

OEE 

EE = ethoxyethyl 

3. Acenaphthenone cyanohydrin rearrangement 

Cyclic, unsaturated ketol homologues of 2-hydroxyacenaphthenone undergo a 
facile, frequently quantitative, carbon-to-oxygen, acyl rearrangment331. An example332 
is that observed for acenaphthenone cyanohydrin which readily rearranges to 
3-cyanonaphthalide at pH 7 or higher (equation 190). The mechanism involves a 
cyclic, aromatic transition-state, not an acyclic hydroxy acid intermediate. 

4. Carbohydrate cyanohydrins 

The condensation of cyanide with an aldose in aqueous solution to produce the 
2-epimeric aldonitriles (cyanohydrins) was first reported by K i l i a ~ ~ i ~ ~ ~  in 1885. The 
cyanohydrins were hydrolysed in situ to the 2-epimeric aldonic salts (aldonates). 
Kiliani also found that aldonic acids could lose water to form aldonolactones. 

The utility of the Kiliani reaction was extended when F i s ~ h e r ~ ~ ~  showed that 
aldonolactones could be reduced with sodium amalgam to aldoses, providing a con- 
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venient route for the preparation of aldoses from parent aldoses having one carbon 
atom less. 

During the preparation of I4C-labelled aldoses, Isbell and coworkers335 observed 
that the ratio of epimeric aldonates depends on the reaction conditions. For example, 
cyanide with D-arabinose at pH 11 yields 73% of D-gluconate whereas, at pH < 9, 
70% of D-mannonate is formed335a. The mechanisms of formation and hydrolysis of 
aldose cyanohydrins have been s t ~ d i e d ~ ~ ~ , ~ ~ ~ .  

reexamined the Kiliani reaction using l3C- 
cyanide, 13C-enriched aldoses and 13C-NMR spectroscopy. The has demon- 
strated that an equilibrium exists between the parent aldose, the cyanide and the 
2-epimeric nitriles; these are, in turn, in equilibrium with imido-l,4-lactones that, on 
further hydrolysis, yield aldonates. As an example, a specially synthesized aldononit- 
rile can be readily converted into the protonated imido-1,4-lactone at pH 10.5 
(equation 191). CN 

Recently, Barker and 

I 
I 

I pH 10.5 

H-C-OH 

I 
I 

NH*+ (191) 
H-C-OH - 
H-C-OH 

HO OH Me 

Recently, Blazer and Whaley338b have reexamined the Kiliani reaction of 
D-arabinose with sodium 13C-cyanide or 13C15N-cyanide by 13C-NMR spectroscopy; 
the identified intermediates include cyanohydrins, amides, lactones, amidines and an 
imidate (equation 192). This has confirmed the work by Isbell and coworkers335 on the 
Kiliani-Fischer synthesis of C( 1)-labelled glucose and mannose. Isbell was able to 
vary the ratio of mannonate to gluconate from 70:30 to 27:73 by altering reaction 
conditions (e.g. pH); however, no explanation was proposed for the cause of the 
variation in epimer ratios. Thus, the cause of the pH dependence of the mannonate- 
to-gluconate ratio remains unknown from the original and the present study. The 

suggest, however, that since the cyanohydrin formation occurs via attack 
Of cyanide on D-aldehyde-arabinose, the conformational equilibria influenced by the 
pH might determine which face of the aldehydo group is preferentially attacked. 

5. Specific reduction of cyanohydrins 

Sodium bis(2-methoxyethoxy)aluminium hydride (Red-Al) is a useful alternative to 
LiAlH4. While its reactivity is similar to that of LiAlH4, it is easier to handle, has a 
greater solubility in a wide range of solvents including aromatic hydrocarbons, and is 
stable at temperatures339 up to 200°C. The reagent has proved to be specific for the 
reduction of cyanohydrins. Thus, it is effective for the conversion of cyanohydrins to 
u-hydroxy aldehydePo in good yield (equation 193), and offers a new approach to the 
synthesis of branehed-chain sugars, or cross linked polysaccharides, from mono- or 
di-saccharide aldose cyanohydrins, respectively. 

6. Thio and seleno analogues of cyanohydrins 

The preparation and some of the reactions of thio analogues of cyanohydrins, e.g. 
thiocarbonyl cyanide341, and cyanoselenenylation of aldehydes342a (equation 194) 
have recently been reported. The dissociation constants of cyanohydrins of some 
substituted thian-4-ones have been determined342b. 
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1 Red-Al 

W o : N  2 Hf 70 % e o : H O  

Bu3P. THF 
RCH2CH0 + ArSeCN * RCHzCH 

\ 
SeAr 

M. Cyanoethylation 

1. Cyanoethylation via acrylonitrile 

The chemistry of acrylonitrile and its derivatives is still a topic of interest to academic 
and industrial chemists. Recent reviews on the subject include the chloro derivatives of 
a~rylonitrile'~, 2-acetoxy- or 2-chloro-acrylonitriles as ketene equivalents343 and 
cyanoethylation of organic compounds via acrylonitrile6. 

a. Cyanoethylation of alkanolamines. Compounds possessing labile hydrogen atoms 
may add to acrylonitrile, forming molecules containing a cyanoethyl g r o ~ p ~ , ~ ~ ~ .  
Hydrogen donors may be amines, alcohols or  compounds in which hydrogen atoms are 
activated by electron-withdrawing groups. Thus, c y a n o e t h y l a t i ~ n ~ ~ ~  of ethanolamine 
(57) with acrylonitrile (58) at  5-20°C gives (59) (equation 195), while under reflux it 
yields the N,N-bis(cyanoethy1) compound (60) (equation 196). N,N-Bis(2-cyanoethyl) 

5-2OoC/15 rnin. / CH2CH2CN 
HOCH2CH2-NN, (1 95) 

H 

HOCH2CH2NH2 + CH2=CHCN (59) 
/ CH2CH2CN 

CH2CH2CN 
89% (1 96) HOCH2CH2N, 

derivatives have been obtained from alkanolamines in which the amino group is 
attached to the methylene group. Alkyl groups on the cr-carbon atom lower the reactiv- 
ity: thus, MOCH2CH(CH3)NH2 yields a mixture of mono- and bis-cyanoethyl deriva- 
tives (under reflux); the disubstituted HOCH2C(CH3)2NH2 gives only the mono- 
cyanoethyl derivative (reflux, 98% yield)345a. However, the base-catalysed conjugate 
addition to acrylonitrile gives a monocyanoethyl derivative as the only 
(equation 19'7). 

b. Reaction of phenylhydrazones with acrylonitrile . Reaction of phenylhydrazones 
of aliphatic aldehydes with acrylonitrile gives phenylazoalkanes by an ene reaction. 
Thus treatment of isobutyraldehyde phenylhydrazone (61) with acrylonitrile gives the 
phenylazolkane (62) as a 9: 1 trans-cis mixture (equation 1 98)346,347. With more 
electron-deficient allrenes, e.g. methyl vinyl ketone, a Michael reaction occurs at 
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Ph 
I 

Ph 
I 

(61 1 (82) 

nitrogen, followed by cyclization to give pyrazolidines. The reactions of phenylhydra- 
zone monoanions with acrylonitrile take a variety of pathways, depending on the 
counterion (e.g. cuprous lithium or diethylaluminium sa1t)346,347. 

c. N- and S-cyanoethylation of pyridazines. Treatment of 4-arylmethyl- 
6-methylpyridazin-3(2H)-one (63) with acrylonitrile in refluxing, aqueous 
ethanol containing some sodium hydroxide gives the N-cyanoethyl derivative (64) 
(equation 199). When 4-arylmethyl-3-mercapto-6-methylpyridazine (65) is allowed to 
react with acrylonitrile under similar conditions, the reaction gives the S-cyanoethyl 
derivatives (66) (equation 

CH2Ar 

(199) 

aq. EtOHfOH-/A 

Nw 0 
80-@6% 

+ CH2=CH-CN 

I I 

aq. ElOH IOH-lA 

7 7 ~ . 8 2 %  
* + H2C=CH-CN 

d .  y-Cyanoethylation of steroid a,&unsaturated aldehydes. Cyanoethylation of 38- 
acetoxy-5ci-pregn-17-en-21-al (57) with a slight excess of acrylonitrile in benzene in 
the presence of a base leads to the cyclization products 68 and 69 (equation 201). This 
is the first example of a y-cyanoethylation that is followed by an aldol addition (forma- 
tion of 68) or a crotonization (formation of 69)349. 

2. Selected synthesis of carbocyclic compounds via cyanoethylation 

Cyanoethylation is a useful method for synthesis of carbocyclic and heterocyclic 
molecules. The formation of adducts or ring-systems via acrylonitrile may proceed by 
various pathways; the mechanism may involve annelation, the Diels-Alder cycloaddi- 
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0 
I I  
CH 

HC' 

Alexander J. Fatiadi 

Na 1 - a m y l a t e  

C6H6. 55'C 
* 

74% (u:@ = 2:l) 5% (a:@ = 3:7) 

(-1 (69) 

tion or a dipolar cycloaddition. Thus, the nitrile may be referred to as the dienophile in 
the Diels-Alder reactions, or as the dipolarophile in the 1,3-dipolar cycloaddition 
reactions. Dipolar cycloadditions are important as a means of synthesis of heterocyclic 
molecules. Some synthetic applications of acrylonitrile in the acyclic and carbocyclic 
fields are shown in equations (202)-(21 8)350-364; the synthesis of heterocyclic 
molecules via acrylonitrile has been d i s c ~ s s e d ~ ~ ~ ~ ~ ~ ~ ,  e.g. the preparation of 
2-oxopyridine derivatives from 2 - c y a n o a ~ r y l a t e s ~ ~ ~ ~ .  

(Ref. 350a) (202) 
C H 2 = C H C N / C e H 6  

CN 

Me 
I 

0- 
C H 2 =  CHCN/  

THF. reflux 

&N+ 'Me "% 

I 

N 

CN 4 
(Ref. 351) (203) NC' 
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I 
Me “6 - (Ref. 352) (204) 

CN 

MeS SMe Mex 
CH*=CXCN + (Ref. 353) (205) 

rX 
CN 

x = CI. 59% 

X = OAc. 64% 

+ CH,=CH-CN (Ref. 354) (206) 

*2i,)(0 + H,C=CHCN (Ref. 355) (207) 

CN 

(Ref. 356) (208) 
o*c 

40 50% 
- 

Et02C OEt 
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CCl,laq. NaOHIQt X- w Ph+qCN (Ref. 357) (209) 
41% 

PhCH2CN + CH,=CHCN 

Q+ X- = quaternary ammonium salt CN CI 

ci\i Ct?O%.?.P(n-A a 13 
30°C 

50-60% 
* MeCHClCOOMe + CH2=C’ 

‘Me 

::-Me + ~ > o < ~ ~ o M ,  (Ref. 358) (210) 

Me 

CI 

CN 
CH2=C( 

Dials-Alder reaction 
r 

hCI Me CN 

Na 2-5 - 
60% 

ovmal I 
(Ref. 359) (211) 

1 LDA 

(Ref. 360) (212) 

CN 2. P - T S O H I C ~ H ~ M ~  
3. A 

16-88% 

base-catalysed + CH,=CHCN * 

HO 
HOCH; 

(Ref. 361) (213) 

%o 0 

90% & (Ref. 362) (214) 
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I atobisisobuiyronitrile 
* 

CHOH I + CH,=CHCN 12-51% 

Quinine, quinidine: R = M e 0  

Cinchonine. cinchonidine; R = H 

kHOH (Ref. 363) (21 5) 

Polymeric alkaloid 

KFfMeCN/l8.crown-6. 81°C 

69% 
* CH,(CN), + 2CH2=CHCN 

* 02NC(CH2CH,CN), (Ref. 364a) (21 7) 
K F A 8  -crown -61 MeCN 

2.5 h. 8 l T  
MeN0, + CH2=CHCN 

(3 mot. equiv.) 72% 

CN 

Me 
3 R C - / C C N  + N2 (Ref. 364b) (218) 

Me 
RCCHN2 + 3 

II 
0 

I I  
0 

a. Three-carbon annelation via the Nazarov cyclization . By regioselective addition 
of ketones (71) to the 01 carbon atom of protected, a,fi-unsaturated cyanohydrins (70), 
the adducts 72 are obtained. In the case of the trimethylsilyl protecting group in (70), 
loss of cyanide takes place immediately, to give the enone (73); dehydration of (73) via 
the intermediate dienone (74) proceeds by Nazarov cyclization to cyclopentenone 
derivatives (75) (48-99%) (equation 219)360. 

3. Ketene adducts with 2-acetoxy- and 2-chloro-actylonitriles as ketene equivalents 

Reactions of ketene equivalents zptly illvstrate the highly creative activity in organic 
chemistry that endeavours to bring about reactions that cannot be accomplished in a 
direct manner343. Since the direct route to norbonenones (e.g. 79) by [4 + 2laddition 
of cyclopentadiene with ketene itself is not possible, 2 variety of synthons of the type 
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I‘ Me 

.. 
THF/N2. 78’C 

‘R2 
Me 

(70) (71) 

Me 

TosOH/toluene. reflux * 
49-99% 

(74) (75) 
R’ = SiMe3. EtO-CH=CH--; R2  = Me; 
R3 = Ph; R4 7 H. SiMe3 

H*C=C(X)(X’) have been created which permit the allowed [ . + 2]a1 ion reac- 
tion. One such synthon is acrylonitrile as a ketene equivalent. Bartlett365 found that 
2-acetoxyacrylonitrile (77) indeed forms a [ 4 + 2ladduct (78) with cyclopentadiene 
(76), which can be transformed into the norbornenone 79 by hydrolysis; this reaction 
may be regarded as the first example of a ketene equivalent (equation 220). The 
reagent 77 was then successfully applied to other diene 

It was soon realized359,369-373 that the synthon 2-chloroacrylonitrile (80) was even 
more convenient; the [4 + 2ladduct (81) could be readily prepared, and could be 
transformed into the ketones (79) under milder conditions (equation 221). 
2-Chloroacrylonitrile (80) has been used widely as a ketene equivalent for the syn- 
thesis of difficultly accessible ketones343, as demonstrated in a recent preparation of 

H2C II [4  + 21 cycloaddition * &CN NaOH. 100°C * 4 
0 

NC OAc 
AcO 

(78) 

Q +  /C‘ 

(76) (77) 

+ 
C 

CI/ ‘CN 

(W 

KOHIDMSO. r.1. 

or S2-laq. KOH -- 4 0 

(79) 
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OMe OMe 

OMI? 

(-1 (84) 

1-methoxybicyclo[ 2.2.21oct-5-enone (84) by hydrolysis of the adduct (83) derived 
from the dehydroanisole derivative (82) and (80) (equation 222)374. 

4. Cyanoacetylene and chlorocyanoacetylene from acrylonitrile 

A general review of the chemistry of u-cyanoacetylenes has been 
Chlorination of acrylonitrile, and pyrolysis of the resultant intermediates affords376 
cyanoacetylene (equation 223) o r  chlorocyanoacetylene (equation 224). Passing 
gaseous ammonia through a dilute solution of chlorocyanoacetylene in dichloro- 
methane at 30°C leads to the formation of malononitrile in 60-87% yield (equation 
225)376. Pyrolysis of a mixture of carbon tetrachloride and an excess of acrylonitrile 
in a quartz tube at 800-1000°C produces 3,3-dichloroacrylonitrile (50-60%); this 
reacts with a variety of nucleophiles, such as aliphatic alcohols, phenol, mercaptans 
and amines in the presence of a base, to give the corresponding 3,3-disubstituted 
acrylonitriles ( 4 2 4 3 %  yield)377. 

CI 
I 

CI 

I 
CI 

(223) 
l O 0 O T  kIzC=CHCN + CIZ - CICH2CHCN 40% HC=CCN 

(224) 
C‘Z I 900°C 

H&=CHCN ClCH2CCN 75% * C l C r C C N  

CICZCCN + NH3 NCCH2CN 

5. u- Metalated nitriles in organic synthesis. Reactions of allylic nitrile anions 

Metalation (deprotonation) of +unsaturated nitriles can be accomplished with the 
strong bases frequently employed in carbanion chemistry, such as butyllithium or 
lithium hydride; however, the most effective and seemingly most popular reagent is 
lithium diisopropylarnide (LDA). The a-metalated, unsaturated nitriles are usually not 
isolated, but subjected to  reaction in the same vessel; hence, deprotonation with a 
strong base gives a carbanion that allows the formation of bonds by alkylation, acyla- 
tion and condensation37s. Thus, 2-1ithioacrylonitrile~~~~.~~~ and similar cyanovinyl 
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anions380-386, or primary nitrile anions387, are important synthetic intermediates, par- 
ticularly in reactions with electrophiles (e.g., alkyl halides, aldehydes and ketones). 
The examples below shown in equations (226)-(230) illustrate the scope of this use- 

(~efs.38: anc~ 352) (22sj 
1. LDA Ph E 

p&J ___r 2. E‘ 
23 -68% 

H CN H CN 

E = R (from RX), E = CH(0H)R from RCHO (in products) 

(Ref. 383) (227) 
M+ 

I I  
S 

CN 1 LDA 

(Ref. 384) (228) 
2. E’ / 

CH3CH=C, - ECH,CH=C, 
CN 

/ 

NEt, 5r-75% NEt2 

E = R from alkyl halides, epoxides, a#-unsaturated ketones and Me3SiCI (in products 

1 LDAIHMPA 

(Ref. 385) (229) 
55 -78% 

CN R CN 

R’ 
I 

I 
R 2  

LINH, 

NH3 
CH-CN Ph,C=CH-C-CN (Ref. 386) (230) R’, 

R2/ 
Ph,C=CH--CN + 

ful, synthetic method. In an interesting example381, treatment of 2,3- 
diphenylacrylonitrile (85), at first with LDA at - 65°C (to give the salt $6) and then 
with methyl iodide gives, surprisingly, the 2-methyl Michael adduct (87), and not the 
methylation product expected from the 2-lithio derivative (86) (equation 231). 

Ph, ,CN C J  I1 

II Ph 
c /  

I 
Ph’ C-H 
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a. Alkylation of primary nitriles. Use of lithium N-cyclohexyl-N-isopropylamide as 
the strong base for the alkylation of primary nitriles (i.e. their anions) with alkyl 
halides mainly gives secondary nitriles, together with some tertiary nitriles (equation 
232)387. 

61-85% 1-30% 

R' = R2 = alkyl, arylalkyl, aryl 

X = CI, Br, I 

b. Addition of aldehydes to acrylonitriles. One of the longest known reactions of 
organic chemistry is the benzoin condensation388a in which aromatic388b or 
h e t e r o a r ~ m a t i c ~ ~ ~ ~  aldehydes are transferred into acyloins (a-hydroxy ketones) in a 
CN--catalysed process. The mechanism involves the formation of a carbanion, facili- 
tated by the use of aprotic solvents. The benzoin-type reaction has been extended to 
include a catalysed addition of aldehydes to a$-unsaturated nitriles. Thus, 
4-ketonitriles may be obtained by addition of aromatic and heterocyclic aldehydes to 
a$-unsaturated nitriles (e.g. acrylonitrile) under catalysis by cyanide ions in dimethyl 
sulphoxide (equation 233)388b. 

0- R' R2 
I I  I 

Arc-CH-CHCN 
I 
CN 

0 R' R 2  
II I I - -CN- Arc-CH-CHCN (233) 

70-90% 

6. Useful synthetic transformations of unsaturated nitriles 

a. Conversion of amide + a-cyanoenamine -+ a-diketone. The utility of a-cyano- 
enamines as reactive intermediates for the synthesis of a-diketones has been 
r e c o g n i ~ e d ~ ~ ~ .  Indeed, starting with amides and proceeding via an u-cyanoenamine 
intermediate, the synthesis of a-diketones has been achieved (equation 234)187. 

b. Hydroxylation of a, punsaturated nitrile steroids with osmium tetraoxide. Watt 
and coworkers389 have found that the hydroxylation of a$-unsaturated nitriles in 
various steroid systems, using stoichiometric amounts of osmium tetraoxide, furnishes 
a-hydroxy ketones or aldehydes in moderate yields (range 10-69%) (equations 
235-237). The hydroxylation of a,$unsaturated nitrile steroids with osmigrn tetra- 
oxide has been compared with that of potassium permanganate, and differences pointed 
out. 
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+ 
N Me2 Et3N N M 2  

CI- - R ~ R ~ C = C ’  HCIICOCI, - R W C H - C ~  
0 4 R’ R~ CH - C, 
NMez ci ‘-c1 

N m 2  RJLI NMe2 
KCN 1 MeCNI V / - R ’ R ~ C = C <  

“CN 
+ RWC= 

R3 

0 0  
10% H2S04 II I I  - R’R2CH-C-C-R3 

7 5 -  90% (23.4) 

Me 

H 

C N  
oso, - 
66 % 

7. U, p-Reductian of conjugated nitriles 

Catalytic hydrogenation of nit rile^^^" may give rise to a number of products, which 
include alcohols, aldehydes, amides, primary, secondary and tertiary arnines, hyd- 
rocarbons and irnines. In several methods a$-unsaturated nitriles may be converted 
into saturated nitriles without affecting the cyano group, e.g. by adding sodium 
borohydride to a solution of either cyanoalkene (equations 238,239; 241 and 242) or 
cyanoalkyne (equation 240) in ethanol. With cyanoalkenes (equation 239), reduction 
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R' R2 R' R2 
\ /  NaBH4/EtOH. 20°C \ I  

* H-C-C-H (238) 
/ \  56- 100% 

R3 NC R3 
NC F'"\ 

.. 
\ / NaBH4/EiOH,2O0C 1 /" 
/c = c\ 

* H-C-C-H 

Ph 
/ \  75-92% 

Ph NC NC 

X = N02,Me0 

NaBH,/EtOH. 2 O°C 
R- C=C-CN 70 -78% R--CH,-CH,-CN 

(239) 

(240) 

R = Ph, 2-phenanthryl 

Ph Ph 

Ph -6" NaBH4/  90% E1OH.2O0C i Ph q c N  

CPh2 CPh2 

(242) 

is accompanied by substitution with hydrogen of the nitro and methoxyl groups which 
are bound to the olefinic carbon atom (in contrast to the NaBH4 reduction of a 
nitroalkene to a n i t r ~ a l k a n e ) ~ ~ ~ .  Recently392 it has been reported that an azeotrope 
composed of 2:5 triethylamine-formic acid, with N,N-dimethylformamide as the sol- 
vent, is suitable for selective reduction of carbon-carbon double bonds conjugated 
with two cyano, or other electron-withdrawing groups. Thus a,p-unsaturated 
nitriles can be selectively reduced to give the saturated nitriles (equation 243)392. 

CM 
R' 

P (243) 
\ I  CN 

/ HCOOH:NEt3 (5:2)/DMF. 25-80°C 
R' 
\ 

CH-CH-X 
\ 65-99% 

R2/c=c X 

R' = Et, Ph 
R2 = H, Me, Et, PhCH, 
R' R 2 =  - (CH2)5- 
U 
X =CN, COOEt, SO2Ph 
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a. Reductive addition via copper(z) trialkylmethylborates. By treatment of copper(1) 
trialkylmethylborates (88) with acrylonitrile, saturated alkyl cyanides ($9) are 
obtained (equation 244)393. 

1 H&=CH-CN 
2. NsOH/Hp2  

RCH2CH2CN (244) 
THF, 0°C 

R3B -I- MeLi + CuX - [R3B-Me]Cu 19-93s 

(W (89) 
R = alkyl 

b. Reduction of the cyano group. Synthesis of novel ‘cascade’ molecules. For the 
construction of large molecular cavities and pseudo cavities that are capable of binding 
ionic guests or molecules (as complex or inclusion compounds) in a host-guest interac- 
ti or^^^^, synthetic pathways allowing frequent repetition of similar steps would be 
advantageous. 

Recently, Buhieier, Wehner and Vogtle395 made use of this ‘repeating-step’ prin- 
ciple in the synthesis of ‘cascade-like’ structures, and, furthermore, in the synthesis of 
cyclic, polyaza compounds having a cavity of an appreciable size. 

Reaction of monoamines (or diamines) in refluxing glacial acetic acid with acrylonit- 
rile leads, via cyanoethylation, to the annexation of a pair of ‘arms’ per amino group 
(to give the oligonitrile 90 (equation 245). After reducing the nitrile to 
amine groups (91), repetition of the acrylonitrile addition yields the lengthened ‘cas- 
cade’ molecule (92) which, on reduction to polyamines (93), or hydrolysis to polycar- 
boxylic acids, should give novel complexons. By reacting monocycles of type (94) with 
acrylonitrile (or glycolonitrile) to form dinitriles, followed by reduction, and reaction of 
the product with dicarboxylic acid dichloride under high dilution, a new bicyclic com- 
pound (97) is obtained via intermediates (95) and (96); repetition of the synthetic 
sequence yields a tricyciic system (9Sj (equation 246)395. 

R R 
I H2C=CH - CNI 

I 
Colt l ) /kBH,/  

MeOH, 2h AcOH, 24h 
t 

NC 

R 
i 

C O ~  I l)/NaBH,/ 
& O H .  2 h  

R 
I 

H2N H2N NH2 NH2 

(93) 
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c. Pyrolysis of poly(acrylonitri1e). Thermal degradation of poly(acry1onitrile) 
[-CH$H(CN)-],, produced by addition polymerization of acrylonitrile to 
polymeric carbon has been studied and reviewed by F i t ~ e r ~ ~ ~ ~ .  

N. Cyaxcms?thy!&!cn v!a Acetcn!tttP!!e 

Cyanomethylation consists of a series of reactions leading to the extension of the 
carbon chain by two carbon atoms, or by such groups as -CH2CN, =CHCN, or 
=CCN. The procedures for the conversion of carbonyl compounds into higher deriva- 
tives by chain extension with one, two or more carbon atoms is an important, organic 
methodology 

The synthetic application of polymetalated nitriles, e.g. gem-dianions from 
acetonitrile or arylacetonitrile, with regard to acylation reactions, has been reviewed 
by Kaiser and Monolithiated acetonitrile (H2LiCCN) is found, from 
ab initio calculations, to have three different 

- 

I. Nitriles by two-carbon elongation via an acetonitrile anion, e.g. CH,CN 

By two-carbon elongation nitriles may be prepared via acetonitrile or a-substituted 
acetonitrile anions; indirect procedures involving displacement or substitution may 
also be used. When the enolate of acetonitrile, e.g. the carbanion CH2CN or 
R1R2CCN398 is generated by bases, amid bases (LDA or lithium hexamethyl- 
disilazide) or naphthalene radical anions, it adds, via an aldol reaction to a wide variety 
of aldehydes and ketones, to give saturated or unsaturated nitriles containing two 
more carbon atoms. This reaction supplements cyanoethylation via acrylonitrile; how- 
ever, the mechanism of C-C coupling in the two reactions may be different7.'42. 
Reactions of tertiary carbanions [ e.g. (CH3)$CN], generated by LDA in tetrahyd- 
rofuran below O"C, have been reported399. 

a. Cyclohexylideneacetonitrile. This can be prepared in cyclohexanone and acetonit- 
rile by azeotropic distillation of water from the mixture at -8O"C, if sodium octoxide is 
used as the catalyst. Benzyl cyanide can be obtained from the product by aromatua- 
tion catalysed by zinc oxide (equation 247)400a. 

ZnO 
450 OC 

CHCN 80% PhCH2CN (247) 
CgHg .-H20 

0 + CHSCN 70 % 

b. a,& Unsaturated nitriles. Unsaturated nitriles may be obtained by condensation of 
aromatic or aliphatic aldehydes or ketones with acetonitrile in the presence of 
powdered potassium hydroxide and 18-crown-6 ether (equation 248)lS6, or in the 
presence of potassium hydroxide alone (equation 249)147. 

KCH 
crown ether 

0 

R'R~C=CHCN 
I1 

CH3CN + R'- C - R 2  * 

R' R 2 =  alkyl. aryl, H 

KOH (pellets) 

15 -70% 
R % ~ C = C H C N  CH3CN + R'COR2 

R' = alkyl. aryl 
R2 = alkyl 
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C. Selective 1,2- or 1,4-addition of arylacetonitrile anions to mesityl oxide. Lithiated 
avlacetonitriles react with some a-enones to give mixtures of 1,2- and 1,Caddition 
products in THF, but only 1,4-addition products in THF-HMPT (equation 2 jO)400b. 

Me 

1.4-acldilion 
THF--HMPT/ -70°C 
r 

1.2-addition 
Me/ -i THF/ZnCI*/ -70°C 

\ 
[ArCHCNI- Li' + C=CHCOMe 

* 

Ar  = Ph, pMeOC6H4, m-CIC6H4 

Me . - Me I /  CN 
\ C=CH-C- CH, 

OH I Ar Me' 

Me\ 
'C- CH2COMe 

/ I  (250) 
Me CH-CN 

\ 
\ 

Ar 

Lithiated arylacetonitriles and mesityl oxide at -70°C in THF yield the 
1 , 4 - a d d u c t ~ ~ ~ ~ ~ .  However, in the presence of zinc chloride, the allylic alcohols resulting 
from 1,2-addition are formed exclusively. Electronic effects of substituents on 
reaction products are observed, some contrary to Hiinig and Wehner's findings400b 
who have studied similar addition reactions. 

d. Benzoylacetonitrile. An improved procedure for the preparation of benzoyl- 
acetonitrile from benzonitriles involves cyanomethylation via acetonitrile; the 
intermediate 3-aminocinnamonitrile is then hydrolysed to the product (equation 
252)401. 

x / 
X X' 

e. Tritylation of weak carbon acids. The tritylation of molecules containing weakly 
activated hydrogen atoms has been effected by using the trityl cation in the presence of 
a sterically hindered base lacking nucleophilic properties, e.g., 2,4,6-collidine. This 
method permits, for the first time, direct tritylation of such weakly acidic compounds 
as acetonitrile or acetone (pK 20-25) in high yield (equation 252)402. 

p Ph,C-CH,CN (252) 

f: Addition of acetonitrile to unsaturated nitro compounds. Acetonitrile, in the pres- 
ence of a fluoride ion as the catalyst, adds across a conjugated system (a Michael 
addition) to produce a saturated acetonitrile derivative (equation 253)403. 

2.4.6-collidine 

91 % 
Ph3C' PF6- + CH&N 

F- + CH3CN -CH2CN + blF 

-CH,CN + Ph2C = CHN02 Ph2C(CH2CN)CH2N02 (253) 

45% 

g. Addition of acetonitrile via electrolysis. In the presence of triethylammonium 
iodide as supporting electrolyte and a platinum electrode, acetonitrile adds to trial- 
kylborons to yield alkylacetonitriles in good yield (equation 254)404b. 
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h. Vilsmeier forrnylation of acetonitrile. Acetonitrile reacts with the Vilsmeier com- 
plex to give 2-cyano-3-dimethylaminoacrolein (equation 255)404b. 

electrolvsis 
Et3Nt I - .Pf -Pt  

R3B + CH3CN >50% RCH&N (254) 

1 i 2[Me2N.-CH-Ctl* P02Clz- CN 

r (255) 
I Me  

\ 

/ 

2 + H20 
N-CH=C-CH=O 32% 

H3C- CN 

Me 

i. Novel silylation of acetonitrile. Trimethylsilyl trifluoromethanesulphonate reagent 
converts acetonitrile into tris(trimethylsi1yi)acetonitrile and N,2,2- 
tris(trimethylsily1)keteneimine (equation 256)404c. 

F3CS020SiMe3 
Et jN/ether, 5OC 

H3C- C E  N F 

MegSi 

I Me3Si 
S i M e 3  

S i M e 3  

I \ 
Me3Si-C - C G  N + C =C= N- S iMeg (256) 

/ 

56% 44% 

2. Reactions of substituted acetonitriles 

a. Vicarious replacement of hydrogen by various a-substituted acetonitriles. 
Recently, Makosza and W i n i a r ~ k y ~ ~ ~  have developed a new procedure by which a 
vicarious replacement of hydrogen in aromatic nitro compounds by acetonitrile deriva- 
tives can be achieved (equation 257). The product may be a mixture ofortho andpara 

NO2 NO2 

XCH2CN + 6 ~ % ? ~ ~ z s o  ~ Q b C I - I . C N  (257) 

X =PhS + many others CH2CN 
50% 18% 

isomers; however, the preponderance o f  one isomer over the other may be controlled 
by various a substituents on the acetonitrile. Products containing a cyanomethyl group 
ortho to  the nitro group cannot be readily prepared in other ways. The utility of these 
compounds as versatile starting materials in the sythesis o f  heterocycles is well estab- 
lished406. Other a-substituted acetonitriles have been found effective in two-carbon 
elongation reactions e.g. alkylacetonitriie (equation 258)307, methoxyacetonitrile 
(equation 259)408, methylthioacetonitrile (equation 260)409, ethyl cyanoacetate (equa- 
tion 261)410, phenylacetonitrile (equation 262l4O0 and cyanomethylcopper (equation 
263)411. 
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R’ 
R ~ N B C I ?  / E ~ ~ N  I 

(258) * ArCH-CHCN 
I 

NR; 

7-61% 
ArCHO + R’CH2CN 

NaH /DMF OMe 
ll0‘C / 

ArCHO + MeOCH2CN 7 ArCH=C, (259) 
CN 

SMe 

CN 
(260) 

Triton B or 
NaOEt 

R’R2C=0 + MeSCH2CN 

El  .,N or NaOMe 

- 5 0 %  * RCECCHCH2NO2 (261) 
I 

RCEZCCH = CHN02 + NCCH2C02Et 

CHCNC02Et 

THF 
H2C=CBrCH2Br + CUCH~CN 7 H,C=CBrCH,CH,CN (2631 

b. Additional methods. Additional methods for the introduction of the 
cyanomethylene group into an organic molecule involve reaction via 
cyanomethylenetriphenylphosphorane reagent (equations 264-266)412-414, diethyl 
cyanomethylphosphonate reagent (equation 267)415, phase-transfer catalysis (equa- 
tion 268)416 or a substitution reaction (equation 269)417. 

CH=CH- CN 

Ph3P = CHCN/C6H6/ reflux 

85 % 

PhgP=CHCN/C6H6/reflux 63 % * c;>CHCH,CN 

* m C H 2 C N  (266) 
Ph3P= CHCN /C6H6 /reflux 

89 % 
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0 
II 

HCO 

0- 
I 

80% 

IEtO12 P+CHZCN * 

0 

HCO 
II 

(267) 

Q+X- = (-1 Bentylcinchonidinium chloride 

MeO, MeO, 

Me0 M e 0  

c. Special methods. Some special synthetic methods leading to useful 
cyanomethylene intermediates are shown in equations (270)-(274)418-422. 

i t-BuLi ( 3 e q . l  
2 MeCHO 
3 Me3SICI 

MeCN x = 1.10% - (MegSiOCHMe)xCH3 -,CN 
X = 2.70% 
x = 3.5% 

R 
I 

Et -CH CN (Ref. 419) (271) 

R 
I 

Et3B -k BrCHCN 
R = C02Ef .91% 
R = CN.%% 

R 
I 

R 
nfioso3n 

ArCH2R N - W %  - Ar-C=CHNMe2 5,-8,% ArCHCN (Ref. 420) (272) 
W F .  acetal I 

Ar = 4-pyridyi, subst. Ph 

R = H, Me, alkyl, COOEt 

bismuth phosphomolvbdalel 
0, /4C4-5W°C 

RCHZNHCHO 90% * RCH2CN (Ref.421) (273) 

R = M e  
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R’, R2 = alkyl, Ph, cyclic 

d.  Acetonitrile in thermal reactions. Warm a c e t ~ n i t r i l e ~ ~ ~  is a good medium for 
certain thermal, nitrogen-extrusion reactions ( d e a ~ a t k a t i o n s ) ~ ~ ~ ,  leading to novel, 
skeletal rearrangements. For example, refluxing acetonitrile has been used for gener- 
ation of the 1,3-diyl intermediate from a bicyclo azo compound; so using an intra- 
molecular, diyl-trapping reaction, a regiospecific and stereospecific synthesis of a 
linearly fused tricyclopentanoid (antitumour agent) has been achieved (equation 
275)425. Similar nitrogen extrusion with rearrangement has recently been reported for 
7-isopropylidene-2,3-diazabicyclo[ 2.2.11hept-2-ene in warm a ~ e t o n i t r i l e ~ ~ ~ .  

A homoallylic rearrangement of 1Piodocholesterol is observed in the presence of 
warm acetonitrile (equation 276)427a. Conversion of acids into nitriles by reaction with 
acetonitrile at high temperatures (150-300°C) has been reported in the patent 
literature427b. 

C 0 2 M e  H s  

H 

(276) 

0. Synthesis and Alkylatlon of Nitriles under Phase-transfer Catalysis 

1. Synthesis of nitriles 

Among modem methods for the synthesis and alkylation of nitriles, methods em- 
ploying phase-transfer conditions are of the utmost importance,; considerable progress 
in this direction is attributable to results obtained by M a k o s ~ a ~ * ~ ~ ~ ~ .  The general topic 
of phase-transfer catalysis has been thoroughly reviewed42a434. 

a. Catalytic synthesis of cyclopropanes. Cyclopropanes are formed by condensation 
of or-halocarbanions with electrophilic alkenes (e.g. acrylonitrile), e.g. in 50% sodium 
hydroxide with a catalytic amount of benzyltriethylammonium chloride (TEBA) 
(equation 277). Two isomeric cyclopropanes are formed, but the ( E )  (trans) isomer 
 preponderate^^^^. By addition of benzene436, to afford an emulsion, hydrolysis in the 
aqueous alkaline solution is suppressed. 

The same system435 has also been used for the generation of carbanions from 
or-halonitriles in a modified Darzens reaction for the preparation of, for example, 
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R 2  NC CN TEBA NC R 2  
I 

/ I 
NC CI 

NaOH H 0 
R’ 
\ 

C=CH, H-C-CN 2 45 -75% ~l>v<cN -k R ~ T R ~  (277) 

( € 1  (Z) 

TEBA R’ 
NaOH. aq. 

C = O +  CICHZCN 79% J ‘c -CH-CN 
R2’ R2’ \o/ 

u-cyanoepoxides (equation 278)437; these are important intermediates for the synth- 
esis of quinoxalines. 

b. Synthesis of u-vinylnitriles. The anion of a nitrile generated with solid potassium 
hydroxide adds to acetylenic bonds with TEBA in dimethyl sulphoxide to afford 
2-vinylnitriles in 60-95% yield (equation 279)438a. 

CH = C H R ~  
I 
I 
R’ 

(279) 
KOH/TEBA 

ArCHCN + HC=CR2 OMSO t ArCCN 
60-95% I 

R’ 

c. Phase-transfer photochemistry. Photochemical nucleophilic substitution of CN- 
takes place using 18-crown-6 ether to dissolve KCN in anhydrous acetonitrile (e.g. 
biphenyl + 4-cyanobiphenyl, 50%). The photocyanation of aromatic compounds can 
also be carried out with another phase-transfer agent, tetrabutylammonium 
cyanide438b. 

2. Alkylation of nitriles 

of the ethylation of phenylacetonitrile under phase-transfer con- 
ditions in the presence of tetrabutylammonium bromide (TEBA) has given results 
consistent with an interfacial type of process wherein the quaternary ammonium salt 
functions as a transfer agent that resides primarily in the organic phase. -4 general 
method for the alkylation of active methylene groups has been described in detail 
(equation Z80)440. 

A kinetic 

TEBA 
NaOH. H20 PhCH(Et)CN (280) PhCH2CN+ EtBr 78-84% i 

a. Indirect alkylation o f  amino acids. The incirect alkylation of glycine first involves 
the preparation of a Schiff base (equation 281), which is an active methylene com- 
pound. This imine can then be alkylated under the usual phase-transfer conditions to 
give an enaminonitrile intermediate; which is hydrolysed to the alkylated glycineM1. 

BF3. Et,O. PhCH3. A R X .  TEBA. NaOH. H20.PhCH3 
P Ph,C=O + H2NCH2CN 70% * Ph&= NCH2CN 75.95% 

R 
I 1. 1 N HCI, 25°C 

2. 6 N HCI. A I 
Ph*C= NCHCN * H2NCHCOOH (281) 
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b. The Michael reaction. Certain Michael-type reactions of enol esters with 
2-phenylpropionitrile may be conducted in a two-phase system containing TEBA 
(equation 282)442a. 

Ph [Et3N+CH2Ph]CI-/  Ph CN 

64% 

Me M,/ \CHOAc 

r (282) 
H2C=CHOAc + >HCN NaOH/C6H,IH:,0 

I 
Me 

c. Catalytic two-phase alkylation of cyanamide. Cyanamide can be effectively alky- 
lated with mono- and di-haloalkanes in the presence of 50% aqueous sodium hydrox- 
ide and a catalytic amount of Aliquat 336 [the so-called, catalytic, two-phase (CTP) 

Thus, cyanamide with an excess of alkyl halides yields dialkyl- 
cyanamides (equation 283). The use of 1,o-dihaloalkanes or 
o-bis(bromomethy1)benzene constitutes a particularly useful method for the synthesis 
of such cyclic cyanamide derivatives as 1-cyanopyrrolidine, 1-cyanopipendine, 
1-cyanohexahydroazepine and 2-cyano-l,3-dihydroisoindole (equation 284)442b. 

' 

R 
Na OH I H20/Aliquaf 336 \ 

t /N-CN (283) 
55 96% H2N-CN + R-X (excess) 

R 

H2N-CN + Br-CH2-A-CH2--Br 
N a O H I H 2 0 / A l i q u a t  336 

50 -75% 
* 

A = -(CH&- ( n  = 2-4) 

d.  Additional phase-transfer reactions. A two-phase system for the N-alkylation of 
2,6-dicyano-l,4-dihydropyridines with benzyldodecyldimethylammonium bromideu3, 
or alkylation reactions with two-phase catalysts, namely, 2-dialkylaminopyridinium 
salts (equation 285)u4, has been reported; also, similar alkylations of various primary, 
secondary and tertiary amines (equation 286)445. Additional pertinent reactions are 
shown in equations (287)-(293)446-450. 

BF, ( c a t . )  

I 
A2 R 3  

50% NaOH 
t PhCHR'CN 

7 5 %  
PhCH2CN + R'Br 

R' = Et 

R'R2R3N/Bu& 

5 0 % K 0 H  i PhCHCN PhCH2CN 7 0 %  
I 
e u 

HO CH2 CH:, 

?f+& k N - R  X -  

Et3N.  EtOH 

(286) 

reflux MeCOCH2CH2CN (Ref. 446) (287) 
30% 

MeCHO + CH2=CHCN 
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NCCH(SePh)CHfi (Ref. 447) (288) 
RCHzX. TBA 

NCCH2SePh B1-96% * 

R = Me, pihary alkyl, ally1 or benzyl 

R 
TEBA H 3 0  I 

Ph,C=NCHCN H2NCHCOOH 
I 

Ph2C=NCH2CN + R X  50% NaOH.  toluene) 

R (Ref. 448) (289) 

R = primary or secondary alkyl, Bz 

(Ref. 449) (290) DBUIDMF 

n = 4. 6 0 %  
NCCH2CN + Br(CH2),Br - ( C C l C N  u CN 

DBU = 1,5-diazabicyclo[5.4.0] undecene-5 

R 
I a,] 1.MCPBA 2. KCN. 30 - 5 0 %  DMF *Qg: N 

(Ref. 45Oa) (291) 

\ I CH2Ph 
CHZPh 

R =H, Me 
MCPBA = rn-chloroperbenzoic acid 

KCN /4c.,O 

H20/CH2C12 OAc 
Q+ x- * /  

'CN 
R-CH RCHo 44-71% * (Ref. 450b) (292) 

Q+ X- = (-) Benzylcinchonidinium chloride 

CN- 
@-ICH2)3-;BUsBr- 

9 5 %  
* n-CgH17CN (Ref. 4 5 0 ~ )  (293) n-CgH17Br 

e. Three-phase catalytic reactions. Three-phase, catalytic C-alkylation of nitriles has 
been discussed451. The use of a solid-phase catalyst (e.g. polystyrene resin) involves a 
triphase reaction system (equation 294)452. 

Pol y st y ren e r es in 
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P. Synthesis of Cyano Compounds hawing such Functional Groups as 
O=C-CN, C = W C N  and S=C-CN 

1. Cyano compounds having as O=C-CN, O=C-CH2CN and 
O= C- CtY ,CH,CN groups 

There are but few satisfactory procedures for the synthesis of 2-ketonitriles (acyl 
cyanides). The methods most preferred453 consist in the addition of copper(1) cyanide 
to an acid chloride either in refluxing acetonitrile or benzonitrile, or in ether at 10°C in 
the presence of lithium iodide (equation 295). 

0 
II 

A: boiling acetonitrile or benzonitrile 0 
II 6:  efher/Lil 10°C 

R-C-CI + CuCN 50- 77% * R-C-CN (295) 

a. Aroyl cyanides. These can be readily prepared by reaction of the chlorides with 
sodium cyanide in dichloromethane-water, by use of a phase-transfer catalyst (equa- 
tion 296)454. Both the acid chloride and the product are present in the organic phase, 
and thus protected from hydrolysis. 

0 
II Bu,N+. Br- 

(296) 

Anhydrous thallium(x) cyanide has been used for the preparation of a-ketonitriles 
(e.g. benzoyl cyanide), cyanoformates and trimethylsilyl cyanide (equations 
297-299)455. Aromatic aldehydes can readily be converted, via their S,S-acetals, into 
benzyl cyanides; this involves treatment with mercury(x1) cyanide and iodine, followed 
by bromination, and oxidative hydrolysis with dimethyl sulphoxide (equation 300)456a. 
A recent report456b has described a convenient one-step synthesis of aroyl cyanides 
from arylglycoxals or phenacyl bromides in 70-97% yields. 

CH2Clp. H20 
ArCOCl + NaCN -60% * ArCCN + NaCl 

(297) 
ether 

PhCOCl + TlCN 74%- PhCOCN 

MeCOOCzHs - NCCOOMe ClCOOMe + TlCN 66% (298) 

SEt 
I 12/Hg(CN)2/MeCN &2/CCI,. 40°C * - Ar-CH-CN -100% I 68-93% 

Ar -CH 
I 
SEt SEt 
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b. Benzoyl cyanide as an acylating agent. This has been used for the selective ben- 
zoylation of c a r b o h ~ d r a t e s ~ ~ ~ ,  and of steroid alcohols458, allowing the selective derivat- 
ization, and separation, of epimeric hydroxy steroids459. Acetyl cyanide has been used 
as a specia! cyanating reagent for saturated hydrocarbons, e.g. cyclohexane (equation) 
301)460. 

c. Trijhoroacetyl cyanide. This is obtained from trifluoroacetyl chloride (equations 

0 0 
II I I  

30246' and 303462a). 

(302) 
KCI/LiC1/400°C 

* CF3C- CN CF3C-CI + K C N  81% 

0 0 
II II 

(303) 
250"C/vapour  p h a s e  * CF3C-CN 

<50% CF3C-CI + A g C N  

d. Trijluoroacetonitrile. As depicted, pyrolysis (600°C) transforms a perfluoro- 
pyrazoline derivative into a mixture whose dominant components are tnfluoroaceto- 
nitrile and trifluorotetramethylpyrrole; the mixture also contains a 5H-perfluoropenta- 
methylcyclopentadiene, a very strong fluorocarbon acid (equation 304)462b. 
304)462b. 

N-NH 
CF3 

C F 3 w c F 3  CF3 CF3 CF3 - 600°C CF3CM + CF3 $R,, + cFy$cF3 

H CF3 H 

(304) 

e. 4-Ketonitriles. 4-Acylbutanonitriles can be obtained by condensation of ethyl 
malonate with acrylonitrile, followed by the sequence of reactions shown in equation 
( 305)463. 

1 .  Na 
2. RCOCl 
3. MeCQOH/H+ 

COOH COOTHP 

80% 
HC!CH2CH2CN + 2 HCCHzCH2CN 

I I 
COOH COOTHP 

0 
I1 

RCCH,CH2CH,CN (305) 
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f: 3-Ketonitriles f.om carboxylic anhydrides. Carboxylic anhydrides (99) (R' = Me, 
Et) with the organozinc compound 100, give rise either to a 3-ketonitrile (101), or to 
the enol ester, depending on the substitution of 1OQ. With R2 = R3 = Me the product 
is 101 and with R2 = H, R3 = i-Pr the product is the enol ester (102) (equation 
306)464. 

0 R 2  
/ I  I 

R'- C- C- CN 
I 

R3 

0 R' R3 

R'- C-O-C=C-CN 

(101) (306) 

I I  I I  

0 0 R2 
II I I  

R1-c-o-c-R1+ BrZn-L-CN 
I 
R3 

45% (99) (1 00) 

g. 3-Ketonitriles from u,$-unsaturated ketones via the Nagata reagent. u,$- 
Unsaturated ketones (103) (especially those derived from steroids) react with a hyd- 
rocyanation reagent prepared in situ from hydrogen cyanide and alkylaluminium com- 
pounds (104) [ e.g. AlEt,, Al(i-Pr),, AiE?2Cl]. Processing with aqueous hydrochloric 
acid results in the formation of 1,3-dinitriles (105), whereas aqueous sodium hydroxide 
yields the 0-kenotriles (106) directly (equation 307)465. 

h. 173-Diketonitriles via an ene reaction. In the ene synthesis, a variety of carbonyl 
compounds have been employed as e n o p h i l e ~ ~ ~ ~ ,  while only in a few examples does 
the carbonyl compound react as the ene component. For example, the formation of 
adducts in the reaction of f3-0x0-s-triazine with acrylonitrile has been explained by an 
ene-syxthesis iiiee'iianisrn involving hydrogen transfer from the enol of 3-0x0-s-triazine 
to a carbon atom of the e n ~ p h i l e ~ ~ ' .  The same enol hydrogen transfer has also been 
found in the the thermal cyclization of unsaturated ketones468. A new example of the 
ene synthesis469, in which enolizable 1,3-dicarbonyl compounds (e.g. 107) act as ene 
components, is the reaction with carbonyl cyanide (lo$), a highly reactive e n ~ p h i l e ~ ~ ~ ,  
to give the labile ene adduct 109, which is isolated in the form of the etherate (equation 

HO -C-C-C-CN 
I i I  

CN 

(105) 
NaOH or 

(307) 
A1Z03 

1 / AIR31104)/HCN 1 
I o=c-c=c, 

(103) 
H 

I l l  

I I  
o=C-C- C- CN 

(106) 

AIR3 = AIMe3. AIEt3. Al(i-PrI3.  

A l ( i - B ~ ) 3 .  AIEt2CI. AIEtC12 
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103 106 Yield (96) of 1% 

>70 

C5H17 

0 
CN 

0 

74 

308). The reaction of a monoketone (as the ene component) with 108 has also been 
reported470. Other pertinent cyano preparations are shown in equations 
(309)-(31 2)471-474. 
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R‘ 

Ph Ph 

Me Ph 
CF3 Ph 
Me Me 
OEt OEt 

2,4,6-C13C6Hz 2,4,6-C13C6H~ 

~ 

R R 
I KC N I 

X C ~ H , C O C H C H ~ ~ ~ P . , I ~ ~ I -  - XC~H,COCHCH~CN 

OH 

R’ 
\ CN / 

R’ 

. OH 

R2’ 
CN ‘R2 

(Ref. 471) (309) 

(Ref. 472) (310) 

(Ref. 473) (311) 

R’ = R2. R3 == ti or alkyl 

(Ref. 474) (312) 

0- 

i. 3-Cyano aldehydes via hydrocyanation of alkylidenearnines. 3-cyano aldehydes 
(112) cannot be prepared by hydrocyanation of ci,p-unsaturated aldehydes using con- 
ventional methods. However, hydrocyanation of allylideneamine (110) with hydrogen 
cyanide-triethylaluminium (the Nagata reagent), followed by hydrolysis of the 
l-amino-l,3-dicyanoalkanes 111 with aqueous oxalic acid, affords 3-cyano aldehydes 
(112) (equation 313)475. 

j .  Cyanoformates from chloroforrnates. Primary and secondary alkyl, phenyl and 
benzyl cyanoformates (114) can be prepared in good yield by the crown-ether- 
catalysed reaction of solid potassium cyanide with the corresponding chloroformates 
(113) (equation 314)476. 
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CN CN 
(111) 

R’ R2 R3 Yield of 112 (%) 

H Ph t-Bu 25 
H Et t-Bu 54 
-(CH2)s- t-Bu 54 
- (CH2)s- c-Hex 39 

4 
RO- C, 

KCNl18- crown-5/CH2C12 r RO-C\ 40 
CN 52-94% CI 

(314) 

(113) (914) 

R = alkyl (not r-butvl), cycloalkyl. phenyl. benzyl 

2. Cyano compounds having the C=N-CN group 

a. Alkyl N-cyanoirnidures. Ethyl N-cyanoacetimidate (116; R1 = MeCO, R2 = Et) 
can be prepared (58% yield) by careful neutralization of the acid solution of ethyl 
N-acetimidate hydrochloride (115); R1 = MeCO, R2 = Et) and commercial 5% 
aqueous cyanimide to pH 6.5 with sodium phosphate; similarly, ethyl N-cyanobenz- 
imidate (116; R’ = PhCO, R2 = Et) has been obtained in 65% yield (equation 315)477. 

(115) 
N-CN 

R1- + NaCl + NaH2P04 + NH, 
C\OR2 

(116) 

R1 = MeCO, PhCO; R2 = Et (31 5) 

This method is based on the fact that there is a pH optimum for reactions involving 
nucleophilic attack on C=N carbon atoms and subsequent decomposition of the 

tetrahedral intermediate Y-C-N,‘. Ethyl thiocarbonate with cyanamide in the 

presence of potassium methoxide affrods N,N‘-dicyanocarboxamidines (equation 
316)483. 

I 

1 
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R = H. 68% yield 

R = Me, 89% yield 

R = Ph. 95% yield 

3. Cyano compounds having S=C-CN, O=S-Cf\! S-C=N-CN and 
O=C-S-CN groups 

a. Sulphonyl cyanides. Aliphatic and aromatic sulphonyl cyanides (119) can be 
prepared by saturating the solution of a variety of sodium sulphinates (118) (prepared 
in situ by reduction of sulphonyl chlorides 117) with cyanogen chloride at room temp- 
erature; the yields of the products are reported as 22-97%478 or 67-72%479 (equation 
317). 

Na2S03 
NaHC03 ClCN 

(317) RS02CI - R S 0 2 N a  - RS02CN 

(117) (118) (119) 
67-72% 

HOOC, 

b. Cyanothio formamides from C-sulphonylthioformamides. Treatment of N, N- 
dialkyl(ary1)-substituted C-sulphonylthioformamides (120) with potassium cyanide in 
80% aqueous acetone for one minute produces the corresponding N,N-disubstituted 
cyanothioformamides (121) (equation 3 1 8)480. 

S 

(120) (121) 

R1 = R 2  = Me 

R1-R2 = -(CH 2)4- 

R ' =  Me. R 2  = Ph 

c. Cyanothio formates from carbonyl cyanide and thiols. Cyanothioformates (125) 
had not previously been reported in the chemical literature, but Leplawy and Red- 
l i n ~ k i ~ ~ ~ "  found a simple method for preparation of this class of compound; the proce- 
dure involves the reaction of (the highly reactive) carbonyl cyanide (123)482 with thiols 
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(122) via the dicyanohydrin intermediate 124 (actually isolated in the case of ben- 
zenethiol, 124, R = Ph); elimination of hydrogen cyanide from 124 by gentle warming 
leads to the cyanothioformates 125 (61-84% yield) (equation 319). The preparation 
of thiocyanides via thiols has been reported as shown in equation (320)481b. 

CN 
1 MC\ 

NC I 
r.t. or lower + R-S-C-OH r . t .  or A R - S H +  ,C=O 

0 
I /  

R-S-C-CN + H C N  (319) 

(1 25) 

R = n-Bu ,  i -Bu, t-Bu, n-C5HI1, n -CgH i7 .  

SCN 
I 

+ R S H  - R-SCN 

H02C 
(320) 

NO* 

d. Potassium N-cyanothiocarboximidates. Ethyl dithiocarboxylates (126) react with 
cyanamide (127) and potassium methoxide in methanol at 0°C to give potassium 
N-cyanothiocarboximidates (128; R = Me, Ph). The analogous reaction of 0 ,S-diethyl 
dithiocarbonate (126, R = OEt) affords potassium N-cyano-0-ethylthiocarbimidates 
(128, R = OEt) (equation 321)483a. 1,3,4-Oxathiazoles, on thermolysis, undergo 

4 N - C N  
(321) KOMe/MeOH/O"C 

* R-C, 
2 

SK R-c, + H2N-CN 71-87% SEt 
(1 26) (127) (128) 

R = Me. Ph. OEt 

retro-l,3-dipolar cycloaddition to afford carbonyl compounds and nitrile sulphides. 
The latter may be trapped by cycloaddition with alkynes and nitriles (equation 
322)483b. 

R' = Me. Ph 
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Q. Conwerslon of Nitsoalkanes into Nitriles 

1. The conversion RCH2N02 3 R C Z N  

The few r n e t h o d ~ ~ ~ , ~ ~ ~  described in the literature generally either require severe 
conditions, or do not constit';t~ a geneia! i i i ~ i h ~ d .  

a. Vilsmeier-Haack reaction. When 3-(2-nitroethyl)thiophene is subjected to Vils- 
meier-Haack formylation reaction485, 3-acetonitrilothiophene is formed (equation 
323), while 2-phenylnitroethane gives 90% yield of benzyl cyanide. 

b. Phosphorus trichloride-pyridine and phosporus triiodide-triethylamine reagents. 
A mild conversion of nitroalkanes into nitriles can, for example, be accomplished in 
one step by reaction of the primary nitro compound with phosphorus trichloride and 
pyridine (40-75% yield) (equations 324-326)487. This method may also be used to 
convert allylic nitro compounds into cr$-unsaturated nitriles, and to prepare an 
aldehyde or a ketone from cyanohydrin acetates. 

In an even milder procedure, phosphorus triiodide and triethylamines3 were used 
for high-yield conversion of terminal nitroalkanes into nitriles (equation 327). 

PC13. P y  
PhCHzNO2 PhCN (324) 

CH2C12/NEt3 - RCGN 
82 % 

(327) 

c. Trialkylamine-sulphur dioxide reagent. The trialkylamine-sulphur dioxide com- 
plex recently introduced for the dehydration of oximes to nitrile@ has been success- 
fully applied by Olah and coworkers488 for direct conversion of primary aliphatic and 
arylaliphatic nitro compounds into nitriles. The authors488 have also found that hexa- 
methylphosphoric triamide brings about the foregoing conversion under similar reac- 
tion conditions (equation 328). The mechanism suggested488 involves a nitrile oxide 
intermediate which, with an excess of the reagent, is deoxygenated to give the nitrile. 

d.  Reaction of dinitroalkanes with a 2-cyanosulphone salt. A new approach to the 
synthesis of nitriles from nitroalkanes has been described by Ono and coworkers489a. 
Thus, 2,2-3initroalkanes (i29) react with the sodium salt of 2-cyanosulphones (130) to 
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R' = Ph. 4-MeCeH4. 4-MeOC6H4. PhCH=CH. 2-furyl. n-CSHI1. 

R 2  = Me. E t  

n-CgH13. c-CeH11 

give the products (131), which are readily converted into a wide variety of a$- 
unsaturated nitriles (132) by reductive elimination (equation 329)489a. 

R2 CN 
I DMF r . t .  

R1-C-N02 + Na+ L - S O 2 e - M e  - 
I I 

NO2 R3 

(329) Na2S/DMF r.t. 

\Me W 62-79% 'R3 
(1 32) 

(131) 

R1= Me 
R2,R3 = alkyl 
R1- R 2 = -(CH2)4-.-(CH2)5- 

e. Reaction of nitroalkenes with isocyanide. The reaction of a nitro olefin with 

R~-CH=CH-NO, R ~ - C H - C O N H R ~  (330) 

isocyanide to give a cyanocarbamate is shown in equation (330)489b. 

I 
CN 

f: Additional methods. Additional methods for the conversion of nitro compounds 
into nitriles include photoassisted displacement of the nitro group by the cyano group 
(equation 331)490, reduction of an unusual nitro compound with sodium d i t h i ~ n a t e ~ ~ l  
and pyrolysis of n i t r ~ b o r a n e s ~ ~ ~ .  

YO2 

a. Photoinduced Synthesis and Reactlsns of Cyan0 CompQunds 

I. Photochemical reactions of nitriles 

Photochemical reactions involving cyano substrates are diverse reactions from both 
the mechanistic and the synthetic point of view. The inter- and intra-molecular photo- 
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cyclization of alkenes with u$-unsaturated c h r o m o p h ~ r e s ~ ~ ~ * ~ ~ ~ ,  phototransposi- 
ti on^^^^ and  rearrangement^^'^, photochemical generation of 2-allyl-substituted nit- 
riles and their carbene-type intramolecular 1: 1 cyc loadd i t ion~~~~ ,  reaction between 
radical-anion-radical-cation pairs produced on irradiation498 (e.g. 
1 ,2,4,5-tetracyanobenzene7 TCNB)499, photosubstitution of TCNB by toluenesm or 
by e t h ~ i s ~ ~ ~ ,  photoinduced reaction of 7,7,8,8-tetracyanoquinodimethane (TCNQ)- 
tetrahydrofuran501 or tetracyanoethylene(TCNE)-2-methyltetrahy~ro~~an~~~, 
photochemical reactions via electron transfer followed by proton transfer503 and 
photooxygenation via electron transfer5w506 are but a few of the recent studies 
wherein photocyano reactions have been discussed. 

a. Fluorescence quenching of aromatic jluorophores. Irradiation of quadricyclene 
(133) in the presence of aromatic sensitizers (e.g. 9,10-dicyanoanthracene, 
9-cyanoanthracene or 1-cyanonaphthalene) leads to a valence (not geometrical) 
isomerization product 134 (equation 332)507a. Photocyanation of arenes occurs readily 
with potassium cyanide solubilized in acetonitrile by means of 18-crown-6 ether50sb. 

R * &R R (332) & g lo-dicyanoanthracene 
hv 

(1 33) (1 34) 
R = H, C02Me 

b. Photochemical reaction of dicyanoanthracene with acetonitrile. Irradiation of 
9,lO-dicyanoanthracece (135), a powerful electron acceptor, in acetonitrile in the 
presence of butylamine, yields 9-amino-10-cyanoanthracene (138) via 136, and 137; 
the photochemical reaction involves electron transfer, followed by proton transfer 
(equation 333)501. Similarly, 1,4-dicyanobenzene (139), in the presence of 

CN CIU 

64% 

CN H CN 

64% 

H' .CN I 
CN 

(333) 

triethylamine, gives 4-cyano-1-ethylbenzene (140) and 4-cyano- 
1-[1-ethylamino)ethyl]benzene (141) (equation 334)508. However, irradiation 
of a solution of anthracene and a secondary amine in acetonitrile yields both the 1:l 
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(139) (140) 
56% 

adducts and the reduction products of anthracene509. Irradiation of 2- or 
4-chlorobenzonitrile (but not 3-chlorobenzonitrile) in the presence of anisole, or 1,3- 
or 1,Cdimethoxybenzene leads to the formation of biaryls via a coupling pathway, or, 
in certain cases, via an electron-transfer process510. 

c. A Michael-type alkylation of the naphthalene ring; regiospecific photocycloaddi- 
tion. A direct Michael-type alkylation of an aromatic ring is rare in ground-state 
chemistry. However, a Michael-type alkylation at C-2 of the naphthalene ring has 
been effected by the regiospecific photocycloaddition of the trimethylsilyl enol ether 
143 to 1-cyanonaphthalene (142) to give a mixture of isomeric dihydrocyclo- 
butanenaphthalenes (144), which on hydrolysis give 2-alkyl-substituted 
I-cyanonaphthalenes (145) (equation 33?$11. 

YN 
R’, / R 2  h v .  80%- 

,c=c ‘ s H 6  + Me3Si-0 \R3  

(144) (945) 
Photolysis of fitmaronitrile in benzene. Irradiation of fumaronitrile (147) in 

benzene (146) gives a mixture of phenylsuccinonitrile ( l a ) ,  biphenyl and (in very 
small yield) a 2:l adduct of the tricyclic tetranitrile (149). In the presence of TCNE, 
formation of a 1:1:1 adduct (150) can be detected512 (equation 336). 

d. 

C N  N C  C N  

0 + CCN CN 4 (149) 

(336) 

(146) 1 h u / T C N E  N F b c N  

C N  
NC 

NC 
(1 50)  
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e. Photoinduced cycloaddition of 2H-azirine with nitriles. When irradiated in situ, 
electron-deficient nitriles of type 152 undergo regiospecific [ 2 + 3lcycloaddition to 
2,2-dimethyl-3-phenyl-2H-azirine (151), to yield the 2H-imidazole derivatives (153) 
(equation 337)s13. Photoinduced cycloaddition of acrylonitrile to a 2H-azirine derivative 
leads to a dihydropyrrole derivative via a ring-enlargement (equation 338)514. 

Ph 

Ph hv HR (337) 
NXN 

/Me -k R-c= 
R =4.C5H4N. 26% * 
R = Z-CSH~N. 30% 

Me 

R = CH2F. 56% Me Me 
N 

(151) (1 52) 
(1 53) 

C N  

Ph-? + CH2=CHCN 70%- 
(3-42 Ph 

(338) 

f: Photoinduced substitution reaction of nitrogen heterocycles. 2-Cyanoquinoline 
(154) undergoes a photoinduced substitution to give 2-( l-hydroxyalky1)quinolines 
(156) in the presence of an excess of an aliphatic alcohol (155) while oxygen is bubbled 
through the mixture (equation 339)s1s. A new method for the preparation of 
cyano(pheny1)carbene [ Ph(NC)C:] is the photolysis of I ,2-dicyano-l,2-diphenyl- 
oxiraneSl6. Conversion of p-hydroxybenzonitrile into p-hydroxybenzaldehyde can be 
effected by photolytic alkaline hydr~lysis~~’. 

- my2 (339) 
C- OH 
I 

R’ = Me. Et 

H, Me R 2  = 

R’ 
(156) 

2. Photoisomerization and photorearrangement of cyano compounds 

a. Photoisomerization of 2-cyanobutadiene (157). This occurs on irradiation in 
dilute ethereal solution to give l-cyanocyclobutene (158) and l-cyanobicyclobutane 
(159). The isomerization is unaffected by the presence of triplet sensitizers (equation 
340)5 8. 

b. Photocycloaddition of 1,2-dicyanocyclobutene (160) to ethylene. This leads to a 
bicyclic intermediate (161) which rearranges thermally to 162 (equation 341)s19. 
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CN 

* If - c (341) 
dN+ CH2 II  57 % 

CH2 h v / - 7 8 ' C / C H 2 C I 2  

CN 
CN 

(160) (161) (162) 

CN 

c. Photoaddition of 6-cyanouracil to an alkene, involving migration of the cyano 
group. Irradiation of 6-cyano-l,3-dimethyluracil (163) in aceionitrile at 20°C in the 
presence of 2-methyl-2-butene produces a rearranged adduct 164 (60%) (equation 
342)494. 

0 

h v .  Y b f e C N  M ~ N  

CN (342) 

AN 0 
60% 

I 
Me 

I 
Me 

(1633) (1 64) 

d. Photochemical rearrangement of geranonitrile at elevated temperature. Photolysis 
of cis- and trans-geranonitrile (165) in benzene, with propiophenone as the sensitizer, 
at 30-80% gives rearranged products, e.g. the bicyclic nitrile 166 (major product) and 
the nitriles 167 and 168 (minor components) (equation 343)496. 

(165) 

e. Photochemical reaction of organosilyl iron carbonyls( 169) with nitriles. Nitriles, 
e.g. acetonitrile or a substituted acetonitrile, unexpectedly produced, via iron extru- 
sion, bis(diphenylsily1)ated enamines (170), a new class of compound (equation 
344)520. Some of the novel, photoinduced isomerizations and rearrangements of cyano 
substrates are depicted in equations (345)-(358)521-533. 

Ph Ph? 
I i 

hv 
(CO),Fe/ sif + R2CH2C=N - R2CH=CH-N 

\si R1 
1 i 

Ph2 

(1 69) 

R1= E t .  R 2  = H 

Ph, 

(170) 
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N tgcN- q N  
(Ref. 521) (345) 

R, 
C=C(CN), R, 

4 T R - R  4 (Ref 522) (346) 

I 
N+- N 

H 
I 

-C ( C N )  

(Ref. 523) (347) 
‘CN 

NH;! 

R’. R2. R3 - alkyl. aryl 

C N  

I 
H I I 

H H  

(Ref. 526) (350) 

R 2  N C  
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CN 

Me Me 

i-Pr 
i -PrHN I ‘‘1: (Refs. 526. 530) (354) 
1 CN hu *-- 

i -PrHN CN i-PrHN N o,LR A (Refs.526.  530) (355) 
N 
I 

R 

R = H . M e  

1 

(Ref. 531) (356) 
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U 
I ,  

I ,CE N 
C' 

C C H (Ref. 532) (357) 
R \  J-\ 4 \ hv 

60 - 95% 
- 

I I 
H H 

0 0 

Ph Q-. Ph C N  

hv.  s e n s .  
C6H6 
MeOH - 

Ph 

Ph Meo2cl Ph Ph 

NCr C 0 2 M e  
+ 

Ph lPh 
29 % 12% 15% 

(Ref. 533) (358) 

3. Addendum 

a. Photocyanation of anisole in the presence of polyethylene glycol. Photochemical 
nucleophilic substitutions of aromatic ring-systems in protic solvents have been well 
.documented534. When crown ether is present the photocyanation proceeds better in 
aprotic solvents than in protic solvents535, while addition of an electron acceptor, such 
as terephthalonitrile, improves both the yield of the photocyanation products and the 
specifity of substitution536. 

In a new procedure537 polyethylene glycol (PEG) replaces crown ether as axosol- 
vent in the photochemical substitution of anisole with potassium cyanide in methylene 
chloride, to give a mixture of p- and  o-cyanoanisoles (equation 359). The ratio of 
p-CH:o-CN isomers is much larger in Pyrex cells than in a quartz cell; the yield of the 
product increases with longer irradiation. 

O M e  
I 

8 hv 
KC N/ PEG / C H9 C I 

O M e  

C N  

+ 

O M e  

(yCN (359) 

40 -70% 

6. The influence of steric hindrance on oxetane formation. The photoinduced 
oxetane formation from 2-norbornanone and derivatives with electron-poor 
ethylenes, e.g. trans-dicyanoethylene has recently been examined. The quantum yield 
increases with increasing steric hindrance toward ex0 approach of the olefin (equations 
360-362)538. 

c. Photochemical benzylation of 1,4-dicyanonaphthalene. Aromatic nitriles (and 
esters) have been shown to sensitise, through electron transfer, the photochemical 



1156 Alexander J. Fatiadi 

N C  

v 
hu 

endo attack 
favoured 

NC CN 

(362) 

reactions of phenyl-substituted a l k e n e ~ ~ ~ ~ ,  8-phenylethyl ethers540, diphenyl~xirans~~l 
and diphenylcycl~propanes~~~. However, no such reaction has been reported with 
simple arenes, although the fact that these are known to form exciplexes with aromatic 
nit rile^^^^ suggests that the electron-transfer step could take place. However, irradia- 
tion of the preformed ground state complex between tetracyanobenzene and toluene 
has been found to lead to a reaction with elimination of hydrogen cyanide, e.g. explain- 
ing the benzylation of te t racyanoben~ene~~.  It has been that a photochemical 
reaction also occurs in a system which does not form a ground-state complex, offering 
a further example of photoreaction via radical ions. Thus the irradiation of 1,4- 
dicyanonaphthalene (171) in the presence of toluene in acetonitrile gives adducts 
bearing the benzyl group in positions 1 and 2 of the naphthalene nucleus; at complete 
conversion, three products, e.g. 1-cyano-4-benzylnaphthalene (172), 173 and a novel 
further photoreaction product (174) are isolated in yields of 12, 7 and 23% respec- 
tively (equation 363). 

*+&-@I (171) CN 

CH2Ph C N  

CH,Ph 

(172 C N  1 + (173) C N  
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d. Photolysis of 2-azidopyridine-I-oxides; a convenient syzthzsis of I,2-oxazines. 
Photolysis of 2-azidopyridine 1-oxides (175) in benzene leads to nitrogen elimination 
and ring-opening (e.g. formation of 176) followed by recyclization to give 6- 
cyano-1 ,2-oxadines (177) which then usually rearrange thermally to 2-cyano- 
1-hydroxypyrroles (1783) (equation 364)546; the photolysis thus provides a ready, high- 
yield route to 1,Zoxazines (70-96% yield). 

(177) 
OH 

(178) 

70-96% 

111. SELECTED SYNTHETIC ETHODS AND REACTIONS INMOLViNG CYANO 
SUBSTRATES 

A. Selected Syttheses of Cyano Compounds 

1. Direct cyanation of arenes 

Methods for the direct replacement of hydrogen of aromatic compounds by the 
cyano group are: ( i )  electrolysis of methoxyarenes and cyanide547, (ii) photolysis of 

bCN + & CN + 4 + 6 (365) 6 +(CN)2 

CN 

26% 21% 13% 11% 
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certain arenes in cyanide solution or in the presence of cyanogen iodides34, (iii) diazo- 
tation of cyanamide in the presence of aromatic compoundss48 and ( iv)  pyrolysis of 
benzene and cyanogen in the presence of supported metal catalystss49. A recent 
method involves the application of plasma chemistrys50. Cyanogen and the arene are 
distilled through a discharge zone when, for example, toluene is converted into a 
mixture of substituted products (equation 365)s50. 

2. C-Cyanation reactions 

a. C-Cyanation of metal enolates. C-Cyanolations of metal enolates are reactions 
related to the acylation of ketonesss1. Reactions of regiospecifically generated lithium 
enolates with cyanogen chloride have been used to produce the corresponding 
a-cyanoketones in moderate yields. Thus, the tricyclic lithium enolate 180 which is 
prepared from the enone 179 gives the a-cyanoketone 181 on treatment with cyanogen 
chloride (equation 366)ss2. O-Cyanation of 180 apparently occurs when THF is used 
as the solventss2. 

OM€! 

Li/NH3 

TH F 
- 

0 r -  Lio’ 

CICN. CgH6 

42% 
* 

, H  

3. New ylides from gem-dicyanoepoxides; a novel ring-opening 

The reaction of the trisubstituted pem-dicvanoeDoxides with 
pounds (pyridine, dialkyl sulphide or tFipheny6hospke) proceeds 
ide ring-opening, to give new pyridinium (183), sulphonium (184) or phosphonium 
(185) ylides (40-9096 yield), stabilized by the reactive cyanocarbonyl group (equation 
367)5s3. Carbonyl cyanide is not formed in this reation. 

nucleophilic com- 
with a novel epox- 

4. Aromatization with potassium cyanide in N ,  N-dimethylformamide (DMF) 

A facile conversion of esters of 2,4-cyclohexadien-l-ols to benzene derivatives is 
achieved with potassium cyanide in DMF. Thus, treatment of the p-nitrobenzoic ester 
of 1,3,5-trimethyl-6-(p-nitrobenzoylimino)-2,4-cyclohexadien-l-ol (1816) with the 
reagent (KCN-DMF) at room temperature, gives 3-cyano-2,4,6-tri- 
methyl-N-(pnitrobenzoy1)aniline (188) in 61% yield. Attack on i86 by a 
nucleophile (e.g. a cyanide ion), and expulsion of the ester group to give 188, appar- 
ently involves the intermediate 187 (equation 368)ss4. Analogous conversions of 189 
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0 
(186) (1 87) 

Me NH & A r (368) 

Me 

Ar = p-02NC6H4 (1 88) 

or 191 with cyanide ion, to give, respectively, 190555 or 192556 have been reported 
(equation 369). 

5. Arornatization of quinone rnonoacetal adducts 

Much of the known chemistry of quinones results from the Michael type of addition 
(e.g. 1,Caddition) of nucleophiles to the enone moiety contained in the quinone 
rings5’. The conjugate addition of active methylene compounds to quinone monoacet- 
als is generally regiospecific, to give mono- or bi-cyclo adducts; the latter are readily 
a r o m a t i ~ e d j ~ ~ - ~ ~ ~ .  For example, ethyl cyanopropionate added to quinone acetal (193) 
in the presence of 0.1 equivalent of sodium ethoxide in ethanol yields the adduct 194; 
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CN 

MeQO Me*OH 

ArCO Me Me 
It 

NS02Ph 

Me@?iMe M e w  NHSO2Ph (369) 

Me Me 

(191) (192) 

on aromatization with p-  toluenesulphonic acid, this gives the hydroquinone mono- 
ether 195 in 84% yield (equation 370)558. The method is a useful synthetic procedure 
for analogous Michael addition to quinone monoacetals. The conjugate 1,4-addition 
of cyanide to 2,5-cyclohexadienone has been dern~nstrated~~l .  

"&\ 
CNCHZCH2COzEt P-MeC6H4S%HIC6H6 ~ 

Me0 0 Me0 0 

Me0 OH 

(195) 

6. Diels-Alder adducts with dicyanoacetytene 

Aromatic systems are relatively unreactive when normal dienophiles are used, but 
the highly reactive dicyanoacetylene is known to add to such aromatic systems as 

and naphthalene563, to give E4 f 2ladducts. The addition of 
dicyanoacetylene to [ 2,2]paracyclophane occurs ortho to the polymethylene 
bridge562. The electron-rich 1,4-dimethylnaphthalene 196 gives the bridged adduct 197 
as the major product (54%), along with a small proportion (4%) of the adduct derived 
from addition to the unsubstituted ring (equation 371)564. However, on similar treat- 
ment with the dienophile, [n]-(l,4)-naphthalenophanes (n = 8, 9, 10 and 14) give, 
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Q($ * &  (371) 

NC- C S C -  C N  

Me Me 
(1 96) (1 97) 

in all cases, the Diels-Alder adduct at the unsubstituted aromatic ring as the 
major product. For example, with the [ 14]( 1,4)naphthaleneophane (198), the major 
product (54%) is the Diels-Alder adduct (199) (to the unsubstituted ring), and a 
minor product (7%) proves to be the paddlane (200) (a bridge adduct, similar to 197) 
(equation 372). The reactions6' of 201 (cis, trum-l,3-cyc~odecadiene) gives the adduct 
(202); on heating (165"C), the latter rearranges to give the 1,2-dicyanobenzene 
derivative (203) (equation 373). 

(198) CN 

+ 

14 

CN 

(199) 

7. Reaction of triphenylphospine 284 with dicyanoacetylene 

diphosphorane (206) (an ~ l i d e ) ~ ~ ~ ;  the reaction, as recently 
betaine intermediate 205 (equation 374). 

This reaction gives polymerized acetylene in addition to the stable alkylidene-l,6- 
involves the 

8. 1,2-Dicyanocyclobutene 

Bellus and coworkersS6* have reported an improved method for the preparation of 
1,2-dicyanocyclobutene (209), a highly versatile starting material for organic synthesis; 
the procedure involves chlorination of a mixture cis, trans-l,2-dicyanocyclobutane 
(207), followed by dehydrochlorination of the intermediate (2018) (equation 375)h8. 
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+ 

- 
(205) 

Ph3P + NC-C-C-CN - 
(204) 

CN 

I.Y 

C=PPh3 
NC' 

(206 )  

4- polymerized acetylene (374) 

1 PCIS/CCI,/CHCI,, A 
1. NEt3/C,H,. 80°C 

CN 2. Raney Co. 70°C 

65% 

C N  C N  

aCN 2. evaporat ion 
3. ether/H20/NaHC03.- -5" to 0°C 

CN 

(207)  1208) (209) 

(375) 

a. Diels-Alder adducts. The strain present in the cyclobutene ring-system allows the 
Diels-Alder reaction to occur with 209 (a reactive dienophile) under mild conditions 
(equation 376)569. 

(2091 endo exo 

b. Other important reactions. Because of the ring-strain factor, 209 shows unusual 
chemical reactivity; much of its chemistry has been studied by Bellus and coworkers570 
and Cobb and ~ o w o r k e r s ~ ~ ~ - ~ ~ ~ .  The reaction of diazomethane with 209 occurs readily 
at room temperature, to give the [ 3 + 2lcycloadduct 210 (R = H). A similar reaction 

C N  

N 
CN 

(210) qj; 
CN 

R 

(377) 
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with ethyl diazoacetate gives the cycloadduct 211 (R = C02Et), arising by a [ 1,3]pro- 
totropic rearrangement of the adduct 210 (R = CO2Et) initially formed (equation 
3 ~ ) 5 7 ~ .  However, the reaction of diazomethane with 212 (the valence tautomer of 
209) produces a dipyrazoline derivative574. 209 and 212 exhibit a rich and varied 
chemistry. For example, thermal dimerization of 212 produces mixtures of 213 and 214 
(equation 378)573. 209 is a strong absorbent of light at -234 nm and forms a photo- 
d h e r  (215) which can be thermally converted, via a skeletal rearrangment, into 
216 + 214 + 217 (equation 379)573. 

(212) (213) (214) 

CN 

NC 

9. 1,4-Addition of dicyanocarbene to cyclooctatetraene 

Triplet dicyanocarbene [:C(CN)2]575*576 does not generally add to dienes to give 
1,Caddition; however, it adds in this fashion to cyclooctatetraene (218) to give the 
1 ,Cadduct (221)577, in contrast to the fact that, with other triplet c a r b e n e ~ ~ ~ ~ , ~ ~ ~ ,  218 

NCYCN 



1164 Alexander J. Fatiadi 

gives 1 ,Zaddition exclusively. The only cogent explanation for this singular behaviour 
comes from work by Hendr i~k~ '~ ,  who suggests that electron transfer may occur in 
the diradical intermediate originally formed (219) to give a zwitterion (220) containing 
both a homotropylium ion and a well-stabilized carbanion (equation 380). 

10. Cyanoketenes: t-butylcyanoketene 

A convenient source of the sterically hindered t-butylcyanoketene (222) is the ther- 
molysis of 2,5-diazido-3,6-di-t-butyl-l,4-benzoquinone580-582a. The reagent has been 
used exclusively in studies of addition and cycloaddition with, for example, alkenes, 
methyl- and dimethyl-ketones, imino ethers an.d certain heterocycles. The topic has 
recently been reviewed by Moore and G h e o r g h i ~ ~ ~ ~ ~ .  

In the addition of t-butylcyanoketene (222) to imino ethers, steric effects may con- 
trol the formation of the Thus, treatment of methyl N-t-butylformimidate 
(223) with (222) results (via the intermediate 224) in a 90% yield of the p-lactam (225). 
However, treatment of 2-methoxy-3,3,4,4-tetramethylazetine (226) with 222 shows no 
evidence of production of a p-lactam, but results in the formation of the 2:l cycload- 
duct 228, via the intermediate 227 (equation 381)583. Steric and conformational factors 
of the 1,4-dipolar intermediates (e,g. 224 vs. 227) can explain the reaction course. 

90% 

C 
I I  t-Bu'~'cl 0 

Me. C6H6. 70°C I ,,I,, 

H t-BU 

M e 0  -# CN 

0- 
( 224) 

-50% 
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t-Butylcyanoketene (222) and dimethylketene (229) cycloadd to give only the 1,3- 

cyclobutanedione (230); however, cycloaddition of 222 with methylketene produces 
the 2-oxetanone 231 (equation 382)584; cycloadditions are likely to involve the respec- 
tive zwitterionic intermediates. 

t-Bu 

NclJ$*3 G 

C"3 

Me,C=C=O (229) 

37% 
* 

t-Bu, , CN 
C 
II 
C 
II 
0 

MeCH = C= 0 

49% 

(230) (222) (231 1 

(382) 

The preparations of ~ h l o r o - ~ ~ ~ ,  bromo- or iodo-cyan~ketenes~~~, and their stereo- 
specific cycloadditions to a variety of formimidates, have been reportedsa7. In 
addition, 222 reacts stereospecifically with cis- and trans-cyclooctene (to give cyclo- 
but an one^)^'^ and combines with thiazinesa8 and 2-(dimethylamino)thiazole589 to yield 
either 1: P 9 0  or cycloadducts. Reactions of the t-butylisonitrile reagent have 
been reported590. 

1 1. One-carbon chain-extension from primary amines to nitriles via formamides 

A new procedure for the conversion of primary amines via formamides (232) into 
nitriles (234) (with one-carbon chain-extension) requires a new bismuth phos- 
phomolybdate catalyst and a temperature of 400-550°C. The dehydration reaction 
involves a rearrangement of the intermediate 233 (equation 383)591. 

0 

(232) (234) 
90% 

Bismuth phosphomolybdate catalyst 

12. Attack of cyanide ion on the conjugated immonium system 

Treatment of the conjugated immonium salt (235) with cyanide ion did not lead to a 
1,2-addition product (i.e. 236) but rather to a 1,Lt-addition product (i.e. 237) (equation 
384)592. The formation of 237 most probably results from a S N ~  substitution. The 
intermediate 235 is needed for the synthesis of certain antitumour alkaloids. 

13. The sulphenylation of nitriles 

There are many reports on the a-sulphenylation of nitriles with lithium amide at 
-78°C and diphenyl disulphide, dimethyl d i s ~ l p h i d e ~ ~ ~ , ~ ~ ~ ,  benzenesulphenyl 
chlorides95 or phenyl ben~enethiosulphonate~~~. Foucaud and coworkerss9' have 
described an easier method for the a-sulphenylation of nitriles in a two-phase system 
(solid-liquid) without a catalyst; the procedure is based on the utilization of anhydr- 
ous potassium hydroxide and carbon tetrachloride for chlorination of nitriles in the 
a - p o ~ i t i o n ~ ~ ~ .  When the carbanions, generated by using anhydrous potassium or 
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(236) n;s.., (384) 

"G H R COOMe 

(235) 

'VVI 

(237) 

sodium hydroxide in THF are allowed to react with a disulphide at room temperature, 
near quantitative yields of the appropriate a-cyanosulphide are generally obtained597 
(equation 385). 

S-R2 

(385 1 
Ph-CH-RR' R2SSRz'KoH'THF I 

Ph-C-R' 
I - R ~ S K  

CN 
I 
CN 

R' = H, Me 
R 2 =  Me. Ph 

14. Methods for synthesis of cyano sugars 
a. Cyano glycosides and other cyano sugars. 3-Cyano-3-deoxyglycosides (239) may 

be ~ r e p a r e d " ~  by treating the corresponding sugar 2,3-epoxides (238) with hydrogen 
cyanide and triethylaluminium in ether (the Nagata reagent); this provides a useful 
route to branched-chain sugar derivatives having a cyano group (equation 386). 

* 

Me 

Et,AI/ HCNIether 

65% 

Me 

(238) 

CN 

(239) 
(386) 

Other methods involve the conversion of 2-deoxy-2-C-(nitromethyl) and 3- 
deoxy-3-C-(nitromethyl) sugar derivatives into their respective C-cyano analogues via 
up-dibromination of the methylene group followed by treatment with triphenylphos- 
phine600.601, or the action of potassiumcyanide complexed with 18-crown-6 on sugar tosy- 
lates602. The reaction of tetra-0-acetyl-a-D-gluco- and -galacto-pyranosyl bromide with 
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metallic cyanides has recently been s t ~ d i e d ~ ~ ~ , ~ ~ ~ .  The synthesis of isocyanide sugars 
has been reported603. 

b. Synthesis of cfiiral compounds via carbohydrates. Recently, great advances have 
been made in the total synthesis of optically active natural products from readily 
available chiral precursors, among them carbohydrate derivatives, particularly 
D-glUcose60s.m6. It has now been found6’’ that L-ascorbic acid (vitamin C )  (240) is a 
useful chiral precursor, permitting rapid preparation of the difficultly accessible 1,2- 
O-isopropylidene (S)-glyceraldehyde (241) and the derived 1,2-O-isopropylidene 
(R)-glycerol (242) and the nitrile 243. These compounds have been shown to be useful 
intermediates in the synthesis of chiral, biologically active materials such as 3- 
amino-3-deoxy-L-glycer~nic acid [ (R)-  y-amino-P-hydroxybutyric acid] (M),  i- 
O-aryl-3-(arylamino)-3-deoxy-~-glycerol [ (S)-aryloxypropanolamine] (245) and the 
antibiotic pyridindolol (246)607. 

CH,OH 
I 

CHO CH20H 
I I 

,240) 

CN 
I 
I 

OCH2 
W 2 C \  

,OCH 

(243) 

coo- H2COAr CH20H 
I l 

I I 
HOCH 

H2CNHR H2CNH2 
H HOCX 

1 
CH20H 

(244) (245) 

(246) 

c. Synthesis of cyano nucleosides. D-Rbosyl derivatives of diaminomaleonitrile 
(DAMN, see Ref. 345) (248) constitute strategic intermediates for the synthesis of 
novel, nucleoside antitumour agents. The preparation of ribopyranosyl-DAMN (249) 
and the triacetate intermediate 250, and its conversion into the D-ribopyranosyl- 
imidazoles (251 and 252) has been described (equation 387)608. The triazole 
nucleosides (253 and 254) are readily synthesized from D-ribopyranosyl-DAMN in the 
reaction of 250 with isopentyl nitrite in methanol (equation 388)608. 

d. Stereocontrolled synthesis via Diels-Alder reaction of an unsaturated sugar.The 
model aureolic acid aglycon (260) has been prepared starting with a Diels-Alder 
reaction between cyanobenzocyclobutene (255) and dihydropyran (256) to afford a 
predominantly tricyclic epimer (257); this is condensed with the glycal derivative (258) 
followed by ring-opening of the isomeric adducts to give a nitrile 259 (also a 
stereoselective and regioselective reaction). The final permanganate oxidation of 259 
is also stereospecific (equation 389)609. A unique oxidative elimination 
(NaCN + MnOz) of a 2,3-dideoxyhex-2-enose triacetate has been reported (equation 
3 90) 61 O. 



HO H 
OH + 

H2N CN 
OH 

(247) ( 248) (249) 

Ac AcO 

(250) 

+ 

Ac 0 

(387) 

OAc 
( 252) 

AcO AcO 

256 + RON0 - + 
OAc 

(254) 

(388) (253) 
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CHO 

/C02Me 
cHoAc NaCN. AcOH 

M n 0 2 .  MeOH 1 
CHOAc 

I 
CH20Ac 

C02Me 

B. Selected Reactions and Tmnsfoormatlons of Cyano Compounds 

1. Synthesis of carbocyclic compounds via nitriles 

a. Synthesis of prostaglandins. Corey and coworkers611 have reported the use of 
cyano intermediates for the synthesis of natural products. Thus, the reaction of 
3-nitropropanol dimethyl acetal (261) with 9-cyano-2-nonenal (262) leads to the 
Michael adduct 263 (X = 0) which is converted into the conjugated enone 264 
(X = CHCOC5H11-n). The latter is cyclized, to give four stereoisomers (separated by 
chromatography). The isomer 265 was transformed into pure dl-prostaglandin El 
(266) (equation 391). 

(261) (262) 

HCONH2 

(391) 
,,,+(CH2),CN 

H & OH 0 C5H -n 

I- 

HO 

(266) 
(265) 

b. Other cyclization reactions. The dimerization of alkylidenemalononitnles 267 to 
2,6,6-tricyano-2-cyclohexanones 269 via hydrolysis of 268 (equation 392)612, dimeriza- 
tion of unsaturated esters 270 to the cyclopentanone derivatives 271 (equation 393)613 
and cyclization of a saturated nitrile (equation 394)614 have been described. 

R~-CH,  CN R 2  "\G!: R*  ::+& R 2  (392) 

'2" base- 

( 267 1 (268) (269) 
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0 

NaCN 

DMSO 

H C02Et R 
CN 

( 271 1 
31 -72% 

HCI 
0 ~ 4  - 

R' TMSO CN 

(393) 

(394) 

TMS = Me+ 48-85% 

2. Decyanation of nitriles 

a. Oxidative decyanation leading to ketones. A new route to a$-unsaturated 
ketones starting with a,&unsaturated nitriles involves oxygenation of a carbanion 
followed by reductive hydrolysis (equation 395)615. This oxidative decyanation is not 
suitable for the synthesis of a,&unsaturated aldehydes, or for synthesis of a$- 
unsaturated ketones that do not possess at least one p-hydrogen atom. Similar oxida- 
tive decyanation of secondary nitriles to alkyl aryl ketones or diary1 ketones, either via 
the lithium a-cyanohydroperoxide intermediate (equation 369)616, or by N-silylation 
of a carbanion followed by treatment with iodine and silver oxide (equation 397)617, 

45- 75% - ll I -  I I c 
R" 'CH2R2 

0 
I 1  (396) HO\ ,CN 

C 
PhCH,/ \Me 

1 M NaOH - 
98% PhCH2/C'Me 

c=o (397) 
Ar\ 

(Ar)R/ 
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have been described by Watt. Other conversions of nitriles into carbonyl compounds 
include the use of copper sulphate in aqueous methanol (equation 398)618 and a Grig- 
nard reagent followed by oxygen (equation 399)b19a; also the use of 
trimethylaluminium in the presence of nickel(I1) acetylacetonate (equation 400)619b, 
lithium in I ,2-dimethoxyethane (DME) (equation 401)620 or a triethyloxonium 
fluoroborate reagent (equation 402)621a, or N-alkylation followed by reduction of 
N-alkylimines by organosilicon hydride and mild hydrolysis (equation 403)621b. 

(398) 
cuso4 . 5  n20i 

R’, ,CN H ~ O I M ~ O H  

R2’ “Me2 
C 

R’ = H. Me 

Me 

0 R’ 
\ 1 1  

R3-C-C-COOEt (399) 
R2/ 

good yields 

1. Ni(AcAcj2 
2. n%i20 

RC-N + Me3AI - RCMe 
II 
0 

53 -80% 
R = n-Cl2H25, Bh. PhCH2. Ph2CH. 4-CICsH4CH2 

M e  

1. EtO+ BF4- 
2. EtSiH 
3. H20 

41-90% 
R C E N  - RCH=O 

1400) 
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R ~ C H = N R ~  - RCH=O R ~ C ~ N  + R ~ X  - A ~ C = ~ R ~ X -  L Et  SiH 

(403) 

b. Decyanation via elimination. The nitrile group of certain o-aminonitriles is elimi- 
nated when the compound is heated with ethanolic sodium hydroxide in an autoclave 
for some hours at 200°C (equation 404)622. The reaction probably occurs via the 
o-aminocarboxylic acid. 

c. Reductive decyanation. Reductive decyanation can be effected with Zinc in acetic 
a ~ i d ~ ~ ~ , ~ ~ ~ ,  e.g. decyanation of a cyanamide derivative (equation 405)624, and, also with 
solutions of alkali metals in HMFT in the presence of t-butyl with sodium 
naphthalenide in Hh4FT625b, with sodium (equation 406)626 or lithium (equation 
407)627 in liquid ammonia or by treatment with iron(@ acetylacetonate and sodium 
sand in dry benzene at room temperature (under argon), e.g. conversion of primary, 
secondary and tertiary cyanides into hydrocarbons (RCN + RH) (58-100% yield)628. 
Recently, dispersed potassium over neutral alumina (K/A1203) in hexane has been 
used for converting nitriles into corresponding alkanes (70-90% yield) (equation 
408)629. 

H 
I 

CN 
I 

Zn-HOAc (405) 

t + 
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R' R' 

3. 1,3-Dipolar addition of cyanogen azide to alkenes; a ring-expansion reaction 
In the classical view630.631, 1,3-dipolar addition of organic azides to electron-rich 

alkenes, although concerted, takes place by a weak, dipolar transition state, to give 
the most stable carbocation on the alkenic part. The regiospecificity of 1,3-dipolar 
additions has been predicted by perturbational, molecular orbital (PMO) theory632. 
Hermes and have reported that cyanogen azide (N3CN) and alkenes give 
additional products that are, in some cases, rearranged ketone precursors. McMurry 
and C o p p o l i n ~ ~ ~ ~  have investigated the synthetic utility of the ring-enlargement 
following the addition of cyanogen azide to alkylidenecycloalkanes. For example, 
when methylenecyclohexane (273) is treated with cyanogen azide, and the product 
(275) (formed via an intermediate 274) hydrolysed, cycloheptanone (276) results 
(equation 409)634. The reaction is applicable both to saturated and a$-unsaturated 
ketones, including the ring-enlargement of a typical 5a-3-keto steroid (equation 41 0). 
The reaction is a useful alternative to other methods of one-carbon ring-expansion. 
In cyanogen azide additions, the authors634 have also observed vinyl migration, in 
preference to alkyl migration, in the conjugated alkene 277 (R = H). In contrast, 
278 (R = Me) reacts with preferential alkyl migration (equation 411; cf. Reference 
635). 

( S N  8 6 - + H 2 6 N  I \  

N=N=N-CEN * Ph3P=CH2 
___d 

( 272 (273) ( 274) 

oNcN "2''. 0' (409) 

(275) (276) Overall yield 
80% 

56 : 44 
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R 

(277) R - H  

'0 

(278) R = Me 

Ratio of products 

-Vinyl -Alkyl 

70 30 
13 87 

4. Transannular cyclization of bicyclic nitriles 

In prikiple, a nitrile may act as both an electrophile and a n ~ c l e o p h i l e ~ ~ ~ ,  and this 
behaviour is evident from the following transannular reaction of a bicyclic nitrile. The 
original study637 reported the cycliation of the cyano group in bicyclo[3.3.1]- 
6-nonene-3-endo-nitrile (279) to give 280 and 281. The analysis of the reaction by 
Hassner and coworkers638 revealed that the major product, 39x0-hydroxy- 
homoadamantanone (280), is formed by initial protonation of the nitrile, followed by 
transannular double-bond participation; the formation of 281, however, may arise 
from initial protonation of the double bond followed by an intramolecular Ritter 
reaction (equation 412). The nitrile group in 279 has also been shown to participate 
in cyclization under oxidizing and reducing conditions. 

(279) 

major minor 
(280) (281) 

H 
I 

5. The conjugate addition of arylacetonitriles to cyclohexene esters 

The Michael reaction of arylacetonitrile enolates with an a,&unsaturated ester con- 
stitutes an important step in the synthesis of antitumour anthracycline antibio- 
t i c ~ ~ ~ ~ , ~ ~ ~ .  Parker and -Kallmerten found64u that when the lithium enolate of the 
phenylacetonitrile (282 + lithium diisopropylamide, LDA)641 is treated with the a,B- 
unsaturated ester 283, the Michael adduct 284 is obtained; the latter is converted into 
tetrahydroquinkarin (288) via intermediates 285 to 287 (equation 41 3). It is interesting 
that only the application of Watt's oxidative decyanation s e q u e n ~ e ~ ~ ~ . ~ ~ ~  (1 equivalent 
of LDA oxygen gas, followed by sodium bisulphite and sodium hydroxide washes) 
enabled the authors to convert the keto nitrile 286 into the quinone 287. Treatment of 
286 with alkaline hydroperoxide, conditions that effect the oxidative decyanation of 
9-cyano-10-anthrols to a n t h r a q u i n o n e ~ ~ ~ , ~ ~ ~ ~  resulted only in recovery of starting 
material. 
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1. LDA. -78T 

Me0 CN 
I 1  

1. KOH. H 2 0  

2.H30+ * 

(282) (284) 

Me0 
1.2 equiv LDA 

TFA-TFAA ~ Mm 3. 2.02 b H - 3  H 2 0  t (41 3) 

Me0 Me0 0 

(285) ( 286) 

Me0 OH 0 

1. AIC13 
77g- 

Me0 0 OH 0 
(287) (288) 

a. Acylation of phenols and phenol esters with nitriles and trifuoromethanesul- 
phonic acid. In the classical Houben-Hoesch procedure, the acylation of phenols and 
phenol ethers can be achieved by reaction with an aromatic or aliphatic nitrile and dry 
HCI, usually in the presence of a Lewis acid, such as ZnClz or AIC13. In a new 

aliphatic nitriles RCN (R = Me, n-Pr, CH2Cl and CC13) in the presence 
of trifluoromethanesulphonic acid (triflic acid) have been found to react with mono-, 
di- and tri-substituted phenols and phenol ethers at room temperature to give ketones, 
after hydrolysis of the intermediate ketiminium salt. Thus anisole gives 
4methoxyacetophenone in 58% yield (equation 414)643b. 

OMe 

[MeCGNH]' 63SCF3 + 8- 
OMe 
1 

CO Me 

(41 4) 

6. Aromatic aldehydes from hydrocarbons 

A novel synthesis of aromatic aldehydes 292 is based on ( i )  conversion of arenes 289 
into the dicyanovinyl compounds 291 on treatment with (chloromethy1ene)malononit- 
rile (290) and (ii) hydrolysis of 291 to give 292 (equation 415)644. The ready cleavage 



1176 Alexander J. Fatiadi 

/ CN AIC13 

\CN 
X e H  + CI-CH=C 

/CM KOH/H20.40-50"  
P 

68 - 98% 
X G C H = C \  CM 

(291) 

X = H. CI. 

(292) 
49  - 65% 

Me. M e 0  

of the dicyanovinyl group in aqueous alkali under mild conditions, to give 292, is an 
example of a reversal of the Knoevenagel reaction. 

7. A new synthesis of cyanohydrin esters 

Cyanohydrin esters are obtained by acylation of cyanohydrins, which are often 
generated in situ or by the reaction of carbonyl compounds with specialized cyanation 
reagents308. The reduction of acyl cyanides with sodium borohydride has not been 
studied; however, it is known that borohydride does not react with the cyano group of 
ordinary nit rile^^^^ unless the reagent is chemically modified647. In a new procedurea*, 
an acyl cyanide (293) in dichlomethane is treated with a solution of sodium borohyd- 
ride in water in the presence of a phase-transfer catalyst, e.g. tetrabutylammonium 
bromide, and the cyanohydrin ester 294 is obtained & quantitative yield (equation 
416)648. 

CN 0 

I 

H20-CH2C12  I It 
2 ArCOCN +NaBH, n-Bu4NBr - Ar- C- 0 - C- Ar (416) 

H 

(293) (294) 

Ar = Ph. rn-MeCcH,. p-MeC6H, 

8. Synthesis of hydantoins and thiohydantoins via the Biicherer-Bergs reaction 

Aldehydes and ketones undergo the Strecker reaction, to give a-aminonitriles which 
may be hydrolysed to a-amino acids649. The latter are often more conveniently 
obtained by hydrolysis of hydantoins (2%), synthesized from ketones (295) by reaction 
with hydrogen cyanide, ammonia and carbon dioxide (e.g. ammonium carbonate). 
This is the Bucherer-Bergs reaction (equation 417)650. Employment of carbon disul- 
phide instead of carbon dioxide provides 2,4-dithioh~dantoin~~l, and use of carbon 
disulphide yields 4 - th ioh~dan to in~~~ .  

R, ,NH-CO 

R' R' \ CO-NH 
C=O + NI-13 + CO2 + HCN - C I + H,O (417) 

R \  

(295) ( 296 1 

For sterically hindered ketones, even the Bucherer-Bergs reaction sometimes fails 
unless drastic conditions are used. Thus, Nagasawa and coworkers653 obtained the 
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NH3. HCN 

X , Y = O  
P 

0 

(297 1 
Y 

(298) 

(41 8 1 

hydantoin 298 (X, Y = 0) from adamantanone (297), by the original ( C 0 2 )  proce- 
dure, only by carrying out the reaction at i20"C for 3h in a pressure vessel (equation 
418). Edward and coworkers654 optimized the yields of spiro-4-thiohydantoins (30-0) 
[R,R = (CH&] from cyclohexanone and of 298 (X = S, Y = 0) from 
adamantanone, by systematic variation of the concentration of the reactants, the 
temperature, the time period and the composition of the solvent, as guided by the 
simplex evolutionary operation. A possible mechanism for the formation of a 
4-thiohydantoin (300) from a ketone (299) is shown in Scheme 1654. 

R \  
NH3 /C=NH 

R \  
A!+ ,c=o R\ /OH 

R/ \CN R R 
C 

(299) 

H 

R\ /N-C=O 

R/ 'CLS R /  'CN SH R' 'CN 

13 
R, /NH-C=O R\ /NH2 cos 

c I - c  I = = =  C 

(AH 
H+ 

. I .+ H H 
n I , 

I I 
. . 

R N-C=O N-C=O 

R/ 'C-NH I -  R/ 'C-NH 

It 
s I I  

S 
(300) 

SCHEME 1 

II 
NH 

9. (O-p- Tosy1isonitroso)malononitrile (304 ) , a high reactive, electrophilic 
azomethine 

Compound 301 is a reagent useful for the synthesis of heterocycles, particularly 
aminopyrazines (equation 41 9)655,656. The reagent also functions as a Diels-Alder 
dienophile (equations 420 and 421)657. 
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9 

(420) 

70. Conversion of nitriles into amides, N-alkylamides and thioamides 

a. Conversion of nitriles into amides. The conversion of nitriles into amides may be 
achieved with formic acid plus hydrogen chloride (equation 422)658, active manganese 
dioxide (equation 423)65y, basic hydrogen peroxide under phase-transfer catalysis 
(equation 424)660, or sodium peroxide in dimethyl sulphoxide at room temperature 
(equation 425yj61. 

0 
i R-C4 

HCOOH/HCI or HBr/r.t. 
RC=N 

\NH, 
(422) 

- Mn02 Meon CONH2 (423) 

OCOPh H’ ‘ C’ 
Meon c, CN 

H’ \ OCOPh 

66% 

( n  - Bu),Ni/HS0,,-/30%H202/ 

CH,CI,/PO% NaOH. 20 25OC go R C r N  R-C ‘ NH2 
(424) 
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0 

\NH2 
* R-C4 

Na02/  DMSO. 25’C 
R C Z N  (425) 

b. Conversion of nitriles into N-alkylamides. iiiis involves their reactior, with potas- 
sium hydroxide-t-butyl alcohol, followed by an alkyl iodide (equation 426)662, or with 
a carbenium ion intermediate stabilized by a chromium tricarbonyl complex, e.g. 
Cr(C8)3 (equation 427)663. 

/o 
\NHR* 

1. KOH/t-BuOH, A 
2. R‘X. A * R’-C’ R’C=N 

R’ 
I 

I II 
R’ 0 

R’ 
R \  I +  “ 2 0  R’CNHCR* + H+ (427) 

R’,c++ R ~ C F N  - R ~ C - N E C R ~  - 
R’ I 

R’ 

c. Conversion of nitriles into thioamides. This involves reaction with hydrogen sul- 
phide in the presence of phase-transfer catalysts (equation 428)664. The synthesis of 
l-alkyl- l-cyano-2-thioureas, 3-alkyl-2-thiobiurets and 3-alkyl-2,4-dithiobiurets can be 
achieved by the reaction of 1-alkyl-1-cyanoureas with hydrogen sulphide and 
triethylamine (equation 429)665. 

(428) 
Na2S/H20/phase. transfer catalyst /NH2 

R C E N  + H2S * R-C;, 
S 

,CGN 

C-N 
R-N, 

S 
II 

/‘= H2S/Et3N ,C-“H2 

C- NH2 C- NH, 
R-N, * R-N, 

I I  I I  

(429) 

S S 
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1 1. Hydrolysis and decarboxylation 

a. t-Butoxide-catalysed oxidative hydrolysis of nitriles. Potassium t-butoxide in 
oxolane (THF) in presence of 18-crown-6 oxidatively cleaves long-chain nitriles to 
give a carboxylic acid with loss of the cyano carbon atom (equation 430)666. The yields 
are the highest for such long-chain, aliphatic nitriles as cyanohexadecane (89% conver- 
sion). 

RCH2CN +t-BuOK RC(0)CN A RCOOH (430) 
21-93% 

b. Decarboxylation of cyclic gerninal diesters: stereochemistry . Although the decar- 
boxylation of geminal diesters and related systems has been known and used for a 
number of years, there are few reported examples on its stereochemistry. Van Tame- 
len and coworkers667 have reported that the decarboxylation of 302 results in 303 and 
304 in the ratio of 8:1, in an overall 70% conversion (equation 431)668. Dolby and 

(302) (303) (304) 

BiereM9 have reported that the demethoxycarbonylation of 305 with NaCN-DMF 
leads to 306, as an undefined mixture of diastereomers, in 70% yield (equation 432)669. 
Christol and c ~ w o r k e r s ~ ~ ~ , ~ ~ ~  have reported stereochemical studies of tricyclic systems; 
for example, the decarboxylation of 307 gives 98% 308 and only 2% 309 (equation 
433). 

Me Me 

(307) (308) (309) 
98% 2% 

c. Mild transesterification . Corey’s oxidative esterification of a$-unsaturated 
aldehydes uses hydrogen cyanide and proceeds with no cis-trans isomerization of the 
double bond (equation 434)672. It has been that potassium cyanide is a mild 
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\ / n c N . c ~ -  \ / MnOn 
,C=C, - ,C=C\,CN - 

CHO CH 
I 
0- 

\ / \ / /c=c, / - /c=c\ + HCN 
C C02R 
I I  

(434) 

0 

and effective catalyst in transesterification of a$-unsaturated esters, without isomer- 
ization of the conjugated double bond. For example, methyl trans,truns-famesoate 
(310) is readily converted into the ethyl ester 311, with only very slight cis-trans 
isomerization (isomer ratio = 2-trans: 2 4 s  = 9:l) (equation 435)673. The method is 
particularty useful in the case of substrates sensitive to strong acids and bases674. 

C02Me P%KCN/EtOH/A 

85% 

(310) 

d. Selective cleavage of methyl esters and ethers. Sodium cyanide in HMPT selec- 
tively cleaves methyl esters in the presence of ethyl esters. The reaction probably 
proceeds via a BA12 mechanism, that is, displacement of carboxylate by attack of the 
cyanide ion on the alcohol carbon atom (equation 436)675. Sodium cyanide in DMSO is 
an effective reagent for the cleavage of aromatic ethers (equation 437)676. 

ArOMe 
NaCN/ OMSO * 
-50-90% ArOH 

(437) 

Ar = subst. Ph, subst. naphthyl, pyrimidyl, etc. 

12. Direct transformation of a cyano into a methyl group 

The direct transformation of a cyano group into a methyl group by catalytic hyd- 
rogenation has seldom been reported, although gas-phase reduction of a few nitriles to 
hydrocarbons has been examined for analytical purposes677. 

It has now been found6'* that aromatic and tertiary nitriles are converted into the 
corresponding methyl hydrocarbons when heated at 120-150°C with hydrogen at 
normal pressure in the presence of 30% nickel-on-alumina. For example, o-toluonitrile 
(312) has been reduced to o-xylene (313) (equation 438), and, similarly 

Me Me 

* &Me 

C E N  30% Ni  on A1203/ 
H2 (1  a tm) .  150°C 

(438) 

(312) (31 3) 

92% 
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1-adamantanecarbonitrile gives 1-methyladamantane (99%), and cyclopentanecarbo- 
nitrile gives cyclopentane (83%) and methylcyclopentane (1 1 %). 

13. Dehydroxylation of phenols 

Phenols can be converted into hydrocarbons by the sequence formulated; the pro- 
cedure involves reductive cleavage of the intermediate 0-aryl-N, N-diethylpseudourea 
(equation 439)679 or of a diary1 carbonimidate (equation 440)680. 

ArOH +&CZZN z. ArOCN -* H N E t 2  

NH 0 
/ I  

ArO-C-NEt2 - ArH + H2N-C-NEt2 
I1 H p l  PdIC 

83-97% 

BrCN, N E t 3  
Ar'oH N E t 3 .  HBr  * Ar'OCN 

(439) 

0 
H,/Pd/C II 

Ar'OCN + HOAr2 -_ Arlo -C-OAr2 - Ar'H + H2N-C-OAr2 
I I  
NH 

(440) 

14. New amino-protecting groups 

N-(Cyano-t-butoxy)carbonyl (Cy0C)-protected amino acids (317) may be prepared 
in a one-step synthesis involving condensation of (cyano-t-butoxy)carbonyl chloride 
(315 prepared from 314) with amino acids (e.g. 316) in THF-water at pH 8.5; compounds 
317 can be coupled with amino acids and peptides (equation 441)681. A ney, amino- 
protecting reagent, i.e. 2-(t-butoxycarbonyl) oxyimino-2-phenylacetonitrile (BOC-ON) 
(318) is at present the reagent of choice for f-butoxycarbonylation of amino groups, 
affording contaminant-free t-BOC-amino acids (319) in high yield (equation 442)b"2. 

Me 
I pynd ine/CH 2C I2 

NC-CH2-C-OOH + COCI, r 

I 
Me 

(314) 
Me 

1 
Me 
I 

I 
NC-CH2- C- OCOCl 

Me 

(31 5) 
Me Me 

t NC-CH2-C-OCONH-CH - COOH (441) 
I I 

I 

I 
HpN-CH -COOH (316)/THF/H,O 

82% 

0 

Me 

(317) 

R 
I 

,CN + H2N-CH-COOH -!EL t-BuQ-C-ON=C 
\Ph 

I1 

0 R 
(31 3) 

(442) 
II I ,CN 

~-BuO-C-NH-CH-COOH + HON=C 
\Ph 

(319) 
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15. Conversion of nitriles into nitrilium ions and irnidates 

1,3-Dipolar ions, e.g. nitrilium ions (R-C-N+-R X-), nitrile oxides, 
(-CeN+-O-), nitrile imines (-C=N+-N-) and nitrile ylides (-CGN+-C-) are 
important synthons for stereospecific organic synthesis683. Nitrilium ions (e.g. 322) can 
be readily prepared by alkylation, or protonation, of nitriles; they can be isolated as 
such (usually as BFJ salts 684 or may react further with nucleophiles in siru. An 
example is the alkylation of benzonitrile (320) with the Meenvein reagent 321 to give 
322684, which, by reaction with alcohol, provides a useful route to imidates (323)68s 
(equation 443). The Ritter reaction686 of an alcohol or diol with a nitrile in the 
presence of an acid probably follows a similar course. 

PhC=N + Et30' BF4- - [ PhC&Et BF4-] 

(320) ( 321 1 (322 1 

ROH RO, 
,C=N-Et 

Ph 

76. The electrophilic dienophile, nitrosyl cyanide 

Nitrosyl chloride and silver cyanide react at -78°C to give nitrosyl cyanide 
(O=N-CGN) a powerful electrophilic dienophile which undergoes Diels-Alder 
reactions. For example, N-cyanooxazine (325) has been prepared from butadiene 
(324) (equation 444)687a 

(324) (325) 

17. Additional synthetic methods 

Nitriles react readily with sulphur trioxide (SO,) to give cycloadducts (e.g. 1,3- 
dioxa-2,3,6-diathiazine-2,2,6,6-tetraoxide) (via donor-acceptor n and ~t complexes); 
on further reaction with nitriles these yield heterocycles (equation 445). A study has 

that nitrile403 adducts interact with a wide range of organic reagents (e.g. 

R 
I 

P 
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aromatics, amides, pyridines), to give new open-ring products, different from those 
expected from the reaction of the parent nitriles. The chemistry of nitriie-sulphur 
trioxide adducts is still a challenge for a synthetic chemist. 

A few additional synthetic methods involving either cyano substrates or cyano re- 
agents are depicted in equations (446)-(464)688-704. 

* (Ref. 688) (446) 
R’\  /SEt 12. HgICN)2 R’ \C/CN 

C 
R 2 /  ‘SEt R2’ \SEt 

R’ R2 = H. alkyl, aryl Yields generally 
40 -70 % 

R X +  Et,& CN- - RCN (Ref. 689) (447) 

Rx Solvent Yield (%) 

n-BuBr CH2C12 74 
s-BuBr MeCN 80 
t-BuBr MeCN 54 

o x  CH2C12 or MeCN 
I I  I 4 0 - 8 0 ° C  

74-87% 
* R1-C--C-R3 + Et,N+ CN- 

I 
R2 0 R3 

It I 
I 

MeCN or D M S O  
80- 130°C 
32- 85% - R1-C-C-CN (Ref. 690) (448) 

NC R3 R2 

R1 = M e ,  i -Pr,  Ph 
R2 = H, M e ,  Ph 
R3 = Me, Ph 

X = CI,  Br 

R’ 

R 2  
R’O, I ,OR’ 

OR’ 
CN 

(449) CN base - 
R’O R 2  g o R 1  R’O 

R1e OR’ 

L l Y  
(Ref. 693) (450) 
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I I  R = COOMe or C 3 N  
0 

Stable to acids, 
most oxidants, 
reductants 

compounds 11 85 

(Ref. 694) (451) 

(Ref. 695) (452) 

O C H O  

1. C3HsMgBr/ether 
2. NH,CI/H2O 

H-$=CH-CH,--CN * 

n - C  H 
3 7 \  

HZC=CH-CH, 
\ [ H I  

/ 
H2C=CH-CH2-C-NH, - n-C3H7-C-NH2 (Ref. 696) (453) 

/ 
n-C3H7 H2C=CH -CHZ 

R’ 
,N=C=O 

(Ref. 697) (454) 
R’ \ 

,C=C, 
I 
I R 2  CI 

R~-C-CC=N + c o c i 2  % 

H 

NNHCOOCH3 CN 
II I 

0 
II 
C NH2NHCOOCH3 - HCN j\C- NHNHCOOCH3 

MeOH 
C ’ / \  -- . / \  . cat. HOAc 

M e O H .  reflux 

Br2/CH2C12 
NaHC03 I 

(Ref. 698a) (455) 
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2. H +  (Ref. 698b) (456) 
M e 0  

68 - 93% 

70 - 90% 

(Ref. 700) (458) 

1 .  KH/THF/2S0C 
C E N  2. HpO/O'C 

C S N  c -  C E N  

83% 

0 
II Me2AINH2 

~ l - c - 0 ~ 2  - R'CN 
50 - 91% xylene. A 

R' -- alkyl, aryl, cinnamyl 

R 2  =: Me, Et 

(Ref. 701) (459) 

[ Ni(CN)4] '- 
R-CCH-Me 

CN (Ref. 702) (460) I RCrCH -CN. NaBH, * 

85 - 98% 

R = Ph. PhCH2CH2. C - C G H , ~  (OH) 

R' R3 
I /  

II I 

R' R' 1 .  R3M2 
I 2. H ' 0  

(Et0)2C-C-N % (Et0),(!-C-R2 - (Et0)2C-C-R2 

NM' NH2 

(Ref. 704a) (461) 

CN 

SeAr 

/ 
RCH2CHO + ArSeCN RCH2C< (Ref. 704b) (462) 

0 CN 
II I 

(Ref. 704c) (463) PhC-CrCHPh A PhC-CHPh 
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CN HCN 

(Ref. 704d) (464) 

'H 

C. Rearrangern@nt of Cyano Compounds 

1. Rearrangement of the Diels-Alder adducts 

The adducts 327 and 328 from the Diels-Alder reaction of 2-chloroacrylonitrile with 
4,7-dihydro-5-methoxyindane (326) are rearranged uniquely by silver ion to novel 
bicyclo[3.2.1.]octane derivatives 329 and 330 (equation 465)705. 

( 326 1 
1:2  

( 327 (328) 
(465) 

2. &-Elimination of a heteroatom bridge 

Treatment of the Diels-Alder adduct 331 with potassium hydride in THF for 1 hr at 
20°C gives 332, formed by a molecular rearrangement involving p-elimination of the 
heteroatom bridge (equation 466)706. However, the bridged keto enoate 334 is 

Me 
0 I 

Me 

(331 1 ( 332 1 

obtained from the cyclohexanone 333 (an acetylenic Michael acceptor) following 
treatment with triethylamine in refluxing toluene (equation 467)707. The acid- and 
base-catalysed isomerizations of cis-diarylacrylonitriles have been studied708. 
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0 

(467) 

C02Me 

Et3N/CSH5Me/A 

- -- NC Q - C02Me 

(333) (334) 
70% 

3. Novel rearrangement of strained polycyclic ketones 

The Schmidt reaction of homocubanone (335) gives as the major product (5:1,75%) 
the bicyclic diene 339 and as the minor product, the tetracyclic compound 340; a 
plausible mechanism involves multiple cyclobutyl-cyclopropylcarbinyl-homoallylic 
types of carbonium-ion rearrangements with 335 + 338 (equation 468)709 as possible 
intermediates. 

* - -N2 &CN __3 

NaN3+ 
MeS03H 

0-5"C.lO rnin 

Br Br Br 

(335) (336) (337) 
(468) 

4. 1,3-Sigmatropic rearrangement of a nitrile N-benzylimide to a C-benzyl-substituted 
diazoalkane 

The synthetic usefulness of the 1,3-dipolar cycloaddition reactions of nitrile 
N-imides has been d e s ~ r i b e d ~ ~ ~ , ~ ~ ~ .  The thermolysis of 1,3,4-oxadiazolin-5-ones in the 
gas phase, or  in inert solvents, also gives nitrile N-imides which, in the absence of 
trapping agents, undergo intramolecular r e o r g a n i ~ a t i o n ~ ~ ~ , ~ ~ ~ .  

Recently, Padwa and coworkers713 have discovered that the flash vacuum-pyrolysis 
of 3-benzyl-5-phenyl-l,3,4-oxadiazolin-2-one (341) generates a nitrile N-imide (342) 
which rearranges to a diazoalkane (343) via a 1,3-sigmatropic benzyl shift (C-benzyl 
substitution) (equation 469). 

PhC=N2 

CH2Ph (469) I + -  heat - PhCGNNCH2Ph __*. 

Ph 
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5. Rearrangement of benzylaminonitriles in sulphuric acid to isoquinolines 

Benzylaminonitriles (344; R' = H, R2 = Ph) cyclize in concentrated sulphuric 
acid, via the spiru intermediate 345 (R' = H), to give good yields of the isoquinoline 
346 (R2 = Ph)714. It has now been found715 that the N-alkyl analogues of 344 (R, = Me, 
R2 = Ph) rearrange to give instead the cyclohepta[c]-pyrrol-6(2H)-ones (347; 
R1 = Me, R2 = Ph) (equation 470). The difference in behaviour can be explained715 
as follows: under very strongly acidic conditions, protonation of 344 (R' = H) would 
occur on both nitrogen atoms, with cleavage of the five-membered ring in 345 to give 
the product 346. However, when R' is alkyl, this pathway is blocked, and the forma- 
tion of 347 (R1 = Me) is due to a rearrangement within the spiro intermediate 345 
(R1 = Me), with Q-demethylation, followed by a 1,Zshift with elimination of 
ammonia. 

11 89 

N 

(344) 
0 

R' = H. R2 = Ph 

Me0 

-0  R1 = Me. R2 = Ph 

(347) R" 

6. Sulphur insehion-rearrangement reaction. Synthesis of heteroarenes via 
rearrangements 

T h i o c y a n o c a r b ~ n s ~ ~ ~  constitute an interesting class of compounds, in that they can 
be prepared entirely from inorganic sources, namely, sodium cyanide, carbon disul- 
phide and sulphur. Their versatility as intermediates for the synthesis of novel 
heterocycles, e.g. tetracyano-1,Cdithiane (350), has been d e m o n ~ t r a t e d ~ ~ ~ ? ~ ~ ~ .  Com- 
pound 350 is conveniently prepared from the disodium salt of 1,2-dicyanoethane-l,2- 
dithiol (34$)'18 via 349 (equation 471)719. The reaction of (350) with sulphur in the 
presence of a ba.sic catalyst, (NaI or tertiary amines) affords 353 (100% yield) via an 
intermediate isothiazole 351720. The sulphur insertion-rearrangement mechanism 
predicts that the negatively charged sulphur nucleophile adds to 351, followed by 
ring-opening, to give 352; this can then cyclize to 353 (equation 472)720. These re- 
arrangements leading to the formation of heterocyclic compounds constitute an import- 
ant synthetic methodology. 
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CN 
(350) ( 351) 

(352) (353) 

IW. SELECTED CYAN0 REAGENTS FOR ORGANIC SYNTHESIS (AN 

This section is concerned with a group of cyano reagents having specialized synthetic 
applications. The group includes reagents for cyanation (the Wittig reagent, the 
Nagata reagent, the trimethylsilyl cyanide reagent and a cyanide-on-solid-support 
reagent) the reagent serving as the reaction intermediate (cyanoboration) and the 
reagent that catalyses organic reactions (palladium dichloride-nitrile complexes). 
Also discussed are an oxidizing agent (2,3-dicyano-5,6-dichloro-1,4-benzoquinone, 
DDQ) and a reducing agent (sodium cyanoborohydride, NaBH3CN). 

OVERVIEW) 

A. The WiWig Reaction 

The Wittig reaction ranks second only to the aldol reaction as a general synthetic 
method for the two-carbon extension of aldehydes and ketones, to produce 
a$-unsaturated carbonyl compounds or their derivatives; the topic has been studied142 
and r e v i e ~ e d ~ ~ l - ~ ~ ~ .  

I .  The Wittig reaction for cyanation 

The Wittig r e a c t i ~ n ~ l ~ - ~ l ~  and the Wittig-Horner reaction*s0-153~41s~724 are 
important procedures for the conversion of carbonyl compounds into a$-unsaturated 
nitriles; the subject has been reviewed725. 

2. Synthesis of tryptamines via the Wittig-Horner reaction 

The Wittig-Homer reaction of l-acetyl-3-indolinones (354) is an efficient method for 
the preparation of tryptamine precursors726. Thus, the carbonyl alkenation of the 
ketone 354 is conducted with a slight excess of the sodio derivative of diethyl 
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cyanomethanephosphonate (355). Hydrolysis and deacetylation (NaOH + MeOH) 
give the 3-(cyanomethyl)indole intermediate 356 which, on hydrogenation 
(H2 + Raney nickel, 25"C), gives the tryptamine 357 in 57-65% overall yield 
(equation 473). 

0 
I I  

1. (Et0)2P-CH,CN (355). NaH 
2.NaOH, MeOH 
3.H2. Ra Ni 

Ac 
(354) 

R =  H, Me. CI, OMe 

H 
(356) 

H 

(357) 

3. The new Witfig-Homer reagents 

A series of new cyanophosphonates has been developed and successfully applied in 
the Wittig-Homer reactions; among them, diethyl cyanoethanephosphonate 
[ (EtO)zP(O)CH2CH2CN] has been applied to steroids727. The new reagent diethyl 
phosphorocyanidate (359) has been found to be useful for the preparation of 
a-aminonitriles from enamines. Thus, the morpholine enamine of cyclohexanone (358) 
was allowed to react with 359 in THF to give l-cyano-l-(morpholin-4-yl)cyclohexane 
(360) in 67% yield (equation 474)728. The reagent 359 is also useful in the preparation 
of amides (equation 473, and in peptide synthesis, because no racemization results729. 
C- Alkylation of cyanomethanephosphork tetramethyldiamide [ (MeN)2- 
P(0)CH2CN] using phase-transfer catalysis730 and alkylation of (Et0)2P(O)CHzCN 
by ion pair extraction731 have been described. Reverse-Wittig reactions have been 
reported732. 

0 
II 

1. (Et0)2P--CN (359)/THF 
/-? 2. H C I / C H C I ~  

(474) N 0 3. NaHC02 

0 0 
II Et3N in DMF 1 1  - R'C-NNHR~ 359 + R'C-OH + R~NH, (475) 

785% 
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B. The Nagata Reagent 

1. Hydrocyanation via the Nagata reagent 

New hydrocyanation methods (methods A and B) have been developed by Nagata 
and ~ o ~ o r k e r s ~ ~ ~ - ~ ~ ~ , ~ ~ ~ , ~ ~ ~ , ~ ~ ~ ,  and the topic has been reviewed66a. Method A uses a 
combination of hydrogen cyanide735a and trialkylaluminium (R3Al-HCN) and method 
B employs diethylaluminium cyanide (Et2AlCN). The main difference between the 
two is that method A is irreversible, and is thus controlled kinetically735b, whereas 
method B is reversible and can therefore be controlled both kinetically and 
thermodynamically, that is, the product is kinetically controlled in the early stage@*. 

The most useful application of the new methods is in conjugate hydrocyanation of 
a,&unsaturated ketones, conjugated dienones, and conjugated e n a m i n e ~ ~ ~ ,  and in the 
preparation of a-cyanohydrins from carbonyl compounds having low reactivity736. 

2. Stereochemistry of the Nagata hydrocyanation 

The stereochemical preference of the conjugate hydrocyanation has been noted; 
indeed, in cyclic a$-unsaturated ketones, only axial addition of cyanide is observed, 
and the trans isomer preponderates (equations 476737 and 477738); also, noted in 
nonconjugate hydrocyanation (equation 478)739. 

Et3Al-- HCN 

or Et2AICN 

CN 

Me Me m 
-0 

E t % A I / H C N .  T H F  + 
H 
57 % 

+ 

0 
H 

Me 

(476) 

(477) 

15% 

E = C02Me 
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3. Additional uses of the Nagata reagent 

The Nagata reagent has been used in hydrocyanation of 1,3-~yclopentenedione~~~, 
2,3-~yclohexen-l-one~~~, y-conjugated ketones (equation 479)742 and a$-unsaturated 
carboxylic acids (equation 480)733. The reagent has also been applied to the 
preparation of p-cyano aldehydes from a,fl-unsaturated aldehydes (equation 481)743, 
the cleavage of steroidal epoxides to give trans-diaxial 0-hydroxynitriles (equation 
482)744, the conversion of a carbonyl compound into a cyanohydrin (equation 483)736 
and the synthesis of 3-cyano- E -meth ylenecyclohexane-2,2,4,4,6,6-d6 (equation 
484)745. 

0 CN 
48% 

COCl 

1. Et2AlCN 

2. hydrolysis 

72 % 

THF-i-PrzO 

AcO 

(479) 

(480) 

1. Et2AICN 

t (482) 1. EtzAICN 

RO RO 

OH 

C,H, -CsHcjMe H30' ~ 

r Me0 & f Et,AICN - 15OC 

KHSOa 

130-l5O0C 

MeO' Me0 

(483) 
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9 OSiMe3 

1. Et2AICN * 
2. Me3SiCI. 

D 

pyridine 

D D  

F+JD CN 

D D  

4. Catalytic hydrocyanation of acetylenes by tetracyanonickelate without the use of 
hydrogen cyanide 

Acetylenes are readily hydrocyanated to saturated secondary nitriles by 
tetracyanonickelate, [Ni(CN)4]2-, in ethylene glycol or water in the presence of an 
excess of cyanide ion and NaBH4 or Zn; in two-step reactions (hydrocyanation and 
hydrogenation), hydridotricyanonickelate functions as an active species only in the 
first step746. 

C. Trimethylsllyl Cyanide 
The reactions of trimethylsilyl cyanide (361), a versatile, modem cyanosilylation 

reagent, have been ~ u m r n a r i z e d ~ ~ ~ - ~ ~ ~  and its synthetic applications reviewed750. 
Spectroscopic data751,752 indicate that only a very small fraction (1.5 f 0.5 mmol at 

25°C) of the isocyanide 362 is present in the liquid phase of 361; a rapid exchange of 
CN groups occurs between the two forms753 (equation 485). 

Me3SiCN P Me3SiNC (485) 

7. Preparation of trimethylsilyl cyanide 

Methods for preparation of the reagent may involve chlorotrimethylsilane (363) and 
silver cyanide (equation 486)754*755, hydrogen cyanide756 or a hydrogen 
cyanide-triethylamine-ether reagent (equation 487)757. Additional methods involve 
the use of sodium758 or cyanide in 1-rnethylpyrrolidinone in the presence 
of a phase-transfer catalyst, or potassium cyanide in LiCl-KCl eutectic mixture at high 
temperature760. Alternatively, the reagent can be generated in situ (potassium cyanide 
in 1-methylpyrrolidinone without a phase-transfer catalyst) (equation 488)761. A 
recent, high-yield procedure762 uses a bis(trimethylsi1yl)sulphate 364 and dry KCN in 
1-methylpyrrolidinone at high temperatures; 361 distils directly (equation 489)307. 

(486) 
A 

Me3SiCI + AgCN 74%- Me3SiCN 

(363) (361) 
N(CzHsJ3 

70% 
MesSiCl + HCN ether ~ Me3SiCN (487) 

(363) (361 1 
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a o .  A 
I 
Me 

Me3SiCI + KCN 71% * Me3SiCN (488) 

(363) (361 1 

2. Cyanosilylation of carbonyl compounds. Silylated cyanohydrins 

The most significant reaction of trimethysilyl cyanide (361) is its addition to 
carbonyl compounds 365 to afford silylated cyanohydrins (366) (equation 
490)307.309~7617763-765. The reaction is catalysed by Lewis acids, e.g. zinc iodide and by 

0 O-SiMe, OH 
II I 3M HCI I 

I I 
R1-C-R2+Me3SiCN - R’-C-RR2 - R1-C-Rz (4900) 

CN CN 

(365) (361 1 (366) (367) 

such anionic catalysts as KCN-18-crown-6 complex and tetrabutylammonium 
cyanide307, which can be used to advantage with acid-labile , carbonyl substrates. The 
reaction gives high yields, even with such sterically hindered ketones (which are 
normally resistant to cyanohydrin formation) as t-butyl phenyl ketone, benzophenone 
or camphor and is one of the few truly general transformations in synthetic organic 
chemistry. The intermediates 366 can be isolated and used as key intermediates in a 
number of important synthetic transformations. Mild hydrolysis765 of 366 gives almost 
quantitative yields of cyanohydrins (367) (equation 490). 

3. Protection of the quinone carbonyl group 

Reaction of the reagent with p-benzoquinones (e.g. 368) or naphthoquinones 
provides a means of protecting the carbonyl group of the quinone. The monoprotected 
quinones 369, for example, can be converted to p-quinols 370 in good yield by reaction 
with an organometallic reagent (e.g. Grignard or alkyllithium), followed by 
deprotection with silver fluoride (equation 491)766. The 1,4-benzoquinone 371767, the 
naturally occurring quinol, jacaranone 372’@, naphthoquinones, e.g. deoxylapachol 
(373) and vitamin KZ (374) have been synthesized by this route769-770. 

4. Additional useful reactions of trimethylsilyl cyanide 

The trimethylsilyl cyanohydrins formed from aromatic or heterocyclic aldehydes 
and the reagent 361 can be used to generate masked acyl anions which can react with 
alkyl halides to give ketones (equation 492)306*326. With ketones, acyloins are 
f ~ r m e d ~ * ~ , ’ ~ ~ ;  a,fbunsaturated aldehydes undergo a similar reaction sequence with 
a-acylation, to form either unsaturated ketones or the a-trimethylsilyloxyen~nes~~~. 
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CN-Crown ether 
Ma3SiCN/ complex cat.  -g / n 

W 

(368) 
(369) 

0 

(373) 

0 

(374) 
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OSiMe3 
I 

I 

1. L iN( i -Pr )2 .  THF 
2. R X  ArCHO + Me3SiCN - Ar-C-H r 

(361) CN 

0 OSiMe3 

I 

Ar-C-R I - Ar-C-R II 

CN 

(492) 

Trimethylsilyl cyanide (361) converts aliphatic acyl chlorides into acyl cyanides 
(equation 493)772, and sulphenyl chlorides into thiocyanates (equation 494)773; 
ketenes give addition across the C=O rather than the C=C bond, producing 
p-substituted a-(trimethylsily1)oxyacrylonitriies (equation 495)774. In the presence of 
aluminium chloride, the reagent opens up the oxirane ring (equation 496)3”y; it can 
also be used to prepare trimethylsilylhydroxy aldehydes which are used in the prepara- 
tion of esters of a-fluoro acids (equation 497)775. 

0 
+ Me3SiX 

/o 
R-C< + MeSSiCN - R-C4 

X ‘CN 

(361) 40 - 80% 

RSCl + Me,SiCN - RSCN 

(361) 70-91% 

R = alkyl.  aryl 

(493) 

(494) 

Me3SiCN/AIC13 + Me3SiOCH2CH2CN 
93% 

(496) 

i -  B u ~ A I  H * 
THF a t  -20°C 

), MegSi-CN 

CN R ‘0 
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The trimethylsilyl cyanohydrins 366 have been used in the synthesis of 
prostaglandinsl’O; they can also be readily reduced with LiA1H4 to 6-aminomethyl 
alcohols307 which have been utilized in new syntheses of indole derivatives777, 
including t r y p t a r n i n e ~ ~ ~ ~  and steroids779, and, via the Tiffeneau-Demjanov 
ring-expansion reaction, extended to a series of bridged polycyclic c o r n p o ~ n d s ~ ~ ~ ~ ~ ~ .  

5. Stability of structurally rigid cyanohydrins 

Gassman and coworkers have s h o ~ n ~ ~ ~ , ~ ~ ~  that the a-cyano-substituted cation in the 
adamantanone cyanohydrin 377 [prepared as shown (375 + 376 + 377) in equation 
(498)] is more stable than the p-substituted cation in 378, Consequently, 378 readily 
rearranges to a more thermodynamically stable triflate cyanohydrin (377), for 
example, on simply acylation (e.g. with trifluoromethanesulphonic anhydride). 

1. 3M HCI 

, 

(375) (376) 

CN -3 

6. Addition of trimethylsilyl cyanide to C=N and C-N bonds 

The reagent 361 reacts with a variety of C=N-containing compounds. For example, 
with aryl isocyanates (379), it forms 2: 1 adducts, e.g. substituted imidazolidines (380) 
(equation 499)786; with alkyl isocyanates (e.g. p-tosyl isocyanate), only the 1: 1 adduct 
can be obtained786. A similar reaction occurs with tr if lu~roisocyanate~~~. The 
cyanosilylation of Schiff bases (equation 500) or oxinies (equation 501) with the 
reagent, catalysed by Lewis acids, provides a useful route to am in on it rile^^^^. 

0 

SiMe2 

CNHR3 
AIC13 R’ \ I HZO R’\ 

R’ 
\C=NR3 + Me3SiCN . 

R2/  R2’ C-NR3 I 80-98% R 2 / ;  . 

(361) CN CN (500) 
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X3CC- N 

(381) 

+ 5- X3C-C=NSiMe3 
I 

Me3SiC-N CN 

(361) (382) 

R’ \ 

R I  I 
(361) CN 

2nI2 R’ \ 
C=NOH -t Me3SiCN -~ ,,CNHOSiMe3 

R’ \ 

6 5 - 8 0 % )  R2/CNHoH R2’ 

CN (501) 

CN 

CI 

+ X3C-C- N=PC13 
PCI, I 

I 
CN 

CI 
SOCI, I 

I 
X,C-C-N=S=O 

Carbodiimides (R-N=C=N-R) give 1: 1 adducts; these can cycloadd to more 
carbodiimide (or isocyanate), to afford heterocycles788. 361 also undergoes addition 
to the C E N  bond of nitriles bearing electronegative s u b s t i t ~ e n t s ~ ~ ~ ,  e.g. with 
trichloro- and trifluoro-acetonitriles (381) in the presence of triethylamine to give 
2-N-(trimethylsilyl)iminopropanonitriles (382). The latter react with a variety of 
reagents, providing useful, synthetic routes (equation 502)789. 

CM 

X = Ci, F (502) 

7. Analogues of trimethylsilyl cyanide 

a. (Trimethylsilyl) acetonitrile. (Trimethylsilyl) acetonitrile, Me3SiCH2CN (384), has 
broad synthetic applicability since it possesses two reaction sites. The 
(trimethylsily1)methyl group is reactive towards proton-specific bases, and the cyano 
group reacts with nucleophiles or acids. The presence of the trimethylsilyl group 
facilitates generation of the anion, and results in extraordinary reactivity, because of 
the remarkable affinity of organosilyl groups for oxygen, which is well known for 
intramolecular m i g r a t i ~ n ~ ~ ~ . ~ ~ ~ ,  and for intermolecular, oxygen-abstraction 
 reaction^^^^-^^^. 
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Reaction of chlorotrimethylsilane (363) and a halogenoacetonitrile (386) gives 384 in 
61% (X = Cl) and 81% (X = Br) yield. The lithiated derivative (385) is readily 
generated by LDA. Addition of carbonyl compounds 3% gives a,p-unsaturated nitriles 
387 (equation 503)795. The results obtained with benzaldehyde, cinnamaldehyde 

Me3SiCI + XCH2CN 61-81% - Me3SiCH2CN P 
Zn/C6H6/THF.  A ( i -Pr )z  NLi/THF.  -78°C 

(363) (383) (a) 

1. RWC=O (386). -78 to +zooc 
2. NH,CI/HzO ,. R', 

,C=CH-CN (503) 
R 2  

73 - 95% 

(387) 

X = CI. Br 

R' = Ph, PhCH=CH. R 2  = H 

1 Li I '  Me3Si -CH-CCN 

(385) 

R'- R 2  = -(CH ) - 
2 5  

and cyclohexanone show that 385 can be used instead of cyanomethylenetriphenyl- 
phosphorane or diethyl cyanomethylphosphonate (the Wittig reagents), with high 
reactivity and greater ease of handling. The anion 385 is also an efficient reagent for 
cyanomethylation (Section 1I.M). 

Starting with the lithio salt 385, Murata and M a t ~ u d a ' ~ ~  have described a novel route 
to 1,4-diketones 390 and 3-oxocyclopentenes 391 [e.g. cis-jasmone, 392 (391, 
R = cis-Zpentenyl) 76% yield] via intermediates 388 and 389 (equation 504). A 
convenient synthesis of a series of new jasmonoid compounds (cyclopentenones) from 
4-(trimethylsiloxy)butanonitrile has recently been described by the same 

Li 1. qMyDME M e T C N  
I 1. RCHZMgBr/ether  

2 . I N  HCI  MesSi-CCH-CN 2. HzO Me3Si-0 P 

( 385 1 (388) 

M e 4 R  Jones oxid. /acetone 

OH 0 

(389) 
0 

(390) 

(391) 

R = n-Bu. n-C5H11. cis-2-pentenyl 
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b. Other anafogues. t-E3utyldimethylsilyl cyanide (Me3CSiMe2CN) has been used 
for the cyanosilylation of ketones in a total synthesis of camptothecin798. 
I>icyanodimethylsilane [Me2Si(CN),] is a useful reagent for concurrent silylation and 
cyanosilylation of p-diketones; the reaction affords 5-cyano-2,6-dioxa-l-sila-3-cyclo- 
hexanones in high yield799. 

D. Synthesis of Nitriles on Solid Supports 

1. Inorganic supports 

The use of inorganic supports is becoming increasingly widespread in synthetic 
organic chemistryg00~801. Such media involve milder reaction conditions, simpler 
processing, and, often, higher selectivity. The principle involved is the generation of 
anionsso2 on ‘basic’ inorganic supports (silica and alumina gels) whereon they undergo 
either intra- or inter-molecular alkylation reactions. 

2. Procedures for the synthesis of nitriles 

Regen and  coworker^^^^^^^^ have described the synthesis of nitriles by alkylation of 
cyanide anions on solid inorganic supports (e.g. basic alumina) using toluene as the 
cosolvent. For example, reaction of sodium cyanide on neutral alumina, with 
iodobenzene in toluene in the presence of tetrakis(triphenylphosphine)palladium(O) 
catalyst affords a quantitative yield of benzonitrilegM. Bram and coworkersgos have 
carried out the reaction in ‘dry mediaygo6, i.e., in the absence of any organic solvent, 
and this may have interesting theoretical consequences. 

The general procedure80s~s06 involves the addition of a concentrated, aqueous solu- 
tion of KCN to a particular solid support. After removal of water the adsorbed cyanide 
anion may be alkylated in high yield by addition of the pure organic halide. The 
products are obtained simply by eluting with ether. In agreement with a previous 
studyso3 ‘basic’ alumina provides the highest yields. For example, l-bromooctane with 
KCN on alumina gives l-cyanooctane in 95% yield. This method of synthesis of nitriles 
(and esters) compares favourably with reactions carried out in dipolar, aprotic sol- 
v e n t ~ ~ ~ ~ , ~ ~ ~ ,  or  under phase-transfer conditionsgo9 

3. Polymeric supportsS1O 

Commercial anion-exchange resins are the simplest and most readily available 
polymer-supported reagents811,g12. The polymer-supported cyanide is preparedgI3 by 
stirring the chloride form of Amberlyst A26 (a macroporous resin containing quater- 
nary ammonium groups) with aqueous potassium cyanide. After washing and drying, 
the reaction is conducted in benzene or toluene; conversions into cyanide range from 
54 to loo%, e.g. 1,12-dicyanododecane is obtained in 100% yield from the dibromo 
compoundg13. The method may thus be considered to be an alternative to phase- 
transfer catalysis. 

4. Phase-transfer reactions 

Polymer-supported, phase-transfer-catalysed reactions have been s t ~ d i e d ~ ’ ~ * ~ ~ ~ ,  and 
the topic has been reviewed by Regeng16. Insoluble, polymer-supported, quaternary 
a m r n o n i ~ m ~ 1 ~ ~  and p h o s p h ~ n i u m ~ ~ ~ ~  salts catalyse reactions between water-soluble 
anions and organic substrates under triphasic (aqueous, organic, polymer) condi- 
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tionsgl&. The catalyst can be separated from reaction mixtures by simple filtration, and 
can be reused. A recent rate study817 of the reaction between aqueous sodium cyanide 
and l-bromooctane in toluene shows the importance of mass transfer, the diffusion of 
reactant and the structure of the active site in polymer-supported, phase-transfer- 
catalysed reactions. 

5. Additional polymeric reagents for synthesis 

Insoluble polymeric reagents have been developed that oxidize8lg, a ~ y l a t e ~ ' ~ ,  epox- 
idizesZ0, halogenategz1 and hydrogenate8z2, e.g. anion-exchange resin cyanoboro- 
hydridegZ3 or the solid reducing agent poly(2- or 4-~inylpyridine-BH~)~~~. Processing 
of the reaction mixture is simple and the spent polymer can be recycled. 

E. Cyanohratlon 

Reactions of organoboranes with cyanides and i s o c y a n i d e ~ ~ ~ ~ ,  and the applications 
of boranes and organoborates,including cyanoborates, in organic s y n t h e s i ~ ~ ~ ~ , ~ ~ ~ ,  have 
been reviewed. 

1. The cyanidation reaction 

The term cyanoboration covers reactions in which there is a migration, e.g. sequen- 
tial 1,2-shift, from boron to carbon and that involve a cyanoborate salt. The cyanida- 
tion reaction (reaction of trialkylboranes with sodium cyanide) leading to a facile 
synthesis of symmetrical and unsymmetrical ketones (frequently difficult to achieve by 
other methods) was developed by Pelter and  coworker^^^^-^^^. 

2. Synthesis of symmetrical ketones 

Symmetrical ketones, e.g. 396, can be prepared by conversion of trialkylboranes 
(393) into sodium trialkylcyanoborates (394) by reaction with sodium cyanide (the 
cyanidation reaction). The reaction of 394 with an electrophile (e.g. such acylating 
agents as imidoyl chloride, benzoyl chloride or especially, trifluoroacetic anhydride) is 
accompanied by migration of two alkyl groups from boron to carbon, to give an 
intermediate 395, that is oxidised to a symmetrical ketone (396) in high yield (equation 
505)827-829. Acetic anhydride or acetyl chloride as acylating agents afford only poor 
yields. 

R3B + N a C N  - R 3 B C N  Na' T H F  - ( CF,CO),O 

(393) 

R = Bu 
3. Synthesis of unsymmetrical ketones 

Unsymmetrical ketones, e.g. 398, can be synthesized under the same mild conditions 
by use of dialkylcyanothexylborates (397); thexyl (tetramethylethyl) groups are knuwn 
to migrate more slowly than other alkyl groups (equation 506)8z7. 
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4. Synthesis of ketones via sequential hydroboration 

Recently, Zweifel and P e a r ~ o n ~ ~ ~  and Brown and coworkers831 have independently 
developed a general synthesis of ketones via stepwise hydroboration with chlorothexyl- 
borane (399). The product, alkylchlorothexylborane (M), is reduced and the result- 
ing alkylthexylborane readily hydroborates a second mole of alkene, to give dialkyl- 
borane (401); this is converted via ~ y a n i d a t i o n ~ ~ ~ , ~ ~ ~  into the ketone (402) (equation 
507)831. The reaction is exemplified by the synthesis of (2)-6-heneicosen-ll-one 
(403), the sex pheromone (equation 508)830. The hydroboration-alkylation sequence 
provides a simple approach for the synthesis of otherwise difficultly accessible, unsym- 
metrical (or symmetrical) ketones. 

c t " C H  + R1CH=CH2 - + 

1. K(i-PrOl3BH 
CI W B f '  2. RZCH=CHz 

CH2CHpR' 

(399) (400) 

1. NaCN - 
U 
11 

CH,CH,R~ 2. (CF,CO),O 
3. H2O2/NaOH 

* R1CH,CH2CCHiR2 (507)  H - B C  
CH ,CH 2R' >65% 

I .  c8ti,,cn=cn2 1. NaCN 
2. PhCOCl 

3. I01 
P 

74 Yo 

,Go H 2 1 o=c (500) 

5. Additional applications of the cyanoboration reaction 

The cyanoboration reaction has been applied in the synthesis of ketones from 
l-methylcyclopentenes2s, ( + ) - l i m ~ n e n e ~ ~ ~  and l-chlorocyclohexenes32. Similarly, 
unsymmetrical ketones have been synthesized from the following alkene pairs: 
1-heptene-1-pentene (62 %), 1 -dodecene-1 -octene (72%) and styrene-methyl- 1- 
pentene (62%)831; the procedure is also successful in the stereospecific synthesis of 
a l l y l a m i d e ~ ~ ~ ~ .  In addition, the use of trialkylboranes for the preparation of satu- 
rated834 and unsaturated835 nitriles has been reported. The reaction of trialkylboranes 
with diazoacetonitrile leads to the corresponding, homologated nitriles in good yields 
(equation 509)836. 
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R = n-CgH13. n-C8HI7, c-CgH9 

F. Pallsdium Dichloride-Nitrile Complexes 

The substitution of alkenes is difficult, because the rr-electron cloud between the 
carbon-carbon double bond disfavours the nucleophilic nddition. However, the coor- 
dination of alkenes to palladium makes it possible for hydroxyl, alkoxyl or acetate ions 
to give the corresponding substituted alkenes. 

Reaction of benzene with acrylonitrile in the presence of palladium(I1) gives trans- 
@-cyanostyrene (17%) and the cis isomer (8%); the low yield of the product is due to 
the coordination of Pd(x1) with the lone-electron pair of the acrylonitrile nitrogen 
atom, thus hindering the aromatic substitution of the alkene838. 

Palladium complexes in organic chemistry have been reviewed837a41 and 
discussed842a44. 

I. Bis(benzonitri1e)palladium (11) dichloride *, PdCI,(Ph CN) , or Pd(Ph CN) CI, (6 B PD) 
This transition-metal catalyst845 is a versatile reagent for many syntheses conducted 

in nonpolar solvents such as benzene, chloroform or  THF. The major synthetic uses 
of PdC12(PhCN)2 (BBPD) are summarized next. 

2. Alkene dimerization 

This is exemplified by the preparation of hexenes in high yields (equation 510)846. 

2 MeCH=CH2 a n-Hexenes 

92% 
(510) 

3. lsornerization of alkyl phenyl ethers and allylphenols 

Ally1 phenyl ether (404) in refluxing benzene, with BBPD as the catalyst, is isomer- 
ized quantitatively to the 1-propenyl ether (405) (30% trans and 70% cis) (equation 
51 1). Similarly, 2-allylphenol(406) is isomerized to 2-(2-propenyl)phen01(407) (equa- 
tion 512)847. 

OCH2CHZCH 2 OCH=CHCH3 
I I 

quant. -0 (51 1) 

"Also known as dichlorobis(benzonitrile)palladium( 11) or dibenzonitriledichloropalladiwn(Ii), 
i.e. (PhCN)? PdCI,. 
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4. Stereospecific chlorination of steroids 

BBPD reacts stereospecifically with 5a- or 5~-cholestan-3-ols (408-411) to give the 
3-chloro derivatives in high yield (equations 513 and 514)K48. The stereochemistry of 
the reaction is very different from that observed with other common chlorinating 
agents, such as thionyl chloride (retention) and phosphorus pentachloride (inversion). 
With BBPD configurational inversion occurs when the OH group is equatorial, as in 
408 and 411, and retention when the OH group is axial, as in 409 and 410 (equations 
513 and 514). 

(438) R' = OH. R 2  = H 

(409) R' H. R 2  =OH 

(4110) R' = OH, R 2  = H 
(411) R' -- H, R 2  = OH 

5. Ring-opening of steroid epoxides 

derivatives by using BBPD (equation 515)849. 
Oxidocholestanes may be readily converted into the corresponding chlorohydrin 

H 

BBPD 
benzene r . f .  

(trans diaxial 
opening) 
-90% 

steroid 

6. sc-Allylpalladium chloride complexes -+ allylic alcohols 

Steroidal alkenes (412) are efficiently converted into sc-allylpalladium complexes 
(413) by treatment with BBPD. Oxidation of these complexes proceeds regio- and 
stereo-selectively to allylic alcohols. Thus, 413 gives 4a-hydroxy-As-cholestene (414) 
(equation 516)ss0. 

7. Cyclization reactions 

copolymerization of acetylenes (equations 517-522)851-Kss. 
BBPD is an efficient catalyst for many cyclkation reactions, including the 
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Me I 

CHC13. A 

(41 2) 

OH 
I 

t-BuCECCMe2 
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Pd 
CI/ 'CI 

- (Ref. 851) (517) 

Bu-t 

1. EBPD 
2. NaEH, 

Me 

0 

54% 

ONa R 

R = H. Ph 31 % 

OH 

0 q N l . z  + Pd 12(Me 

(Ref. 852) (518) 

(Ref. 853) (519) 

(Ref. 854) (520) 

(Ref. 855a) (521) 

I 
H 

26% 

(Ref. 855b) (522) 
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8. cis-Addition of amines to alkenes 

In the presence of BBPD and an oxidizing agent, amines stereospecifically add cis to 
alkenes (415), leading to the diamines (417) in good yield (equation 523)857. The 
reaction initially gives the adduct 416, which is then oxidized in situ using m- 
chloroperoxybenzoic acid in the presence of a second molecule of amine to give the 
product 417. For terminal alkenes, yields are -70%, but, for internal alkenes, the 
yields are lower. However, a similar, catalytic amination of alkenes, also stereo- 
specific, in the presence of bromine as  the oxidizing agent, gives the cyclic product 
depicted in equation (524)856. 

R3 
I 

*A 1. R3NH2.BEPD 

~1 ~2 2. B r p  

R' R2 - 40% 

R'. R2. R3 = H. alkyl .  Ph 

(524) 

9. Rearrangements 

Palladium(I1) salts in nonpolar solvents catalyse many rearrangements, including the 
Cope rearrangemenP8, aIIyIic rearrangement of ally1 acetateP9, formation of TC- 

allylpalladium complexesp6" and polyhetero-Claisen rearrangernentsg6l. Complexes 
such as BBPD or PdC1z(MeCN)z have been found to be effective for many novel 
rearrangements. 

a. Rearrangement of cyclic polyenes. A homotropilidene such as dihydrobullvalene 
(418) reacts with BBPD in dichloromethane to give the bicyclic product 419 formed by 
addition of palladium dichloride across a vinylcyclopropane unit (equation 525). Simi- 
larly, bullvalene (420), in the presence of a catalyst, rearranges at 0°C to 
bicyclo[4.2.2]deca-2,4,7,9-tetraene (421) (equation 526)862. 

Bicycle[ 6.1 .O]non-4-ene (422) readily rearranges in benzene to give cis, cis-l,5- 
cyclononadiene (424). The reaction is quenched by addition of aqueous cyanide, and 
the intermediate palladium dichloride complex (423) is not isolated (equation 527)863. 

(41 8 )  
I 

PdC' (419) 

(526) 



1208 Alexander J. Fatiadi 

(527) 
C N --I H 2o . PdC12 - BEPD. r.t.. 60h 

(423) (424) 86% 

b. Stereospecific rearrangement of allylic alcohol in the presence of bis(aceto- 
nitrile)palladium(~~) &chloride. Complete transfer of chirality in the [ 3,3]sigmatropic 
rearrangement of the allylic acetate (e.g. 425 + 426), catalysed by PdC12(CH3CN)2, 
has been reported by Griego and coworkers (equation 528)*64. 

OR OAc 

/- 0 

*d 
(425) R = Ac (426) 

93% 

c. Palladium-catalysed polyhetero-Claisen rearrangement. Yoshida and CO- 

workerss65 have found that Pd(II), e.g. BBPD, readily catalyses the S -+ N allyl-group 
migration of S-allylthioimidates to give N-allylthioamides (equations 529-531). The 
suggested mechanism does not involve the intermediacy of n-allylpalladium species. 
The rare S + N allylic rearrangement constitutes a novel approach to the thioamide 
group, a useful synthon in organic synthesiss66; it is also one of the least studied of 
polyhetero-Claisen rearrangements861. 

Me 
I 

* PhyNp  (529) BBPD. THF. reflux. 24 h 
PhYNMe 

s e  
S 
83% 

BEPD. THF. reflux. 2.5 h 
(530) 

91% 

(531) 

BBPD. THF. reflux. 2 h 

b-PdC’2 
100% 
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d. Ring-enlargement v.ia rearrangement. A new Pd(r1)-catalysed synthesis of indole 
derivatives has been reported (equation 532)867. In a series of analogous catalysts, 
bis(acrylonitrile)nickel(O) has been found to be effective in tne isomerization of 
quadricycle to norbornadieneg68. 

Ph Ph 

R 
"+fR BBPD & 

N (532) 

R = H. M e  I 
H 

790% 

10. Synthesis of amides from PdCI,-nitrile complexes 

The partial hydrolysis of palladium(xx)-nitrile complexes, either neat or in solution 
(prepared in situ from PdCl2 and an excess of nitrile) leads to amides in 30-85% yield 
(equation 533)869. 

1 1. Transition-metal-cyanide complexes 

The chemistry of the cyano complexes of the transition metals has been reviewed870; 
cobalt(1x) cyanide c ~ m p l e x e s ~ ~ ~ ~ ~ ~ ~  and organonitrile complexes of ruthenium873 have 
been discussed. 

6. 2,3-Dicyano-5,6-dichloro-l,4-kneoquinone (DDQ) 

The high potential quinone, 2,3-dicyano-5,6-dichlorobenzoquinone (DDQ), is a 
powerful dehydrogenating agent that has found extensive application in synthetic 
organic ~ h e r n i s t r y ~ ~ ~ - ~ ~ ~ ;  in many cases, it is more efficient than its analogues, e.g. 
2,3-dicyanobenzoquinone or chloranil. The first half-wave potential (in acetonitrile vs. 
SEC) of DDQ is 0.51 V; a second electron is added at - 0.30 V879. For the selective 
oxidation of allylic alcohols, or the aromatization of dihydroaromatic compounds, 
DDQ is often the reagent of choice. Although it is stable in solutions of strong mineral 
acids880, it decomposes in water; DDQ is generally employed under anhydrous con- 
ditions (often, in refluxing benzene, toluene, 1,4-dioxane or glacial acetic acid) and in 
large excess. In many cases, methanol or ethanol is used, especially at room tempera- 
ture. For example, benzylic oxidation of 4-alkyl-substituted phenols by DDQ in 
methanol is known to proceed readily, and has been explained in terms of phenol 
o ~ i d a t i o n ~ ~ ~ , ~ ~ ~ , ~ ~ ~ .  However, the oxidation reaction conducted in refluxing methanol 
or ethanol can often cause displacement of the electron-attracting groups from the 
DDQ nucleus by alkoxyl groups. The recent highlights of DDQ oxidations are 
summarized next. 
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1. Synthesis of DDQ 

The quinone can be conveniently. prepared in a single-step synthesis from 2,3-di- 
cyanohydroquinone, using hydrochloric acid and nitric acid, in 90% yieldss0. Re- 
covered 2,3-dicyano-5,6-dichloro-p-hydroquinone (DDQH2) (427) is conveniently re- 
oxidized to DDQ (428), either by nitric acid880 or  by anodic oxidation (equation 
5 34)883. 

(534) 
CI CN * "GCN CI 0 CN 

CN electrolysis in 
acetonitrilel LiClO, 

7 7 %  

OH 

(429) (428) 

cl* 

2. Mechanism of D DQ oxidations 

The DDQ-induced dehydrogenation of 1,3-dihydrobenzene has been interpreted884 
as a two-step, ionic process, involving transfer of a hydride to the quinone, to give a 
cyclohexadienyl cation which then rapidly loses a proton, to give the aromatic product. 
Subsequent s t ~ d i e s ~ ~ ~ , ~ ~ ~ ,  however, support a cyclic, concerted elimination885 or  a 
synchronous loss of both hydrogen atomsss6. Stable free radicals, as well as cations, 
can be prepared by the reaction with DDQ887 and it is a particularly efficient one 
electron o ~ i d a n t ~ ~ ~ , ~ ~ ~ .  A kinetic study 8g8 of the dehydrogenation of 1,4-dihydro- 
benzenes and 1,4-dihydronaphthalenes by DDQ favours a two-step, ionic mechanism 
involving a positively charged intermediate which is formed as an ion pair in an intial, 
rate-determining hydride transfer to DDQ, i.e. a stepwise transfer of a first hydride, 
followed by  a proton, to give the aromatic product. 

For the dehydrogenation of alcohols by DDQ recent kinetic  investigation^^^^ are in 
agreement with a sequence in which hydride-ion transfer from the a carbon atom of 
the alcohol is the rate determining step. 

3. Dehydrogenation and benzylic oxidation 

a. Hydroaromatic compounds. Certain hydroaromatic compounds are readily di- 
hydrogenated with DDQ; e.g. a mixture of cis- and trans-2-alkyl-l,2-dihydro-4- 
methoxy-l-nitro- naphthalenes, 429 and 430, is quantitatively converted into 2- 
alkyi-4-methoxy-l-nitronaphthalene (431) (equation 535)890. Hexahydrochrysene 

H NO, O,N H 

+ w: DDQ/boil ing 8 h  benzene @rR 
OMe OMe OMe 

(429) (430) (431) (535) 

(432) can be dehydrogenated by DDQ to 3,4,5,6-tetrahydrochrysene (433) (equation 
5 36) 8y1, and trans- bis(benzoyloxy)-7,8,9,1 O-tetrahydro-7-methylbenzo[ a]  pyrene 
(434) is converted, after hydrolysis, into the truns-7,8-dihydrodiol 435 (equation 
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(435) 
(434) 

537)892, which is a metabolite, in rat liver, of the carcinogen 7-methylbenzo[a]pyrene. 
The high-potential quinones have been applied in the benzylic oxidation of A- and 
B-aromatic steroids893, and of some phenol d e - A - ~ t e r o i d s ~ ~ ~ .  Thus, dehydrogenation 
of 5-methoxy-de-A-estra-5,7,9-trienes (436) with DDQ produces the styrene 437 
(equation 538)894 and 438 gives the aromatic derivative 439895 (equation 539). 

OR2 0r2 

R’ 

p 0 
(436) 

R’ 

R’ 

DDQ r.1. 

dioxane 

R’ 

= OMe. R2  

 OM^. R~ 

P (437) 

= H  
85% 

= Ac 

(538) 

(438) (439) 
88% 

b. Oxidative dehydrogenation of alkyl groups. The application of DDQ leading to 
the convenient preparation of p-methoxyphenylcarbonyl synthons via oxidative de- 
h y d r o g e n a t i o n ~ ~ ~ ~ , ~ ~ ~  has recently been reported. Thus, the reaction of 3,4-dihydro- 
7,8-dimethoxy-5-methyl-l-phenylnaphthalene (W) with DDQ leads to the naph- 
thalene derivative 441. However, W readily undergoes oxidative dehydrogenation to 
the formylnapthalene 432 in one step with DDQ (equation 540)896. Here, the activa- 
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DDQ 
dioxane 

M e 0  &) :2DOR::6H6- Meo* Me0 Ph 70 R . A  

- 
M e 0  Ph 

- dioxane. DDQ & (540) 
M e 0  

70 R .  A 

M e 0  Ph 

(442) 

tion of the alkyl group (methyl or ethyl) by a para-alkoxyl group is necessary to 
undergo oxidative attack by DDQ. Similar oxidations with DDQgg6 at the benzylic site 
are effected in the 2,2,6-trimethylchromene (equation 541) and 6- 
ethyl-2,2-dimethylchromene (equation 542). 

Me7QpJ//- (541) 

0 

4. Dehydrogenation of nitrogen and oxygen heterocycles 

Allylic and benzylic activation is frequently required for efficient oxidation of nit- 
rogen, and, particularly, oxygen heterocyclic compounds by DDQ. The use of 1,4- 
dioxane (or other suitable solvent) at the reflux temperature frequently provides suffi- 
cient activation for hydrogen abstraction. Several recent examples of dehydrogenation 
and aromatization of some dihydroheterocyclics are depicted in equa- 
tions(543)-( 546)897-901. 

(Ref. 897) (543) 

I 
CMe3 C Me3 

(Ref. 898) (544) 

I 
Ph 

I 
Ph 
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Pr Pr 

(Ref. 901) (546) 

Q G j H 1 3  dloxand DDO 

90% 

5. Benzylic oxidation through addition of methanol 

A rare example of the benzylic oxidation of the alkaloid 443 with DDQ in methanol 
at low temperature affords the N-formyl derivative 445, which appears to result from 
1,6-addition of methanol to an intermediate quinone methide (444) (equation 547)902; 
the addition of nucleophiles other than methanol to analogous quinone methides can 
be useful synthetic procedures. Indeed, a valuable, preparative method of 2- and 
4-(hydroxypheny1)acetonitriles that seems to involve addition of a cyanide ion to a 
quinone methide has been reported903. 

M e O m N  HO - CHO 

OMe 

(443) 

" e o p N  0 - CH 0 

OMe 

(444) 

OMe 
$ 

Meo HO lQc) - CH 0 

$OH 

OMe 
(445)  

(547) 

6. Benzylic hydroxylation 

The 11-oxoestrone 446 is oxidized by DDQ to the ketol448. The hydroxyl group has 
been shown to originate from water. The oxidation is considered to involve an inter- 
mediate quinone methide (447) (equation 548)903. The oxidation of guaiacylacetone 
(449) to give 450 is similar (equation 549). 

A few benzylic oxidations of substituted 1,2,3,4-tetrahydronaphthalenes to ketones 
with DDQ in methanol may have been described earlier905. 
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HO 0- / 

(548) 

HO 

OMe 
I 

(549) 
0 

D D Q  
MeOH. dioxane 

50% 
HO 0 HO 

OMe OMe 

(449) (450) 

7. Oxidation of benzylic alcohols 

The dehydrogenation of primary and secondary, aryl-substituted alcohols with 
DDQ under mild conditions in 1,4-dioxane solution gives the corresponding carbonyl 
compounds (equation 550)882. In contrast to other oxidants, DDQ can be applied for 
the oxidation of hydroxyaryl-substituted alcohols (equation 55 1) or diarylcarbinols. 
Oxidation of hydroxyaryl-substituted alcohols by DDQ in methanol solution results in 
the formation of benzoquinone by loss of the hydroxylalkyl side-chain (equation 552). 

~ H ~ O H  CHO 

R' R' R3 Yield (%) 

H H H 80 
H Me H 93 
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R1@CH20H OH DDQ l3:3CHO 1215 

(551) - 
R 2  

R3 

OH 

Meo*oMe 
H-C-OH 

I 
R 

R3 

0 

"'"OoMe - DDQ 
MeOH 

0 

(552) 

An example of oxidative coupling in methanol solution is found in the reaction of 
DDQ with 3,5-di-r-butylsalicyl alcohol (451), which gives the substituted diphenyl 
ether 452 (54% yield) and salicylaldehyde (453) (35% yield) (equation 553)882. The 

CH20H DDQ 
Me OH 
- 

(451) 

CN CN 

mechanism of the dehydrogenation of alcohols by DDQ is in agreement with an initial 
hydride-ion transfer from the a carbon atom of the alcohol. Benzylic oxidation of 
4-alkyl-substituted phenols by DDQ in methanol can be explained in terms of phenol 
oxidation881. 

The choice of oxidant in the oxidation of p-alkoxyphenols is generally substrate- 
dependent; often, ferric chloride, thallium(II1) nitrate and DDQ complement each 
other as success€=! oxidantsgo6. 

8. Synthesis of 1,5-naphthoquinone 

The only recorded preparation of a 1,5naphthoquinone (455) involves the quan- 
titative dehydrogenation of 3,7-di-t- butyl-1 &naphthalene-diol (454) with DDQ 
(equation 554)907. 



1216 Alexander J. Fatiadi 

v CH2C12 DDQ t-Bu* (554) 

B u - t  Bu-t  

OH 0 

(454)  (455) 

9. Oxidation of hydroxychromens to ethers 

DDQ is known to effect the oxidative coupling of phenols. For example, 
7-hydroxy-2,2-dimethyl-2H-chromen (456) reacts with DDQ to give the 3- 
(2,3-dichloro-5,6-dicyano-4-hydroxyphenyl ether, 459) (equation 555)'08. The form- 
ation of the ether 459 via intermediates 457 and 458 and the DDQH-semiquinone 
radical agrees with the one-electron process proposed for the oxidation of phenolsgE1, 
and cannot be explained by an alternative ionic mechanismgo9. 

H o w M e  COPr-i :k./&cN '~+JJ~~ COPr-i 

Me 0 C6H6. A 
____) 

Me + I I  
CN 

OMe 

0 
OMe 0 

(456) (459) 
COPr-i 

CN (555) 

CN 
OMe 

OH 

(458) (459) 

7 0. Cycloaddition reactions 

Cycloaddition reactions of DDQ are known (equations 556 and 557)910*911. 

Ph, /Ph 
C 

100°C. 24 h 

ph&CH2 + O e O  
C6H6 75% N 

CI CI 0 

(556) 

CI CI 
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e c : i N  4- ~~o(cN CH2C12 20°C 

CN ---- 
0 

CN 

CN 

1 1. Dehydrogenation of ketones 

Wide application of DDQ in the steroid field followed the discovery that the com- 
mon 4-en-3-one grouping 460 is converted into the 1,4-dien-3-0ne system (461) (equa- 
tion 558)912. On heating the DDQ in benzene with the ketone 462 (R = H) or  its 

(460) (461) 

analogue 462 (R = Me) gives only the phenol 464, presumably by dienone-phenol 
rearrangement of the intermediate 463 (equation 559)913. Oxidation of the naturally 
occurring ketone 445 with DDQ converts it into the cross-conjugated dienone d,l- 
yomogin (466) (equation 560)914. Ketone 467 is readily dehydrogenated to give the 
acid-labile enone 468 (equation 561)915. Oxidation of 5-hydroxytropolone (469) gives 
3,6-cycloheptadiene-1,2,5-trione (470) (equation 562)916. 

- 

DDQ i n  dioxane * -0 (560) 

0 -0 CH, 0' CH2 

(465 1 (466) 
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H O W 5  - Y Me Me 

C = - O m  6H6. r.t. 

(467) (4688) 

75 % 

DDQ 
MeOH, 25°C 

(561 8) 

(562) 

(469 (470) 

The dehydration of, for example, the 1,Sdiketone 471 with DDQ in acetic acid 
containing perchloric acid gives the pyrylium salt 472 (equation 563)917; the cyclization 
of a conjugated ketone by DDQ has also been reported (equation 564)918. 

0 0 

R 

-35-55% 
overall 

(564) 

R=COR. COOR. CN. 
N02, etc. 

12. Oxidation of silyl enol ethers to u, p-unsaturated ketones 

For the introduction of u,p-unsaturation into saturated ketones direct hydrogena- 
tion of ketones by quinones is one of the attractive approaches, and it has already 
found extensive application with steroidal ketones877,878,919. 

In a new method  ketone^^^'-^^', not easily enolizable, for example, cyclohex- 
anonegzl, are first converted into an enol silyl ether, and this is then oxidized with 
DDQ. Thus, the reaction of I-trimethylsilyloxycyclohexene (473) with DDQ at 15°C 
in 1,4-dioxane (or benzeneg2') gives the enone 474 (equation 565)921. Similarly, enol 
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silyl ethers of cyclopentenone (equation 566)920, of an acyclic ketone (equation 567)920 
and of cholestan-3-one (equation 5 1 6 8 ) ~ ~ ~  are converted into the corresponding a$- 
unsaturated ketones. Also, the enol ether 475 is converted into the methoxydienone 
476 (equation 569)923; however, 477 is aromatized with DDQ to the phenol 478 
(equation 570)923. 

(473) ( 474 1 
60% 

50% 

45% 

(568) 
D D Q I C c H 6 ,  

2OoC,23h 

H 
Me$3i-O 

H 
70% 

(569) 
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13. Oxidation of allylic alcohols in a two-phase system 

A new, selective oxidation of allylic alcohols employs only a catalytic amount of 
DDQ in a slightly acidic two-phase system benzene-water, in the presence of periodic 
acid, with DDQH2 as the oxidizing agent; in this way, ally1 alcohols can be oxidized to 
the corresponding u,P-unsaturated ketones (equation 571)924. An interesting oxida- 
tion of 3,4-dihydroxy-1,2,5-thiadiazole (479) to 3,4-dioxo-1,2,5-thiadiazolidine-l- 
oxide (480) was reported earlier (equation 572)925. 

0 
I I  l C %  DDQ/HSIO,j/CcHG 

OH 
I 

+ R~-CH=CH-C-  ~2 (571) 0.1 N H C I  R'- CH=CH-- ~2 

R' R2 Yield (%) 

Ph H 91 
Ph Ph 86 
Ph Me 80 

H 
I HO 

dioxane r . t .  

H 
HO 

(479) (430) 

(572) 

H. Sodium Cyanoborohydrlde 

Sodium cyanoborohydride (NaBH3CN)* is a highly selective reducing agent for a 
variety of organic functional groups; the topic has been reviewed by Lane926 and by 
Hutchins and Natale927. As compared to sodium borohydride, NaBH4, modification of 
the activity of the borohydride in sodium cyanoborohydride (by introduction of the 
strongly electron-withdrawing cyanide group) increases the Lewis acidity, and 
improves stability towards protic solvents; moreover, the chemoselectivity of the reag- 
ent can often be controlled by controlling the pH. The use of sodium cyanoboro- 
hydride includes (i) reduction of polar n bonds and ( i i )  reductive displacement by 
hydride of o-bonded leaving groups via sN2 or  s N 1  mechanisms. Groups unaffected by 
the reagent include alkenes, amides, carboxylic acids, esters, lactones, nitrates and 
nitriles. Except for iminium ions, n bonds are almost inert towards sodium cyanoboro- 
hydride, unless activated by protonation or  complexation. 

1. Reduction of a, $-unsaturated aldehydes and ketones. 

Satisfactory yields of allylic alcohols can be obtained by reduction of a conjugated 
ketone in HMPT (equation 573)y28, acidic aqueous methanol92Y o r  acetic 
acid-methanol (equation 574)930. Reduction of a,$-unsaturated esters, nitriles and 
nitro compounds931 and the reductive amination of a - fo r rny l l a~ tones~~~  have been 
reported. 

*Two structures for sodium cyanoborohydride are now in use, i.e. NaBH3CN and NaCNBH3; the 
former has, however, a larger appeal. 
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H’JHMPT NaBH3CN ~ 1 - (573) 

15-90% isolated 

0 

NsBH3CN HO 0 
0 $ o  0 MeOH. AcOH * 

OH OH OH OH 

96% 

(574) 

2. Deoxygenation of a, p-unsaturated carbonyl compounds via tosylhydrazones 

Tosylhydrazones of aliphatic aldehydes or ketones are reduced to hydrocarbons933 
or alkenes934.935 by NaBH3CN in acidic DMF934, acidic methanol935 or acidic 1:l 
DMF-~u lpho lane~~~;  reduction of a$-unsaturated tosylhydrazones leads to alkenes 
with migration of a double bond (equation 575)933. However, some tosylhydrazones 
are reduced to the hydrazino derivatives (equation 576)936. Fur’ther examples of 

NNHTs NH NH TS 

Ar- CH-CH -Ar II NaBH3CN I 
Ar-CH-C-Ar H+,THF 

(576) 
I 
R 

-80 - 90% 

I 
R 

R = Me, Et. OH, OMe. OEt 

direct reductive deoxygenation of the acyl carbonyl group have recently been 
reported; for example, isopropylideneacylmalonate (equation 577), 5-acylbarbituric 
acid (equation 578) and 3-acyl-4-hydroxycoumarin (equation 579) are reduced to the 
corresponding alkyl derivatives in good yields937. 

0 
I I  

0 
II 

/C-O\ /Me 

\C-0 / \  M e  HOAc \c-O/ \Me 

0 

R-C-CH C NaBH3CN RCH2-CH C (577) 
II /C-o\/Me 
P 

I I  
0 

I I  
0 

R = Et  



1222 Alexander J. Fatiadi 

0 R2 0 R 2  
II I 
C-N, 

/ 

II I 0 
NaBH3CN / 

R’-C-CH ‘=O HOAc * R’CH2- CH C=O (578) 
II /C-N\ 

‘C-N’ ‘C-N 
II I II I 

R’ = n-Pr .  R~ = H 
0 R2 0 R 2  

(579) 
NaBH,CN HOAc &H2R 

0 

R = Et 

3. Other selective reactions 

Sodium cyanoborohydride has been applied to selective reductive displacement of 
alkyl halides and sulphonic esters (equation 580)938 and of a quaternary ammonium 
group (equation 581)939, to reductive amination (equations 582940, 583941, and 
584942), to a reduction of acetals (equation 585)943 and to an epoxide ring-opening 
(equation 568)944. Oximes945~946 and n i t r ~ n e s ~ ~ ~  are readily reduced by sodium 
cyanoborohydride to N-(monoalky1)hydroxylamines (equation 587)945 and NJV- 
dialkylhydroxylamines (equation 588)945, respectively. The reagent reduces 
e n a m i n e ~ ~ ~ ~  and i m i n e ~ ~ ~ ;  it can also be used for methylation (and demethylation) of 
primary amines (equation 589)948 stereospecific reduction of an iminium salt (equa- 
tion 590)949 and the reductive ring-enlargement of a polyamide alkaloid (equation 
591)950. The difference between catalytic reduction and reduction with the 
NaBH3CN-formic acid reagent of the alkaloid periphylline (equation 592)950 should 
be noted. 

NaBH3CN/HMPT. 100°C 
t 

Mes = mesyl 

(580) 44% 

CH2Br - A  Ph CH3 

NaBH3CNlHMPT. 7OoC 

63% 
Ph 
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OH OH 

NaBH3CN H M P A .  A - *Me 

C02Et 

% -  0 

C02Et 

91 % 

(581) 

(582) 
NH40AC 

NaBH3CN 

NH2 

0 NH2 II 1 
(583) (Et0)2PCH,CCH, NH40Ac‘ HC’ (Et0)2PhCH2CHCH3 

NaBH3CN I I  
0 

I I  
0 

86% 

NaBH3CN 
ammonium acetate 

* 
I I  

n 
0 

MeO, ,OMe OMe 

-80% 

Rl--L-H-R2 (585) NaBH3CN 

HCI(g) .  M e O H  
C 

R1’ “R2 

R’. R 2  =1 H. Ph. aikyl, cyclic 

NaBH3CN 

T H F  
BF3 

* PhCH2CH20H + PhCHOHCH3 (586) 

97% 3 % 

pH 6-8  

CH - NHOH (587) 
NaBH3CN f?’ \ 

R2’ 
C=O +H*NOH - R’\ 

R2/ 
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(589) 
CH20 .  &OH Na BH3C N 

RNH2 - RN(CH20Me)2 - RNMe2 

- NaBH3CN 

' OH 

(590) 

R' =I C H 2 a  R 2  = CH2CH20H 

R' = Me. R 2  = CH2Ph 

0 0 

I 
H 

(592)  1 

I 
H 

4. Different behaviour of indole and quinoline towards sodium borohydride and 
sodium cyanoborohydride 

Sodium borohydride in carboxylic acid media sequentially reduces and alkylates 
quinoline (481) to give the corresponding N-alkyl-l,2,3,4-tetrahydroquinoline (482). 
However, sodium cyanoborohydride effects the reduction of quinoline (481) without 
N-alkylation, to provide a simple preparation of 1,2,3,4-tetrahydroquinoline (483) 
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(equation 593)951. Similar behaviour of both reducing agents towards indolesgS2 was 
observed earlier. Substituted indoles give indolines in excellent yield (equation 
594)953. 

I 
CH2- R 

N a 0 H 4 /  
RC02H 

R3 

* R 4 p 2  

NaBH3CI*I/CH2C02H. 15T 

R5 R’ R= 
Generally -80-90% 

R’ =: H. a l k y l ,  Ph. Bz 

R 2 , R 3  = H .  M e .  -(CH2l4- 
R4. R5 = H, M e .  Br 

(593) 

(5941 

5. Reduction of a, $-diatylactylonitriles 

Reduction of a,P-diarylacrylonitriles by sodium borohydride in DMF provides an 
excellent synthesis of a$-diarylpropanonitriles (equation 595)954; a similar reduction 
can also be achieved with sodium cyanob~rohydr ide~~~ .  

OH- H \  / Ar NaBH, 7 ArCH2CHArCN (595) ArCHO + ArCH2CN (-H~oI- ,c=c 
Ar ‘CN 

6. Special reduction of cyano compounds 

The hydrogenolysis of alkyl halides with sodium cyanoborohydride or tetrabutyl- 
ammonium cyanoborohydride has been discussed955. Reduction of a$-unsaturated 
nitdes to saturated nitriles can be performed with magnesium in methanolgs6, lithium 
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amide957 or a copper hydride complex958. Reduction of nitriles to amines can be 
achieved with NaBH3(0COCF3)959, lithium triethylbor~hydride~~~, NaBH2S3961 or 
catalytic hydrogenation with a rhodium(1)hydndo compounds, e.g., RhH(i-Pr3P) as 
the catalyst962. Reduction of saturated nitriles to aldehydes (e.g. 
-CH2CN + -CH2CHO) can be performed with diisobutylaluminium963~964. The 
examples depicted show reduction of cyanohydrins to amino alcohols by diborane in 
tetrahydrofuran, without hydrogenolysis of the halogen substituent or the alcoholic 
group OR the aromatic ring (equation 596)965, reductive elimination of the cyano group 
(equation 597)966 and catalytic reduction of cyano groups, followed by rearrangement 
(equation 598)967. 

X X 

X = CI, Br, I 

R = OH or OMe 

70 - 80% 

System does not 
hydrogenolyse halides 

98% 

V. CYANOCARBONS AND ELECTRON ACCEPTORS 

A. Malononitrile 

1. General considerations 
The chemistry of malononitrile has been thoroughly studied and reviewed9-13, and 

will not be discussed in detail here. However, for the sake of continuity, a summary of 
some of the key transformations of malononitrile, and some of its pertinent reactions 
taken from the recent literature, will be covered. The chemical literature on malono- 
nitrile is abundantlOJ*; the reagent forms an acyclic dimer 484a and the salt 484b, 
acyclic (linear) trimers 484c-484f and cyclic trimers (pyridine derivatives) 484g and 
484h, and all of these are potential intermediates for synthesisg6*. The Knoevenagel 
reaction between malononitrile and carbonyl compounds yields ylidenemalononitriles 
(equation 599)12. This reaction is usually catalysed by weak bases. Malononitrile is an 
important synthon for synthesis of diverse heterocyclic systems. 
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CHz-CN 
c=c, NC\ 

NC ’ C-CN 
,CHz-CN NC,- 4CH-CN 

c-c, NC’ -M+ 
c=c, Na’ 

NC, 

NC’ NH2 NC ’ NH2 

(484 C )  

M = H, NH, 

,NH2 NC\ ,CHz-CN 
,c=c, ’NH2 

NC CH2- CN NC ’ NH2 
NC c=c \  

c=c, , NH2 
NC\ 

NC’ ,c=c\ 

’NH2 c=c, NC\ 

NC’ C= 
H2N’ 

C 

C N  

CN 

CH2-CN I 

(599) 

2. Reaction of cyclic polyketones with malononitrile 

Cyclic triketones in which the unfavourable dipolar interaction between adjacent 
carbonyl groups is maximal and the carbonyl groups are eclipsed (S-cis con- 
formation)969 are more reactive than others in regard to the formation of addition 
compounds. Thus, 1,2,3-indanetrime reacts readily with malononitrile with replace- 
ment of the most reactive 2-carbony1 oxygen atom, to give 2- 
(dicyanomethylidene)-1,3-indandione; the reaction proceeds readily in organic sol- 
v e n t ~ ~ ~ ~ ~ ~ ~ ~  and in aqueous media (equation 600)’O. 

CH2(CNI~/H~/refbx.  10 min. * e C < c N  CN (600) 

0 

*o 97% 

0 

3. Reaction of oxocarbons with malononitrile. Bond-delocalized salts. 
Pseudo-oxocarbons 

The reaction of malononitrile with aromatic o x o c a r b o n ~ ~ ~ ~  is examined next. Either 
partial or complete replacement of the original carbonyl oxygen atoms in three-, four- 
or six-membered oxocarbon anions CnOnm- with such C=O equivalent, x-iso- 
electronic groups as dicyanomethylene =C(CN)215 (also C=N, C P ,  c=s, C=Se 
groups) yields a series of unusual oxocarbon analogues called pseudo-oxocarbons973; 
their chemistry has recently been reviewed974. 
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In recent years, several pseudo-oxocarbon anions containing =C(CN)2 groups 
have been synthesized and studied; the procedures used include either direct replace- 
ment of the oxygen atom in the C=O group or an indirect method. In the three- and 
four-membered, pseudo-oxocarbon series, these include the preparation of 1,2,3- 
tris(dicyanomethy1ene)deltate (4$5)975, the monanion ( )976, the disodiurn salt of 
1,2-bis-(dicyanomethylene)-3-cyclobutene-3,4-dione, a new analogue of the squarate 
dianion 487977, the monoanion 488978 and the mixed dianion 489976. The dicyano- 
methylene derivatives best studied to date are derivatives of croconic acid and the 
croconate dianions. One, two or three oxygen atoms in C5OS2- can be replaced by 
=C(CN)2 g r o ~ p s ~ ~ ~ * ~ ~ ~ .  The orange dianion 490 is obtained from dimethyl or diethyl 
croconate. The violet dianion 491 is prepared by treatment of dipotassium croconate 
with malononitrile, and the blue dianion 492 is synthesized by reaction of croconic acid 
with the reagent to give the parent acid, i.e. 1,2,3-tris(dicyanomethylene)-4-cyclo 
pentene-4,5-diol, which is converted into the potassium salt by titration with potas- 
sium methoxide in methanol. The mixed pseudo-oxocarbon croconates also include 
the dianion 493976. The dipotassium salts 490, 491 and 492 are semiconductors980; for 
example, the dipotassium salt of 491 has single-crystal conductivity of 
2 x R-'cm-' at room temperature, comparable to that of the dipotassium salt of 
the TCNQ anion radical. The crystal structure of 491981 shows the DSh symmetry of the 
croconate ring. Structurally, there are columns of the cyclopentene-ring anions parallel 
to the cation columns, with only 3.42 8, separation between adjacent molecular sites. 
Hence, by virtue of its size and of partial occupancy of sites in the channel, the 
potassium cation is capable of some ionic conductivity; however, most of the con- 
duction in the salt occurs through interacting cyclopentene anions. 

In addition to these anions, uncharged pseudo-oxocarbons could be of considerable 
interest. A crystal-structure determination982 of the 1 : 1 charge-transfer complex of 
pyrene (494) and 2-(dicyanomethylene)-4,5-diethoxy-4-cyclopen~ene-l,3-dione 
(DDC, 495) has shown the existence of a 'neutral' pseudo oxocarbon in the complex. 
The bond distances in DDC areECl-C(2) 1.486 A, C(2)-C(3) 1.483 A, C(3)-C(4) 
1.466 8,, C(4 -C(5) 1.381 A, C(5)-C(1) 1.475 A, C(2)-C(CN)2 1.338 8, and 

pentagonal angle of 108", with angles of 106" and 107.5", and larger values for the 
angles C(3)-C(4)-C(5) (1 10.5") and C(4)-C(5)-C(6) (109.8"). Thus, DDC in 
the pyrene-DDC complex may be viewed as a 'neutral, internally resonance compen- 
sated' pseudo-oxocarbon (495d), that is, a hybrid of resonance forms (495a 

C-0 1.213 B ; the internal C-C-C bond angles deviate somewhat from the usual 

499). 

4. Amidinoethylation. A facile synthesis of 3,3-disubstituted 
7,5-pentanedicarboxamides 

As an example of the amidinoethylation reaction983, the addition of malononitrile 
to the propenamidine 496 gives 3,3-disubstituted 1,5-pentanedicarboxamidines 497 
(equation 601)984. Such non-catalysed Michael additions to electrophilic alkenes are 
extremely rare985. 

a. Preparation of bis(dialkylamino)malorzonitrile. Treatment of chloroform- 
amidinium chloride (498) with a concentrated solution of potassium cyanide followed 
by ether extraction gives bis(dialky1amino)malononitrile (499). However, treatment of 
498 in acetonitrile with aqueous KCN (1:l) yields the dimethylamide of cyanoformic 
acid (500) (equation 602)y86. 

5. Thermochemical behaviour of o-amino- or azido-cinnamonitriles 

Recently. the effect of two diferent geometrical arrangements around the double 
bond in o-amiw- or azido-cifinamonitnles on the course of the cyclization has been 
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examined. Thus, (Z)-o-aminocinnamonitrile (501) can be converted into the quinoline 
502 in refluxing ethanol (equation 603), whereas the (E)-isomer (503) gives no reac- 
tion (equation 604). Similarly the (2) azide (502%) requires lower temperatures (re- 
fluxing toluene) to yield tetrazolo[ 1,5-a]quinoline (505) (equation 605), than the ( E )  
azide (5M) (140°C, DMSO) does to be converted into 2-cyanoindole (507) (equation 
606)987. The different reactions of azides 584 and 506 can be explained987 by invoking 
a concerted mechanism that requires some degree of charge-separation in the tran- 
sition state; this is consistent with the observed increase in rate on changing from 
toluene to dimethyl sulphoxide as the solvent. 
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CN C6H5Me. A ~ mN (605) 
I I 
N=N [(a -5041 
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G? 

6. Free-radical additions of brornomalononitrile to alkynes under irradiation 

Bromomalononitde (509) reacts with phenylacetylene (508) under irradiation to 
yield (E)-3,4-diphenyl-l,3,5-hexatriene-l,1,6,6-tetracarbonitrile (512) via intermedi- 
ates 510 and 511 (equation 607)988. The preparation of 512 by an alternative route 
(equation 608)988 has confirmed the structure. Light-induced reactions of bromo- 
malononitrile with 1-hexyne yield the (E)/(Z)  addition products in the ratio of 2:l. 
The stereoselectivity of the addition reaction is kinetically controlled. The free-radical 
addition of bromomalononitrile to alkenes under irradiation leads to the formation of 
anti-Markownikoff products; steric effects on regioselectivity have been observedgg9. 
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7. Cyanocarbons and poly(cyanocarbons) 

The chemistry of cyanocarbons and poly(cyanocarbons) has been actively investi- 
gated during the past thirty years, and the literature on the subject is extensivelo; the 
subject has recently been summarized990a and thoroughly reviewed by Zefirov and 
Makhon’kovggob. A variety of cyanocarbons (neutral) or cyanocarbon acids (eg. salts) 
have been prepared and studied, among them 1,1,3,3-tetracyanopropenide (513)991, 
l,l73,3-tetracyano-2-azapropenide (514)992, 1,1,3,3-tetracyano-Z(trifluoro- 
methy1)propenide (§15jgg3, hexacyanobutadiene (516)991,994 and a bright-red cyano- 
carbon anion believed to be heptacyanopentadienide (517)991; 1,1,2,4,5,5hexacyano- 
pentadienide salts (518)995 and a yellow cyanocarbon dianion (519) have also been 
prepared.991 This series has been extended by application of Grignard reagents for 
alkylation of tctracyanoethylenegg5. 

(513) 

CN 
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8. Selected syntheses of heterocycles via malononitrile 

Synthesis of heterocycles via malononitrile selected from the recent literature are 
depicted in equations (609)-(618)996-’005. 
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B. Tetracyanoethylene 

I. General considerations 

Tetracyanoethylene" (TCNE) is the simplest of the percyanoalkenes (cyanocarbons). 
The cyano group is a powerful electron-withdrawing group, although it is a poor 
dipolarophile. It is, however, sufficiently small to present no important steric prob- 
lems. Hence, TCNE is a highly electron-deficient and strongly electrophilic reagent. 
Thus it is easily attacked by electron-rich alkenes or dienes, and also reacts with other 
nucleophiles, such as alcohols and amines, and gives, for example, tricyanovinylation 
of aromatic amines. The affinity of TCNE for electrons is so great that the stable 
anion-radical, TCNE' is formed by treatment with many reducing agents, such as I-. 
TCNE forms intensely coloured compiexes with alkenes or aromatic hydrocarbons. 
The colour arises from donor-acceptor complexes, with partial transfer of a x-electron 
from the aromatic hydrocarbon to TCNE. TCNF is today an established reagent for 
testing ene, diene and n-ene systems of organic and metalloorganic substrates. In 
addition, TCNE is a useful reagent for synthesis of cyanocarbon acids, spiro com- 
pounds and novel heterocycles. 

The chemistry of TCNE has been studied and reviewed5~879.1006-1009, and will not be 
discussed here. The presentation here will be limited to a few recent applications of 
TCNE. 

2. Reaction of tetracyanoethylene with nucleophilic double bonds via ene-type 
reactions and 1,4-dipolar intermediates 

Abundant experimental evidence indicates that [2 + 2]cycloadducts from reaction 
of TCNE with enol ethers are formed by an intramolecular cyclization of the corres- 
ponding 1,4-dipolar ion i r ~ t e r m e d i a t e s ~ ~ ~ ~ - ' ~ ' ~ .  The latter were successfully trapped by 

room terno. 16 h -OMe 

NC' 'CN 

(524) 

(525) (526) 
*Also known as ethenetetracarbonitrile o r  cyanoethylene. 
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such reactive d i p o l a r o p h i l e ~ ’ ~ ~ ~  as aldehydes, ketones and Schiff bases, although there 
was no evidence that the dipolar ion could be intercepted by the nucleophilic double 
bond of the enol ether itself. However, such evidence has now been provided in a 
recent Reaction of l-methoxycyclohexene (520) with TCNE (521) gives the 
expected [2 + 2]cycloadduct (523) in quantitative yield. However, a t  room tem- 
perature 523 undergoes isomerization to give the open-chain adducts 524 and 525, the 
ketal 526 and the cycloadduct 527 in 30, 60, 5 and 5% yields, respectively (equation 
619). The experimental facts indicate that the 1,4-dipolar ion 522 is a common inter- 
mediate in all of these transformations. Hence the cycloadduct 523 is a kinetic product 
that exists in equilibrium with 522. Under thermodynamic conditions, the intermediate 
dipolar ion undergoes an ene reaction, to give an open-chain adduct that can also react 
further (formation of 524 through 526). In the reaction of cyclohexanone with TCNE 
in liquid sulphur dioxide, the corresponding dipolar ion does not give ‘cycloadduct’ 
at all. Instead, a proton rearrangement affords the 2-(1,1,2,2-tetracyanoethyl)cyclo- 
hexanene 528 feqcation 620)lol4. 

NC‘ ’CN 
(528) 

3. Reaction of protoporphyrin with tetracyanoethylene 

Reaction of TCNE with protoporphyrin di-t-butyl ester (529) gives three major 
products; one has been identified as the kinetically favoured [ 2 + 2]cycloadduct 538, 
containing two cyclobutane rings. Two other thermodynamically more stable isomers 
are probably the [4 + 2]cycloadducts 531 and 532 containing a cyclobutane ring and a 
six-carbon ring (equation 621)lol5”. 

4. Vinylcyciobutane-cyclohexene rearrangement 

The vinylcyclobutane-cyclohexene rearrangement is known to occur a t  elevated 
temperatures, but examples that occur at room temperature are rare. However, it has 
been reported’015b that the reaction of 1 ,l-dicyclopropyibuta-1,3-diene with TCNE 
gives 1-(2‘,2‘-dicyclopropylvinyl)-2,2,3,3-tetracyanocyclobutane, and If allowed to 
react for longer periods, 3,3-dicyclopropyl-4,4,5,5-tetracyanocyclohex-l-ene (533) 
(equation 622). Although 533 is formally the product of a [4 + 2]cycloaddition, these 
observations can also be interpreted in terms of a vinylcyclobutane-cyclohexene re- 
arrangement. Following solvent and substituent studies, the rearrangement has been 
concluded to be a heterolytic process involving a zwitterionic intermediate 5341015b. 

5. Facile synthesis of 2-amino-3,4,5-tricyanopyridines 

Tetracyanoethylene reacts readily with various CH-acids, leading to the synthesis of 
diverse heterocycles. The facile synthesis of 2-amino-3,4,5-tricyanopyridine (535) in- 
volves the reaction of the CM-acid 3-iminopropanonitrile (or its enaminenitrile 
tautomer) with TCNE, and apparently proceeds via the adduct shown (equation 
623)1016. 
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ethanol, A 
NC, / CN orAcOH. A > +  .c = c. t 

CN 
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6. Reaction of allylsilane with tetracyanoethylene 

The reaction between allylsilane and TCNE involves a 1,4-dipolar intermediate, to 
yield 4,4,5,5-tetracyano-l-pentene, produced by displacement of a trimethylsilyl 
group (equation 624)lol7. 

7. Miscellaneous recent results 

The charge-transfer absorption bands resulting from the interaction of bis(homo- 
cubane) derivatives (phenylated cage compounds) with TCPJE have been 
reported1018a. In a new synthesis, for example, n-octanenitrile is obtained in 87% yield 
from the copper-catalysed, gas-phase reaction of 1-octanol with ammonia at 325°C and 
1 atm1018b. 

The aromatization of I-cyanobenzene oxide in trifluoroacetic acid at room tem- 
perature is complete is 3 h; the only product formed is o-hydroxybenzonitrile (equa- 
tion 625)'01sc. 
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C. ~,7,8,&-~~t~cyano~ulnodimetRene and Analogous Electron Acceptors 

Among electron acceptors containing a malononitrile moiety, tetracyanoquinodi- 
methane (TCNQ, 538) has acquired a most prominent place. The chemistryl0lY and 
some of the properties'0J2~1020.'021 of TCNQ have been reviewed, and will not be 
discussed here. Polymeric donor-TCNQ complexes have been reviewed and dis- 
cussed1022. 

The acceptor 538 is still best prepared by the classical p r o c e d ~ r e ' ~ ~ ~ . ' ~ ~ ~  shown in 
equation (626). The dehydrogenation of 537 can also be performed with manganese 
dioxide or with DDQ. 

0 

NC\ / CN 

NC 3 /.c\ CN 

Br2/pydine. 0°C. 24 h (80%) 

NC\ / CN 6 
CN 

Recent interest in highly conducting, charge-transfer salts derived from TCNQ has 
promoted the design of new organic acceptors whose structures would enhance their 
electrical properties when complexed with donor molecules such as  tetrathiafulvalene 
(TTF)1025. The quinodimethane series includes extended analogues of TCNQ, such a s  
13,13,14,14-tetracyanodiphenoquinodimethane (539, TCNDQ)'OZ6, 1 1,12,1 1',12'- 
tetracyanonaphtho-2,6-quinodimethanide (540, TNAP) 102791028 and 13,13,14,14-tetra- 
cyanopyrene-2,7-quinodimethane (541, TCNP)1029. New heteroatom-substituted 
acceptors include tetracyanoquinoquinazolinoquinazoline (542, TCQQ)lo30, a pyri- 
dine analogue of TCNQ (543)1031,'032, the sulphur analogues of TCNQ, 5441033 and 
5451034 and the paramagnetic salt (radical anion) 5461034. The acceptor capacity of 
alkyl- and halogen-substituted TCNQ has also been reported; methyl-TCNQ 
(MTCNQ), 2,5-dimethyl-TCNQ (DMTCNQ) and the especially effective 2,s-diethyl- 
TCWQ (DETCNQ) 1035-1036 acceptors have been prepared and their electrical con- 
ductivity for charge-transfer complexes with a series of donors, e.g. TTF or tetra- 
selenafulvalene (TSF) has been measured1036. The preparation of monofluoro-TCNQ 
(J!TCNQ)lo3' and of 2,5-difluoro-TCNiQ(F2TCNQ) 1038 have been reported; however, 
their charge-transfer complexes with 'ITF show the electrical conductivity at room 
temperature to be only in the semiconductor range; for example, for the salt 
TTF-2,5-F2TCNQ, the conductivity is'038 2 x lo-' R-' crn-'. The tetrafluoro-TCNQ 
(F4TCNQ) invariably forms insulating salts with ~ F 1 ~ 3 x , 1 0 3 y .  Thus, except for the 
acceptors TNAP1027.1028 and DETCNQ103s.1036, halogen-substituted TCNQ'038.'03y 
and 5441033 form TTF salts that are insulators; other potential acceptors, such as  
TCNDQ loZ6, TCNPloZ9, TCQQlo30 and the acceptors 54310313'032 and 5451034 have not 
been tested. 
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1. Organic 'metals' 

Conventional molecular complexes are composed of neutral molecules held to- 
gether by van der Waals' forces. Charge-transfer salts, on the other hand, have un- 
paired electrons on the acceptor ion, the donor ion, or both, as a result of electron 
transfer from donor to acceptor. Metallic behaviour results from delocalization of the 
unpaired electrons. Charge-transfer salts containing TCNQ as the acceptor are among 
those organic solids having the highest electrical conductivity. This is due to the high 
electron affinity of the molecule, its planar structure and high symmetry, as well as the 
arrangement of the molecules in the crystal lattice, which is favourable for carrier 
transport. Charge-transfer salt, organic conductors consist of segregated stacks of 
electron donors and electron acceptors, one (or both) of which is capable of existing in 
multiple oxidation states. High-conducting, donor-acceptor combinations are 
characterized by a charge transfer ranging from 0.5 to 0.8 per formula unit. The typical 
structural features'040 are planarity with extended TI molecular orbitals, high symmetry 
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and a widely spaced charge and spin distribution. The charge-transfer salts of the n: 
donor tetrathiafulvalene (TTF)'041.'042 (equation 627) o r  tetraselenafulvalene 
(TSF)'043 (equation 628) with TCNQ are examples of a new class of solids, the 
quasi-one-dimensional organic metals; the topic is extensively studied and 
reviewed'021~1040~1044-1048a. The Crystal structure1049 of these 'organic metals' consists 
of parallel columns of separately stackd TTF (or TSF) and TCNQ molecules (e.g. 
alternating stacks of cation and anion radicals). For  conduction, the stacking must be 
uniform and the distance between adjacent molecular sites must be close enough to 
allow overlap of their K orbitals irito an energy band. There must also be relatively 
weak electron-electron coulomb repulsion (which causes electrons to correlate their 
motions in order to stay apart),-so that electrons are uncorrelated and can move from 
one molecule to another among the positive attractive potentials. The conductivity of 
the TTF-TCNQ complex at room temperature is G 500 R-' cm-', reaching its maxi- 
mum of CT 1.47 x lo4 Q-' cm-' at 60 K, rapidly changing from metallic to nonmetallic 
conductivity as temperature falls below 60 K104131042. The latter transition near 60 K 
may be associated with a periodic distortion of the crystal lattice driven by the con- 
ducting electrons (called the Peierls instability). A n  even better conductor is the TSF- 
TCNQ complex with a conductivity of D 800 i 2 - I  cm-' at room temperature, rising'043 
to  cr 105 Q-' cm-' at  40 K. The hexamethylenetetraselenafulvalene-TCNQ complex 
salt (HMTSF-TCNQ) (equation 629) subsequently described has the largest electrical 
conductivity of any known organic compound (0 2000 R-' cm-' at room tem- 
perature); moreover, the conductivity  remain^'^^^.'^^^ metallic down to temperatures 
as low as 0.045 K. Finally, the organic metals may be regarded as products of the 
intermolecular migration of aromaticity; the most efficient conductors contain 
molecules whose ( a )  radical ions form a new aromatic sextet upon one-electron oxi- 
dation or  reduction, and (b)  aromaticity can migrate by mixed-valence interaction1048. 

__t 

NC 

+ 
Se S 

- 
NC' CN 
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a. Structure-conductivity correlation in TTF-TCNQ charge-transfer complexes. 
This correlation has recently been observed. The study has s h o ~ n ' ~ ~ * ~  that steric effects 
in donors and acceptors are the main factor which determines the stacking mode of the 
molecules, the redox power influencing only the degree of charge transfer. The pres- 
ence of four bands at  0.4, 0.6, 0.9 and 3.3 pm is characteristic of conducting salts, 
which consist of chains of donors and acceptors in segregated stacks. Three bands only 
at 0.4, 0.6 and 1.5 pm are observed in the cases of semiconductors or  insulators in 
which donor and acceptor molecules alternate along the chains. 

2. Other organic metals and semimetals 

An unusual complex salt is formed between tetracyanomucononitrile (TCM) and 
TTF; the complex contains a TTF (cation radical) a neutral TTF molecule and a TCM 
anion-radical (equation 630); its conductivity is 0 -3.3 Q-' cm-' lo5'. A series of 

(-1 (5419) 

organic salts of TTF and unsymmetrical cyano acceptors have been synthesized that 
show all the properties of semiconductorslO. For example, ITF, with 2- 
(dicyanomethylene)-1,3-indandione (DCID) as the acceptor, forms a charge-transfer 
salt having a stoichiometry of 1:2 (TTF):(DCID), 547 (0 4 x R-' cm-l ) and the 
salt 548 (0  1 x Q-' cm-' ); with TCNE the 1: 1 (TTF):(TCNE) complex is formed 
(549) (0 4 x R-' cm-' )lo. Recently, organic polymer semiconductors based on 
diaminodicyanothiophene (DAMCYT) (550) and diaminodicyanoselenophene 
(DAMCYS) (551), with their bis(sulphiny1amino) derivatives 552a and 552b as accep- 
tors, have been prepared. Reaction of 552a and 552b with pyridine produces polymeric 
conducting complexes 553a and 553b (with 0 1.4 x Q-' cm-' for 553a and 0 
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3.3 x R-' cm-' for 553b (equation 631)'052. The synthesis and electrical con- 
duction properties of compounds containing planar bis(dicyanoethy1ene- 
dithio1ato)metal anions, 554 (M = Ni, Pd or Pt), have been extensively 
studied1053-1056. However, one-dimensional metallic properties have only been estab- 
lished for compounds in which the organic cation and not 554, is responsible for the 
high c o n d u c t i ~ i t i e s ~ ~ ~ ~ ~ ' ~ ~ ~ .  Previous studies have used bulky cations, whereas the pres- 
ence of small cations in the lattice will facilitate a short intraanion separation and, 
hence, the possibility of 1-D metallic properties being associated with 5541057. 
Recently, metallic behaviour in single crystals of Pt(S2C4N2)2n- salts, e.g. 554 
(M = Pt), has been observed1057; here, the conduction must occur through interacting 
anions. The electrical conductivity for Li.,[ Pt(S2C4N2)]'2K20 (where x = 0.75) at 
room temperature is t~ 96 R-' cm-I (an average value) The conductivity of such l-D 
metallic tetracyanoplatinate complexes as Kz[Pt(CN)4]Bro.3-3H20 has been 
r e p ~ r t e d ' ~ ~ ~ * ' ~ ~ ~ .  Recently, superconductivity has been observed for the organic con- 
ductor bis(hexamethylenetetraselenafulva1ene) hexafluorophosphate, (TMTSF)2PF6 
(555), with a transition temperature'060 of 0.9 K at a pressure of 12 kbar. 

(552) 
(a) X = S 

(b) X = Se 

(554) 

(553) 

Vi. SYNTHESES OF HETEROCYCLES VIA CYAN0 SUBSTRATES 

A. Introduction and General Considerations 

allows the creation 
of a variety of heterocyclic structures. The nitrile group often acts as an electrophile 
in heterocyclic syntheses, i.e. only the carbon atom is incorporated into the ring- 
system, with formation of aminosubstituted  heterocycle^^^^^-'^^^. Ring-closure reac- 
tions entailing incorporation of the entire nitrile group are normally preceded by the 
conversion of this group into an imidic ester or a carboxamide g r o ~ p ~ ~ ~ , ' ~ ~ ~ , ~ ~ ~ ~ .  The 

The nucleophilic and electrophilic character of the cyano 
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nitrile group is only weakly nucleophilic. Thus, the presence of Lewis acids is necessary 
for the formation of alkyl- and acyl-nitrilium salts1066. Only very reactive acyl halides, 
such as malonyl chloride, react directly with nitriles to afford hetero- 

Cei;eiopments in the past 10-15 years have involved a multitude of new reactions 
and methods for syntheses of heterocycles from nitriles. These include 1,3-dipolar 
c y c l ~ a d d i t i o n s ~ ~ ~ ,  1,3-dipolar addition of diazocarbonyl acompounds to nitriles'"68*1"6y, 
1,3-dipolar cycloaddition of nitrile sulphides to  1 , 4 - q ~ i n o n e s ~ ~ ~ ~  and the 1,3-dipolar 
reaction Gf dicyanomethylids with phenyl vinyl s u l p h o ~ i d e s ~ ~ ~ ~ .  The syntheses of 
heteroarenes can also be achieved on the basis of nitrilium salts'065~1072 by intra- 
molecular acylation of nirrile-hydrogen halide ad duct^^"^^ or by the use of the Reissert 
corn pound^^^^^^^^^^. An interesting recent application is the use of isoxazoles (from 
1,3-dipolar cycloaddition of acetylenes to nitrile oxides) in the synthesis of corpins and 
corins (related to vitamin B12)1076,1077. 

have developed oxazolines and dihydro-l,3-oxazolines as 
useful masked enolates (for a series of useful carbon-carbon bond-formation reac- 
tions); the topic has been r e v i e ~ e d ' ~ ~ ~ ~ ~ ~ ~ ~ .  The use of acyl nitrile oxides generated in 
situ from diacylfuroxans has recently been initiatedloE1. Thus, the use of heterocyclic 
synthons (derived from nitriles) or nitrile s y n t h o n ~ ' ~ ~ ~  (generated from heterocyclics) 
is a new tool in synthetic methodology. The literature on the synthesis of heterocycles 
from nitriles is vast; this discussion will be restricted to a few, selected syntheses from 
the most recent literature. 

,-yCles1065,1067. 

Meyers and 

B. Selected Syntheses of Heterocycles 

1. Synthesis of tetrahydroxyquinoxalines via heterocyclization with cyanoepoxides 

Continuing interest in new methods for the construction of heterocycles has led to 
the utilization of a-cyanoepoxides as bifunctional two-carbon synthons. Thus, a new 

(557) 
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heterocyclization method developed by Taylor and coworkers1082 involves the reaction 
of a-cyanoepoxides with o-phenylenediamine to give quinoxaline derivatives1083. The 
required a-cyanoepoxides (557) have been prepared as described by Makosza and 
coworkers437 from chloroacetonitriles with various benzaldehydes. 

Thus, condensation of 2-aryl-1-cyanooxirane (557) with o-phenylenediamine (556) 
afkrds  3-aryi-%-cyano-l,2,3,4-tetrahydroquinoxaline (560). The mechanism appar- 
ently involves nucleophilic attack on 557 and: via epoxide ring-opening, the benzylic 
alcohol 558; dehydration to 559 is then followed by intramolecular conjugate addition, 
to give 560 (equation 632)loS2. The tetrahydro derivatives are converted into 3- 
aryl-3-cyanoquinoxalines or 2-(carboxamido)-3-phenylquinoxalines. 

A n  additional cyano group at C-1 in a-cyanoepoxides can lead to exclusive ring- 
opening at C-2. Thus, l,l-dicyano-2-phenyloxirane (561)'084,10s5 condenses with 556 
to give 1,2,3,4-tetrahydro-3-phenyl-2-quinoxalinone (563) via intermediate 562 
(equation 633)loS2. Applications of these reactions to the synthesis of pyrrolopyrim- 
idines and pteridines can be envisaged. The condensation of 561 with thiourea and with 
thioamides to give thiazole derivatives has been reported1086. 

2. Reactions of isocyanates with 1 -cyanothioforrnanilide 

Nitriles containing an appropriately situated nucleophilic group undergo cyclization 
with isocyanates, to afford imino or  amino heterocycles. Typical examples are the 
formation of aminooxazoles from cr-arninonitrile~'~~~, tetrahydroiminoquinazolines 
from anthranilonitrile'088~108y and iminooxazolidinones from iminodiacetonitrilelOyO. 
Recent worklog' has described the expected analogous reaction between isocyanates 
and 1-cyanothioformanilide (564)1092 to form 1-substituted 5- 
imino-3-phenyl-4-thioxo-2-imidazolines (565) in 90-95% yield; these react with 
o-phenylenediamine to yield 1,3-disubstituted 1H-imidazo[4,5-b]quinoxalin-2(3H)- 
ones (566) (60-70% yield) (equation 634)'*". 

3. New synthesis of pyrimidinones and pyrihidinediones 

The application of cyanoimines in the synthesis of pyrirnidinones and 
pyrimidinediones has been r e p ~ r t e d " ~ ~ .  A new route to these important heterocycles 
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S 
II RNCO. Phn NEC-C-NHPh E13N * 

(564) 

Ph 
I 

Ph 

j a " J $ O  (634) 

N \  
HN 

I 

involves the reaction of 567 with cyanamide to yield ethyl 3- 
(N-cyanoimino)-3-ethoxypropanoate (568). Further treatment with piperidine (or 
morpholine), and acid hydrolysis followed by thermal cyclization, yields 6- 
amino-2,4-(1H, 3H)-pyrimidinediones (569) (equation 635)1094. Similarly, starting 
from 570 the intermediate 571 has been obtained, which cyclizes in situ to the 
pyrimidinone 572 (equation 636)lW4. 

0 
+NH.HC' HgCN 

to I u o n o 
- fl 

EtO-C-CH,-C, 
OEt 

0 
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A facile synthesis of 5-substituted 5-[ alkyl(or aryl)thi0]-2,4-diarninopyrimidines~~'~ 
(antimalarial agents) uses the condensation of guanidine with bromoacrylonitrile 
(equation 637). 

S--R2 S-R2 
R'-CH=O + H*C, / - R'-CH=C, / &2 

CN CN 

4. Additional syntheses via cyclization 

Cobalt-catalysed pyridine syntheses from alkynes and nitriles have been 
reviewed1096. Cyclization occurs in syntheses of substituted pyridines (equation 
638)log7, 3-acetoxy-l-acetylpyrrolo[3,2-b]pyridine (equation 639)lo9*, 2,4,4-trialkyl- 
substituted imidazolines (equation 640)1099, 2,4-diphenylquinoline and dibenzo- 
diazocine (equation 641)1100, 2-cyanoindole (equation 642)"O' and 2- 
cyano-1-hydroxyindole (equation 643)"01, and in the self-condensation of an un- 
saturated thioamide (to form a dihydrothiopyran by a regio- and stereo-controlled 
reaction) (eqcation 644)"02. The thermal decomposition of 2-azidopyridine-1-oxides 
and 2-azidopyrazine-:-oxides leads ic; the fGiiii&tiGn of 2-cyano-1-hydroxypyrroles 
and 2-cyano-l-hydroxyimidazoles, respectively1 lo3. 

Me 

I 
R' 34-95% 

R' = Ph, Me, Bz 
R 2  = H, Me, Ph 

R3 = H, Ph, SMe 

Ac 
I 



1248 Alexander J. Fatiadi 

R' R2 

(640) 
N N  Y 

C=C=CHCN i- N H ~ C H ~ C R ~ N H Z  - R'\ 

R2' 

68-85% 

R'. R2  = H, Me, Et , Pr 
R3=H,Me 

0 Ph Ph 

NH2 v 
Ph 

16% (641) 

H 
I 

*mcN 
I N3 I 
I OH 0- 

- 7" 
ArCH=C 

\ Ar CSNH, 

(6 44) 

5. Synthesis of heterocycles via a ring-enlargemenf 

a. Ring-enlargement of 2-isoxazolin-5-ones (573) to 1,3-oxazin-6-ones (574). (573) 
reacts with benzonitrile oxide to give 574 with loss of HN02 and formation of PhCN 
(equation 645) lo4. 

b. Ring-expansion in the isothiazole and 1,2,5-thiadiazole ring-systems. This is 
exemplified by the transformation of 5-(benzamido)-4-(ethoxycarbonyl-3-methyl- 
isothiazole (575) to the pyrimidine derivative 576 on treatment with hydrazine 
(equation 646)"05. In a new approach1106 isothiazole and 1,2,5-thiadiazole com- 
pounds have been treated with nucleophiles, e.g. CN- (equation 647) or the methyl 
propiolate ion (equation 648), to form novel heterocyclic ring-systems. 
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(573) (574) 

30-85% 

Me 

COOEt COOEt Me 

Ph 
(646) 

I 
Me Me 

X= CN 
X = N  

X =  CN 
X = N  

N-N 

(577) 

(578) 
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c. No ring-enlargement in the triazole series. The reaction of cyanogen bromide with 
the triazole 577 gives 1,5-diamino-lH-S-triazolo[ 1,5-c]quinazolinium bromide (578), 
and not the expected triazepine (579) (equation 649)"O7. 

6. Cycloaddition of cycloimmonium ylids with triphenylcyclopropene 

Reaction of pyridinium dicyanomethylide (580) with triphenylcyclopropene (581) (a 
dipolarophile) gives 1,2,3-triphenylindolizine (582) and 6-cyano-7,8,9-tri- 
phenyl-4H-quinolizine (583) (equation 650) 1108,1109. This is an example of a 
K [4 + 2]cycloaddition-extrusion reaction that provides a new route to indolizines and 
quinolizines. 

The cycloaddition-extrusion reaction can be extended to the synthesis of 3- 
cyanoindolizines (583) by heating 580 with phenyl vinyl sulphoxide (584) (equation 
65 1)lo7l. 

&,CN + Ph, JXPh H - DMF heat &Ph + \ N  (650) 

Ph 
\ 

Ph 
CN CN Ph 

c, 

7. Additional syntheses of heterocycles 

Some additional, recent syntheses of heterocycles are depicted in equations 
(652)-( 663) 1068,1070,1074,1080,1109-1 11 6 .  

I 
Ar 

NH 0 
I1 II a:) -Ar' a : i - A r '  (Ref.1109) (652) 

I 
Ar 

I 
Ar 
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CN CN 

KOCMe3 k : 2 M e  8 -t 

p-hileOC6Hr I 
%"6 

H 

p-MeOC6H4CH 

Ph-C=CH-CsN 
I 
NH2 

ArCNO P 
Ph - C - CH2 - C E  N 

I 1  
NH 

H 
Ar -C -C-CN 

"\ / 

II I + (Ref. 11 11) (654) II 
N 

I I  
Ar-C- N 

11 
Ph N, 0 APh 

1 NaH 

I 
H 

(Ref. 1113) (656) 

Me0 
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0 
II 

R 2  
I Ef OH I A3CCI 

OH 

R'NH, + R2CHCN - R'NHCHCN 

OMe SCF3 SCF3 

F C N  + F N  
CH( OMe 12 

OMe OMe - 

R=Ph 

-*aBr SCF3 

.. 
HBF. y'.... 1. BF,- (Ref. 1074) (657) R'NCHCN R N:..+; 

I 

I 
R3 

Ph 
I 

Ph 

PhCONHNHPh ."'I6Jc' Et3N 

NC CI NC' 

(Ref.1114) (658) 

(Ref. 1070) (659) 
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1w-c ~ CN 

Meo- 

MeO& 
0 

C02Me 
I 

(Ref. 1080) (663) 

WII. ADDENDA 

A. Miscellaneous Recent Resuits 
Polymerization of nitrile monomers, e.g. acrylonitrile, methacrylonitrile, cinnamo- 

nitrile, crotononitrile, fumaronitrile, vinylidene cyanide, etc., has been reviewed''l7. 
Photoadditions of 1- and 2-naphthols to acrylonitrile have recently been studied"'8. 
PdC12(MeCN)2 has recently been used for the N-alkylation of indoles'l'Y and ami- 

nation of electron-deficient alkenes1lZu; the catalyst also facilitates cyclkation of allyl- 
ated enamines to form acridines in a one-step synthesis1121. 

PdC12(PhCN)2 is r e p ~ r t e d l y " ~ ~ ~ ' ~ ~ ~  an efficient catalyst for the Cope rearrangement 
of acyclic 1,5-dienes. 

A new method for the conversion of primary alcohols into nitriles having one extra 
carbon atom has been described1Iz4. 

A phase-transfer-catalysed oxidative decyanation of a-secondary nitriles (to give 
aromatic ketones) has been reported"25. 
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A silver(1)-photocatalysed addition of acetonitrile to norbonene has recently been 
achieved' lZ6. 

Symmetric cyanohydrin syntheses catalysed by synthetic peptides are of much 
recent interest, in connection with the high stereospecificity of enzymic reac- 
tions' 127,1128 

Recent applications of synthetic cyano reagents involve the preparation of p- 
iminosulphones (by addition of sulphones to nit rile^)"^^, 1,3-thiazole derivatives [via 
(NC)*C = NOTs] 130, benzodiazepins"", cyclopropa[c]cinnolines (via nitril- 
imines)Il3', 4H-pyrano[2,3-c]pyrazoles (via ma l~non i t r i l e ) "~~  and 3-cyano- 
2-azetidinones (via thermolysis or photolysis of 4-azid0-2-pyrrolinones)~~~~. 

The mechanism of polymer-supported, phase-transfer catalysis in the reaction of 
1-bromooctane or  benzyl bromide with aqueous sodium cyanide has recently been 
studied1135. 

The thermolysis of a-azidosulphones has been studied; for example, a-azidobenzyl 
phenyl sulphone in refluxing chlorobenzene generates benzonitrile, in addition to 
other and 3-H-isoxazoles on thermolysis give a-carb~nylacetonitrile~ 136b. 

Iodoacetonitrile (ICH2CN) has been used as a potential alkylating agent in the 
synthesis of C - n u c l e o ~ i d e s ~ ' ~ ~ .  

The mechanism of the photochemical conversion of 1-amino-2-cyanoethylene into 
imidazole that involves a nitrile -+ isocyanide rearrangement (e.g. NCCCN -+ 
NCCNC reorganization) and an azirine intermediate has recently been presented' 138. 

Alcohols are converted into nitriles in good to excellent yields by treatment with 2 
equiv. of NaCN-Me3SiC1 and a catalytic amount of NaI in DMF-MeCN'l3'. 

Condensation of malononitrile with trimethoxymethane and aniline affords 
3-anilino-2-cyanoacrylonitrile, which on treatment with hydrazine gives 3- 
amino-lH-pyrazole-4-carbonitrile, in a one-vessel synthesis1140. 

Increased reactivity of coordinated nitriles has been observed in a series of organo- 
metallic reactions'l4l. 

The chemical equivalence of the carbonyl oxygen atom and the C(CN)2 group as 
proposed by Wallenfels" has now been confirmed experimentally by the electro- 
chemical oxidation of the croconate and dicyanomethylene-substituted croconate 
salts. It has been found"42 that the first oxidation wave shows a linear increase in 
potential of 100 mV with the addition of each dicyanomethylene group in the series 
C=O -+ C(CN)?, 2 C=O -+ 2 C(CN)2 and 3 C=O -+ 3 C(CN)?. 

Condensation of a cyclohexane-l,3-dione with triethoxyethane and various ureas 
affords the 2-ureidomethylenecyclohexane-l,3-diones; these on reaction with acti- 
vated acetonitriles (e.g. PhCH2CN) in the presence of a strong base, benzyltrimethyl- 
ammonium hydroxide (Triton B) or potassium t-butoxide, give, after aqueous work- 
up, the 5-oxo-5,6,7,8-tetrahydrocoumarins (50-80% yield) (equation 664)1143. 

Lithiated nitriles are useful intermediates for the synthesis of a variety of organic 
compounds1144 and it has been recognized that terpenoids bearing a nitrile group may 
have wide utility in fragrances1145. A recent p ~ b l i c a t i o n " ~ ~  has described the base- 
catalysed self-dimerization of 3-methyl-3-butenenitrile to give the cyclodimer selec- 
tively. The same have extended this study and reported a convenient synthesis 
of 3-amino-4-cyano-l,5,5-trimethylhexa-l,3-diene (37%) (having the ferulol skele- 
ton), from the reaction of lithiated 3-methyl-3-butenenitrile with 3- 
methyl-2-butenenitrile and its conversion into 4-cyano-1,5,5-trimethylcyclo- 
hexa-1,3-diene (53%) (equation 665). 

The lithiated 0-(trimethylsily1)-cyanohydrin derived from benzonitrile reacts with 
a$-unsaturated ketones in highly coordinating solvents or  in the presence of crown 
ethers in a 1,2-addition reaction affording allylic alcohols or  ketones. However, when 
the reaction is conducted in ether an exclusive 1,4-addition ensues to yield 1,4-di- 
ketone, followed by acid hydrolysis of the adduct formed (equation 666)1148. 
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/ CN DMF/base H2C, - 
X 

X = COOMe, COOEt, Ph 

H 3 0 t  

(664) 

Rl R* X 

H H COOMe 
Me Me COOMe 
Me Me COOEt 

H*C i",m 
Me Ma 

Lithiated 2-aminoalkenenitriles, prepared by metalation of the nitrile with lithium 
diisopropylamide in tetrahydrofuran, react as ambient nucleophiles with ketones in 
the presence of zinc chloride to give the 3-oxocyclopentenes (equation 667) 1149. 

A new synthesis of $-amino alcohols requires a double addition of an organo- 
metallic reagent (RLi) to a cyano function of 0-silylated cyanohydrins leading to 
2-t~methylsiloxyalkanemines and, by desilylation, to p-amino alcohols in good yields 
(73-90%) (equation 668)l15". 

a-Hydroxyketones may be prepared by addition of 2-lithiated 2-(N,N-dialkylamino)- 
alkanenitriles to carbonyl compounds and subsequent hydrolysis (equation 669)"j1. 

One step conversion of aldehydes into nitriles allows the reaction of metalated 
tosylmethyl isocyanide to commence at - 80 to - 60°C, followed by careful addition of 
methanol only after complete formation of the intermediate (in order to avoid the 
irreversible formation of 1,3-oxazole by-products (equation 670) A selective 
reduction of nitriles to aldehydes has been reported' 

The reaction of an a-metalated secondary nitrile with an oxirane generates an 
intermediate, this on addition of -78°C to dry ammonium chloride allows the iso- 
lation of the pure y-hydroxyalkanenitriles (R1R2)(CN)CHCH(OH)R3 ' 153. 
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Me Me 
I 

0 LICH, CH 0.C 8kCH 
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HO OSiMeg 
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R O  
R 2  

MegSiO R' (666) 
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Ph-C-C-CH2-C-R3 
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I I  
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0 R' 
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I 
R 2  

Ph - C- C - CH2-C -R3 
II 
0 

R' = Me, Ph 

R 2  = H, Me, OEt, Br, CI 

R3 = Me, OMe, OEt 

R', R2 and R3  may form alicyclic systems 

N R2 = - N '&e2, - N 3 
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R2 R3 

I I  AcOHf H20 
1. 2 R3Li  

R 2  
I 

I 
O-SiMe3 

2. H 2 0  R'-C-CC~N ____- R' -c- C- NH, 
I I  

* 

Me3Si-0 R3 

R2 R3 
R'-C-C-NH, I I  (668) 

I i  
HO R3 

R3 0 
I II 

I 

R 2  R2 
1. THF -28°C. 5h 
2. 2 N HCI. 25°C. 24h 

\ /  

* R4-C-C-R' (669) 
N R3\ 

HO 
Li(!--R1 -t R4/'=0 

I 
C N  

1. r -BuOKfDME.  - 8 0  to-60"C 

(670) 
2. MeOH 

RCHQ + T o s C H ~ N C  * RCH2CN 
10-70% 

R = n-Pr,  Me2C=CH(CH2),C(Me)=CH-. aryl 

The synthesis of 4-arylbutanenitriles is based on the reductive desulphonylation (6% 
Na-Hg/K2HP04) of a-cyanoethylated benzyl4-tolyl sulphones (readily prepared from 
the corresponding benzyl chlorides) (equation 671)1154. 

Cyano-substituted pyrazoles transpose photochemically into imidazoles by two con- 
current paths: ( i )  1,5-interchange, probably by a 5-bonding to a diazobicyclopentene 
which isomerizes by nitrogen 'walk' bcfore rearomatization, and (ii) 2,3-interchange, 
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probably via an intermediate azirine. For example, irradiation of 3- 
cyano-1-methylpyrazole in acetonitrile gives 2-cyano-1-methylimidazole (25%) and 
4-cyano-1-methylimidazole (1 1 %) (equation 672) 1155. 

CN NC 

hv q [cc“ 1 - CLCN XZ- I 

Me I N Me 
M e  Me 

(672) 

A recent method1156 has described the general synthesis of ally1 heterocyclic bases 
by a photoinduced substitution reaction of cyanoheterocyclic bases with certain 
alkenes. Thus, irradiation of a solution of 4-pyridinecarbonitrile in 2,3-dimethyl-2- 
butene leads to the formation of two isomeric 4-allylpyridines. However, under similar 
conditions carbocyclic systems such as benzene yield instead photocycloaddition pro- 
duct~”~’. 

Still another method for conversion of nitriles into aldehydes has recently been 
described. Thus, exposing a hexane solution of equimolecular amounts of nitrile and a 
readily available disilylated iron carbonyl complex to UV light for several hours 
affords the disilylated enamines in good yields; these on hydrolysis with dilute HCl led 
to the corresponding aldehydes in 65-84% yield (equation 673)1158. 

M e  

Me2 

The utility of gaseous plasmas formed from atoms is well established, and the utility 
of plasmas from complex molecules1159 and plasma synthesis are only now being 
developed. In a recent report1160, a unique method for the production of unsaturated 
nitriles from inexpensive alkenes and alkynes has been described. When cyanogen 
(CZNZ) and ethylene are passed through a glass reactor (a copper coil + a rf genera: -.i, 
136 MHz) for 10 min at 30 W, acrylonitrile is produced in 67% yield. Similarly, 
cyanogen with propylene gives acrylonitrile in 64% yield, and the reaction of cyanogen 
with 2-butyne results in 1-cyanopropyne (68% yield) via cyanodemethylation. 

Trimethylsilyl cyanide has been used in syntheses of 2-alkenenitriles from 
ketones1161 and 2-butene-4-olides from conjugated enals116z. 

A general method1163 for the synthesis of p-enamino esters, p-keto esters and methyl 
ketones is based on the reactivity of Meldrum’s acid”@ with i m i d a t e ~ ’ ~ ~ ~ ,  prepared 
from nitriles (equation 674). 

A one-step synthesis of 2,4-bis(s-alkylamino)-6-halo-3-pyridinecarbonitriles 
involves the A1CI3-catalysed reaction of malononitrile with s-alkyl halides (except the 
alkyl fluorides) at room temperature. From these the corresponding 2,4-bis(s- 
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0 

Y 
NH 

0 (674) 

.r 
NH 

alky1amino)pyridines may be conveniently prepared via catalytic hydrogenation 
(equation 675)1166. 

Nitrilium ions are becoming recognized as being important not only because of the 
role they play as intermediates in a rather large number of chemical reactions116' but 
also because of the stereospecific manner in which they r e a ~ t ~ ~ ~ ~ J ~ ~ ~ .  N-Alkyl nitrilium 
ions can be prepared by the direct alkylation of nitriles with either triethyloxonium 
tetrafluoroborate or isopropyl chloride-iron(II1) chloride1170. As recently demon- 
strated1171 they can be reduced by trialkylorganosilicon hydride to N-alkylimines that 
yield aldehydes upon hydrolysis (equation 676). 

R3SiH H O  
R ~ c ~ N  + R ~ X  - R ~ c & " R ~  x- 3- R ~ c H = N R ~  2 R'CHO 

(676) 

Nitrosyl cyanide (ONCN, prepared from nitrosyl chloride and silver cyanide)678 and 
9,lO-dimethylantracene (DMA) react at - 25 "C to form the crystalline cycloadduct 
DMA-ONCN. Triphenylphosphine also reacts readily with nitrosyl cyanide to give 
phosphinimide (equation 677)1172. 

Ph3P + O=NCN - Ph3P=NCN + Ph3PO (677) 

Novel catalytic transformation of alkenes by tetrakis(acetonitri1e)palladium ditetra- 
fluoroborate have recently been reported. Thus tne catalytic properties of 

, [Pd(CH3CN)4](BF4)2 and [Pd(CH3CN)(PPh3)3](BF4)2 have been found1173 to differ 
very significantly from those observed with analogous neutral Pd(I1) compounds, such 
as Pd(PhCN)2C12, PdC12 and Pd(OAc)*. Dropwise addition of styrene to an ace- 
tonitrile solution of Pd(CH3CN)42+ results in the immediate and quantitative precipi- 
tation of polystyrene; the compound also catalyses the oligomerization of unactivated 
olefins such as ethylene (equation 678). 

Pd( h4eCN 1 4 2 +  
CH2=CH2 4DoC,h4eCN - C4H8, C6H12, C,H16 and CloH,o internal monoolefins (678) 



1260 Alexander J. Fatiadi 

Coloration of polyacrylonitrile on heating is generally attributed to the production 
of a polyimine by cyclization of adjacent nitrile groups. Both anionic and free-radical 
mechanisms have been suggested for this ~ y c l i z a t i o n ' ~ ~ ~ , '  175. In a recent the 
evidence for the radical polymerization of nitrile groups in polyacrylonitrile has been 
sought using model compounds. No evidence for the cycloaddition of iminyl to nitrile 
has been obtained but nucleophilic addition occurs readily (via an intramolecular 
addition to nitrile groups). Thus, 1,8-dicyanonaphthalene reacts with hydroxylamine 
to give naphthalimide dioxime; however, adamantyl radicals do not attack the nitrile 
functions. 

Carbonyl cyanide phenylhydrazone is well known as an uncoupler of oxidative 
phosphorylation in mitochondria1 systems1177. A large number of phenyl-substituted 
carbonyl cyanide phenylhydrazones have been prepared by the general route involving 
diazotization of the aniline and coupling of the resulting diazonium ion with malono- 
nitrile (equation 679)1".1178. 

A new synthesis of carbonyl cyanide alkylhydrazones involves the reaction of 
N-butylsydnone with tetracyanoethylene followed by acid hydrolysis of the adduct 
(equation 680)1179 

\+ 

R = Me(CH2)3--, MeO(CH2)3- 

The conjugate addition of anions of protected cyanohydrins to f3-nitrostyrene gives 
adducts in good yields (55435%). A mild hydrolysis of these adducts yields nitro- 
cyanohydrins; these can be converted into a-methylene ketonrs ( 5 0 4 2 % )  or  into 
furan derivatives (40%) (equation 681)"*". 

Chloromethylene iminium salts (Vilsmeier reagents) have a long history and 
thoroughly investigated chemistry118'. The  reagent can be recommended for a rapid 
and efficient dehydration of primary amides to nitriles. particularly €or the preparation 
of acrylonitrile derivatives (equation 682)lIs2. 

The reductive decyanation of nitriles using alkali fusion is an important synthetic 
method, for example, in the preparation of certain amines (e.g. antihistamines, chlor- 
pheniramine, etc.). Table 2 summarizes a series of nitriles which have been success- 
fully decyanated, the reaction conditions employed and the yield of the corresponding 
decyanated compounds' 

Cyanotri-n-butylstannate [(n-Bu),SnCN] is readily prepared from chlorotri- 
n-butylstannate and KCN in the presence of 18-crown-6; a further reaction with 
various acyl chlorides gives a high yield of acyl cyanides1184. 
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CN Me CN Me 
I I r-Fr2NLi. THF-HMPT. -7WC I I  5% aq.H,SO,.THF.r.t. - R-C-OCH-OEt R -CH --OCH- OEt b 

Ph -CH I -CH,NOz 

R--C=O Et3N. acetone.25‘C 
I 4-1 ;T:H (681 1 

CN 
I 

Et -C- OH 
I 

Ph-CH- CH2NO2 CHZ=O Et,N 

THF- H20 . 
Me 

Me CI 
\ /  

1 * N = C  CI- Y2 CH2 Me’ \H 

2 2CSHSN 
t Me02C-(CH2),,- C -CN (682) 

II 
Me02C -(CH2),,- C - CONH, 

n = l . 2 , 3  80 -90% 

The a-cyanation of tertiary amines (and a series of sensitive amines) can be carried 
out under mild conditions and in good overall yields by sequential treatment of the 
arnine with 30% aqueous H202 in methanol, esterification of the resulting N-oxide 
with trifluoroacetic anhydride in CHzClz at room temperature and, finally, treatment 
with excess aqueous KCN at room t e r n p e r a t ~ r e ” ~ ~ .  

The alkylation of anions on solid inorganic supports (A1203, Si02 etc.) impregnated 
with KCN leading to the synthesis of nitriles has been described; thus, 1,3-dibromo- 
propane is converted into glutaronitrile (97% yield) and 1-bromooctane into 1- 
cyanooctane (54-9 5 % yield)’ 86. 

The polymer-supported synthesis of N,N-disubstituted N-cyanoguanidines (com- 
pounds of specific biological activity) has been reported11K7. 

A direct photocyanation of aromatic hydrocarbons (e.g. phenanthrene, anthracene, 
naphthalene and 2,3-dimethylnaphthalene) in 9: 1 acetonitrile-water with sodium 
cyanide in the presence of electron acceptors (A), e.g.p-dicyanobenzene (DCNB), has 
been reported. Photocyanation under nitrogen gives both the corresponding hydro- 
cyanation products and aromatic nitriles (equation 683)511111 88v1189,  while irradiation 
under oxygen yields aromatic nitriles (equation 684)lIB9. Cyanation of naphthalene 
derivatives gives 1-cyanonaphthalene compounds whereas phenanthrene and anthra- 
cene are cyanated at C-9. 

CN 
H. ,CN I 

CN 
I 

+ CN- hv/A_ 
0 2  

(684) 

Vinyl sulphones when subjected to nucleophilic addition by 2-lithionitriles give 
cyclized products, 3-oxothian 1 ,l-dioxides or cyclopropane derivatives, according to 
the substituents on the reagent (equation 685)’19’. 
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TABLE 2. Reductive decyanation of nitriies by alkali f u s i ~ n ' ' ~ ~  

Nitrile Reaction conditions Product (Isolated yield %) 

x = CI 
X =  Br 

4 equiv. KOH, 4h, 150°C 

Pr-n 

4 equiv. KOH, 2 h, 150°C 

Pr -n 

10 equiv. KOH, 4h, 150°C 

R 

R = H  
R =CH,Ph 

R 

R = H  
R =CH*Ph 

(80) 

(92) 
(55) 
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R' R2 
1 -60 10 -70% - 'Oph + (685) 

Ph H R' Li+ 2 reflux 5 h 
\ /  \ -  ! 3. H + / H ~ O  

IC =? + FCN 
H so*Me R 2  

0 2  

R 1 = R 2 = M e  80 % 

R' = H, R2= Et 89 % 

R1 = H, R2= Ph 68 % 

6-Substituted 1,3-dimethyl-5-nitrouracils react with potassium cyanide to give 
stereospecifically the 6-cyano-5-nitro-5,6-dihydrouracils (nucleophilic addition occurs 
across the 5,6-double bond of uracils) (equation 686)llg1. 

R = Me, Et,CH=CHPh 

The reaction of benzocyclobutene-1 ,Zdione with diaminomaleonitrile yields ben- 
zodiazocine (equation 687)' 192. 

Diaminomaleonitrile reacts with N-methylacetonitrilium trifluoromethanesulpho- 
nate to give, after base treatment, the 5-amino-4-(cyanoformimidoyl)imidazole which 
forms 6-cyanopurins with carboxylic acid anhydrides, and with aldehydes or ketones 
gives 6-carbamoyl-1 ,Zdihydropurine derivatives (equation 688)' lg3. 

An insertion of the polar CN group into the metal-carbene carbon bond has 
recently been achieved. Thus, the complexes, e.g. arylcarbene(pentacarbony1)- 
chromium(0) and -tungsten(O) react readily in polar and nonpolar solvents at room 
temperature with dimethylcyanamide to give the corresponding insertion compounds 
(equation 689)1194. 

A recent medical study11g5 has shown that the occupational (plant) exposure to 
dimethylaminopropionit~le (DMAPN) may cause neurologic abnormalities (e.g. 
bladder neuropathy) in humans. 

Aromatic cyanomethylation can be accomplished by the photolysis of 
chloroacetonitrile in the presence of aromatics by way of electron transfer followed by 
radical coupling (equation 690)1196. 
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2.2U NaOH 
[MeC=NMe]+a3SCF3 + C=C / 

/ \  
NC CN 

CONHz 

R ' c o R ~ . ~ ~ ~ [  Me qN$?:' N 

I 
Me 

CN 

R I 

Me 

Me 

NH2 

C=NH 

'CN 
80 % 

Me 

+ Me2N-CN - (CO)gM-C+ 
R N=C, 

R 

(CO),M-C, 

(688) 

!689) 

M Cr W W W 
R OMe OMe Ph p-MeCGH4 

(690a) 

ArH* + ClCH2CN - (ArH+'.-...... '-CICH,CN) - ArCH2CN + HCI (690b) 

hu 
ArH - ArH* 

The a-cyanation of sensitive tertiary amines may be performed by the following 
three-step procedure under mild conditions. The amine is first treated with hydrogen 
peroxide to give the corresponding N-oxide. Esterification of the latter compound with 
trifluoroacetic anhydride, followed by treatment with aqueous KCN, affords the 
a-cyanoamine (equation' 691). The three-step process can be carried out without 
isolation of the intermediates, the cyanation occurring at the endocyclic position in all 
cases investigated. a-Cyanoamines which cannot be obtained via a mercury(r1) acetate 
oxidation are prepared in good yields by this new method119'. 

Ph X 

4 I 

R 

Ph X - 

0 
R/ b 

Ph x 
1 IF$CO)zO/CH2CIz. 0°C 
2 KCN/H20.0°C 

(691) 
* 

I 
R 

X = -COOEt,-OCOEt,-COEt 
R = Me. PhCH2CH2 
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Different behaviour in borohydride and cyanoborohydride reduction of a bridge- 
head thiolactam deethylcatharanthine (thioimonium salt) has recently been 
observed"98. Whereas NaBH, reduction (basic solution) yields an enamine, 
NaBH3CN (under acidic conditions) gives complete reduction to the amine (equation 
692). 

S Me 

;f C02Me 

A C02Me 

An improved method for reduction of nitriles has recently been developed by 
Brown and The procedure involves heating of nitriles (e.g. benzo- 
nitrile) with borane-dimethyl sulphide reagent (three moles of hydride per nitrile 
group) in tetrahydrofuran to give a borazine derivative. Hydrolysis of the borazine with 
hydrochloric acid (or MeOH + H C 1 4  Me3B), followed by neutralization with 
sodium hydroxide, produces amines (e.g. benzylamine) in essentially quantitative 
yields (equations 693 and 694). 

3 R C G N  + 3 H3B - SMe2 - 
H 
B 

N N 
R-CHT-.. / \ p 4 2 - R  

l N 4  

1 HCI/HzO or MeOH 
2. NaOH * RCH2NH2 (693) 

I 
BH 72 - 88% 

II 
HB 

I 
CH2-R 

Tetra-n-butylammonium borohydride reduces nitriles or  amides selectively to give 
the corresponding amines (equations 695 and 696). In contrast to complex metal 
hydride reagents, the new reagent is soluble in dichloromethane. The reagent has a 
high chemospecifity toward the cyano and amido functionality; esters, nitro or halogen 
groups attached to aromatic rings are not effected under the reaction conditions'200. 

R = aryl, aralkyl 
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R2 (n-Bu)aN’BHp R 2  
CH2C12. reflux / 

p R’-CH,-N 
1 1  / 

R’-C-f$, 5 0 - 8 6 %  

R3 ‘R3 

(696) 

R’= Me, Ph, PhCH,, C,H,COOEt 

8. AddRDonal Recent Resuits 
Additional recent examples involving selected reactions of cyano compounds or 

(a) Oxidation of cyano compounds (equation 697) and oxidation by DDQ (equa- 
synthesis via cyano intermediates are summarized below. 

tions 698-701). 

5 1 - 92% 

R’ = Ph, naphthyl 

R2= alkyl, Ph, pyridyl, etc. 

0 R’ 
CH2R1 \c/ 

*}=+ ((“.I (Ref. 1202) (698) 

OR OR2 

R’ = H, Me 60-85% 

R 2 = h k ,  cyclic etc. 

OH OH 

(Ref. 1203) (699) 
doxane 

CHOH c=o 
I I 
R3 R3 

R’, R2=H,a!kyl,CI,0Me -70-90% 

R3 =H, Bz, Et 
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CHO 

OH OH 

0 71 - 84% 
I 1  

R =  Me. Br. -OR'. -C-R' 

M e 0  Meoq 5 

OMe OMe 

0 0 

(Ref. 1204) (700) 

(Ref. 1205) (701) 

(b) Reduction of conjugated nitriles (equation 702) and the cyano group (equa- 
tions 703 and 704). 

CN CuBr/vitride R' 

R 2  

P (Ref. 1206) (702) R' 

R 2  
b uta n 01. THF >=/ 

R', R 2  = H, alkyl, aryl, fury1 

(Ref. 1203 (703) "2 

*CN RCH, 

R = subst. Ph, alkyl Widely varying yields 

R3 R3 

(Ref. 1208) (704) 
I K/A1203  I 

I 
R 2  

I 
R' 

R'-C-CN - R'-C-H 

70-91% 

R'. R2, R3=H. alkyl. vinyl 

( c )  Cyanation methods (equations 705-709). 

1 Brz 

N 

73 % 

(Ref. 1209) (705) 

.. 1 
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90% 

CN 
I 

0 
II 2. KCN(excessL W H  

1. ArS02NHNH2. W H  a THF 

R'-CH-R2 (Ref.1211) (707) R'-c--R* 

60 -77% 

(Ref. 121 2) ( 708) -4 CN 

1. Me3N.Et20 

2. KCN/NH,CI.CsH6 /H@ 

CI 

71 % 

Me3SaCN 

Et3AI THF. reflux (Ref. 1213) (709) 

CN 

87 % 

(d) Alkylation of nitriies (equations 710 and 711). 

(Ref. 1214) (710) -4 2. Pr I 

iCHCN 
70% 

1. LDAlTHF 

(Ref.1215) (711) 
NC 

CH3 

48 - 84% 

(e) Rearrangements (equations 712 and 713). 

75 % 
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95 (Ref. 1217) (713) 

1. WC12(PhCN)2,MeCN 

2. CUCI, 

OSiMeg 

82 % 

+ 
( f )  Synthesis of carbocyclic compounds (equations 714-720). 

56 Yo 

Ar OMe 

Me )(: M e O H  M e  CN 

Me&. (Ref. 1219) (715) 

M e  Br a9 % 

15-52% 

1. Na CH (CNI 2lTHF 
k ( C O 1 3  2. Me3NOICsH6 - hcN (Ref. 1221) (717) 

CN 
. -  

0 Ts 

< 59% 
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l.OnNH. carnphoric acid EtSIHMPT 

-0 
II 

2. IEtOlZPCH2CN 

WI, 

OCH2 Ph L J  
OCH2Ph 

46 % 

(Ref. 1223) (71 9) 

(Ref. 1224) (720) 

C02R2 
MpCN 

I;R; 

b 2 R 2  7 

R ~ N  

35 - 90% 

(8) Syntheses of heterocyclic compounds have recently been reviewed1225. Syn- 
theses of some pyridine derivatives (equations 721-724) and of 5-membered ring 
heterocycles with two nitrogens (equations 725-728), one nitrogen and one oxygen 
(equations 729 and 730) and one nitrogen and one sulphur (equation 731) in the ring 
are shown. 

Me 

R Ph f-Bu pyridyl 
Yield (%) 85 30 6 

H 

+ I TEBA EtooCncooH (Ref. 1227) (722) 

CN 

CH2 ~ O % N ~ O H )  
II 

I H2N I 0 

H 
CN 

H2N 
85% 

TEBA = tetrabutylammonium chloride 

H 

-60 - 80% 

R', R 2  = H, alkyl, Ph 
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Ar 

1271 

CN p N' . 
I NH-2 

NH2 
95% 

(Ref. 1229) (724) 

76 - 96% 

(Ref. 1231) (726) 
Ar 

- 70% 
Ar = subst. Ph. pyridyl, thienyl 

53% 

cI\ 
2ArCHO + 3(CN) ,  - HCI FNy~r (Ref. 1233) (728) 

N 

H 
CI I 

36-72% 

Ar = subst. Ph, furyl, thienyl 
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R’, R 2  = Me, subst. 53-75% 

94% 

coot 
0 S .. / 

(Ref. 1234) (729) 

6 

(Ref. 1235) (730) 

Et 

II II NaCNlEtOH !> 
C-N-CH,-C-OEt + H-C-OEt (Ref. 1236) (731) 

81-87% 
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1. INTRODUCTION 

The literature on triple-bonded molecules has grown almost explosively since the 
previous relevant volumes in this series appeared. There appears to be no way to do 
justice in a few pages to such a large body of knowledge. This writer has chosen instead 
to restrict discussion primarily to the cyano and isocyano bonds and apologizes to 
those scientists whose work may have been omitted from recognition. 
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II. THE SIMPLEST CYANIDES, CM-, CN AND CN+ 
The simplest CN species contain only one carbon and one nitrogen atom. Although 
from a gross structural point of view these CN-, CN and CN+ species are the simplest 
representatives, not all their properties are so easily dismissed. The  cyanide anion CN- 
is probably the best known to chemists. CN- is isoelectronic with N2 and CO and as a 
consequence its ground electronic configuration can be represented as: (40)* (ln)4 
( 5 0 ) ~ .  N2+ and C2 are isoelectronic with CN and CN+, respectively, but the latter could 
have either of two configurations for its ground state: 

or  

A. CHI- 

A number of theoretical studies have been done on the cyanide anion. The total 
energies (electronic plus nuclear repulsion) calculated with ab initio techniques by the 
various workers are summarized in Table 1. An electron density map has been 

TABLE 1. Total energies and equilibrium internuclear 
distances calculated for CN- 

Total energf Equilibrium IDb Reference 

-91.9273 
- 86.81 31 
- 91.3830 
- 92.1 01 6 
-21.9310 
-92.3106 
-92.2629 
-92.3 182 
- 92.1 66 
- 92.2465 

1.153' 1 
2 
2 
2 

1.171' 3 
1.171' 3 
1.157' 4 

5 
1.23' 6 
1.171 7 

OHartrees. 
bInternuclear distance (A). 
'Assumed. 

TASLE 2. Orbital energies for CN- 
( R  = 2.214 Bohr)a 
__ ~~~~ ~~ 

+0.5881 (60) 
+0.4534 ( 2 ~ )  
-0.1668 ( 5 0 )  
-0.1733 (In) 
-0.3122 (40) 
-0.9327 (30) 
- 10.9584 ( 2 ~ )  
-15.2622 (10) 

"Reproduced by permission of 
Elsevier Scientific Publishing 
Company, Amsterdam from J .  B. 
Moffat, J .  Mol. Srruct.. 25, 303 
(1975). 
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reporteds for CN-. Molecular form factors resolve the electron density of solid-state 
structures in terms of molecules instead of atoms. Molecular form factors for CN- 
calculated from ab initio wave functions have been used9 to demonstrate the 
observability of the chemical bond by X-ray diffraction experiments. Orbital energies 
for CN- are shown in Table 2. The  expected electronic configuration is clearly evident. 

The lowest energy ionization potential (LEIP) of CN- has been calculated to be 
4.54 eV, by application of Koopmans' theorem, to be compared with 3.82 eV found 
experimentally from the photoionization of hydrogen cyanideI0. 

B. CM+ and CN 

Results of the first study of the spectrum of the CN+ ion were reported in 195411. 
Subsequent studies by Lutz in 1971 provided some indirect evidence for the ground 
state being rather than %.12 

The first calculations on  CN+ appeared in 197513. These employed a basis set of 
nine s- and p-type Gaussian functions and were made for 15 internuclear separations 
from 1.9 to 3.0 Bohr (Table 3). The highest occupied orbital was of x type. A crossing 
of the 40  and 1x one-electron energies was observed for an internuclear separation 
between 2.0 and 2.1 Bohr. If, a t  the calculated equilibrium internuclear separation of 
2.25 Bohr, the addition of an electron to CN+ is assumed to be to the 5 0  orbital, an 
energy change of 14.10 e V  occurs (Koopmans' theorem). The ionization potential of 
the CN radical has beer? determined experimentally as 14.03 eV. from the photo- 
ionization of HCN14. 

Potential energy curves for the four lowest 3E- states of NCO', namely 0 + CN+ 
('Z?), 0 + CN+ (In), 0 + CN" (31T) and 0' + CN (2Z+), have been calculated as 
functions of the distance between the C and N atoms and with the C O  distance fixed at 
20.0 Bohr'j. If the first three are considered as the potential energy curves of CN+, the 
ground state of CNf is found as ". On the other hand, valence full-configuration 
interaction calculations for some low-lying electronic states of CN+, carried out at five 
internuclear distances between 2.2 and 2.95 Bohr, suggest that the ground state is 
IC'l6. However, these authors note that the root-mean-square of the differences 
between calculated and observed values of the electronic term quantities, Te, is 
approximately twice as large as the difference in the energies of the 'n I and alE+ 
states. Further SCF calculations with double-zeta quality Gaussian lobe functions plus 
a diffuse 3s function predicts the 311 state to be the ground state for CN+ with the alC+ 
state lying 0.33 eV above the ground level". Ab initio configuration interaction 
calculations, using a 9s5p/3s2p Gaussian basis with polarization functions, find the 311 
to be 0.15 eV below the lZ+ statelS, a result which was taken to be inconclusive. 
Anotherab initio CI calculation also found the 311 to be lower than the *C+ state, but by 
0.41 eVI9. A most recent CI study employing an A 0  basis including f polarization 
functions performed on the lZ+ and 311 states of the CN' ion at their equilibrium 
internuclear separations, 1.20 and 1.25 A, respectivelyz0, finds a IZ+ ground state for 
CN+. 

111. HYBRQGEN CYANIDE, HCN 

The simplest neutral cyanide is hydrogen cyanide (hydrocyanic acid). A substantial 
amount of theoretical work has been done on this molecule. Any attempt to deal with 
the totality of such work would be beyond the scope of the present work. 
Consequently, discussions will be restricted to the quantum chemistry of the molecule, 
its structure, its oligomerization, and its isomerization to HNC. 
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The first calculation done on the structure of the ground state of HCN employed the 
LCAO MO SCF approximation and a minimal basis set of Slater orbitals2'. The 
internuclear distances were taken as the experimental equilibrium values, 1.058 and 
1.157 A for C-H and C=N, respectively2'. I t  is of interest to note that, according to a 
Mulliken population analysis'-' of the results, the nitrogen atom loses IT electrons but 
gains sufficient CJ charge to produce a net negative charge on the nitrogen. 

Calculations on hydrogen cyanide have also been done with basis sets of Gaussian 
orbitalsz4. Sets ranging from 11 to 42 functions were examined. The 39 function set 
produced values for the H-C and CGN bond lengths in good agreement with the 
experimental results at the energy minimum. 

IV. THE NONREACTIVE DlMERlZATlON OF HCN 

The nonreactive dimerization, or  self-association, of HCN has been of interest for a 
number of years. Gas-phase infrared s t ~ d i e s ~ ~ , ~ ~  have shown only one band, at 2095 
cm-', which was assigned to the CEN stretching mode of the head-to-tail dimeric 
species, 1. The heat of formation of the dimer, -5.7 ? 0.5 kcal mol-l, was calculated 

(1) 

from the variation of the optical density of the 2095 cm-' band with total pressurez6. 
The temperature dependence of fundamental infrared absorbance intensities in 
monomeric and dirneric forms of HCN vapour has been used to calculate an energy 
difference of -3.80 It: 0.16 kcal mol-' z7. Over forty years ago a value of -2.6 kcal 
mol- ' was obtained from vapour density dataz8. Microwave spec t ro~copy~~  has 
produced supporting evidence for the linear structure deduced from infrared data. 

The results of a study of the infrared spectra of hydrogen cyanide and deuterium 
cyanide trapped in argon, nitrogen and carbon monoxide rnatrices30 have also been 
interpreted as evidence for a linear dimer. A detailed study of the monomer bonds of 
various isotopic species of hydrogen cyanide in argon matrices has also been 
r e p ~ r t e d ~ ~ . ~ ~ .  The spectrum of hydrogen cyanide was obtained by generating the dimer 
in an argon matrix by photolysis of s - t e t r a ~ i n e ~ ~ .  Walsh, Barnes, Suzuki and 
Orv i l l e -Th~mas~~  have measured the infrared spectra of hydrogen and deuterium 
cyanide in neon, krypton, xenon, argon, nitrogen and carbon monoxide matrices at  4 
K and 20 K. The bands observed have been assigned to monomer, dimer, trimer, 
tetramer and higher multimer species. The linear dimer is again observed, although 
there is some evidence for the existence of the cyclic dimer in argon matrices. 

The first calculations (1969) on the dimer of HCN employed the CND0/2 
method35. The lowest energy was found with the cyclic dimer, where the nitrogen of 
one HCN molecule was situated directly below the hydrogen of the other HCN 
molecule. A heat of dimerization of -50 kcal mold' was calculated. In the same year, 
Rae36 employed an SCF wave function for the HCN monomer and separately 
calculated the electrostatic, polarization, exchange repulsion and dispersion 
contribution to the intermolecular energy. A dimerization energy of 4.7 kcal mol-' 
was found. Ab initio calculations with an STO-3G basis have been carried out on both 
the linear and cyclic dimer37. The linear dimer was shown to be the most stable of the 
two forms with an energy relative to the HCN monomers of 3.7 kcal mol-I. The 
inability of the CND0/2 method to  predict the correct form of the dimer has been 
ascribed to the neglect of three- and four-centre repulsions. 

Ab initio crystal orbital appro ache^^^ to polymethineimine [ (HCN),] have shown 
that the alternating structures (A and B) are more stable than the nonalternating form 
(C). However, unrestricted Hartree-Fock calculations with an STO-3G basis have 

HCN....HCN 
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(4 (B) (C) 

found the nonalternating structure to be lower in energy39. The dimers of HCN have 
also been studied with the CND0/2, PRDDO and MNDO techniques40. The PRDDO 
and ab initio (STO-3G) both predict the linear dimeric form to be more stable than the 
cyclic dimer. 

V. QLIGOMERIZATION OF HCN 

There has been and continues to be considerable interest in the reactive dimerization 
of HCN, for a variety of reasons. The mechanisms by which HCN reacts with itself, the 
structure of the resulting molecules, and the relative stability of each has been 
examined both experimentally and theoretically. The results of such studies find 
application in discussions of the role of HCN in chemical evolution. 

The existence of a variety of oligonlers in hydrogen cyanide gas was demonstrated 
many years Volker43 and others before him assumed that the HCN dimer was 
iminoacetonitrile (2). Subsequently4 an alternative structure, a tautomer of 2, 
aminocyanocarbene (3) was suggested to form spontaneously from 2. It was such a 

H, .. 
H' 

N-C=C=N 

(2) (3) 

dimer of HCN that was postulated to be a key intermediate in the prebiotic synthesis 
of purines and proteins under simulated primitive earth  condition^^-^^. Matthews and 
Moser45,46 suggested that the dimer species 2 was a direct precursor to HCN polymers, 
the process (Scheme 1) being one in which the species 3 dimenzed to form 4 and 
polymerized to form 5, which could further react with HCN to form 6. I t  was suggested 
that mild hydrolysis of this polymer would produce peptides 7 and vigorous hydrolysis 
would produce amino acids. 

0 CN HN CN 

-C-CH- NH- 

(7) 

SCHEME 1 
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CN 

I 

HCN I 
HCN+HCN - HN=CHCN HZN-C-H 

3 

" 2 h  /NH2 
'HCN polymer' - ,c=c, 

NC CN 

NC \ 
H 

SCHEME 2 

Ferris and coworkers50 proposed an alternative scheme (Scheme 2). x-Electron 
LCAO-MO  calculation^^^ predicted that aminocyanocarbene (3) would have a total 
electronic energy lower than that of 2 as a result of electron delocalization in a triplet 
ground state. However, experimental work5* on the synthesis and properties of 3 led 
to the suggestion that a considerably dipolar singlet electronic ground state was more 
probable. Iterative, all-valence-electron extended Hiickel calculations were 
performed53 for the spin-paired and biradical configurations of eight different 
geometric conformations of the two tautomeric forms 2 and 3. The cis and trans 
isomers (2a and 2b) of the imine dimer were calculated to be more stable than any of 
the six isomer conformations of 3. 

Jameson and Yang54 applied the semiempirical INDO method to a number of 
postulated dimers of HCN (2a, 2b, 3, 9a-c) and concluded that the dimers of lowest 
energy are iminoacetonitrile (cis and trans) and aminocyanocarbene. The cis 
conformer of the former is very slightly lower in energy than the trans. Aminocyano- 
carbene possesses a triplet ground state which is approximately 56 kcal mol-' higher 
in energy than cis-iminoacetonitnle. 

To differentiate between the oligomerization schemes above (Schemes 1 and 2)"4, 
Ferris and c o ~ o r k e r s ~ ~ ~ ~ ~  investigated the proposal that iminoacetonitrile 2 has the 
properties of the carbene 3. For this purpose a series of N-alkyliminoacetonitriles 
was prepared and the reactions of these with hydrogen cyanide and potassium 
hydroxide were investigated. 

The addition of HCN to RN=CHCN, where R is t-Bu, i-Pr, c-Hex or Et, yields 
both 10 and 11. The formation of 11 and not of 12 was taken to indicate that the 
oligomerization of HCN proceeds by stepwise addition of hydrogen cyanide to 
hydrogen cyanide oligomers, according to Scheme 3, and not by the dimerization of 2 
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H 
/ 

N* ,C-CGN 

H 

(2 a) 
trans - lminoacetonitrile 

H ’ N=C=C=N 
H’ 

(9 a) 
trans -Vinylidsnediimine 

H-N=C=C=N-H 

(9 C)  

Linear vinylidenediimine 

H CN 

I I \R 
R\ 1 1 ,  
H’ 

N-C-C-N 

NC CN 

H-N* 

H’C-c=N 

(2b) 
cis-lminoacetonitrile 

,N=C=C=N, 
H H 

(9b) 
cis -Vinylidenediimine 

N+- c = c = N 
4 %  

H H  

(3) 
Aminocyanocarbene 

CN NC \ / ,c=c, 
R-N N-H 

I I 

CN 
I 

I 
CN 

($1 

2 + HCN - H2N-C-H 

H2N, /NH2 
8 + HCN - c=c, 

NC’ CN 

(4) 
SCHEME 3 
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to produce 4. It is concluded that the product of the reaction of two HCN molecules 
does not exhibit the properties of a carbene. In addition, these authors suggested that 
the mechanism of the oligomerization process showed that the ‘HCN polymer’ must be 
a mixture of low-molecular-weight compounds. No evidence for the presence of 
peptides or polymers was foundj6,j7. Both urea and oxalic acid were found in the 
cyanide condensation system, the former in large quantity, the latter in smaller 
amounts, and amino acids were shown to result from the hydrolysis of the 
oligomerization mixture. 

Scheme 4 has been proposed58 in which an oligomeric equilibrium mixture of HCN, 
its dimer, trimer and tetramer is formed in cyanide condensation reactions. All of 

k l  k 2  
H C N + H C N  HN=CHCN H,NCH(CN), 

k-i k-2  

(2) (8) 

(4) 
SCHEME 4 

these oligomers may form urea, oxalic acid and other products through hydroljrtic 
and/or oxidation-reduction reactions. It was further suggested that the reaction of 
cyanide ions with aminomalononitrile could produce cyanogen. Evidence has also 
been p r e ~ e n t e d ~ ~ . ~ ~  which demonstrates that oxidation and reduction leading to urea 
and the amino acid precursors can occur in the absence of oxygen, which was 
interpreted as demonstrating the feasibility of such reactions on the primitive earth. 

The results of INDO calculations on a number of possible structures for the HCN 
dimer were reported in 1973 by Matthews and coworkers60. These calculations 
predicted that azacyclopropenylideneimine (13) should be considerably more stable 
than either aminocyanocarbene (3) or iminoacetonitrile (2), thus leading Matthews 
and coworkers to postulate that the dimerizatior. of HCN should proceed through 
structure 13. However, as they have pointed out, ring compounds are favoured by 

(1 3) 

INDO calculations. Two years later, in 1975, the results of ab initio calculations with 
an STO-3G basis and geometry optimization showed that iminoacetonitrile (2) should 
be significantly more stable than either 13 or 361. Single calculations on the STO-3G 
optimized structures with an extended 6-31G basis did not change the stability 
hierarchy of the three structures. CND0/2 calculations with energy partitioning also 
predict that iminoacetonitrile should be the most stable (HCN):! structure62. Further, 
the energetically most favourable mechanism for the reaction of two molecules of 
HCN involves the dissociation of HCN followed by the reaction of CN with HCN6’. 
However, the calculations yielding such a mechanism are based on separated 
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molecules and as  a consequence are applicable only to gas-phase reactions. Matthews 
and  coworker^^^,^^ proposed that azacyclopropenylideneimine condenses to produce 
the oligomers of HCN. 

Ferris and Edelson6s argue that the amino acids, not including glycine, arise from 
the hydrolysis of reduced oligomers of HCN, while glycine may form from the 
hydrolytic cleavage of diaminomaleonitrile or  by hydrolysis of the HCN oligomers. 
They believe that it is unlikely that azacyclopropenyIideneirnine is the monomer unit 
which condenses to give the HCN oligomers. These authors also rule out the 
mechanism involving the dissociation of diaminomaleonitrile to a dimer species which 
then polymerizes, and instead claim that diaminomaleonitrile, and not the HCN 
dimer, must be the direct precursor to the HCN ~ l i g o m e r s ~ ~ - ~ ~ .  

WI. H2CN- AND H2C" 

The first theoretical studies of protonated and of hydrided HCN were made 25 years 
ago. At that time Brown and Penfold68 obtained values for the parameters in simple 
molecular orbital calculations by applying SCF MO techniques to H2CN- and related 
molecules. Some years later 69 ab initio calculations with Gaussian orbitals and a 
variety of sizes of basis sets predicted an energy decrease of 82 kcal mol-' in forming 
H2CN+ by protonation of HCN and an increase of 5 5  kcal mol-' on addition of H- to 
HCN. In the last six or  so years the interest in H2CN+ has increased, in part because of 
its importance as an interstellar species. The linear structure (14) of H2CN+ has been 

to lie 3.0 eV lower in energy than the formaldehyde-like (C*v) isomer (15). 
The structures and energies of the lowest singlet states of three isomers of H2CN+ have " 
been ~ a l c u l a t e d ~ ' ~ ~ ~ .  

+0.4 +0.17 -0.11 +0.55 

H-C-N- H 

1.067A 1.13iA 1 . ~ 0 2 A  

(1 4) [++I+ 
(1 6) 

Although the H2CN+ molecular ion appears to play an important part in the 
formation of interstellar HCN and HNC, D.O agreement on the mechanism has been 
reached. Brown73 has recently suggested that the important processes may be those 
shown in equations (1)-(3). Brown73 notes that three isomers of H2CN+ (14-16) are 

N++ CH, - H,CN+ + H (1 1 
N + CH3+ - H2CN+ + H (2) 

H2CN++e  - HCN + H (3) 

possible. The formation of the more stable linear isomer (14) would require the 
migration of a hydrogen atom from carbon to nitrogen, a highly energetic process. 
Thus, the H2CN+ on the right-hand side of reactions (1) and (2) is presumably the 
isomer 15. Brown73 further argues that the reactions producing HNC (equations (4) 
and (5)) should involve the isomer 16. 
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(4) 

(5) 

Conrad and S ~ h a e f e r ~ ~  have found that 16 lies below 15 in energy and that reactions 
(l), (2) and (4) are exothermic by 209, 110, and i 4 3  kcal mol-' assuming the linear 
isomer for H*CN+. If the product of reaction (4) is taken as  isomer 16, the 
exothermicity is reduced to 97 kcal mol-', which is sufficient to permit the 
surmounting of the activation barrier to 15 according to the calculations of Conrad 
and Schaefer. These authors thus conclude that, since reaction (4) is so exothermic, 
the linear isomer will be rapidly produced, and such an isomer can form either HCN or 
KNC by reaction (3). Thus reactions (1) and (2) are not required to rationalize the 
interstellar formation of HCN. 

The structures and energies of the lowest triplet states of four isomers of H2CN+ 
have recently been determined by self-consistent field and configuration interaction 
 calculation^^^. The structures considered were H2CN+, M2NC+, and cis- and frans- 
HC=NH+. The lowest triplet state energy, possessed by H2NC+, is 97.2 kcal mol-' 
above the energy of the linear ground state. It is suggested that reaction (4) may 
produce the triplet H*NC+ isomer which converts to the singlet H2NC+ isomer by 
phosphorescent emission, thereby reducing the energy of the H2NC+ to such an extent 
that it is unable to isomerize to the linear singlet ground state. 

C+ + NH3 - H&N+ + H 

H2CN+ + e - HNC + H 

W. CYAN0 AND ISBCYANO GROUPS AS SUBSTrPUENTS IN CARBONBUM 
IONS, CAWBANIONS AND RADICALS 

The influence of substituent groups on carbonium ions has been of interest for a 
number of years. In particular, the cyano group, as an example of an 
electron-withdrawing group, has recently received special attention. Gassman and 
T a l l e ~ ~ ~  have pointed out that the rate of a solvolysis reaction would be expected to be 
reduced more by an a-cyano group than by either the a-trifluoromethyl or the a-keto 
group. Such a conclusion could be reached by noting that the values of the Taft polar 
substituent constant for NCCH2, CF3CH2 and CH3C(=O)CH2 are 1.30, 0.92 and 
0.60, respectively. It has been shown77 in the solvolysis of sulphonate esters that the 
replacement of hydrogen by an a-trifluoromethyl group decreases the rate by a factor 
of lo6, while with an a-keto group the factor is lo7 78. However, Gassman and T a l l e ~ ~ ~  
have measured the rates of solvolysis of 2-propyl tosylate and 2-cyano-2-propyl 
tosylate and found the former to be faster than the latter by a factor of approximately 
3.5 x lo3, considerably smaller than anticipated. 

Nucleophilic solvent participation has been eliminated as  the source of the relatively 
small H/CN rate ratio by examining the solvolysis of 1-cyano-1-cyclooctyl tosylate (17) 
in 2,2,2-trifluoroethanol, a relatively nonnucleophilic solvent. The solvolysis rate of 
cyclooctyl tosylate (l$) in the same solvent has been found to be 1.87 x lo3 times 

(t 7 )  (1 8)  

faster than that of the corresponding cyano substituted compound 17. Gassman and 
have also investigated systems where delocalization of the positive charge 

occurs through neighbouring-group participation. For such purposes the effect of the 
addition of an a-cyano substituent on the rates of solvolysis of 7-bicyclo[ 2.2.1 Jheptyl 
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x 
(19), 7-anti-bicyclo[2.2.1]hepten-2-yl (20), and 7-bicyclo[2.2.l]heptadienyl (21) 
tosylates were measured. Hfa-cyano rate ratios of lo2, lo5 and lo6, respectively, were 
found. It was concluded that an a-cyano group can be simultaneously inductively 
destabilizing and mesomerically stabilizing on an incipient carbonium-ion centre, with 
the largest rate retardation occurring with the most stable ions. Thus, u-cyano cations 
of type 22 may be stabilized by charge delocalization through resonance structures 23. 

(a) (23) 

Dixon, Charlier and Gasmanso have performed partially geometrically optimized 
PRDDO calculations which show the nuclear configurations which would be expected 
as the result of charge delocalization. 

Ab initio (STO-3G) calculations with complete geometry optimization have been 
reporteds1 on three a-cyano-substituted carbonium ions, one primary (U), one 
secondary (25) and one tertiary (26). Similarly, geometry-optimized calculations on 

H H  CH3 I I  
H 

I 
CHS-C - CN H-C-C-CN 

I 
H-$-CN 

I f  + 
H 

(24) (25) (W 
the parent neutral nitriles and the parent carbonium ions have been performed. The 
energy required to form the wcyano-substituted carbonium ion from its neutral parent 
was compared with that required in the corresponding unsubstituting case by 
employing the isodesmic reactions of equations (6)-(8). The results are summarized in 

CHzCN' + CH, - CH3CN + CH3' (6) 

CH3CHCN+ + C2H, - CH3CH2CN + C2H5+ (7) 

(CH,),CCN+ + C3Hs - (CH3)ZCHCN + C3H7' (8) 

Table 4. According to these calculations, the methyl carbonium ion is positively 
stabilized by substitution of the hydrogen by the a-cyano group, but the ethyl and 
i-propyl carbonium ions are apparently destabilized. Thus the primary carbonium ion 
is stabilized by u-cyano substitution. 

The values obtained for the various geometrical parameters of both the 
a-cyanocarbonium ions and the neutral parent molecules are given in Table 5. The CN 
and H-CCN bond lengths in the carbonium ions are larger than those in the parent 
neutral molecules, while the C-CN distances are shorter in the former compared to 
the latter. This is indicative of an increased delocalization of electrons in the 
carbonium ions as compared to the neutral cyanides and thus of a contribution from 
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TABLE 4. Stabilization energies of a-cyano- 
carbonium ion9 

molecules 13 17 

Stabilization 
energy 

a-Cyanocarbonium ion (kcal mol-I) 

CH2CN' +0.14 

(CH3)2CCN' -8.4 
CH3CHCN+ -5.4 

uReproduced by permission of North-Holland 
Publishing Company, Amsterdam from J. B. 
Moffat, Chem. Phys. Letters, 76, 304 (1980). 

TABLE 5. Nuclear configurationsa of a-cyanocarboniurn ions and neutral parent molecule6 

H-CCN C*-CCN' C-CN CEN HC(CN) C*e(CN)b 

CH3CN 1.088 1.486 1.154 110.1 

(CH&CHCN 1.092 1.549 1.499 1.154 106.4 109.7 
CH*CN+ 1.117 1.389 1.193 120.5 
CH3CHCN+ 1.115 1.506 1.411 1.181 116.7 123.4 . 

'Bond lengths (A) and bond angles (deg.) optimized to 20.001 A and 0.1". respectively. 
bC* is the carbon of the methyl group. 
'Reproduced by permission of North-Holland Publishing Company, Amsterdam from J. B. 
Moffat, t h e m .  Phys. Letters, 76, 304 (1980). 

CH3CH2CN 1.09 1 1.544 1.492 1.154 108.3 11 2.0 

(CH&CCN+ 1.519 1.430 1.174 119.0 

the resonance structure 23. A semiquantitative indication of the extent of de- 
localization may be obtained by comparing the changes in the CEEN bond lengths in 
passing from the neutral to the corresponding charged species. Such increases are 
0.039,0.027 and 0.020 A for the methyl, ethyl and i-propyl species, respectively. The 
stabilization energy can be seen to decrease as the degree of delocalization decreases, 
as expected. 

The substitution of CN for H on the parent carbonium ion reduces the positive 
charge on the CH2 in the methylcarbonium ion, but increases the charge on the 
corresponding groups in the ethyl- and i-propyl-carbonium ions. This change is 
presumably due to both the decreased delocalization and an increased inductive effect 
(Table 6). 

In addition tc the changes in bond lengths there are significant differences in the 
bond angles between those found in the charged and neutral cyanides. For example 
the H& angle is 110.1" in acetonitrile, while it is 120.5" in the cr-cyanomethyl- 

TABLE 6. Charges on the a-cyanocarbonium ions and the parent ions 

Ion Group Charge Ion Group Charge 

CH2CN+ CH:! +0.714 CH2H' CH2 t0.741 
CH3CHCN' CH3CH +0.796 CH3CHH" CH3CH +0.778 
(CH3)2CCNf (CH3)zC +0.857 (CH&CH+ (CH3)zC +0.807 
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carbonium ion. Similar differences can be observed between the other charged and 
neutral species. Such increases in bond angles will result in positive contributions to 
the nuclear repulsion energy, thereby contributing positively to the total electronic 
energy. It thus appears that any assessment of the stabilization of carbonium ions 
by the u substitution of cyano groups must consider not only the shift in electron 
densities so produced, but also the readjustment of nuclear configuration which 
ultimately results from the necessity to minimize the total electronic energy. 

Gassman and coworkers82 have employed the solvolysis of adamantanone 
cyanohydrin sulphonates for the purpose of evaluating the relative effects of H, a-CN 
and (3-CN substitution. The  H/u-CN rate ratio was found to be 2.1 x lo3,  similar to 
that observed for cyclooctyl tosylate (18) vs the tosylate of cyclooctanone cyanohydrin 
(17)76.79. F a r c a s i ~ ~ ~ , ~ ~  has measured the H/P-CN rate ratio as 1.3 x lo5 for the 
solvolysis. Thus, a p-cyano group is approximately 100 times more effective in 
reducing the rate than is one which is at the u position. These authors conclude that 
the u-cyano-substituted cation is more stable than the (3-cyano-substituted cation. 

Olah and coworkerss5 have recently reported on the cyanodiphenylmethyl cation, 
which they believe is the first long-lived cyanocarbonium ion. The 15N-enriched ion 
has shown a 15N-NMR spectrum in which the cyano nitrogen appears as a singlet at  6 
283.0, which is 30 ppm deshielded over that in the neutral precursor. Olah concludes, 
from the observed 30 ppm deshielding, that the bond between carbon and nitrogen is 
double, and notes that the 15N chemical shift is close to that found with imines (6 318). 

The consequences of substitution of isocyano groups have been examined through a 
series of ab itzitio geometry-optimized calculations with STO-3G basis sets86. While 
there appears to be no unambiguous evidence in the literature even for the existence 
of isocyanocarbonium ions, such calculations can provide some insight into the nature 
and stability of these ions. The ions considered were 27-29. The changes in energy 

CNC' 
H, 

H' 
H\CNC+ 

CH3' 
CNC' 

CH3, 

CH3' 

(27) (28) (a) 
calculated for the isodesmic reactions (equations 9-1 1) were interpreted as 
stabilization energies of the u-isocyanocarbonium ions as compared to the 
corresponding unsubstituted carbonium ions. The three carbonium ions are all 

CH2NC' + CH, CH3NC + CH3t 

CHSCHNC' + C2He CH3CH2NC + C2H5+ 

positively stabilized by addition of the u-isocyano group (Table 7), the extent of the 
stabilization being largest for the primary carbonium ion and smallest for the t e r t i a j  
ion. 

With all three of the u-isocyanocarbonium ions the positive charges are centred on 
the two carbon atoms. In addition the C-NC bond in the charged species is shorter 
than that in the corresponding neutral molecule, while the NGC bond length is larger 
in the carbonium ion than in the neutral species. These observations are consistent 
with a resonance hybridization expressed as 30 2 31. 

Hoz and Aurbachs7 have noted that carbanions are relatively unstable species, 
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TABLE 7. Stabilization energies of a-isocyano- 
carbonium ions“ 

Stabilization 
energy 

a-lsocyanocarbonium ion (kcal mo1-l) 

CH2NCf 25.6 
CH3CHNC- 15.9 
(CH3)zCNCC 10.6 

‘Reprinted with permission from J. B. Moffat. 
Tetrahedron Letters, 22, 1001 (1981). Copyright 
(1981), Pergamon Press, Ltd. 

unless they contain electron-withdrawing substituents. As a consequence, information 
on a carbanion is usually obtained from the rate, type and stereochemistry of its 
reactions. These authors have prepared 3-alkoxycyclobutanecarbonitrile anion by 
reacting an alkoxide ion with bicyclobutanecarbonitrile, and by deprotonation of the 
cis and rruns isomers of 3-alkoxycyclobutanecarbonitrile under ion pairing and under 
dissociating conditions. It is found that each of these three reactions produces a 
different type of carbanion. In the deprotonation reaction the intermediate carbanion 
is hydrogen bonded to the conjugate acid of the base, while the addition reaction 
produces a ‘free’ carbanion whose inversion rate is faster than the reorganization of 
the suiiotinding solvent molecules to give the hydrogen-bonded complex. 

Theoretical studiesss with a 4-31G basis carried out on the carbanions CH2X- 
where X includes CN, among other substituents, have shown that all the carbanions 
containing unsaturated substituents are planar, whereas those containing saturated 
substituents are pyramidai. 

Viehe and coworkerssy have developed and tested the concept of ‘captodative’ 
radical stabilization (sometimes referred to as merostabilization), in which the 
synergetic effect of donor and acceptor substituents on the same radical centre lead to 
an enhanced stabilization over that expected from the sum of the stabilization energies 
of the individual substituents. A theoretical study of radical substituent effects 
reported early in 1980 that no extra stabilization in captodative radicals could be 
observed”. Later in 1980, Schleyer and cow~orkersgl further examined the synergetic 
captodative stabilization of radicals using unrestricted Hartree-Fock a6 initio 
mo!ccular orbital theory using the split valence 4-31G basis and geometry 
optimization. Among others, the HzNCHCN radical was studied. The stabilizations of 
NHzCHz and NCCH2 relative to CH3 are 10.2 and 12.5 kcal mol-I, respectively, 
whereas that for H,NCHCN is 26.1 kcal mol-’, more than the sum of the previous 
two stabilizations. Schleyer concludes that the captodative effect can lead to extra 
stabilization of disubstituted radicals, and ascribes the difference with the earlier 
workg0 to the absence of geometry optimization. 

Schleyer” employs perturbation molecular orbital theory to rationalize the effect 
(Figure 1). Figure l (a)  and (c) shows the interaction between a singly occupied 
molecular orbital (SOMO) with a vacant acceptor orbital. A,  and with a filled donor 
orbital. D, respectively. As can be observed, the former results in stabilization through 
a one-electron interaction, while the latter. through a three-electron interaction, 
produces a doubly occupied orbital of lower energy and a singly occupied orbital of 
higher energy than the unperturbed SOMO. In Figure l(b) the interaction of the 
donor-substituted radical orbital $ 2  with the acceptor orbital. A, produces a more 
effective stabilization than in the monosubstituted radical. since the energy separation 
between qj2  and A in Figure l (b)  is smaller than that between the SOMO and A 
in Figure l(a). 
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(a) 

t 

FIGURE 1 .  Interaction of an unperturbed radical orbital 
(SOMO), (a)  with a vacant acceptor orbita!, A, and (c) with a 
filled donor orbital, D. The latter results in a new singly 
occupied orbital, J lz .  Captodative stabilization by interaction 
of J12 with A is shown in (b). Reprinted with permission from 
D. Crans, T. Clark and P. von R. Schleyer, Tetrahedron 
Letters, 21. 3681 (1980). Copyright (1980) Pergamon Press, 
Ltd. 

VIII. THE CYANIDE-ISOCYAMIDE ISOMERIZATION 

The thermal isomerization of isocyanides to nitriles, while known for nearly 75 
yearsg2, has found increased interest from both experimental and theoretical chemists 
in the last 25 years. The isomerization of p-tolyl isocyanide in solution and in the 
vapour phaseg3 and of methylg4 and methyl-d, isocyanides 95 in the gas phase has been 
shown to be unimolecular and first order. The large activation energies (33.8-38.4 
kcal mol-I) found experimentally for these reactions could be interpreted as suggesting 
bond scission. On the other hand the isomerization ofp-tolyl isocyanide produced only 
p-toluonitrile, thus implying a continuity in the bond-breaking and bond-making 
processes. An increase in bond organization in the transition state was also suggested 
from the slightly negative entropy of activation. 

Casanova, Werner and Schusterg6 have studied the isomerization in a series of aryl 
and alkyl isocyanides. Their results suggested that bond breaking and bond making are 
essentially synchronous, and that little charge separation develops in the transition 
state. 

A. The HCN-HNC Isomerizetion 

Van Dine and Hoffmanng7 appear to have been the first to examine the 
cyanide-isocyanide isomerization theoretically, in their case by employing the 
extended Hiickel method. Since much of their work has concentrated on the methyl 
and phenyl cyanide-isocyanide isomerization, further discussion of their contributions 
will be reserved for a later section. Booth and Murrellg8, employing an ab initio SCF 
method, calculated an isomerization barrier of 2.97 eV (77.4 kcal mol-I) from the 
cyanide. corresponding to an optimized saddle-point CN distance of 1.23 A. SCF 
calculations with a double-zeta plus polarization basis set, that is with two basis 
functions for each orbital in an occupied shell and one additional set of polarization 
functions on each nucleus, have also been applied to a study of the HCN-HNC 
isomerizationg9. The saddle point was found at 70.2", significantly closer to HCN than 
HNC, where the angle refers to that between the CN bond and the line joining the 
hydrogen atom and the centre of mass of the CN bond. The barrier height from HNC 
is calculated as 40.2 kcal mol-I . Configuration interaction  calculation^^^ yield 73.7" 
for the angle and 34.9 kcal mol-I for the barrier height. In addition to their interest 
in connection with the HCN-HNC process, these results are also valuable in 
demonstrating the relative accuracy of SCF calculations in comparison with 
configuration interaction results. 
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Triple-zeta quality basis sets have also recently been employed in calculations on 
HCN-HNC"'O. In the transition state the hydrogen is positively charged by 0.2, while 
the nitrogen is negatively charged by the same amount, and the carbon is neutral. 
These calculations find a barrier of 64 kcal mol-' from the cyanide. An alternative 
intermolecular mechanism has also been considered'('O, involving the interaction of a 
HCN molecule with the nitrogen atom of a cyanide ion. An activation barrier of 60 
kcal mol-' is calculated. 

Vazquez and Gouyet"" have examined the possibility that, in addition to thermal 
isomerization of HNC-HCN on the ground-state surface, an alternative isomerization 
mechanism involving the excited 2IA' state may also produce HNC. Configuration 
interaction calculations produced a barrier of 3.1 eV from the cyanide and a 
separation of 0.8 eV between the cyanide and isocyanide. Thus it appears that there is 
negligible isomerization probability at room temperature. The isomerization becomes 
significant at 1000 K. a temperature at  which HNC has been found in the laboratory. 
At room temperature the mole ratio of HNC/HCN is only approximately thus 
suggesting that thermal isomerization of HCN in the ground state may be important 
only at high temperatures. The height of the barrier to isomerization from the 
isocyanide makes the isocyanide to cyanide process at  room temperature improbable. 
The frequency for hydrogen atoms surmounting this barrier is approximately 
s-l. Consequently, at  room temperature at least, HNC should be relatively stable. 

No barrier to isomerization was found for the 2IA' surface, and the hydrogen can 
shift from the carbon to the nitregen atom by an exothermic process, forming-HNCIO1. 
The 2lA' and the ground state XIA' surfaces approach most closely for an HNC angle 
of approximately 125", where a transition from the electronically excited HNC to the 
HNC ground state would be favoured. 

B. The NleCN-MeMC isomerization 

The isomerization of methyl isocyanide is one of the most studied unimolecular 
reactions from both experimental and theoretical points of view. It has been noted that 
R a b i n o v i t ~ h ~ ~ ~ ~ j  provided the earliest data on this reaction. More recently Rabinovitch 
and coworkersIo2 have studied the inert gas effect on the methyl isocyanide 
isomerization. Pritchard and coworkers have analysed thermal explosion data for 
methyl isocyanidelo3 and unimolecular fall-off data for the i somer i~a t ion '~~ .  

Van Dine and H ~ f f m a n n ~ ~  have employed the extended Hiickel method to study 
the isomerization which was interpreted as taking place through a rotation of the 
methyl group about the centre of the CN bond. The peak of the activation barrier 
occurs at  88", that is when the methyl group is approximately equidistant from the C 
and N of the CN group. Minima appear in the energy expressed as a function of the 
distance of the methyl group from the centre of the CN bond, irrespective of the value 
of 8. The positive charge on the methyl carbon atom is increased in the transition state 
and the methyl group is converted to trigonal symmetry. The bonding in the transition 
state between the methyl carbon and the C and N of the CN group is primarily of CJ 
type. 

It is of interest to note that the phenyl cyanide-isocyanide isomerization appears to 
take place by what Van Dine and Hoffmanng7 label as a K route, in which the plane 
of the phenyl ring remains perpendicular to the plane defined by CN and the bonded 
phenyl carbon. 

Semiempirical calculations employing the MIND0/2 method produced an acti- 
vation energy of 34.3 kcal mol-' Io5, while CND0/2  calculations predicted a value of 
32.9 kcal mol-' lo6 for the same quantity, compared to the experimental values of 
38.4 kcal niol-' y1 o r  the more recent value of 38.2 -t 0.2 kcal mol-' Io7. From the 
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CNDO calculations a charge separation equivalent to [ CH3+0.22][ NC-o.22] was found 
for the intermediate as compared with [ CH3'0.08][ CN-0.08] and [ CH3+0.12][ CN-0.12] 
for the cyanide and isocyanide, respectively. 

Partitioning of the energies into various component terms is often quite 
instructive106. The quantity which may be taken as characteristic of the chemical bond 
AB is EABR (equation 12), where the summation extends over all orbitals p and v 

EABR = 2 spv P,v p p v  (12) 
,&A 
VEB 

associated with atoms A and B, respectively, P,, and S,, are the pvth elements of the 
bond order and overlap matrices, respectively, and pPv is a parameter occurring in the 
CNDO method. The CNDO energies calculated for the cyanide, isocyanide and 

8, deg. 

FIGURE 2. Energy relative to that of methyl cyanide for various 
orientations and distances of the methyl group with respect to  the CN 
bond. The abscissa represents the angle (0) made by the CN bond and 
the line R joining its centre and the carbon atom of the methyl group. 
The various values of R are shown on the figure. Reproduced by 
permission of North-Holland Publishing Company, Amsterdam from 
J .  B. Moffat, Chern. Phys. Letters, 55, 125 (1978). 
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intermediate were partitioned to yield valuesio6. For the transition state, the 
decrease in magnitude of the E A B ~  value for the CN bond reflects a decrease in the 
triplebond character of the nitrile. The values for the bond between the methyl 
carbon and the nitrile carbon, and the former and the nitrile nitrogen are both of 
substantial magnitude, suggesting that the intermediate can be viewed as a 
threemembered ring structure. In fact the magnitudes of these values are similar to 
those expected for the corresponding single bonds. Further decomposition of the E A B R  

values shows a substantial portion of such single bonds to result from rr-electron 
contributions. 

A b  irzirio calculations with a set of four s and two p functions on C and N and two s 
functions o n  H produced a heat of isomerization of 17.4 kcal rnol-' and a transition 
energy of 58.8 kcal mol-' I o 7 .  The transition state was shown to involve a pyramidal 
group (HCX angle 106") with a methyl carbon more positively charged than that in 
either the cyanide o r  isocyanide. 

Ab irzirio (STO-3G) geometry-optimized calculations'0s predict an energy of 
isomerization of 24.1 kcal mol-' and a transition barrier of 87.8 kcal mol-I. Pritchard 
and coworkersio9 have reported an enthalpy of isomerization of 23.7 t 0.14 kcal 
mol-'. The changes in energy (relative to that for methyl cyanide) for various 
orientations and distances of the methyl group with respect to the CN bond are shown 
in Figure 2. 

Many-body perturbation theory has been applied to a study of the methyl 
cyanide-isocyanide isomerization lo. Single, double and quadruple excitations are 
included in the calculations with double-zeta plus polarization contracted Gaussian 
basis sets. The enthalpy of isomerization and the activation barrier were predicted to 
be 22.7 and 41 kcal mol-', respectively. 

C. Other Cyanide-lsocyanide lsomerlzations 

The isomerization energy of vinyl cyanide is predicted to be 17.7 kcal rno1-l with a 
6-31G basis seti1 '  and geometry optimization. The barrier from the cyanide is 87.5 
kcal mol-'. In the transition state the carbon of the vinyl group nearest to the centre of 
the CN bond is approximately 1.7-1.8 A from that centre. The ionic character of the 
transition state is considerably less than that in either the cyanide or isocyanide. 

The isomerization of trifluoromethyl cyanide has been studied and the results 
compared with those found for methyl cyanideios. With an STO-3G basis set and 
geometry optimization, the energy of isomerization is calculated to be 11.5 kcal mol-', 
approximately one half the value found for methyl cyanide with the same quality of 
calculation. The transition energy is 80.0 kcal mol-', not appreciably different from 
the 87.8 kcal mol-I found in the case of methyl cyanide. The changes in energy 
(relative to that of trifluoromethyl cyanide) for various orientations and distances of 
the trifluoromethyl group with respect to the CN bond are shown in Figure 3. As 
with vinyl cyanide, the distance of the trifluoromethyl carbon atom from the centre 
of the CN bond in the transition state is approximately 1.7-1.8 A. 

Figure 4 shows the LUMO and HOMO energies for the cyanides, isocyanides and 
transition-state species for both methyl and trifluoromethyl cyanide. AS expected, the 
highest occupied molecular orbitals and lowest unoccupied molecular orbitals of both 
methyl and trifluoromethyl cyanide are of rr symmetry. In the cyanides the orbitals 
immediately below the HOMO are of c symmetry. In the isocyanides the HOMO are 
again of TC symmetry, but now the LUMO are of (3 symmetry and the orbitals 
immediately below the HOMO are of (T symmetry. From Figure 4 it can be seen that a 
small increase of LUMO (n*) energy occurs on isomerization of either cyanide and an 
even smaller decrease occurs in the energy of the occupied n: orbital. However, the 
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FIGURE 3.  Energy relative to  that of trifluoromethyl cyanide for 
various orientations and distances of the trifluoromethyl group with 
respect to the CN bond. The abscissa represents the angle (e) mzde by 
the CN bond and the line R joining its centre and the carbon atom of the 
trifluoromethyl group. The various values of R are shown on the figure. 
Reproduced by permission of North-Holland Publishing Company, 
Amsterdam from J. B. Moffat, Chem. Phys. Letters, 55, 125 (1978). 

energy of the occupied 0 orbital increases substantially and crosses that of the 
occupied TI orbital so that the occupied G orbital becomes the HOMO in both the 
transition states and the isocyanides. The  LUMO in the transition states is also a 0 

orbital. Substitution of fluorine for hydrogen produces a stabilization of the highest 
occupied JI orbital (HOMO) in the cyanide and a stabilization of both the highest 
occupied o and TI orbitals in both the transition state and isocyanide. In  contrast the 
highest occupied G orbital in the cyanide remains essentially unchanged in energy. This 
appears to be the reverse of the so-called perfluoro effect which has been observed in 
planar ethylenic molecules”?. 
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FIGURE4. LUMO and HOMO energies for methyl and 
trifluoromethyl cyanides, isocyanides and transition-state species. 
Reproduced by permission of North-Holland Publishing Company, 
Amsterdam from J. B. Moffat, Chenz. Phys. Letters, 55, 125 (1978). 

Table 8 summarizes the fraction of ionic character as obtained from a Mulliken 
population analysis for methyl and trifluoromethyl cyanides and isocyanides. As can 
be seen the ionic character in the isocyanides and transition states is quite similar but 
approximately twice that for the cyanides. The overlap populations of the nitrile bond 
are approximately identical in the methyl and trifluoromethyl molecules. In contrast 
the (T overlap population for the isocyanide bond is considerably larger in methyl 
isocyanide than in trifluoromethyl isocyanide, while the IL overlap populations are 
similar in both isocyanides. The n overlap populations for the transition states suggest 
the existence of some IL bonding between the carbon of the methyl or trifluoromethyl 
group and the carbon and nitrogen atoms of the nitrile group. 

Propyl cyanide and isocyanide are found to differ in energy by 21.1 kcal mol-', no 
matter what conformation is assumed for the cyanide and i~ocyanidel'~. The fractional 
charge for the cyanide is 0.14 while that for the isocyanide is 0.24, only slightly higher 
than observed for methyl cyanide. 
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TABLE 8. Ionic character of cyanides, isocyanidesand 
transition statel08 

Molecule Ionic character 

Methyl cyanide +0.12 
Methyl isocyanide +0.23 
Transition state t 0 .21  

Trifluoromethyl cyanide +0.10 
Trifluorome thy1 isocyanide +0.20 
Transition state t0 .21 

It is apparent, not surpisingly, that the energies of cyanide-isocyanide isomerization 
are dependent on the substituent group to which the cyanide is attached1l4. To 
examine the influence of such substituent groups it appears advantageous to study a 
number of isoelectronic substituents. It is well known that a partial cancellation of 
errors resulting from the use of minimal basis sets occurs in calculation of changes in 

190.3" 

188.6" 191.80 

184.0" 

187.8O 

180.0" 180.0" 

H -PEP= 0 
1.065 1.155 1.2'34 

180.00 180.0" 180.0" 

N E & - q e q = O  
1.163 1.389 1.163 1.273 

180.O0 180.0" 180.0" 

1.188 1.340 1.160 1.294 

FIGURE 5 .  Optimized structures of the isomers of HNCO and its cyanides and 
isocyanides (STO-3G basis). Reproduced with permission from J. B. Moffat, Intern. 
J .  Quantum Chern., 15, 547 (1979). 
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energy during a process such as isomerization. However, comparisons between 
substituent groups would be rendered less reliable in changing substituent groups to 
preserve their isoelectronic nature. However, if a substituent group is selected which is 
itself capable of isomerization, the comparison of results will be rendered more 
meaningful. Cyanogen isocyanate (NCNCO) was chosen as an example' 14. Since the 
isocyanate group has four structurally isomeric forms, the cyanide-isocyanide iso- 
merization is examined for four isoelectronic cyanide-isocyanide pairs, where the 
substituent groups are altered only by structural rearrangement (equations 13-16). 

NC-NCO CN-NCO (1 3) 

NC-OCN CN-OCN (14) 

NC-CNO CN-CNO (15) 

NC-OOMC CN-ONC (4 6 )  

The optimized structures of the cyanides and isocyanides of HNCO are shown in 
Figure 5. I t  is of some interest to note the predicted bending in many of the XCN and 
XNC bonds, in particular those where X is either 0 or N. The optimized configurations 
for the transition states are shown in Figure 6. These were obtained by assuming a 

0 

0 

N 

C 

.7" 

0.566 0.719 

FIGURE 6. Optimized configurations for the transition states in the 
isomerization of the isomers of cyanogen isocyanate. Reproduced with 
permission from J.  B. Moffat, Intern. J. Quantum. Chem., 15, 547 (1979). 
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simple triangular configuration of the CN bond and the substituent group atom nearest 
the CN bond. 

The calculated energies of the hypothetical transition states differ from each other 
by as much as 60 kcal mol-I. The transition state barriers also differ by as much as 40 
kcal mol-' (Figure 7 and Table 9). 

Since the atomic composition of each of the substituent groups is identical, the 
changes in the energies of isomerization and in the transition state barriers must 
reflect, at least in part, the variations in the distribution of electron density within the 
molecule. As a first approximation, although these perturbations are produced by 
changes within the substituent groups, they will be reflected in the cyanide or 
isocyanide groups themselves. It can then be postulated that the activation barrier can 
be considered as generated by the alteration in charge in passing from the cyanide to 

-255.80 

-255.85 

-255.9 0 

a, 
?? 

G 

+ L 
0 c 

-255.95 

-256.a 

I \ 
I \ 

I I  

2 1  
3 

N C N C O  

' \  

\ \  
\ C N O C N  

CNNC 0 
L 

FIGURE 7. Cyanogen isocyanate and its isomers. Electronic energies of the 
optimized structures of the cyanides, isocyanides and transition 
states. Reproduced with permission from J.  B. Moffat, Intern. J .  Quantum 
Chem. 15, 547 (1979). 
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TABLE 9. Energies of isomerization and energy barriers for the cyanide- 
isocyanide reaction' 

Energy of Energy barrier 
isomerization for isornerization 

Isomerization reaction (kcal rnol-') (kcal moI-L) 

NCCNO CNCNO 29.8 67.5 
NCNCO -----+ CNNCO 42.2 84.3 
NCONC CNONC 41.4 106.8 
NCOCN CNOCN 44.6 107.9 

'Reproduced with permission from J. B. Moffat, Intern. J .  Quantum Chem., 15, 
547 (1979). 

the transition state, plus the subsequent change in passing to the isocyanide. The 
activation barriers can be seen to correlate approximately with the sums of the 
absolute values of these two charge differences (Figure 8). For purposes of comparison 
the points for methyl and trifluoromethyl cyanide have also been added to the figure. 

The height of the transition-state barrier in the cyanide-isocyanide isomerization is 
dependent upon the bonding capabilities of the associated pairs of molecules in the 
transition state relative to those in the cyanide molecule itself. Consequently, a 
transition state in which the three atoms of the CNX triangle are relatively strongly 
bound to each other should possess a greater stability, a lower energy for that state, 
and consequently, a smaller transition-state barrier. The strength of the binding in the 
transition state may be related to the overlap populations. The overlap populations of 

Total CN charge variation 

3 

FIGURE 8. Cyanogen isocyanate and its isomers. 
Energy barriers in the cyanide-isocyanide isomerization 
versus total CN charge variation (sum of the absolute 
values of the differences in net charges on CN in the 
transition state and the cyanide and between the transition 
state and the isocyanide). The circles correspond to the 
values found for NCCNO and its isomers. The squares 
correspond to the values for CH,CN and CF3CN. 
Reproduced with permission from J. B. Moffat, Intern. J .  
Quantum Chem., 15, 547 (1979). 
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0. I 0.2 0.3 0 

Totol overlop populotion 

FIGURE 9. Cyanogen isocyanate and its isomers. 
Energy barrier versus total overlap population for CX (0) 
and NX (El), where X is the atom of the substituent group 
nearest to the CN bond. Reproduced with permission from 
J. B. Moffat, Intern. J .  Quantum Chem., 15, 547 (1979). 

the CN pairs are approximately the same for each of the four transition states, while 
those of both C X  and NX decrease 2s the size of the barrier increases, the latter 
reflecting a decreasing binding between the CN pair and the substituent CNO isomeric 
group. Figure 9 shows that the transition-state barrier decreases in an approximately 
linear manner as the total overlap population increases. 

Correlation effects have been studied in HCN, LiCN, BCN and the corresponding 
isocyanides' 15. The isomerization energy and activation barrier for HCN are calculated 
as  15 2 2 kcal mol-' and 30 kcal rnol-I. respectively. LiNC and BNC are found to be 
more stable than the corresponding cyanides by 3.9 and 12.4 kcal mol-I, respectively. 

A b  initio calculations on the isomers of diazornethane1l6 have included cyanamide 
and isocyanamide. Geometry-optimized energies with STO-3G and 6-31G basis sets 
show that isocyanarnide is 46.9 and 37.9 kcal mol-', respectively, higher in energy 
than cyanamide, with diazomethane lying still higher in energy (Figure lo). 

A b  initio calculations and the self-consistent electron pairs (SCEP) method have 
been employedI1' to show that isocyanamide is 53 kcal rnol-I less stable than 
cyanamide, with 11 kcal rno1-l of this being due to correlation energy. The activation 
barrier from isocyanamide is 46 kcal mol-', corresponding to 98 kcal mol-I from 
cyanamide, a value which is of approximately the same size as that found for the 
barriers with NCONC and NCOCN1I4. 

The energies of isomerization of methyl, ethyl and isopropyl cyanides and 
isocyanides, and the corresponding cations formed on abstraction of an u-hydride ion 
are summarized in Table loll8. Values shown have been obtained by ab iriitio 
calculations with an STO-3G basis set. The energy changes for the neutral molecules 
are very similar, while those for the carbonium ions reflect the stabilization by 
substitution with isocyano groups and the destabilization by cyano groups. In the 
neutral molecules the charge on the cyano and isocyano groups is always negative, 
while in the carbonium ions these groups are positively charged. The differences in the 
charges on the cyano and isocyano groups for a given substituent group is always 
negative, that is, the charge on the isocyanide group is in all cases less than that on the 
cyanide group in the corresponding molecule. However, these charge differences are 
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FIGURE 10. Total electronic energies and energy differences calculated with STO-3G 
and 6-31G basis sets for the isomers of diazomethane. Reproduced by permission of 
Elsevier Scientific Publishing Company, Amsterdam from J. B. Moffat, J .  Maf. Struct., 52, 
275 (1979). 

approximately the same for the neutral molecules and for the charged molecules, but 
approximately half the magnitude for the latter species. It may be concluded that the 
energy of isomerization is at least in part related to the shift in electron density which 
occurs in the isomerization process. 

TABLE 10. Energies for cyanide-isocyanide isomerizationa 

Charge on CN or NC 
AE 

Cyanide - isocyanide (kcal mol-') Cyanide Isocyanide A Charge 
~~ 

CH3CN - CH3NC 24.1 -0.123 -0.234 -0.111 
CZHsCN - CzH5NC 22.3 -0.135 -0.247 -0.112 
C3H7CN __* C3H7NC 22.0 -0.145 -0.254 -0.109 
CHzCN' - CH2NC+ -1.4 +0.286 +0.230 -0.056 
C2H4CN+ - C2H4NC' 0.7 -1-0.204 +0.157 -0.047 
C3H6CN+ - C3H6NCi 2.4 +0.143 t-0.095 -0.048 

"Reproduced with permission from J. B. Moffat. Intern. J. Quantum Chern., 19, 771 (1981). 
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IX. THE CHEMICAL BOND IN CYAN0 MOLECULES 

While the calculation of accurate wave functions for systems of chemical interest is of 
obvious importance in any theoretical treatment of molecules, the interpretation of 
such data in terms of classical chemical concepts presents an even greater challenge. 

The method most frequently employed to extract chemical information from 
molecular wave functions is that due to Mulliken119, and often referred to as a 
population analysis. This technique provides information on the charge densities and 
overlap populations in a molecule. The method is not without its difficulties, however, 
but these will not be discussed here. 

There have been a number of more recent attempts to describe the nature of the 
bonds in a molecule by the use of the calculated wave functions. In one of these a 
procedure has been proposed for partitioning the molecular density p, pair density ?I 

and molecular energy The atoms involved in the formation of a molecule are 

TABLE 11 
(a) Energy-partitioning noninterference bond components (eV)'Tb 

Bond System QCN QCT SPN SPT Q C  S P  vs 

Li-H 
B--H 
N-H 
F--)I 
-0-H - -C-H 
Li- Li 
Be-Be 
F--I; 
F-CZ 
=c-cs 
c=c 
CZZN 
- E N  

- 

- 

N E N  

LiH 
BH 
N H  
HF 
HzO 
HCN 
Liz 
Be2 

FCN 
F2 

CzNz 
cz 
CN- 
HCN 
FCN 
C2N2 
N2 

1 .o 
- 1.9 
-1.2 
-1.7 
-2.2 
-3.4 
-1.1 
-1.9 

0.0 
-3.7 
-6.5 
- 1.9 
-9.2 
-6.6 
-6.7 
-8.2 
-5.6 

-0.4 
-0.5 
-1.4 

0.3 
-0.5 

0.3 
0.0 
0.0 
0.0 
0.5 
0.2 
0.0 
2.2 

-1.3 
-0.1 
-0.0 

0.0 

-11.3 
-6.6 

-16.5 
-6.1 
- 8.8 
- 6.0 
-2.8 
-2.5 
- 6.0 
-7.8 
-7.8 

-15.8 
- 34.4 
-18.7 
- 19.0 
-18.7 
-20.2 

7.1 
0.9 

11.3 
-0.5 

2.0 
-1.0 

0.0 
0.0 
0.0 

-0.2 
0.1 
0.0 

16.0 
-0.6 

1.8 
0.3 
0.0 

-1.4 
- 2.4 
-2.6 
- 1.3 
-2.6 
-3.1 
-1.1 
-1.9 

0.0 
- 3.2 
- 6.3 
-1.9 
-7.0 
-7.9 
- 6.9 
-8.2 
-5.6 

- 4.3 
-5.8 
- 5.2 
-6.8 
-6.8 
-7.1 
-2.8 
-2.5 
-6.0 
- 8.0 
-7.7 
- 15.8 
- 18.4 
- 19.3 
-17.3 
- 18.4 
-20.2 

-5.7 
- 8.2 
- 7.8 
-8.2 
- 9.4 
- 10.2 
- 3.9 
-4.4 
-6.0 

-11.2 
- 14.1 
- 17.6 
-25.4 
-27.1 
- 24.2 
-26.6 
-25.9 

'QCN refers to  the 'quasi-classical neutral' contribution to  the pair density, i.e.: 

n Q C N ( ~ ~ )  = p P R ( ~ ) p P R ( ~ )  

which is the density of electron pairs where one electron is from promoted atom A and the other 
from promoted atom B. pPR(A) is the density of atom A in the promoted state. 

of pPR(A) by pT(A): 
QCT refers to  the change in xcQCN(AB), the coulombic part of rQCN(AB), due to  modification 

ncQC'(AB) = [ pPR(A) + pT(A)][ pPR(B) + pT(B)] - pPR(A)pPR(B). 

SPN refers to  nxSPN(AB), the change in the electron pair density between atoms A and B due 

SPT refers t o  rxS"(AB), the change in sharing penetration after charge transfer. 
QC is the sum of the neutral and charge-transfer components of the quasi-classical pair density. 
S P  is the sum of the neutral and charge-transfer components of the sharing penetration, 
VS is the sum of the previous two terms, QC and SP, and refers to the valence state of the 

to  sharing penetration. 

uarticular bond. 
bReproduced with permission from J. B. Moffat and H. E. Popkie, Intern. J. Quatiruin Chem., 2, 
565 (1968). 
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(b) Energy-partitioning interference components (eV)*-6 

Intrabond In terbond 

Bond System SIN SIT SIN SIT SI SI+ vs 
Li- H 
B-H 
N-H 
F--PI 
-0-H 
=C-H 
Li-Li 
Be-Be 
F-F 
F-CE 
= C - E  
C==C 
E N  
- E N  

- 

N E N  

L M  
BH 
NH 
HF 
H20 
HCN 
Liz 
Be2 

FCN 
F2 

C2N2 
c2 
CN- 
HCN 
FCN 
C2N2 
N2 

-1.7 
-2.2 
-8.1 
-6.3 
- 10.8 
-4.5 
0.4 

-1.0 
-11.1 
-11.0 
-6.0 
- 19.4 
- 15.3 
- 17.4 
-17.5 
-17.7 
- 19.8 

0.0 
0.1 
0.1 

-0.3 
-0.5 1.3 
-0.1 0.6 

0.0 
0.0 
0.0 

-0.1 0.9 
-0.1 2.5 
0.0 

-0.1 
0.1 0.4 

-0.1 0.7 

-1.7 
-2.0 
- 8.0 
-6.6 

0.1 -9.9 
-0.0 -4.1 

0.4 
-1.0 

-11.1 
-0.1 -10.3 
-0.1 -3.5 

- 19.4 
-15.3 

0.1 - 16.8 
-0.0 - 16.9 

- 7.4 
- 10.2 
- 15.8 
- 14.8 
-19.3 
- 14.2 
-3.5 
-5.4 
-17.1 
-21.5 
- 17.5 
-37.0 
-40.7 
-43.9 
-41.1 

- 0.0 0.9 0.0 - 16.8 -43.4 
- 0.0 - 19.8 -45.6 

“Intrabond SIN refers to 

E S ” ( A B ,  A) + ES”(AB, B) 

which is the energy derived from the change in n~ due to electron pairs where one electron is 
associated with the promotion density pPR(C), the other with the interference density p’(AB): 

ncS”(AB, C) = 2pPR(C)p’(AB) 

Intrabond SIT refers to 

EStT(AB, A) + ESIT(AB, B) 

which is the energy associated with the chan e in RC due to electron pairs where one electron is 
associated with the charge-transfer density p 5 (C), the other with p’(AB): 

ncStT(AB, C) = 2pT(C)p’(AB) 

The interbond terms SIN and SIT refer to 

C E~”(AB,C) 
C(fA.B) 

and 
C ESI~(AB, c), respectively. 

C(+A,B) 

The term SI represents the sum of the previous four columns, i.e. the total sharing interference 
energy. 

The column labelled SI + VS is the sum of the previons column and the last column of Table 
ll(a). 
bReproduced with permission from J. B. Moffat and H. E. Popkie, Intern. J. Quantum Chem., 2. 
565 (1968). 

taken initially in their ground states at infinite separation. Since the electrons of one 
atom are independent of those on another, the pair densities can be labelled as 
‘quasi-classical’. The next step in the conceptual formation of the molecule requires 
the atoms to be promoted to certain ‘promotion states’ with the atoms remaining at 
infinite separation. The promoted atoms are then moved together to their equilibrium 
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internuclear separations in the molecules without changing the promotion atomic 
densities or the pair densities. The electron density and pair density for the system are 
now brought to their values in the molecule by the sharing of electrons between atoms 
and by the transfer of charge from one atom to another. Two types of sharing effects 
are postulated, namely sharing penetration and sharing interference, the former 
arising from the change in the electron-electron repulsion due to the change in the 
average distance between electrons, the latter from the overlap of the atomic wave 
functions. 

For the method to have chemical significance it would be anticipated that one or 
more of the terms partitioned out for a given bond should have values for that bond 
which are similar in all molecules containing that bond. In other words there should 
exist a partitioned quantity which is characteristic of a given bond. The theory has 
been applied to the ab initio wave functic::s of a series of nitriles (CN-, HCN, FCN, 
C2N2)121. Values obtained for the bonds in these nitriles and in those of a variety of 
diatomic molecules are shown in Table 11. It can be readily observed that the sharing 
interference values for the C E N  bond are quite similar and therefore can be taken as  
characteristic of the bond. It has also been shownlZ2 that a correlation exists between 
the experimentally measured bond energy (or bond dissociation energy) and the 
intrabond interference energy (Figure 11). 

A technique for partitioning of the energies obtained from the semiempirical 
CNDO method has been devised123 and applied to a variety of molecules containing 
CN single, double and triple bondsIz4. The one-electron two-centre energy term within 
this theory is directly related to the interference energy and should therefore be 
characteristic of the bond. To illustrate, the values obtained for the CGC and C G N  
bonds are collected in Tables 12 and 13. The similarities of the various values of ECCR 
and ECNR provide evidence in support of the nature of these quantities. This 
partitioning method has also been applied, as mentioned earlier, to the isomerization 

SI, eV 

FIGURE 11. Experimental bond dissociation energy ( D )  versus sharing 
interference energy (SI). Reproduced by permission of North-Holland 
Publishing Company, Amsterdam from J. B. Moffat and H. E. Popkie, 
Chem. Phys. Letters, 5, 331 (1970). 
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of methyl isocyanideLo6, the reactive dimerization of HCN62 and the formation of 
acrylonitrile and propiolonitrile from acetylene and HCN125. 

A bond strength index has been definedIz6 as  the sum, over all orbitals between any 
pair of atoms, of the product of the individual bond order, Ppvl  and the corresponding 
overlap integral, Spv, where 

and 

where $i and 4,, are the ith molecular orbital and the pth atomic orbital, respectively. 
The  heat of formation of a molecule can then be written as a linear combination of the 
bond-strength index for each of the bonds in the molecule. By using the bond 
additivity method devised by Benson and for the calculation of the values of 
thermodynamic functions, and extended to provide data for nitrilesI2*, the heat of 
formation of nitriles has been correlated to the bond-strength indices in these 
molecules129. 

A group contribution method for the calculation of electronic correlation energies 
of molecules has been derived130. The correlation energy of a molecule can be 
taken as the difference between the experimentally measured dissociation energy and 
that calculated from Hartree-Fock or near-Hartree-Fock calculations plus-the atomic 
correlation energies. Consequently for those molecules where the necessary data is 
available, rnolecii~ai correlation energies can be calculated. A linear equation as a 
function of the number and types of bonds can then be written for a given molecule 
and set equal to the molecular correlation energy. This can be repeated for a number 
of molecules containing similar bonds until a sufficient number of eqsations in the 
unknowns, the bond correlation energies, is available to permit solution. The bond 

TABLE 14. Bond correlation energiesa 

Bond Correlation energy (hartree) Source 

C-H 
c-c 
N- H 
N-N 
c=o 
C E N  
F-C 
c=c 
c1- c 
C E C  
0-H 
c-0 
0-0 
C-N 
C=N 
B-F 
B-H 

-0.0739 
-0.1245 
- 0.1204 
-0.2213 
-0.4500 
- 0.43 10 
-0.4354 
-0.2486 
-0.8150 
- 0.3 167 
- 0.1790 
-0.3503 
-0.3805 
-0.2335 
-0.4046 
-0.5614 
-0.0733 

'Reproduced by permission of Elsevier Scientific Publishing 
Company, Amsterdam from J. B. Moffat, J. Mol. Srrucr., 15, 325 
(1973). 
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correlation energies can then be employed to calculate molecular correlation energies 
for those molecules not previously involved in obtaining the bond contributions. The 
contributions to correlation energy fof a number of bonds are summarized in Table 14. 
Some values for molecular correlation energies obtained from these bond 
contributions are shown in Table 15. 

The concept of group contributions has also been employed13' to obtain bond 
contributions to ab inirio electronic energies. Examination of the geometry-optimized 
STO-3G energies from a variety of calculations has shown that the electronic energies 
change in a consistent manner as larger molecules are formed as a result of 
substituting atoms or groups for hydrogen on the parent molecule. For example, if 
methyl cyanide is formed from methane by substitution of a cyano group for a 
hydrogen atom, the energy is decreased by 90.54469 hartree. The energy of diketene 
is lowered by 90.54957 hartree for each cyano substituted to form d i~yanoke tene '~~ .  
The addition of a cyano group to HCN to  form cyanogen lowers the energy by 
90.54426 hartree133. The similarity in these values is readily evident. Of course, the 
values for the contribution of a particular bond do depend on the molecule under 
consideration. Consequently, at this point in the development of the method, higher 
order corrections are being neglected. Nevertheless, for a first-order estimate of the 
total electronic energy of a molecule, the method appears to be quite satisfactory. 
Methods for the introduction of higher order contributions are now being considered. 
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I. INTRODUCTION 

The sections on nitriles are a supplement to Chapter 2 of the volume The Chemistry of 
the Cyaiio Group'. The arrangement follows rather closely that of the earlier one with 
a few exceptions . Thus, we have included several new subdivisions such as Beckmann 
fragmentations and ring-cleavage of heterocycles. The literature references have been 
chosen on the basis either of additional information concerning already existing 
methods or of new developments in preparative nitrile chemistry. 

The sections on acetylenes cover the literature from the middle of 1976 until 
approximately the middle of 1980. As is to be expected for a range of only a few years, 
most citations refer to already known methods. 

II. PREPARATION OF NITRILES BY ADDITION OF HYDROGEN CYANIDE OR 
ITS DERIVATIVES 

A. Addition Po Carbon-Carbon Muttiple Bonds 

photochemical addition of sulphonyl cyanides2 (equation 1). 
Olefinic double bonds bearing no activating groups can be cyanated by the 

hv 
ArS02CN + CH2= CH t3u-n ArS02CH2CH (CN) Bu-n 

Activation by a carbonyl group or  similar electronegative functions is frequently 
used for the addition of cyanide ions to carbon-carbon double bonds3 (equation 2 ) .  

OH OH 
I 
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A review has been published about the hydrocyanation of conjugated carbonyl 
compounds4. Instead of hydrogen cyanide itself the reaction product with aluminium 
trialkyls may be used for such additions (equation 3). Two main methods are used for 

0 0 
II 

CH CH2CR3 (3) 
R’ \ II R’, ,CH=CHCR3 + Et2AlCN - 
R 2  R2’ I 

CN 

the addition of organoaluminium cyanides. One employs a combination of hydro- 
gen cyanide and an aluminium trialkyl in tetrahydrofuran, the other uses an alkyl 
aluminium cyanide in an inert solvent such as benzene or  toluene. The carbonyl 
function of the enone is activated through coordination with the Lewis-acidic 
organoaluminium species5. In addition there has been reported the use of trimethyl- 
silyl cyanide which is a typical 1,2-addition reagent for carbonyl compounds6, either 
alone or with tr iethylal~minium~. Depending on the reaction conditions either 1,4- or 
1,2-addition with enones is observed (equation 4). 

0 a- 
-J33 

- a  

N C S i M e 3  

THF/PO h reflux 

Me3SiO 
CN 

N C S i  M e 3  / Et3AI 

T HF/ r . t .  NC 
Me3Si0 

( 4 )  

Carbon-carbon- double bonds of enamines give the corresponding cyanoamines 
with diethyl phosphorocyanidate8 (equation 5) .  

The thioxanthylium system possesses a sulphonium atom which sufficiently activates 
its n: bonds for the addition of cyanide ions9 (equation 6). Anodic oxidation of cyanide 
ions in the presence of aromatic rings yields addition products. In the example in 
equation (7) the cyano group enters the positions ortho or para to the methoxy 
function’O (equation 7). 

H CN 

KCN 

H2O/CH 2CI 2 

+ 

( 6 )  
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& electrolysis KCN/MeoH* Meo& ( 7 )  

M e 0  
M e 0  

B. AddiPion to Carbon-Oxygen Double Bonds 

Reviews have appeared concerning the application of cyanohydrins in organic 
syntheses” and reactions of trimethylsilyl cyanideh. Examples of the classical 
cyanohydrin synthesis are the addition of cyanide ion to the bisulphite adduct of 
norbornen-7-one, which produces the syn nitrile” (equation 8). Here the 
trimethylsilyl cyanide method furnishes a mixture of isomers. The cyanohydrin 
synthesis starting from benzaldehyde in the presence of D-hydroxynitrile lyase affords 
a product in 96% yield and 90% optical purityI3. The addition of cyanide ion to a 
carbonyl group may be followed by an intramolecular alkylation of the resulting 
cyanohydrin anion if a suitable centre is available, as for instance in equation (9)14. 

n n 

The production of a benzoic acid cyanohydrin ester in the reaction of cyclohexanone 
with benzoyl cyanide in the presence of sodium appears to be a normal cyanohydrin 
synthesis, the required cyanide anions being produced by the concurrent acylation of 
cyclohexanone with benzoyl cyanide15 (equation 10). 

Cyanohydrins are converted to formylated a-aminonitriles when heated with 
formamide in the presence of acetic acid16 (equation 11). 

COPh 
0 
I I  

OCOPh 
0 +PhCCN A @== 

1-3 
OH 

\ 
RC/H RCG + HCONH, . -h,AcOH- 

100-12O0C 

‘ NHCW 

Syntheses of cyanohydrins using potassium cyanide/crown ethers have been 
published’ 7. 

The considerable interest in the reactions of trimethylsilyl cyanide (TMS-CN) may 
be seen from the following reactions. Small amounts of a Lewis acid such as aluminium 
chloride catalyse the addition of TMS-CN to carbonyl  group^]^.'^ (equation 12). Zinc 
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iodide is another suitable catalyst for the reaction’”. Even in cases where the 
unfavourable equilibrium of the addition of hydrogen cyanide precludes thc 
application of the classical method, such as  with aromatic aldehydes or ketones. the 
TMS-CN method is successful. Another advantage is that the reaction will give 
exclusively the 1,2-adduct with numerous conjugated enonesIY. p-Quinones react 
regiospecifically at  their carbonyl functions”. The cyanosilylation products are easily 
converted into the free cyanohydrins by dilute mineral acids’O. 

It is possible to obtain the a$-unsaturated nitriles from the TMS-CN adducts 
directly by treatment with phosphoryl chloride and pyridine” (equation 13). 

0 + 0 

TMS-  CN - NcGs NC OTMS 

POCI, 
pyridine 

CN 0 
C N  

Catalysis by potassium cyanide/crown ether allows transcyanosilylation reactions23 
(equation 14). 

(14) / KC N ,CN 
n-C5H,lCHO + Me& 18-crown-6 * n-C5H11-cH, 

OSiMe, OSiMe3 

TMS-CN is also a reagent fGi the ‘Umpolirng’ of caibonyl groups2J. The 
cyanosilylation products of aromatic aldehydes on treatment with strong bases such as 
lithium diisopropylamide (LDA) furnish stabilized carbanions which can be alkylated. 
Subsequent hydrolytic cleavage then yields the ketones (equation 15). Reaction of the 
carbanion with conjugated enones will give the products of either 1,2- or 1,6addition, 
depending o n  the conditions25 (equation 16). 

R X  
CN - T M S - C N  / LDA / 

ArCHO - ArCH, - Ar-C, 
CN 

OSiMe3 OSiMe3 

CN 0 
I 

ArCR 
I 

H’/H@ 1 1  - ArCR (15) 

CN 

OSiMe3 

Ph CN 
THFIDME + HMPT 

or 12-crown-4 

-0 

I 

0 OSiMe, 

Ph 

0- 
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As in the case of activated carbon-carbon double bonds, the hydrocyanation 
reaction of carbonyl groups can also be accomplished by the use of dialkylaluminiwn 
cyanides26 (equation 17). 

Aldehydes give direct cyanoselenenylation by reaction with selenocyanates in the 
presence of trialkylpho~phines’~ (equation 18). The products may be converted to 
a$-unsaturated nitriles by oxidation with hydrogen peroxide. 

CN 
i 

RCHO + ArSeCN - RCH 
I 

P ( ~ - B u ) ~  (18) 

SeAr 

C. Addition ts Carbon-Nitrogen Multiple Bonds 

Cyanoimines, prepared by oxidation of aminoacetonitriles with t-butyl 
hypochlorite/triethylamine, add hydrogen cyanide to give the corresponding 
aminomaiononitriIes28 (equation 19). 

CN 
/ 

RNHCH,CN + Me3COCi -%!+ RN=CHCN RNHCH (19) -.. 
CN 

Acetone cyanohydrin has been used to convert the bis(t-buty1)imine of glyoxal to 
the monoadduct with hydrogen cyanide. The resulting compound upon oxidation with 
manganese dioxide o r  hypochlorite furnishes the ~ y a n o i m i n e ~ ~  (equation 20). 

Me*C(CN)OH 
t-BuN=CHCH=NBu-t KC., P 

C N  CN (20) 
I roi I 

t - BUN= CH- CHNHBu- r - t -  BUN= CH - C= N Bu - t  

The a-morpholinoacetonitrile obtained from pyridine-3-aldehyde with morpholinium 
perchlorate/KCN can be used as an acyl carbanion equivalent. After treatment with 
KOH/acrylonitrile the Michael adduct is obtained30 (equation 21). 

Diethyl phosphorocyanidate has been used as a cyanating agent in the Strecker 

Nitriles bearing electronegative substituents will add TMS-CN in the presence of 
synthesis with secondary arnines3’ (equation 22). 
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tertiary amines to give cyanoimines. The lability of the Si-N bond in the resulting 
products may be used for the synthesis of further ~ y a n o i m i n e s ~ ~  (equation 23). 

CN CN 
I I 

X3C-CN + Me3Si-CN X3C-C=N-SiMe3 X3C-C=NH 

X = CI. F c 
CN 
I 

X3C-CC=N-CCI 

(23) 

Perfluoroalkyl nitriles add hydrogen cyanide under basic conditions to give the 
corresponding cyanoimines directly33 (equation 24). 

CN 

ill. PREPARATION OF NITRBLES BY SUBSTITUTION 

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

I. Substitution of halogen 

Substitution of bromine by cyanide followed by ring-closure has been used in 
propellane chemistry34 (equation 25). An entry to carbon-substituted 
bicycle[ 3.3.lInonan-3-ones is possible by the bridgehead substitution of bromine by 
cyanide3s (equation 26). 

@ 4 NaCN/DMSO daysI130"C ~ NH2 (25) 

Br + Dentane;:;: re f lux  * + (26) 

0 0 

Several publications deal with the synthesis of acyl cyanides. klkyl chloroformates 
are converted to the corresponding cyanoformates with alkali cyanides by 
phase-transfer catalysis using 18-crown-6 ethers36. Aroyl chlorides are transformed 
into aroyl cyanides with sodium cyanide in methylene chloride-water and with 
tetrabutylammonium bromide as a catalyst3'. 
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Anhydrous thallium cyanide, prepared under nonaqueous conditions from thallium 
phenolate and hydrogen cyanide in ether, is another reagent €or the conversion of acid 
chlorides into acyl cyanides38. The applicability of TMS-CN for the synthesis of acyl 
cyanides has been studied39 (equation 27). The method is also suitable for the 
preparation of a-haloacyl cyanides. 

RCOX + Me3SiCN - RCOCN + MesSiX (27) 

X = CI. Br 

Aromatic, heterocyclic, olefinic and r-alkyl acyl chlorides are easily converted into 
the corresponding acyl cyanides by the action of tributyltin cyanidejO (equation 28). 
With primary or  secondary alkyl groups dimer formation occurs. 

RCOCl + ( n - B t ~ ) ~ S n c N  - RCOCN + ( ~ - B U ) ~ S ~ C I  (28) 

Aromatic halogen, if sufficiently activated, can be displaced by cyanide anion, 
although difficulties may be encountered because of the enhanced reactivity of the 
products. In a heterogeneous reaction 1,3,5-tricyano-2,4,6-trifluorobenzene reacts 
with calcium cyanide to give hexa~yanobenzene~~  (equation 29). 

CN CN 

N C cliglyme CN 
(29) 

F CN 

Another synthesis of hexacyanobenzene makes use of the stability of the 
1,2,3,4,5,6-hexacyano-l-alkoxycyclohexadienide anion, which prevents the reaction 
between l-alkoxy-2,4,6-tricyano-3,5-dichlorobenzene and sodium cyanide going any 
further under basic conditions. Protonation of the anion yields then a mixture of 
hexacyanobenzene and pentacyanoalk~xybenzene~' (equation 30). 

CI  OR "#:: RO; C N - ,  

ci CI 

CN 

NC CN 

CN 

CN 

Na+ 2 NC*:: + W@CN (30) 

NC CN 

CN CN 

2. Substitution of oxygen groups 

The anodic oxidation of cyanide-ion solutions containing aromatic substrates results 
in the replacement of aromatic hydrogen or also aromatic methoxy groups (equation 
31), a third type of reaction being the introduction of the cyano function in an ci 
position in a tertiary amino group". 



28. The synthesis of triple-bonded groups 1353 

95% (47% conversion) 

Hemiquinol acetates, obtainable by lead tetraacetate oxidation of o-nitrophenols, 
undergo 1,4-addition reactions with cyanide anion followed by elimination of acetic 
acid. ‘The overall reaction is the substitution of the hydrogen atom orrho to the nitro 
group by a cyano (equation 32). 

OH 

C N -  

The avoidance of the drastic conditions often necessary for the ring-cleavage of 
oxirans by cyanide anions is possible by wing organoaluminiun cyanides, for 
example in the case of steroidal 5 ,6c~-epoxides~~ (equation 33). 

3. Substitution of sulphur groups 

Cyclic enamines with a dimethylsulphonium group in the a’-position of the 
ring undergo rearrangement by attack of cyanide anions and yield 
cyano(amino)bicyclo[n .1 .O]alkanes and dimethyl sulphidej6 (equation 34). 

[:I Na CN ~ (1 )CN 

?5 +SMe2 &:Me2 MeCNIreflux 

(CHZ),, 
(CH,)” 

(34) 

N,N-Disubstituted C-sulphonylthioformamides are cleaved by cyanide anions to 
give the cyanoth iof~rmamides~~ (equation 35). 

S S 

(35) 
Ph, I !  Ph, I1 

Me’ Me’ 
NCS02Ph + CN- NCCN + PhS0,- 
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4. Substitution of amino groups 

0- or p-hydroxybenzylamines, obtained by Mannich reaction of phenols or by 
reductive alkylation of aldehydes, may be used instead of the corresponding benzyl 
halides for the synthesis of benzyl cyanides. Presumably the reaction occurs via 
quinone met hide^^^ (equation 36). 

CHQNHQ r CH 2CN ' ,OH 

&OH - 

5. Substitution of hydrogen 

Nitroarenes having an additional activating group like acyl are starting materials for 
a synthesis of o-cyanophenois. For example, 4-nitrobenzophenone is converted to the 
3-cyano-4-hydroxybenzophenone with potassium cyanide in DMSO (equation 37). 

y o 2  OH 

KCNlDMSO 

3 h1100"C (37) 

COPh COPh 

Apparently, after the substitution of one of the hydrogens ortho to the nitro group by 
cyanide, the nitro group itself is then replaced by hydroxide. The latter is thought to 
evolve from the reduction of nitro groups49. 

Numerous reactions for the conversion of 4-substituted pyridines are known, but 
only a few methods exist for the introduction of a cyano group in position 4 of the 
pyridine nucleus. By reacting benzophenone arylhydrazones with bromine and 
pyridine it is possible to synthesize pyridinium cations, which are easily converted into 
4-cyanopyridines with potassium cyanide50 (equation 38). 
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The addition of cyanide anions to phenyl-substituted fluorene derivatives results in 
the formation of a stabilized carbanion system, which can be oxidized by 
anthraquinone sulphonate to the cyano compounds1 (equation 39). 

H CN CN - CN- mph .. .. .. - . ... . . .. . 
. .  ... .....- 

Ph Ph Ph Ph Ph Ph 

( 39) 
Substitution of aromatic hydrogens is also possible by photoinduced reaction with 

cyanide anions and oxygen5’ (equatizn 40). 

NO2 
I 

NO2 I 

OMe OMe 

Up to four cyano groups can be introduced into the meso positions of 
porphyrins by anodic oxidation in the presence of cyanide anions53. An agent for the 
introduction of cyano groups into sufficiently nucleophilic heterocycles is 
N-carbethoxytriphenyliminophosphorane. Catalysed by Lewis acids, the reaction with 
l-methyl-2-ethoxyindole gives the 3-cyano compounds4 (equation 41). 

Me Me 

A reaction analogous to the behaviour of pyridine N-oxides is the synthesis of the 
cyanoimine from cinnamaldehyde phenylnitrone with potassium cyanide, presumably 
via the 1,3-addition product55 (equation 42). 

0- 

PhCH=CHCH=yPh 80% MeOH - - H,O - PhCH=CHC=NPh 
I 
CN 

(42) 

I KCN 

6. Substitution by cleavage of carbon-carbon bonds 

Nucleophilic attack of cyanide anions on cyclopropanes results in ring-cleavage on 
condition that the resulting carbanion is sufficiently stabilized, as in equation (43)56- 

* (43) 
KCN 

Dhlsol2o~c 
24 h 
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The reaction of 3-e~zdo-alkoxy-2-exo-bromobicyclo[3.2.0]heptan-6-ones with 
potassium cyanide and catalytic amounts of methoxide yields the 5-endo- 
alkoxy-7-anti-cyanobicyclo[ 2.2.11 heptan-2-onesj7 (equation 44). The reaction 

apparently proceeds through a tricyclic intermediate, whose cyclopropane ring is 
cleaved by cyanide anion. 

The exchange reaction between labelled cyanide and the nitrile function of 
acetonitrile occurring in the presence of 18-crown-6 is formulated as a multistep 
sequence rather than the less likely S N ~  displacementSS (equation 45). 

CH3CN i- EN- - CH3-C=N- - m 

I 1  
CN 

n 
CH3-$=N- - CH$N + CN- (45) 

B. Transformation of Carbonyl Groups into Cyanoalkyl Groups 

Since S N ~  displacements on secondary halides with inorganic cyanides are 
frequently associated with difficulties, some interesting methods have been developed 
for the transformation of a carbonyl function into a cyanoalkyl group. These reactions 
are included here as being substitutions at least in a formal sense. 

One method involves the base-induced decomposition of methyl 
dialkylcyanodiazenecarboxylates~9. These compounds are prepared by condensation 
of methyl hydrazinecarboxylate with ketones, addition of hydrogen cyanide to the 
resulting hydrazones and final oxidation by bromine. Their decomposition with 
sodium methylate in methanol/ether leads to the dialkylacetonitriles, reaction with 
lithium methylate in the presence of an alkylating agent to the trialkylacetonitriles and 
finally treatment with alkoxide and dimethyl carbonate to dialkylcyanoacetic ester. 
The example with cyclohexanone shown in equation (46) may be illustrative. 

Arylsulphonylhydrazones may serve as starting materials for a similar 
transformatioil"". Addition of hydrogen cyanide gives the corresponding 
a-cyanohydrazines, which by thermal decomposition yield the dialkylacetonitriles 
(equation 47). With Ar = 2,4,6-triisopropylphenyl the hydrazone is heated with 
excess potassium cyanide in methanol to give the final product directlyb'. 

A review has appeared containing information about the use of 
tosylmethylisocyanide (TosMIC) in the transformation of carbonyl compounds62. 
This reagent is metalated by treatment with alkoxide bases in aprotic solvents6'.64, 
the anion then being reacted with aldehydes or ketones to give the 
1-formylamino-1-tosylalkene which with alkoxides in alcohols fragmentates to the 
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NNHC02Me 7 1. HCN o= 0 + H2NNHC02Me - 
NaOMe 

MaOHIEt 2O (?= NC02Me H 

\ LiOMeIglvme 

(MeO),CO 

NNHS02Ar KCN ()<CNNHNHSO2Ar * h  (CN (47) 

1330- * 
glyrne etc. 

c=o + ci\ici-i2iS R'\ 

R2/ 

nitrile (equation 48). The transformation may be performed in one step by alkoxides 
in alcoholic solution63. 

C. Reaction of Cyanogen Chloride or Cyanates with Nucleophiles 

Sulphinate anions may be transformed to the corresponding sulphonyl cyanides by 
reacting their aqueous solutions with an excess of cyanogen chloride at room 
t e m p e r a t ~ r e ~ ~ .  The less volatile phenyl cyanate may be used instead of cyanogen 
chloride €or many reactions. Prepared by the action of cyanogen bromide on 
phenol/triethylamine (equation 49) it cyanates lithium acetylides or metalated olefins 
(equations 50 and 51)66. Starting from the E or 2 olefins the corresponding products 
are obtained in isomerically pure form. 

n-pentanelEtzO ,- PhOCN 
-70°C 

PhOH + BrCN + Et,N (49 1 

R C r C L i  + PhOCN - RCECCN (50) 

H 
(51 1 

EtzO C6H13\ / 

H/c=c  'CN 
+ PhOCN 

C6H13\ /H  ,c = C\  
H Li 
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IV. PREPARATION OF NITRILES BY ELIMINATION 

A. Starting from Aldehydes, Ketones end their Derivatives 

1. Dehydration of oximes 

A variety of reagents are used to effect the dehydration of oximes (equation 52). 

RCH=NOH - RCN (52) 

Inorganic reagents which have been used are sulphuryl fluoride67, titanium 
tetrachloride-pyridie68 or  selenium dioxide69. Further examples are diphenyl 
phosphorochloridate, prepared from carbon tetrachloride70, methanesulphonyl 
choride/triethylamine7', hexafluoroacetic anhydride72, p-chlorophenyl 
chlor~sulphite/pyridine~~ or cyanuric chloride with ~ y r i d i n e ~ ~  or  triethylamine75. A 
one-pot method uses the reaction of an aldehyde with hydroxyiamine hydrochloride 
followed by dicyclohexylcarbodiimide in the presence of t r i e t h y l a m i n e / C ~ S O ~ ~ ~ .  At  
low temperature and neutral medium N,N'-carbonyldiimidazole is used77. 

Hydroxylamine hydrochloride in refluxing DMF converts aldehydes78 or 
3-chloropropeniminium salts, obtained a s  intermediates in the Vilsmeier-Haack 
synthesis, directly into nitriles (equation 53). Hydroxylamine derivatives such as 
hydroxylamino-0-sulphonic acid79 or 0-(2,4-dinitrophenyl)hydro~ylamine~~ may be 
used for the direct conversion of aldehydes into nitriles. 

- H20 

Additional examples of dehydrating agents are phenyl chloro~ulphite~'  and tri- 
fluoromethylsulphonic anhydride8*. 

2,4,6-Trinitrotoluene is converted to the benzonitrile in one step by treatment with 
nitrosyl ~hlor ide-pyridine~~,  the oxime nitrite being the intermediate (equation 54). 

NOCl -HNO 
ArCH3 [ArCH=NOH - ArCH=NONO] -.--& ArCN 

(54) 

A variety of dehydrating agents, whose action can be formulated via different oxime 
esters or ethers has been published (equations 55-60). 

r [RCH=N-0-CHO] - RCN (Ref.84) (55) 
H2NOHIHC02H 

reflux 
RCHO 

0 
HMPT I I  

RCH=NOH - [RCH=N-OO-PP(NM~~)~] - 
220°C 

- RCN (Ref. 85) (56) 

Me 
M e C E N E t  BF,- I 

RCH = NOH * [RCH=N-O-C=NEt] - RCN 

(Ref. 86) (57) 
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ch43,,F;=cCl2 
RCH = NOH * 

CI 
I +  

RCH=N- 0- C = NMe, - RCN 

(Ref. 88) (59) 

- RCN 

(Ref. 89) (60) 

Nitrosation of triphenylphosphoranes bearing electron-withdrawing groups on the 
carbanion centre yields oximes which decompose in analogy to the mechanism of the 
Wittig reaction (equation 61). Examples of this method have been reported with 
R = PhCH=CH-9O, PhC091,92 and T s ~ ~ .  

2. Beckmann  fragmentation^^^ 
Ketoximes are susceptible to cleavage reactions under electrophilic conditions, 

mainly with acylating reagents, provided there is in the a position a group A which can 
leave the molecule as a cation, such as a carbonyl function or a heterosubstituted 
carbon atom (equation 62). 

Monoximes of a-diketones react with thionyl chloride in refluxing methylene 
chloride to give the nitrile, e.g. equation (63)". 

Et Et  

In a one-pot reaction, phenylacetic acid is nitrosated in the presence of 
trifluoroacetic acid and its anhydride at low temperature, then heated to reflux to yield 
b e n ~ o n i t r i l e ~ ~  (equation 64). 

1 NaN02/CF3C02H/(CF3 COl@/O-20°C 
* PRCN (64) Ph CH 2COZH 2 reflux 
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The final steps in a preparation of chloropentacyanobenzene are bisnitrosation of 
diethyl 5-chloro-2,4,6-tricyanobenzene-l,3-diacetate with ethyl nitrite in DMF 
followed by treatment with phosphorus penta~hloride~’ (equation 65). 

CO2Et CO2Et 
I 

CH 
I 

C=NOH 

NC*N EtONO DMF ~ NC$: ___) PC15 

CI CH 2C02 Et CI C-COZEt 

CN 
CN NOH C N  “* CI CN (65) 

A mild fragmentation method involves the treatment of a-hydroxyketoxirnes with 
acid anhydrides or  halides in the presence of triethylamine or p ~ r i d i n e ~ ~ . ~ ~  (equation 
66). 

C N  

CH 
I 

A R’\ C=O + R3CN (66) R’C-C=NOH - 
A 2  A3 R2’ 

A =  (CF3S02.)20,(CF3CO)20 or CF3SOzCI in  Et3N or pyridine 

Dichlorocarbene, generated in a phase-transfer reaction from chloroform/alkali, 
converts oximate anions of a-hydroxyketoxirnes into the oxime dichloromethyl ethers, 
which decompose into nitriles and formic acidloo (equation 67). 

R’ R’ 
I 

I II 

I 

[: CCI - R$=O + R2CN + HC02H RlC-cR2 21_ R ’ i - c R 2  
119 ot- 
0- N OH N 

(67) 
I \  0 
0-CHCI-Cl  OH 

Cyclic ketoximes with suitable a substituents afford ring-cleavage products, e.g. 
equation (68)’O’. Ketoximes having one107 or twoYy methoxyl groups in the CI position 
react in an analogous manner. 3-Thiatetralone oxime is cleaved by thionyl chloride at 
room temperature to the corresponding chloromethyl thioether“” (equation 69). 
Treatment of 2-dimethylaminocyclohexanone oxime with tosyl chloride/alkali gives 
w-cyanovaleraldehyde’OJ (equation 70). 

OH 
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NOH 

Generation of a carbanion centre in the p position to the ketoxime function may 
lead to an olefin-forming Beckmann fragmentationlo5 (equation 71). 

N 

OTs 
I 

?&OK 

THF/O"C 
___f 

Another olefin-forming fragmentation starts from derivatives of camphor oximelo6. 
A mixture of two unsaturated ring-cleavage products results upon treatment with tosyl 
chloride/pyridine (equation 72). 

"OH 

3. Miscellaneous reactions 

Hydrazones of aldehydes offer the opportunity to synthesize nitriles by cleavage of 
the N-N bond, as in strongly basic media dimethy1hydra.zones of aromaticlo' o r  
t-alky1108 aldehydes decompose into the nitriles and dimethylamine (equation 73). 

RCH= N N W p  
L i l H N E r  -0 f i  

[RC=N-"Me2] - RCN f -NMe2 L H N M e 2  (73) 

Aldehyde hydrazones derived from heterocyclic hydrazines can be thermally 
cleaved to yield nitriles. The azomethine from benzaldehyde and a 1-aminopyridone 
yields befizonitrile and the pyridone after 1 h at 220°C109. In another nitrile synthesis, 
a pyrimidinedione derivative is usedl10 (equation 74). 

0 

250°C 
M e N t  PhCN 

AN NN=CHPh 0 
I I  

Me Me 

(74) 
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The dimethylhydrazone of p-methoxybenzaldehyde yields upon oxidation with 
hydrogen peroxide the corresponding nitrile together with 
N,N-dimethylhydroxylamine". This is a reaction analogous to the Cope olefin 
synthesis; the hydrazone N-oxide being the intermediate (equation 75). A similar 
reaction is observed with the m.onoxides of aldazines or mixed aldehyde-ketone 
azines, giving nitriles and oximes112 (equation 76). 

A c - - N  
CF3C03H 2 \  CH2C12 

ArCH=NN=CMe2 - I N=CMe2 7 ArCN + HON=CMe2 

b.7- (76) 
H o'+ 

The diphenylhydrazone of benzaldehyde has been transformed to benzonitrile by 
photochemical oxidation' 13. 2,6-Dichlorobenza!dehyde hydrazone is converted to the 
nitrile by oxidation with mercuric oxide1l4. Two mechanisms are considered possible 
via the corresponding diazo compound. Apparently by a redox reaction, aldehydes are 
transformed to nitriles by treatment with hydrazine/potassium cyanide, ammonia 
being the other reaction product1l5. An ammonium imide, generated by reaction 
between dimethylhydrazine and propylene oxide, converts benzaldehyde into 
benzonitrile, obviously by a Hofmann elimination reactionlL6 (equation 77). 

Me OH 
P h C W  I +  I 

Me2N-NH, + - HN--N-GCH,CHCH3 - 
I 

Me 

Me OH 
I +  I 

PhC=N-N-CH2CHCH3 - PhCN + Me2NCHZCHCH3 
I d  bl I 
H Me OH 
tOH- 

(77) 

Diphenylsulphimide is another reagent for the conversion of benzaldehyde into 
benzonitrile, diphenyl sulphide being the other reaction product'" (equation 78). 

Ph 

Ph 

/ Ph CsHs / 

PhCHO + HN=S, 5 h / 8 O o C *  PhCN + '\ 
Ph 

(78) 

B. Starting from Carboxylic Acids and t k l r  Derivatives 

Carboxylic acids can be directly converted into nitriles by treatment with 
aminosulphonic acid/urea at elevated temperatures118 (equation 79). An alternative 
method uses methanesulphonamide together with phosphorus penta~hloride"~. 

urea 
ArC02H + H2NS03H 2oo-2400c,, ,,* ArCN (79) 
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A most versatile reagent in carboxylic acid chemistry is chlorosulphonyl isocyanate, 
on which a review has been published120. It allows the introduction of a nitrile group 
into an arene sufficiently activated by electron-donating groups121 via an amide 
function (equation 80). On reaction with carboxylic acids chlorosulphonyl isocyanate 
give N-chlorosulphonamides which are decomposed to nitriles in DMF'22,123 (equation 
81). 

OMe 

25-30°C 
+ OCNS02CI - 

-cop DMF 
R C 0 2 H  + CIS02NCO - RCONHS02CI  - RCN f SO3 + H C I  (81) 

A variety of dehydrating agents have been reported for the conversion of amides 
into nitriles, such as HMPT124, pyrophosphoryl chloride125, the combination of 
triphenylphosphine and carbon tetrachloride 126, titanium 
tetrachl~ride/triethylamine~~~, phosphonitrile chloride12*, phosphorous acid 
tri~(diethylamide)'~~, cyanuric chloride130 or the classical method using phosphoryl 
chloride in the presence of either triethylaminel3I or NaC113*. As in the oxime series, 
dichlorocarbene, prepared in a phase-transfer system, will convert amides into 
nit rile^'^^ (equation 82). 

R C N  + 2 NaCl + N a 0 2 C H  (82) 

Phenyl- and diphenyl-acetamides react with three equivalents of n-butyllithium to 
give the corresponding (equation 83). 

The transformation of secondary amides into nitriles is possible by a thermal 
reaction catalysed by chlorotris(tripheny1phosphine)rhodium at temperatures from 
250-285°C135 (equation 84) or by reaction with hexamethylcyclotridazane at 
240°C136 (equation 85). 

PhCN (84) 
catalyst  

PhC0NHCH2Ph 285"C/2 rnin. 
t h e n  25OoC/6 rnin 
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CHCONHC6H,Me-p % Ph\CHCN 
Ph \ 

Ph' Ph' 
(85) 

A one-pot transformation of esters uses dimethylaluminium amide in boiling xylene, 
when a carbonamide or its aluminium derivative is the intermediate13' (equation 86). 

N-Trimethylsily!acetamide is converted by benzoyl chloride into a ~ e t o n i t r i l e ' ~ ~  
(equation 87). 

R'COOR2 + Me2AINH2 - R'CN (86) 

CH3CONHSiMe3 + PhCOCl CH3CN + CISiMe3 + PhC02H (87) 

Carboxylic acid derivatives other than amides may also serve as starting materials 
for nitrile syntheses, e.g., hydroxamic acids yield nitriles with d i ch lo r~ca rbene '~~  
(equation 88). 

R-CCJ - RCN 
&-CHCI 

(88) 
"-H CI '1 I NH 

+ [:CCl2] - 
H 

G N H  

RC\OH 

Triirondodecacarbonyl and methanol yield the hydridoundecacarbonyltriferrate 
anion, which is the active species in a reaction furnishing nitriles from aromatic 
hydroxamic acid chlorides140 (equation 89). 

[HF~~(COJI I - ]  
* ArCN 

/CI 
Arc, NOH 22 h/C6HS/reflux 

(89) 

Chloromethyl groups are transformed to nitriles by a sequence of steps of which the 
last one represents a fragmentation of a hydroxamic acid azideI4' (equation 90). This 
fragmentation bears close resemblance to the conversion of thiobenzoyl azide 
S-oxide'42 (equation 91). 

NaN3 4 O H  AcOH 
<-CsH,,ONO NOH - RCN DMF/Gh/r.t. 6 h/r.t. RCH2C1 HCl/dioxane * RC\ 

N3 

R = hetaryl  (90) 

-s=o 

PhC-N-NZA - - PhCN + SO + N 2  (91) 

Amidines give nitriles on reaction with 'dichlorocarbene in a phase-transfer 
system'43 (equation 92). 
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N-(Trimethylsily1)tolylbenzamidine exchanges its silyl group against the 
chlorothiocarbonyl group, the intermediate then fragmenting to benzonitrile, p-tolyl 
isothiocyanate and hydrogen chloride144 (equation 93). 

Oxidation of thioamides with hydrogen peroxide in the presence of pyridine yields 
nit rile^'^^ (equation 94). 

V. PREPARATION OF NITRILES BY RING-CLEAVAGE OF HETEROCYCLES 

Heterocyclic compounds containing at least one nitrogen atom in their ring-system 
may be valuable starting materials for nitrile synthesis. Mainly five- and some 
six-membered rings have been reported to undergo suitable cleavage reactions. 

Action of triethyl phosphite on 1,5-diphenyl-3-methyl-4-nitrosopyrazole results in a 
novel cleavage of the pyrazole ring, yielding the phenylimine of benzoy! cyanide and 
a ~ e t o n i t r i l e ' ~ ~  (equation 95). 

I 
Ph 

P h 4  

I 
Ph 

Ph-iN 

I +  
Ph 

CN 

Ph /'% NPh 
+ CH,CN I 

(95) 

A*-Pyrazolines unsubstituted at position 3 are rearranged photochemically to 
p-amin~nitriles'~' (equation 96). 

Ph 

Isoxazoles containing hydrogen in position 3 are known to be converted by bases to 
a-cyanoketones'. Ring-opening with strong bases under aprotic conditions results in 
the formation of acetoacetonitrile d i a n i ~ n s ' ~ ~  (equation 97). 

4-Alkylisoxazolin-5-ones are thermally converted to a-cyanocarboxylic acids149 
(equation 98). 

Benzonitrile and butanedione are the products of alkaline cleavage of 
3-phenyl-5-acetyl-2-i~oxazoline'~~ (equation 99). 
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Ph 
NaOH n! C - Me P H p - d t Z - 1  

' 0  

An cc-formylketone can be converted via 
a-cyanoketone 51 (equation 100). 

I 
COPH 

PhCN + CHSCOCOCH, (991 

the corresponding isoxazole into an 

V 

5-Phenylisoxazole, obtained 
hydrochloric acid, is cleaved 
(equation 101). 

n- 

by boiling 6-phenylpyrimidine-N-oxide with dilute 
to benzoylacetonitrile with sodium hydroxide152 

10%HCI 

Ph 

Fused-ring oxazoles react with singlet oxygen 
(equation 102). 

Na OH PhCOCH2CN (101) 
50%MeOH * 

to give o-cyanocarboxylic acidsxs3 

Thiophenols have been found to cleave the hetero ring of 3-chlorO- 
benzo[d]isothiazole at  40°C with formation of o-cyanodiphenyl- 
disulphides154 (equation 103). 
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Triazoloarenes eliminate molecular nitrogen on gas-phase pyrolysis to give a q l  
nitrenes, which rearrange to cyano-substituted cyclopentadienes' s5 (equation 104). 

H 

Lead tetraacetate oxidation of 4-amino-3,5-diphenyl-1,2,4-triazole gives the nitrene 
which splits into molecular nitrogen and two moles of b e n ~ o n i t r i l e ' ~ ~  (equation 105). 

N-N N-N 
p h x  ,>Ph a 2 PhCN (105) 

I 
NH2 

The scission of N-substituted 1,2,4-triazoles with n-BuLi allow!; a simple access to 
monosubstituted cyanamides15' (equation 106). 

Refluxing the triazolophthalazine shown in equation (107) in ethanol with a 
catalytic amount of potassium hydroxide produces the o-triazolylbenzonitrile15* 
(equation 107). 

N-N HN-N 

Benzo- and naphtho- furazanes can be photolytically deoxygenated with triethyl 
phosphite as oxygen acceptor to give Z,Z-butadienedinitriles. The reaction proceeds 
via the nitrile oxide159 (equation 108). 

1,2,5-Oxadiazole-N-oxides are deoxygenated with triphenyl phosphite a t  elevated 
temperatures to give two moles of nitrile16' (equation 109). 

Ph Ph 

(Ph013P 
270°C - 2 PhCN (1 09) 

The semicarbazone of 4-dimethylaminobenzaldehyde is oxidized with lead 
tetraacetate to yield 4-dimethylaminobenzoyl cyanide. Intermediates of this reaction 
are an imino-1,3,4-oxadiazoline, followed by an iminooxirane161 (equation 110). 

At 250°C 1,2,5-thiadiazole-l,l-dioxides lose sulphur dioxide with the production 
of two moles of nitrile'62 (equation 11 I). 
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0 
I /  

Pb(OAc1,  

2 h/O"C 
ArCH= NNHCNH, 

Klaus Friedrich 

The thermal decomposition of polymethylenetetrazoles yields substituted 
cyanamides. Pentamethylenetetrazole is cleaved to nitrogen and a mixture of 
N-cyano-2-methylpyrrolidine and 4-pentenyl~yanamide '~~ (equation 112). 

n 

I 

N=N CN 

Thermolytic fragmentation of quinoxaline- and quinoline-2,3-dicarboxylic an- 
hydrides in the gas phase gives phthalonitrile and 2-cyanophenylacetylene, res- 
pectively'64 (equation 113). 

0 

The thermal decomposition of 2-azidopyridine-1-oxides or  
2-azidopyrazine-1-oxides is accompanied by ring-contraction. T h e  products are 
2-cyano-1-hydroxypyrroles or 2-cyano-1-hydroxyimidazoles r e~pec t ive ly '~~  
(equation 114). 

OH 

Under acidic conditions 4-chloro-5-nitro-6-piperidinopyrimidine is cleaved to 
2-nitro-3-amin0-3-piperidinoacrylonitrile'~~ (equation 1 15). 
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c , 7 R 2  ACOHIH~O 3 h. re f lux  * 

N \  
NO2 

CI 

NR2 = N Z  

1369 

(115) 

VI. PREPARATION OF MITTRILES BY CONVERSION OF OTHER NITRILES 

One important aspect of nitrile chemistry is the stabilizing effect which the cyano 
group exerts on adjacent carbanion o r  radical centres. Many of the methods in this 
chapter take advantage of this effect. Cyanomethy!sulphoi-!e anions react with geminal 
dinitro compounds to give 0-nitrocyanosulphones which can be converted by reductive 
elimination into ~ y a n o a l k e n e s ' ~ ~  (equation 116). 

R2 CN 
I I 

I I 
NO2 

R l - c - ~ o ,  + --C-T~ DMF1r.t. 

R3 

CN 
R2  C N  

(116) 
I I  Na2S/DMF R' \ / 

R' - C- c - TS * R 2 / c = c \ ~ 3  
I I  

02N R3 

trurzs-Cinnamonitrile is metalated by LDA at low temperatures to give the a-lithio 
derivative, which furnishes alkenenitriles with alkylating agentsI6* (equation 117). 

Li 
I 

L D A i T W  PhCH=CHCN ____t PhCH=CCN z===== 
-115OC 

Me (117) 
I 

Me1 PhCH=C=C=NLi - P h C H Z C C N  

The Wittig-Horner olefin synthesis has been used in a solid-liquid two-phase 
system to prepare alkenenitriles169 (equation 11 8). 



1370 Klaus Friedrich 

sequence from a-bromoacrylonitrile and ammonia’70 (equation 119). 
Unsubstituted 2-cyanoaziridine is prepared by a Michael addition-ring-closure 

Thioalkylacetonitriles readily undergo Knoevenagel condensations with aldehydes 
or ketones in the presence of sodium ethylate171, p i ~ e r i d i n e ’ ~ ~  or Triton B173 (equation 
120). 

R’ \ /CN 
cat. ,c=c\ 

/CN 
c=O +CH2 - R’ \ 

R2’ ‘SR3 R *  SR3 
(120) 

a-Alkoxyacrylonitriles have been prepared by the Horner-Emmons modification of 
the Wittig reaction174 (equation 121). 

0 - 
,0CMe3 

(121) 
Me \ 

C=O + (Et012PCH P 
Me\ /c=c, I’ /OCMe3 NaH/THF 

Me / ‘CN Me CN 

A n  olefin synthesis especiaiiy suitabie for aiiphatic ketones or  aldehydes, giving 
2-alkenenitriles, uses 0-ethyl-S-cyanomethyl dithiocarbonate or ‘S-cyanomethyl 
diethyl phosphorothioate in a two-phase system’75 (equation 122). 

R’ 
I 

EtOCSCHCN 
II 
S 

0 R’ 

R 2  \ N a O H / H 2 0 / M e C N  

R3/c=o EtgljMe CI- * 
or + 

The use of the cyanosilylation products of aromatic aldehydes as carbonyl 
equivalents24~2s has already been reported in Section 1I.B. 

The radical chain reaction, started by the reduction of alkyl mercuric salts with 
sodium borohydride in the presence of electron-deficient alkenes has been used as- a 
nitrile synthesis. For example cyclopropanes, which are precursors for 3-methoxyalkyl 
mercuric salts, can undergo C-C bond-formation reactions with a~ ry lon i t r i l e l~~  
(equation 123). 
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Heavy metal (Ag, Mn, Pb, Cu) oxides initiate the radical addition of nitriles to 
terminal a l k e n e ~ ' ~ ~  (equation 124). 

CH3 
I 

CH3 

RCH 2CH 2CH C N  (1 24) 

Electrolysis of cyanoalkanes at  high electrode potentials (8-10 V) in the presence of 
bromoalkanes gives the cr-C-alkylation products'78. Aromatic compounds undergo a 
photochemical cyanomethylation reaction with chloroacetonitrile17y. Electrolysis of 
acetonitrile together with alkyl benzoates in acidic medium results in the formation of 
benzoylacetonitrile ' 80. 

The reaction of aroyl cyanides with dichloromethylenetriphenylphosphoranes, 
prepared in situ, provides a convenient synthesis of 2-aryl-3,3-dichloroacrylonitriles181 
(equation 125). 

b O 2  
I 

RCH=CH2 + CH2CN 2 2 0 0 C , , 0 h t  

Triphenyliminophosphoranes react with acyl cyanides to form iminonitriles' 82 

(equation 126). 

0 NPh 

(1 26) 
II CH2C12 II 

RCCN + Ph$'=NPh RCCN 

A number of Diels-Alder reactions have been reported using cyano-activated 
thiocarbonyls as dienophiles. The corresponding thiacyclohexenes are formed by 
addition of t h i ~ p h o s g e n e ' ~ ~ ,  methyl cyanodithioformatels4, thiomesoxalic 
d i a ~ n i d e ' ~ ~  *or N-substituted cyano th io f~ rmamides~~~  (equation 127). Methyl 

S 

cyanodithioformatels6 and cyanodithiof~rmamides'~~ have also been used in 
ene-addition reactions. 1,3-Dipoles add readily to cyanothioformamides'88. Cyanogen 
azide with olefins gives N-cyanoimines and/or l - c y a n ~ a z i r i d i n e s ~ ~ ~  (equations 128 and 
129). 

The reaction of cyanogen azide with enamines of cyclic ketones constitutes a new 
method for effecting r ing-contra~t ions '~~ (equation 130). 

Cyanogen azide reacts selectively with acylmethylenephosphoranes yielding 
N-cyano-a-diazoimineslY1 (equation 13 1). 

A modification of the 'hypoiodite reaction' has been used to transform the methyl 
group in position 13 in steroids into a cyanomethyl function. The photolysis of the 
11-nitrite converts this methyl group into a radical centre, to which the cyano group of 
a cyanohydrin in position 17 is transferredIy2 (equation 132). 

By heating dicyanomethylenesulphuranes with triphenylphosphine at 130°C for 
several hours dialkylmalonitriles are produced1"9lY4 (equation 133). 

Chloromethylenemalononitrile and ethyl chloromethylenecyanoacetate react with 
aromatic compounds in the presence of aluminium chloride to give the 
arylmethylenemalonic acid  derivative^'^^ (equation 134). 
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0 
II N3 -CN 

RCCH=PPhS 

NC-OH 

ONO+ ___) hv 

N 
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CN 

CN CN 

CN AIc13 / ArH + CICH=C< - ArCH=C, 

Malononitrile anion reacts with the tosylate of oximinomalononitrile yielding the 
highly stabilized tetracyano-2-azapropenide anion'96 (equation 135). 

- NC y................ CN CN base 0 NC,- / 
(1 35) _c) ,C-N-C, CH + TsON=C, 

NC' CN NC CN 

Further examples of polycyanocarbon anions or acids are the 
trimethylenecyclopropane dianions produced by the reaction of tetra- 
chlorocyclopropene and malononitrile (or cyanoacetic ester etc.) in the presence of 
sodium hydrideIg7 (equation 136) and the 1,2,3-tris(dicyanornethylene)croconates, 
obtained from croconic acid and malononitrile in aqueous solution198 (equation 137). 

t N  CN 

0 F C N  
NC 

VII. PREPARATION OF NITRILES BY MISCELLANEOUS METHODS 

Useful sources for the preparation of nitriles may be aliphatic nitro 
compounds, which can under certain conditions be reduced to yield the cyano 
function. Mainly compounds with phosphorus in lower valence state are 
used, such as tris(dimethylamino)ph~sphine~~~, phosphorus trichlorideZa0 or 
diphosphorus tetraiodide"I (equation 138). 

RCH2NO2 RCN (1 38) 

l-Bromo-l-nitro-2-phenylethylene reacts with 3 moles of triphenylphosphine to 

plrl 

give a cyano-substituted phosphonium cationzo2 (equation 139). 

r t  + Ph3P - PhCHCN Br- 
, NO2 

PhCH=C, 
Br I 

(1 39) 

PPh3 
+ 
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The decomposition of suitably structured azido compounds has been used to 
prepare nitriles. Primary azides are decomposed under the catalytic influence of 
palladium metal in refluxing benzene, a dialkylacetylene serving as a hydrogen 
acceptor203 (equation 140). 

a-Azidocarbonyl compounds on decomposition yield nitriles via azirines, for 
example azidocarboxylic acid chlorides204 (equation 141 a) or azidoketonesZfl5 
(equation 141b). 

0 
I I  p - x y l e m  

PhCH=CCPh 10 min reflux * I 
N3 

2-Azidocycloheptatrieneone decomposes in boiling cyclohexane to give 
2-cyanophen01~~~.  Monoazidobenzoquinones give, on thermal decomposition, 
ring-contracted products207 (equation 142) whereas 2,5-diazido-3,6-di(t-butyl)- 
benzoquinone is split into 2 moles of t-butylcyanoketene208 (equation 143). 

0 0 

0 

With bromine in acetic acid, cyclic a-azidoketones undergo ring-cleavage to produce 
dicarboxylic acid mononitriles209 (equation 144). 
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N3at ::r:o:t? H02C (1 44) 

0 Nc3 
The combination of lead tetraacetate and trimethylsilyl azide produces a reagent 

l P b ( 0 A ~ ) ~  - n(N3)n which cleaves olefinic bonds via the corresponding azidoaziridine 
to a ketone and a nitrile group21" (equation 145). 

Amines or  imines, on direct oxidation or on halogenation-elimination, may yield 
nitriles. N,N-Dichlorobutylamine reacts with caesium fluoride as a base in acetonitrile 
to give butyronitrile211. Triphenylphosphine acts as  a defluorinating agent on 
polyfluoroalky1amines2l2 (equation 146). 

2 b 3 P  

CFCI2CF2MF2 - CFC12CN + 2 Ph3PF2 (146) 

The autoxidation of benzylamine in the presence of an active cobalt oxide gives 
benzonitrile2I3. The reaction of benzaldehyde with ammonia in methanol/methylate 
anion followed by oxidation with iodine has been found to produce ben~onitrile"~. 
Bis(trifluoromethy1)-N-t-butylketenimine decomposes at  145°C to isobutene and the 
corresponding acetonitrile215. Benzaldimines on treatment with diisopropyl 
peroxidocarbonate generate benzimidoyl radicals which subsequently decompose to  
give nitriles216 (equation 147). 

N-Trialkylstannylketenimines may be transformed to bromonitriles with elementary 
bromine217 (equation 148). 

CN 

CN 

A generally applicable method for the conversion of nitrile oxides into nitriles under 
very mild conditions consists in reacting them with trimethyl phosphite'18 (equation 
149). 

IMEQl3P 
A r C 3 N O  - ArCN 

looT 

0-Benzoquinones, catechols or phenols are starting materials for the CU(II)- 
induced cleavage of C-C bonds in the presence of ammonia which furnishes 
mononitriles of muconic acids219 (equation 150). 
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1,2-diarninoben~ene*~~ (equation 15 1). 
cis, cis-Mucononitrile is produced by the Cu(r)-catalysed oxidation of 

VIII. PREPARATION OF ACETYLENES BY ELIMINATION REACTlONS 

A. Dehidroohalogenations 

When starting frnm alkanes or alkenes mainly potassium hydroxide or alkoxides are 
used as bases. Therefore potassium t-butylate221 or solid potassium hydroxide/glyme222 
convert vicinal dihalogeno compounds into the corresponding acetylenes (equation 
152). 

Hal 
I 

RICH-CHR~ - R ’ C = C R ~  
I 
Hal 

Hal= Br, I 

Solid potassium t-butylate in ligroin is aiso effective in the presence of 
18 -c r0wn-6~~~ .  The conversion of methylene ketones into acetylenes may be 
accomplished by treatment with phosphoryl chloride in DMF followed by 
dehalogenation of the chloroethene with potassium hydroxide in aqueous DMF224. 
Diphenoxyethyne is produced by dehydrobromination of the corresponding alkene 
with sodium amide in liquid ammonia225 (equation 153). 

Na NH2 

PhOCBr=CHOPh y PhOC-COPh (1 53) 

Activation of the hydrogen by a phosphonate group allows the use of weak bases for 
dehydrohalogenations226 (equation 154). 

Na&O,/H,O/MeOH 

r.1. 
-+ CH3-CEC (1  54) 

B. Dehalogenations 

The dichlorovinylation of enolates with trichloroethene in HMPT at low 
temperatures yields a-dichlorovinyl ketones which may be dehalogenated by 
t-butyllithium to give the corresponding a l k y n e ~ ~ ~ ~  (equation 155). 
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The ethynyl group may be introduced into the thiophen ring by reacting the 2-lithio 
derivative with 1 ,l-dichloro-2,2-difluoroethene followed by a reductive dehalogenation 
of the perhaloethene function with n-BuLi”* (equation 156). 

BuLi F&=CClt 
C4H,S - C,H3SLi - 

Wi 
C4H3SCF=CCI2 -40°c C4H3SC-CH 

C. Miscellaneous p-Eliminations 
The acylation of aralkyl sulphones and the subsequent formation of the enol 

phosphate esters from the resulting P-keto sulphones yields alkenes which may be used 
as precursors for acetylenes229 (equation 157). 

0 
II 

R’CX + R2CH,S02Ph - 

k 2  
I 
SO2Ph 

p-Chloro. ethers can be dechloroalkylated with lithium alkyls giving the 
corresponding acetylenes230. A method for the transformation of an alkynyl methyl 
ketone into a conjugated diyne uses p-elimination from the enol triflate231 (equation 
158). 

Terminal acetylenes are obtained by a similar method via the enol phosphate 
esters232 (equation 159). 

0 
I1 1 Na2c03 base 

RCrCC=CHz R C r C  -C-CH (158) 
I 
OSO2CF, 

RCEEc -C-CH3 2. ICF3SO2,&IC 

0 OP(OEt)2 
1 .2  eq. LDA 

R C E  CH (159) 
I I  1 L D A  I 

RCCH3 ‘‘=‘HZ 2 HCI IHP * 

LDA = Lithium diisopropylamide 

Reaction of methylene ketones with 2-chloro-3-ethylbenzoxazolium 
tetrafluoroborate in the presence of triethylamine converts them directly into 
acetylenes, the corresponding enol ether being an intermediate233 (equation 160). 

3-Chloro-2-propeneiminium salts add hydroxide ions, the adducts then fragmenting 
-to alkynes, formamides and chloride anion234 (equation 161). 

Benzoylation of hexaphenylcarbodiphosphorane yields an adduct which on 
thermolysis, in analogy to the final step of the Wittig synthesis, decomposes to an 
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0 
Et 
I 

ArCCHp + Et3N 

BF 4- 

R <  Me R2 

CI Me 
/ c =  CR' - CH -0- - + /  M+OH- \ /c= CR' - CH=N, 

CI I -HX * 

NMe2 

R2CGCR' + HCONMe2 + M'CI- (161) 

arylethynyl triphenylphosphonium cation and triphenylphosphine oxideZ3j (equation 
162). 

The pyrolysis of bis(dialkylamino)cyclopropenones, obtainable from 
tris(dialky1arnino)cyclopropenium cations, affords bis(dialkylamino)acetylenesz36 
(equation 163). 

PhCOCl + Ph,P=C=PPh3 

CI -CI 

PPh3 toluene + 

PPh3 CI- 

reflux PhCECPPh3 + Ph3PO 
4 

PhCOC,, 

CI- 

(1 62 

D. Elimination of Nitrogen from Hydrazones 

Some additional examples for this method have been reported during the last years, 
such as the oxidation of bishydrazones of 1,2-diketones by lead tetraacetateZ2' and the 
reaction of tosylhydrazones with methyllithium to give a diazo compound, which in the 
presence of a suitable leaving group such as a thio ether, may fragment 237 (equation 
164). 
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PhCkHSMe 

NNHTs 
II 

MeLi  

R w P 
PhC-CH-SMe - - PhCECR + N2 (164) 

E. Ring-cleavage of Heterocycles 
The reactions in this section are in fact eliminations, a C2 moiety of the heterocyclic 
system producing the acetylene unit. Flash pyrolysis of 
4-arylmethylene-5(4H)-isoxazolones at 700-800°C yields acetylenes238. 
1,2;3-Selenodiazoles, obtainable from ketones via the semicarbazones with selenium 
dioxide, on pyrolysis give acetylenes239. This method continues to be applied to the 
synthesis of cyclic  acetylene^^^^*^^^. A new acetylene synthesis is the reaction of 
3,4-disubstituted 4-halo-2-pyrazolin-5-ones with aqueous sodium hydroxide in the 
presence of potassium ferricyanideZ4’ (equation 165). 

The selective abstraction of the hydrogen in position 3 of 
l-mechyl-2,5-diphenyl-l ,4-dithiinium tetrafluoroborate in aqueous phosphate buffer 
leads to ring-cleavage and formation of an acetylenic thio ether242 (equation 166). 

Ph S C r C P h  
\ /  

* (166) NaH C 

C 
or b u f f e r  II 

:i/ ‘ S M e  
phx;.-H +S Ph +2- pH 6.8 

I 
Me BF, 

F. Fragmentations 
Besides the Eschenmoser methodZ43, which has found further use244, other 

fragmentations yielding acetylenes have been published. The conversion of methyl 
ketones into substituted p-chloroacroleins with phosphoryl chloride/DMF provides an 
access to acetylenes by reaction of the aldehyde with sodium hydroxide in aqueous 
d i o ~ a n ~ ~ ~  (equation 167). 

0 CI 

+ ArCGCH (1 67) NaOH I POCl II 
ArCCH, ArC=CHCHO 

DMF HsO/dioxane 

The reaction of 3-chlorocyclohex-2-enones with methyllithium at - 20°C gives the 
1,2-addition product which fragment at 200°C to the corresponding acetylenic 
ketone2jh (equation 168). 
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IX. PREPARATION OF ACETYLENES BY SUBSTITUTION REACTIONS 

A. Alkali and Alkaline Earth Metal Acetylides 

Lithium derivatives of terminal acetylenes have been used in reactions with five-247 
and six-ring lac tone^^^^, yielding the corresponding acetylenic ketones (equation 169). 

R T p  + L iCECR'  - R' (1 69) 
L c = o  L C C  C R 

F O H  

I I  
0 

2-Butynoic acid is transformed with n-BuLi at -78°C into the dianion which can be 
y-alkylated with haloalkanes, while metalation with LDA and alkylation in the 
presence of cuprous iodide at - 78°C gives the a-alkylation product instead249. At 
- 120°C propiolic esters may be alkylated with n-BuLi and the acetylide anions added 
to a variety of carbonyl compounds to give ethyl or methyl 4-hydro~y-2-alkynoates~~~ 
(equation 170). 

OH 
R$CO I 

HCGCC02R' n-BuLi L i C r C C 0 2 R '  t R$CC=CC02R1 (170) 

Cleavage of bis(trimethylsily1)butadiyne with the rnethyllithium-LiBr complex251 
gives the monometalated diyne which may be reacted with primary halo alkane^^^^ 
(equation 171). 

Me3SiC=CCfCSiMeg L i C r C C - C S i M e 3  R X  

R C G C C r C S i M e 3  (171) 

The enantioselective addition of monosilylated acetylene to benzaldehyde in the 
presence of n-BuLi with ( 2 S ,  2'S)-Zhydroxyrnethyl-l-[(-methylpyrrolidin-2-yl)- 
methyl]pyrrolidine as  a chiral ligand has been reported253. 

Di( 1 -alkynyl) sulphides are obtained by reaction of lithiated phenylacetylene with 
sulphur dichloride at -90°C254 (equation 172). 

1. BuL1/ -10~C 
P h C s  C S C E  CPh * PhC-CH 2. sc1~/-9o"c - (172) 
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The dianion prepared from phenyl propargyl selenide with LDA can be used as a 
synthetic equivalent of acrolein d i a n i ~ n ’ ~ ~ .  The reaction of an acetylenic Grignard 
reagent with methanephosphonic acid methyl ester chloride has been used to prepare 
acetylenephosphinic ester256. An improved synthesis of 1,4-diynes uses 
3-tosyloxypropyne instead of the corresponding bromide for the reaction with 
acetylene Grignard reagents257 (equation 173). 

HC=CCH,OTs + BrMgCECR HCECCH2C=CR (1 73) 
THF 

B. Aluminium and Silicon Acetylides 

Lithiation of terminal acetylenes with n-BuLi followed by reaction with aluminium 
chloride yields the corrzsponding aluminium compound, which can be used for the 
coupling with tertiary alkyl (equation 174). 

7% 
* ~ - B u C G C C C H ~ C H ~  1. BuLi 

2. AIC13 

C I Ct C H 3) 2C2H5 
n-BuC=CH - (n-BuC-C)gAl 

I 
CH3 

(1 74) 

Ethoxyacetylene may be converted into the diethylaluminium derivative via the 
iithium compound. These aluminium derivatives have been found useful for the 
opening of oxidocycloalkenes259 (equation 175). 

Et2AICI BuLi 
EtOCECH - EtOCGCLi t o l u e n e / - 4 ~ ~  * 

Aluminium acetylides have also been used for the nickel-catalysed conjugate 
addition to a$-unsaturated ketones, either with a nickel-aluminium catalyst”’ 
(equation 176) or  with a complex formed by reaction of Ni(acac)’ and 
diisobutylaluminium hydride (DIBAH)261. 

1. n-BuLi 6. Ni /A I  

t-BuC=CH 2, Me , M e O , A I C ,  - r-BuC= CAI (Me0)Me + 

OAl ( MeO) M e  

CZZCBu-t (176) 

Silylated acetylenes can be added to carbonyl compounds in a fluoride-ion-catalysed 
reaction266’ (equation 177). 
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PhCGCSiMe3 + 0 %N+F- P h C E C  Me3si00 (1 77) 
-2O--O"C 

Silylynamines will add across active triple bonds such as in acetylenedicarboxylic 
esters. The product is the result of an 1,3-anionic rearrangement of the trialkylsilyl 
group from carbon to carbon'63 (equation 178). 

C02Me 
Et ,NC -CSiWle3 I 

Et,  + + 
Me02CC-CC02Me 

c02Me 
I /  C02Me 

Et ,NC=CC=C, 
SiMe3 (178) 

C. Zinc, Copper and Palladium Compounds 

give terminal or internal a r y l a l k y n e ~ * ~ ~  (equation 179). 

acetylenes26s (equation 180). 

Alkynylzinc reagents undergo a palladium-catalysed reaction with aryl halides to 

A copper acetylide is an intermediate in the reaction of aryl iodides with terminal 

A o r B  
RC=CZnCI + Arl - RCECAr  

A = Pd(Ph3P),,6 = CI,Pd(Ph,P), + (i-Pr),AIH 
(1 79) 

Me3Si-(@! + H C 3 C R  - CUlPY M e 3 S i G C E C R  (180) 

The reaction of tetraalkylalanates, prepared by hydroalumination of 1-alkenes with 
lithium alanate in the presence of titanium tetrachloride, with bromopropadiene/CuCl 
has been found to be a convenient route to add the acetylene moiety to the terminal 
double bond'66 (equation 181). 

TICI, 
4RCH=CH2 + LiAIH4 THF- 

( RCH2CH2),AlLi 
H&=C = CH&/ CuCl 

* RCH,CH,CH,C= CH 

Allylic ethers of benzothiazole react with CU(I) acetylides to afford 1,4-enynes 
under complete regio- and stereo-selective 

The synthesis of acetylene carboxylates is possible by oxidative carboxylation of 
terminal acetylenes catalysed by  PdCl' without reducing the triple bond268 (equation 
183). 

The alkylation of terminal acetylenes by aryl or vinyl halides induced by palladium 
compounds continues to attract interest'69. Aryl bromides or  iodides have been 

(equation 182). 
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R2C= CCH2, c=c /H + a ) > O -  (182) 
H' 'R' 

reacted with monosilylated acetylene in the presence of a palladium complex and 
copper(x) iodide (equation 184). The method is also applicable to dihalides. 

C r C H  (184) 
hydrolysis 

C r C S i M e 3  - 
R R 

R = 0-  or p-NO,, CN, RCO 

Reaction of an alkynylzinc chioride, readily obtainable from the corresponding 
alkynyllithium compound and zinc chloride, with an alkyl bromide or iodide in the 
presence of a catalytic amount of a palladium-phosphine complex provides the 
corresponding terminal or internal e n y n e ~ * ~ . * ' ~  (equation 185). 

ZnCL2 mBuCH=CH LiC=CPs-n CIZnCfCPe-n ,Ph3P)4Pd,THF j n-BuCH=CHCsCPe -n (185) 

Dichlorobis(triphenylphosphine)palladium(~~) together with cuprous chloride 
catalyses the formation of 1-alkynyl ketones from terminal acetylenes and benzoyl 
chloridez7' (equation 186). 

(Ph3Pl2FWCI2/CuCI 
n-BuCrCH + PhCOCl Et3N/,Shlr,, * n-BuC3CCOPh (1 86) 

D. Boranes 
The iodine oxidation of alkynyltrialkylb~rates~~~ has found further use. The 

preparation of lithium acetylides with LDA avoids the competitively occurring 
addition to other functional groups by B U L ~ " ~  (equation 187). 

LDA R3 €3 
HC3CC02Et -76"~- LiCrCC02Et - 

12 
Li+ [ R,B-CGCCO,Et]- - RC=CCo2Et (187) 

The use of dicyclohexyl(methy1thio)borane allows the synthesis of unsymmetrical 
1.3-diynes by the route shown in equation (1 88)'74. 



(E)-1-Alkenyldisiamylboranes and (E)-l-alkenyl-l,3,2-benzodioxaboroles are 
obtainable via hydroboration of 1-alkynes. They react with 1-alkynyl halides or 
1-alkenyl halides in the presence of catalytic amounts of 
tetrakis(tripheny1phosphine)palladium and base to give the corresponding 
( E ) - e n y n e ~ ' ~ ~  (equation 189). 

(1 89) 
(f'h$')Pd/c~H~ 

H 
/ + R 2 C Z C B r  

R'\ /c=c\ 
H BX2 NaOEt/ref lux 

A route to conjugated enynones consists in reacting alkynylboranes like 
3,3-dimethyl-B-l-butynyl-9-borabicyclo[3.3.l]nonane as  THF complex with 
4-methoxy-3-buten-2-one and related  derivative^'^^ (equation 190). 

0 0 
I I  1. NaOH I I  

M e 3 C C G C - B q  + MeOCH=CHCCH 2. H202 + !'.'k3CC=CCi-l=CHCCH3 v 
(190) 

The alkynyltrialkylborate formed by reaction of propargyl chloride with 
tricyclopentylborane adds acrolein to yield 3-hydroxy-6-cyclopentylhex-l-en-5-yne277 
(equation 191). 

CICH,CrCH + (C-C5Hg)3B -?k!-+ 
TH F 
90 to 

- 80°C 

OH 

E. Haloacetylenes 

A convenient synthesis of internal acetylenes uses the reaction of alkynyl bromides 
with trialkylalanes in the presence of bis(N-methylsalicyla1dimine)nickel as a 
catalyst278 (equation 192). 

( i -Bu)gAl  + BrC-CCHC2H, aoC'pentane * i-BuCGCCHC2HS (192) 
I I 
CH3 [ ENMe] 2 Ni2' CH3 

X. PREPARATION OF DIAZONIUM CATIONS 

Only a few publications concerning the synthesis of diazonium cations have 
appeared since the last review article27y. The chemistry of alkenediazonium salts has 
been reviewedzsn and another review deals with the diazotation of heterocyclic 
aminesz8'. 
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18-crown-6 complex of 892-894 

complexes with 18-crown-6 898-901 
MO treatment of 610 

Benzenediazonium tetrafluoroborate, X-ray 
diffraction structure of 892. 893 

Benzeneselenol, as reducing agent for 
aromatic diazonium salts 593, 594 

Benzenesulphonyl chloride, addition to 
alkynes 365 

Benzenethiol, addition to alkynes 359 
Benzidine coupling 260 
Benzocyclobutanedione 384, 385 

Benzocyclobutanes 401 
Benzocyclobutanols 406 
Benzoic acid, biochemistry of 336 
Benzonitrile, 

as benzyne precursor 389 

anodic iodination of 260 
biochemistry of 336 
electroreduction of 722, 225. 226. 238. 739 
IR spectrum of 113. 114 
mass spectrum of 75 
PE spectrum of 139. 160-163 

radiolysis of 
structure of 1028 

ineta effect in 115, 116 
radical anions of 123 

199, 207, 208, 215 

Benzonitriles, IR spectra of 113-121 

Benzothiadiazole-1,l-dioxide, as benzyne 

Benzoylacetonitrile, synthesis of 11 3 1 
3-Benzoylamino-5-bromopyridine 468  
Benzoyl cyanide, 

precursor 388 

as acylating agent 1140 
biochemistry of 328 

Benzoyldiazomethane, mass spectrum of 92  
Benzoyl peroxide, as isocyanide oxidizing 

Benzylaminonitriles, rearrangement of 1 189 
Benzyl cyanide, acidity of 
Benzyl cyanides, mass spectra of 71-74 
Benzyl isocyanide, mass spectrum of 8 4  
Benzylisoquinoline alkaloids, synthesis of 

Benzylthiol, addition to alkynes 
Benzyne 383 

agent 560 

71 1 

869, 870 
360, 361 

as  dediazoniation intermediate 615 
[2+2]cycloadditions of 400, 401 
Diels-Alder reactions of 393-398 
dimerization of 392, 393 
1,3-dipolar cycloadditions of 398-400 
generation of 385-389 
lifetime of 392 
metal complexes of 413, 414 
reaction with nucleophiles 403-411 
structure of 384, 385 
trimerization of 392, 393 

BF2 chelate diazonium salts 675 
Bicycloheptylidenefluorenes 688 
Bicycle[ 2.2.0]hexenes, synthesis of 1001 
4,4’-Biisoquinolines 478 
Biphenylene 392 
Bis-K-allylnickel complexes. reaction with 

9,lO-Bis(cyanomethy1)anthracene dianion, IR 

1.4-Bis(cyanornethyl)benzene dianion, IR 

1,4-Bis(cyanomethyl)naphthalene dianion, IR 

Bis(dialkylamino)acetylenes. synthesis of 

1,4-Bis(cc-diazobenzyl)benzene, mass 

Bis(methanesulphony1)diazomethane 693 
2,4-Bis(methylthio)-5-brornopyrimidine 505 
2.6-Bis(methylthio)-4.S-didehydropyrimidine 

Bispolyfluoroalkylacetylenes. addition of 

isocyanides 879 

spectrum of 127 

spectrum of 127 

spectrum of 127 

1378 

spectrum of 88 

505 

elemental sulphur to 365 



Subject Index 1497 

Bis(tosylhydrazones), as precursors of 
aromatic nitriles 

Bisulphites, addition to alkynes 369 
Biuret reaction 212, 214 
Boranes, as reducing agents. 

for alkynes 580-582 
for nitriles 589, 591, 592 

Branching equation 296 
Bromine migration 467 

1 104, I 105 

- 
Bromoacetylene, carbon-bromine coupling 

in 1051, 1052 
1-Bromoalkynes, addition of hydrogen 

3-Bromo-2-aminopyridine 440 
4-Bromo-2-aminopyridine 440 
5-Bromo-2-aminopyridine 440 
5-Bromo-3-aminopyridine 440 
5-Bromo-4-t-butyl-6-deuteropyrimidine 501 
5-Bromo-2-f-butylpyridine 440 
5-Bromo-4-t-butylpyrimidine 499 
3-Bromocarbostyril 475 
3-Bromo-2-chloropyridine 453 
3-Bromo-4-chloropyridine 438 
3-Bromo-2-chloroquinoline 470 
3-Bromo-4-chloroquinoline 470 
3-B1-0mocoumarin 492 
4-Bromocoumarin 492 
Bromo-dediazoniation 641 
3-Bromo-2-deutero-4-ethoxypyridine, D/N 

exchange in 455 
2-Bromo-7-deutero-l,8-naphthyridine 491 
2-Bromo-2-deutero-4-piperidinopyridine 

2-Bromo-3-deuteropyridine 45 1 

3-Bromo-3-deuteropyridine. D/H exchange in 

5-Bromo-4(6)-deuteropyrimidine 497 
4-Bromo-2,3-diaminoquinoline 473 
2-Bromo-3,4-didehydro-l ,s-naphthyridine 

2-Bromo-3,4-didehydropyridine 441 
2-Bromo-4,5-didehydropyridine 441 
3-Bromo-4,s-didehydropyridine 441 
2-Bromo-3,4-didehydroquinoline 475 
2-Bromo-3,6-diethoxypyridine 45 1 
3-Bromo-2,4-diethoxypyridine 456 
5-Bromo-2.4-diethoxypyridine 456 
2-Bromo-5-dimethylaminopyridine 466 
l-Bromo-3,3-dimethyl-l-butyne, addition of 

hydrogen bromide to 350 
3-Bromo-2,5-dimethyIpyridine 441 
3-Bromo-2,6-dimethylpyridine 441 
4-Bromo-2.5-dimethylpyridine 441 
4-Bromo-2.6-dimethylpyridine 441 
3-Bromo-2,5-dimethylpyridine-l -oxide 445 
4-Bromo-2,6-dimethylpyridine- 1 -oxide 446 

bromide to 350 

45 8 

H/D exchange in 453 

462 

482,483 

5-Bromo-4-ethoxy-2,3-didehydropyridine 

2-Bromo-6-ethoxy-3-fluoropyridine 45 1 
4-Bromo-3-ethoxyisoquinoline 480 
3-Bromo-2-ethoxy-1 ,j-naphthyridine 481 
2-Bronio-3-ethoxypyridine 449, 464, 467 
2-Bromo-4-ethoxypyridine 465 
2-Bromo-5-ethoxypyridine 465 
2-Bromo-6-ethoxypyridine 447, 465, 467 
3-Bromo-2-ethoxypyridine 440. 482 
3-Bromo-4-ethoxypyridine 427, 455, 458 
4-Bromo-2-ethoxypyridine 440 
4-Bromo-3-ethoxypyridine 440 
5-Bromo-2-ethoxypyridine 440 
5-Bromo-3-ethoxypyridine 440 
3-Bromo-5-ethoxypyridine-1-oxide 447 
4-Bromo-3-ethoxypyridine-1-oxide 446 
2-Bromo-4-ethoxypyridyl 3-anion 426 
3-Bromo-2-ethoxyquinoline 472, 482 
3-Bromo-1-ethyl- 1,5-naphthyridin-2-(lH)- 

3-Bromo-2-fluoropyridine 453 
2-Bromo-3-hydroxypyridine 465, 466 
3-Bromo-2-hydroxypyridine 441 
4-Bromo-2-hydroxypyridine 441 
5-Brorno-2-hydroxypyridine 441 
2-Bromo(iodo) thiophene-3-bromo(iodo)- 

thiophene isomerization 426 
2-Bromo-4-isopropylpyridine 465 
1 -Bromoisoquinoline 478 
3-Bromoisoquinoline 478. 504 
4-Bromoisoquinoline 426 
Bromomalononitrile, 

456 

one 482 

addition to alkynes 358, 1231 
kinetics of proton transfer from 723 

2-Bromo-3-methylaminopyridine 466 
2-Bromo-5-methylaminopyridine 451, 466 
5-Bromo-3-methylisothiazole-4-bromo-3- 

2-Bromo-3-methylpyridine 465 
2-Bronio-4-methylpyridine 465 
2-Bromo-5-methylpyridine 465 
2-Bronio-6-methylpyridine 465 
3-Bronio-2-methylpyridine 440 
3-Bromo-4-methylpyridine 455 
4-Bromo-2-methylpyridine 439, 440 
4-Bronio-3-methylpyridine 440 
5-Bromo-2-methylpyridine 440 
5-Bromo-3-methylpyridine 440 
5-Bromo-6-methylpyrimid-4-one 498 
6-Bromo-2-methyl-l,3,5-triazanaphthalene 

2-Bronio-1 .j-naphthyridine 483 
2-Bromo-1.8-naphthyridine 491 
3-Bromo-1.5-naphthyridine 480 
3-Bromo-l,6-naphthyridine 483 
3-Bromo-1.7-naphthyridine 486 

methylisothiazole isomerization 426 

483 
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3-Bromo-1,8-naphthyridine 488 
4-Bromo-1,5-naphthyridine 480, 481 
4-Bromo-1.6-naphthyridine 483 
4-Bromo-l&naphthyridine 490, 491 
Bromonitriles, synthesis of 1375 
3-Bromo-4-N-(phenyl)aminomethylpyridine 

6-Bromo-4-phenylpyrimidine 500 
o-Bromopiperidinobenzene 459 
2-Bromo-4-piperidinopyridine 466 
2-Bromo-6-piperidinopyridine 465, 466 
3-Bromo-4-piperidinopyridine 441, 458 
3-Bromo-5-piperidinopyridine 441 
4-Bromo-2-piperidinopyridine 441 
5-Bromo-2-piperidinopyridine 441 
5-Bromo-3-piperidinopyridine 441 
1-Bromopropyne, addition of hydrogen 

2-Bromopyridine 464, 504 
3-Bromopyridine 429, 430, 437 
2-Bromopyridines 

3-Bromopyridines 

468 

bromide to 350 

441, 442, 447, 449-45 1, 

427, 429, 430, 437, 438, 
458, 464-467,474, 415, 504 

440-442, 447,453, 455, 456,458, 
462,464, 473, 482 

4-Bromopyridines 439-442, 464 
5-Bromopyridines 440-442, 455, 456, 464, 

2-Bromo-6-pyridone 465 
3-Bromo-4-pyridone 424, 425 
2-Bromopyridyl 3-anion 462 
4-( 2-Bromopyrid-3-y1)- 1 -cyano- 1,3- 

2-( 6-Bromopyndyl)-2’-(6’-methylpyridyl)- 

2-Bromo-4-(4’-pyridyl)pyridine 427 
3-Bromo-4-(4‘-pyridyl)pyridine 427 
5-Bromopyrimidine 496 
5-Bromo-4-R-pyrimidine 502 
5-Bromo-4-R-pyrimidines 499, 500 
6-Bromo-4-R-pyrimidines 499 
5-Bromopyrimid-4-one 498 
2-Bromoquinoline 472, 483 
3-Bromoquinoline 471 
4-Bromoquinoline 471 
3-Bromoquinoline-1-oxide 478 
N-Bromosuccinimide, as alkyne oxidizing 

Bromotrichloromethane 353 

5-Bromouracil 498 
Brown and Okamoto equation 117 
Biicherer-Bergs reaction 1176, 1177 
Butadienedinitriles, synthesis of 1367 
1.3;Butadiyne, 
‘-’C chemical shift anisotropies of 
I3C chemical shifts in 1042 

468 

butadiene 462 

methane 465 

agent 535, 536 

addition to alkynes 355, 356 

1043 

Butanenitriles, conformational preferences 

n-Butanethiol, addition to alkynes 363 
Butatriene biradicals 343 
t-Butoxypyridines 
t-Butylace tylene, 

of 809, 810 

430, 432, 438, 453, 464 

addition of sulphonyl bromides to 
cyclodimerization of 987 

368 

s-Butyl compounds, chiroptical properties 5 
n-Butyi cyanide, mass spectrum of 

t-Butyl cyanide, mass spectrum of 
t-Butylcyanoketene, synthesis of 1164, 

2-t-Butyl-4,5-didehydropyridine 440 
2-t-Butyl-4,5-didehydropyrimidine 498 
t-Butyl hydroperoxide, as oxidizing agent, 

58-61, 

59-61 
64, 65, 67, 68 

1165, 1374 

for alkynes 525 
for diazo compounds 566 

agent 562 
t-Butyl hypochlorite, as isocyanide oxidizing 

t-Butyl isocyanate 559 
n-Butyl isocyanide, mass spectrum of 
t-Butyl isocyanide, mass spectrum of 
Butyllithium, reaction with substituted 

t-Butylmalononitrile, kinetics of proton 

82-84 
82, 83 

pyridines 460 

transfer from 722, 723 
isotope effects on 729, 730 

chlorination of 352 
ozonation of 517 

addition to, 

1-Butyne, 

2-Butyne, 

of hydrogen bromide 349 
of tetrafluorohydrazine 375, 376 

cocyclodimerization of 987 
halogenation of 350 
oxidation of 516, 517 

bisulphite to 369 

ethanedithiol to 360 

2-Butyne-l,Cdiol, addition of sodium 

2-Butyne-1,Cdiol diacetate, addition of 

2-Butynoic acid 1380 
Butyronitrile, 

biochemistry of 335 
IR spectrum of 11 0 
mass spectrum of 58-61, 68 
structure of 1022-1024 

Calcium/ammonia, as nitrile reducing agent 

Carbanions, containing cyano groups, 1R 

Carbanion stabilization 288-290 
Carbenes 688 
Carbenium ion stabilization 281-284 

590 

spectra of 123-127 
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Carbenoid reactions, of isocyanidcs 

Carbocyclic compounds. synthesis of 1269, 
850, 851 

1270 
via cyanoethylation 1117-1121 
via nitriles 1169, 1170 

in synthesis of nitriles from aldoximes 

reaction with aluminium halide cs complexes 

Carbodiimides, 

1067 

of cyclobutadienes 1001, 1005 
Carbon-carbon triple bond, magnetic 

anisotropy of 1037 
Carbon disulphide, reaction with arynes 

410 
Carbon-13 labelling, 

97 ,100 ,102  

399, 

in IR studies 109, 110 
in mass spectral studies 

of pyridazines 495 

73, 74,92-94,96, 

Carbon-14 labelling, of pyrimidines 496 
Carbon-nitrogen double bonds, reaction with 

Carbon-oxygen double bonds, reaction with 

Carbon-phosphorus double bonds, reaction 

Carbon-sulphur double bonds, reaction with 

Carbon tetrachloride, addition to alkynes 

Carbonyl compounds, 

nitrile oxides 780-782 

nitri!e oxides 782 

with nitrile oxides 784 

nitrile oxides 779, 780 

353,354 

as nitrile precursors 868, 1079-1081, 

1190, 1195, 1196, 1217, 1218, 
1085-1091, 1109-1111, 1176, 1177, 

1220-1222, 1348-1350 
chiroptical properties of 43-45 
hydrocyanation of 1109, 1110, 1177, 

1192-1194, 1347, 1350 
Carbonyl cyanide, structure of 1029 
Carboxyanhydro-dediazoniation 641 
Carboxylic acids, 

addition to alkynes 357 
as nitrile precursors 1362 
synthesis from carbonyl compounds 868 

‘Cascade’ molecules, synthesis of 1128,1129 
Cassava meal 326 
Cation-exchange resions 258 
Cation radicals - see Radical cations 
Chain-extension, one-carbon 1165 
Charge-separation reactions 71 
Chemical shifts, in alkynes 1035-1042 
Chichibabin amination 473, 483 
Chiral compounds, synthesis via 

carbohydrates 1167 
Chiralitv functions 14, 16, 21, 23, 24 

N-Chloramines, addition to alkynes 373, 
374 

Chloramphenicol 331 
Chlorella species 329 
Chlorella vulgaris 331 
Chloroacetonitriles, IR spectra of 112 
2-Chloroacrylonitrile, IR spectrum of 113 
4-Chlorobenzonitrile, electroreduction of 

3-Chlorocarbostyril 475 
3-Chlorocoumarin 492 
4-Chlorocoumarin 492 
Chlorocyanoacetylene, synthesis of 1123 
Chloro-dediazoniation 641, 646 
2-Chloro-7-deutero-l,8-naphthyridine 491 
7-Chloro-2-deutero-1 &naphthyridine 426 
l-Chloro-3,4-didehydrobenzene 446 
Chlorodifluoroacetaldehyde tosylhydrazone 

3-Chloro-2,6-dimethylpyridine-l -oxide 

4-Chloro-3,6-diphenylpyridazine 495 
2-Chloro-6-ethcxypyridine 447 
2-Chloro-3-ethyibenzoxazolium 

tetrafluoroborate 839 
p-Chloroethylenediazonium ions, substitution 

Chloroform, addition to alkynes 
Chloromethanesulphonyl chloride, addition to 

Chloromethylenemalononitrile, synthesis of 

2-Chloro-6-methylpyridine, deprotonation at 

5-Chloro-2-methylpyrimidine 502 
2-Chloro-1,7-naphthyridine 488 
3-Chloro-1,6-naphthyridine 483 
3-Chloro-1,7-naphthyridine 486 
3-Chloro-l,8-naphthyridine 488 
4-Chloro-l,6-naphthyridine 483 
4-Chloro-1,8-naphthyridine 490 
8-Chloro-1,7-naphthyridine 488 
rn-Chloroperoxybenzoic acid, as alkyne 

oxidizing agent 521-524 
2-Chloro-6-phenylpyrazine 506 
4-Chloro-2-phenylpyrimidine 496 
6-Chloro-4-phenylpyrimidine 424 
N-Chloropiperidine, addition to alkynes 374 
2-Chloropyrazine 505, 506 
3-Chloropyridine 429 
3-Chloropyridine-1-oxide 445. 460 
2-Chloroquinoline 472 
4-Chloroquinoline 471 
N-Chlorosuccinimide, as alkyne oxidizing 

Chlorosulphonyl isocyanate, 

227, 228 

682 

446 

EGCtiGiS G f  685 
354, 355 

alkynes 365, 366 

1371, 1373 

C-6 461 

agent 535 

as cvanating agent for indoles 1108 ChiraliG order 15 I L  
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Chlorosulphonyl isocyanate (continued) 
in synthesis of nitriles from aldoximes 

Chromium chelate diazoniurn salts 675 
Chromium(v1) compounds, as alkyne 

Chromium(I1) reductions of alkynes 584, 

Chrornobacteriutn species 329, 334 
Chromobacteriurn violaceurn 330-332 
Chromophore 26, 37 

1067 

oxidizing agents 547 

5 85 

exciton model of 37-39 
of triple-bonded groups 26, 33 

CIDNP measurements, for dediazoniations 

Cine amination 500-503 
Cine substitutions 424, 425 

Cinnamonitriles, 

624-626, 629 

in benzyne 404 

IR spectra of 120 
thermochemical behaviour of 1228, 1230, 

1231 
Circular dichroism 26 

of acetylenes 27-35 
of carbonyl compounds 43-45 
of  cyclophanes 37-41 

of propynylamines 41-43 

for complexation of arenediazonium ions 

for dediazoniations 61  1. 61 2 
for nitrile sulphides 793 

CN radical, theoretical studies of 
Coalescence phenomena 81 9 
Cobalt complexes, reaction with isocyanides 

Cobalt(i1) compounds, as catalysts, 
for isocyanide reduction 595 
for nitrile reduction 592 

of &zo rnrnnniindS 36 
-""Y" -11 

CNDO/2 calculations, 

with crown ethers 894 

1307 

880,881 

Co(cyclotrimerization), of alkynes 1010, 

Composite substituent constants 282. 283 
Conformational equilibria, substituent effects 

Conjugated isocyanides, IR spectra of 130, 

Conjugated nitriles, IR spectra of 112-121 
Copper(o), complexes with isocyanides 

Copper(i), complexes with isocyanides 

Conper(1) chloride, as amine oxidizing agent 

Copper(i1) chloride, as diazo oxidizing agent 

Copper compounds. 

1011 

on 314-316 

131 

877-879 

875-877 

1074, 1075 

566 

as catalysts for diazoalkene 

in alkyne synthesis 1382, 1383 
Coulornbic electronic repulsion 481 
Crotononitriles, IR spectra of 113 
Crown ethers, 

dediazoniations 660, 661 

as phase-transfer catalysts for 
arenediazonium ion reactions in 
solvents of low polarity 911-913 

complexes with arenediazonium ions 
890-909, 911-914 

Cuprene, 
as acetylene radiolytic product 189-195 
IR spectrum of 192 

catalytic two-phase alkylation of 1137 
P E  spectrum of 

structure of 1018, 1019 
synthesis of 1367 

1346-1351' 

Cyanamide, 

140, 150, 164, 165 
Cyanamides, 

Cyanation 1261, 1264, 1267, 1268, 

via Nagata reagent 1192-1194 
via trimethylsilyl cyanide 1194-1 199 
via Wittig reagent 1190, 1191 

C-Cyanation reactions 1158 
Cyanides -see also Nitri!es 

in transesterification reactions 1180, 1181 
toxicity of 326, 335, 336 

Cyanide wastes 332 
Cyanoacetamide dianion. IR spectrum of 

Cyanoacetic acid dianion, IR spectrum of 

Cyanoacetylene, 

158 

128 

128 

PE spectrum of 

structure of 1017 
synthesis of 11 23 

138, 145, 152,  153, 157, 

a-Cyanoacrylic acids, decarboxylation of 

p-Cyanoalanine 331, 334. 335 
3-Cyano aldehydes, synthesis of 1143 
Cyanoalkanes, electrolysis of 1371 
Cyanoalkenes -see Alkenenitriles 
Cyanoalkyl anions 233. 235, 245 
Cyanoalkyldimethylsulphoniurn ions, 

electroreduction of 232-234 
Cyanoalkylphosphonium compounds. 

electroreduction of 235 
3-(Cyanoalkyl)quinolines 472 
4-(Cyanoalkyl)quinolines 472 
Cyanoalkyl radicals 260 
Cyanoamines, synthesis of 1347 
Cyanoamino acids 331, 332 
y-Cyano-a-aminobutyric acid 331. 334 
y-Cyano-y-aniinobutyric acid 335 

1084 
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9-Cyanoanthracene dianion, IR spectrum of 2(2-Cyanoethyl)-3-isoxazolin-5-one 

2-Cyanoaziridine, Cyanoformates, synthesis of 1143 

1-Cyanoaziridines 1371 LCBO MO models for 149 
Cyanobenzenesulphonamides, oxidation with 181, 182 

Cyanobenzyl cyanides, mass spectra of 73 structure of 1030 
Cyanoboration 1202-1 204 Cyanogen azide 1371 
Cyanoburadiyne, structure of 1017 1J-dipolar addition to alkenes 1 173, 
Cyanocarbanions, electronic effects in the 

Cyanocarbon acids, structure of 1025 

127 335 

structure of 1027 2-Cyanofuran, IR spectrum of 11 7. 1 1 9 
synthesis of 1370 Cyanogen. 

electroreduction of 234, 235 PE spectrum of 140, 145. 147 

1174 
stabilization of 714-717. 723 PE spectrum of 140, 166, 167 

in gas phase 712-714 as plant defensive agents 327, 328 
in solution 701-71 1 Cyanogen isocyanate. 

isotope effects on 729-732 structure of 1026 

acidity of 701-714 Cyanogenic glycosides 326-329 

kinetics of proton transfer from 717-732 isomerization of 1327-1330 

Cyanocarbons 1226-1243 Cyano group, 
a-Cyanocarboxylic acids, synthesis of 1365 
w-Cyanocarboxylic acids. synthesis of 1366 and radicals 131 5-1 320 
Cyano compounds -see aiso Cyanides, conformational preferences of 805-830 

Dicyano compounds, Nitriles. Polycyano dipole moment studies for 820. 821 
compounds directing and activating effects of 271. 

addition to alkynes 357, 358 273, 275, 281-291, 301-303, 311, 

PE spectra of 137-182 polar and conjugative effects of 714-71 7 
1181, 

as substituent in carbonium ions, carbanions 

chemical bond in 1332-1340 31 6-31 9 

analytical application to the optimization transformation into a methyl group 

interpretation of characteristics of Cyanohexatriyne, structure of 101 7 
of gas-phase reactions 179-182 1182 

177-179 Cyanohydrin esters, synthesis of 1 176 
Cyanocyclobutane, structure of 1027 Cyanohydrins 327, 328, 330 
7-Cyanocycloheptatriene, mass spectrum of carbohydrate 1 113-1 1 15 

74 protected 1112, 1113. 1260 
Cyanocyclopen tadienes, reactions of 1109-1 11 6, 1254, 1348 

acidity of 705, 706 structurally rigid 1198 
synthesis of 1367 synthesis of 1109-1115, 1348 

Cyanodiacetylene, structure of 101 7 
N-Cyano-a-diazoimines, synthesis Of 1371 Ar-Cyanoimidates. synthesis of 1 144, 1145 
8-C~ano-3,6-diethoxyquinoline 465 2-Cyanoimidazole 505 
l-Cyano-3,7-dimethylquinoline 465 Cyanoimines 1350, 1351, 1355 
Cyanodithioformamides 1371 N-Cyanoimines 1371 
Cyanodithioformates 1371 3-Cyanoindole 474 
a-Cyanoenamines. Cyanoketenes, synthesis of 1 164, 1165 

thio and seleno analogues of 11 14, 11 16 

as intermediates in synthesis of a-Cyanoketones, synthesis of 1366 
a-diketones 1125 Cyanolipids 328 

synthesis of 1091-1098 Cyanomethylation 1130-1135 
Cyanoe thanes, photochemical 1371 

conformational preferences of 810 Cyanomethyl group, transformation of methyl 
polymorphism of 811 group into 1371 

l-Cyano-3-ethoxy-4-cyano-1,3-butad~~~e 465 o-Cyanomethyl phenylisocyanide 474 
8-Cyano-4( 7)-ethoxy-7(4)-piperidino- 1 -Cyano-2-methyl-4-piperidino- 1,3-butadiene 

Cyanoethylation 1 11 6-1 130 Cyanomethylsulphones 1369 
Cyanoethylenes. PE spectra of 139-141, Cyanomethyltriphenylphosphonium cation, 

quinoline 465 465 

159. 172-175 electroreduction of 245 
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2-Cyanonaphthalene dianion, IR spectrum of 

Cyano nucleosides, synthesis of 
o-Cyanophenols, synthesis of 1354 
1 -Cyano-4-piperidino-3-aza-l,3-pentadiene 

l-Cyano-4-piperidino-1,3-butadiene 462, 

2-Cyano-5-piperidino-2,4-pentadiene 465 
2-Cyanopropene, IR spectrum of 113 
P-Cyanopropionic acid 335 
4-Cyanopyridine, electroreduction of 222, 

Cyanopyridines, 

127 
11 67 

466 

464 

223, 236 

IR spectra of 1 1  3 
PE spectra of 139; 160-164 
synthesis of 1354 

2-Cyanopyrrole, IR spectrum of 
3-Cyanopyrrole 466, 467 
8-Cyanoquinoline 462, 464 
Cyanoselenenylation 1350 
Cyanosilylation 1194-1199, 1347-1349 
Cyano steroids 337 
Cyano sugars, synthesis of l i 6 6 ,  1167 
N-Cyanothiocarboximidates, synthesis of 

Cyancthioformamides 1371 
synthesis of 1145, 1353 

1-Cyanothioformanilide, reaction with 

Cyanothioformates, synthesis of 1145, 1146 
2-Cyanothiophene, I R  spectrum of 117,119 
6-Cyanouracil, photoaddition to alkenes 

Cyclic alkynes, synthesis of 1379 
Cyclic oximes, ring-opening of 1071-1073 
Cycloaddition, 

11 7: 1 19 

1146 

isocyanates 1245 

1152 

of arynes 393-403 
of cycloimmonium ylids with triphenyi- 

cyclopropene 1250 
of DDQ 1216, 1217 
of isocyanides 847-850 
of nitrile oxides 752 
of nitrile sulphides 795-797 
photoinduced, of nitriles 
substituent effects on 298-301 

Cyclo butadienes, aluminium halide (J 

complexes of - see Aluminium halide cr 
complexes of cyclobutadienes 

Cyclobutanes, 1,3-disubstituted, confor- 
mational preferences of 807 

Cyclobutenyl cations 983 
Cyclodecyne, peroxidation of 523, 524 
Cyclodimerization of alkynes, 

11 5 1, 11 52 

by aluminium halides 982-988 
by organotransition-metal complexes 989, 

by proton acids 988, 989 
990 

1,7-CycIododecadiyne, intramolecular cyclo- 

Cyclododecyne, conformational mobility of 
dimerization of 984 

1052 
Cyclohexanes, 

conformational preferences of 806 
hyperconjugation in 808 

Cyclohexanethiol, addition to alkynes 361 
Cyclohexanone, addition to alkynes 357 
5-Cyclohexyl-2,3-dimethyl-2-penten-4-yne, 

Cyclohexylideneacetonitrile, synthesis of 

Cyclohexyl isothiocyanate 563 
Cyclononyne, peroxidation of 524 
Cyclooctyne, peroxidation of 524 
Cyclopentadienes 1007, 1008 
Cyclophanes, chiroptical properties of 25, 

Cyclopropane-( 1 ,l)-dicarbonitrile, structure 

Cyclopropanes, 

epoxidation of 516 

1130 

37-41 

of 1027 

ring-cleavage of 1355 
synthesis of 1135: 1136 

Cyclopropyl cyanide, structure of 1026, 

Cyclopropylphenylacetylene 692 
1 &Cyclotetradecadiyne, intramolecular 

cyclodimerization of 984 
1,7-Cyclotridecadiyne, intramolecular cyclo- 

dimerization of 984 
Cystathionase 334 
Cysteine 334 
Cystine 336 
Cytochrome oxidase 335 
Cytochrome P-450 337 

1027 

DDQ - see 2,3-Dicyano-5,6-dichloro-1,4- 
benzoquinone 

Deamination 594, 595 
Debromination 473 
1 ,g-Eecadiyne, cocyclodimerization with 

2-butyne 987 
2,8-Decadiyne, cyclodimerization of 984 
Decamethrin 336, 337 
Decyanation 1170-1173, 1253, 1260, 1262 
Dediazoniation, 

heterolytic 605, 613, 615-617, 620, 627, 

homolytic 605, 606, 613, 615-638 
of arenediazonium ions 604-651 

catalysed by metals and metal ions 

in alkaline aqueous solution 622-628 
in hypophosphorous acid 642 
in methanol and ethanol 
in presence of oxygen 
kinetic isotope effects in 608 

628 

635-638 

617-622, 642 
622, 627 
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products of 616, 617, 621 
SNAr mechanism for 

SNI mechanism for 606-613 
solvent effects on 613, 615-617 
via aryne intermediates 613-615, 618 
volume of activation for 610 ' 

of diazoalkanes 651-661 
catalysis of 660, 661 
via alkanediazonium ions 651-658 
via carbene intermediates 651, 658, 

607, 608, 627, 
653 

659 
photolytic 646-651 

quantum yields for 647 
Dehydrobenzene - see Benzyne 
Dehydrobromination, 

of 4-bromo-1,5-naphthyridine 481 
of 5-bromopyrimidines 503 

Dehydrocyanation, of nitriles 557-559 
Dehydrohalogenation 493 
Delocalization effects, on conformation 829 
Delocalized effects, of triple-bonded groups as 

substituents 272-275 
Deoxidation, of endoxides 453 
Deuterium isotope effects, 

in dediazoniations 608, 611 
i~ proton transfer from cyanocarbon acids 

in radiolysis of acetonitrile 203 

in IR studies 
in mass spectral studies 58,62,63,67-70, 

729-732 

Deuterium labelling, 
109, 113, 123, 129 

72-76, 85, 92 
Deuteroacetylene, radiolysis of 191 
3-Deutero-3-chloropyridine 434 
5-Deuteropyrimidines, H/D exchange in 499 
(Dewar)benzenes, synthesis of 991 
(Dewar)pyridones 1001, 1003 
Diacetylene, 

addition to, 
of n-butanethiol 363 
of dinitrogen tetroxide 373 

coupling constants for 1046 
PE spectrum of 145 

abbreviations for names of 938 
chiroptical properties of 10, 27-31 
monomer crystal packing requirements of 

polymerization of 938-952 

Diacetylenes, 

919-923 

kinetics of 940-943 
lattice mismatch in 938-940 
mechanism of 944-952 
polymer chain lengths in 944 

UV absorption of 29 
a-Diacetylenes, polymerization of 343 
Dialkylacetonitriles 1356 
Dialkylcyanoacetic ester 135 6 

Dialkylcyanodiazenecarboxylates, decompo- 

Dialkylmalononitriles, synthesis of 1371, 

Di(1-alkynyl) sulphides, synthesis of 1380 
2,3-Diamino-4-bromo-1,2-dihydro- 

2,3-Diamino-1,5-naphthyridine 463 
2,4- Diamino- 1,s-naphthyridine 483 
2,3-Diaminopyridine 440 
2,4-Diaminopyridine 440, 464, 466, 475 
2,5-Diaminopyridine 440, 464, 466 
3,4-Diaminopyridine 440 
3,5-Diaminopyridine 440 
4,6-Diaminopyrimidine 502 
2,3-Diaininoquinoline 472, 473 
2,4-Diaminoquinoline 473, 474 

sition of 1356 

1373 

quinolinide 473 

Dianions, containing cyano groups, IR spectra 
of 127, 128 

Diarylacetylenes, oxidation of 541 
truns-a,P-Diarylacrylonitriles, IR spectra of 

Diaryldiazomethanes, mass spectra of 88,89 
Oiastereotopism 1053 
2,ll-Diazachrysene 468 
2,9-Diazaphenanthrene 468 
Diazenyl radicais 625, 626 
1,2-Diazepines, reaction with tosylmethyl 

Diazirine, mass spectrum of 87 
Diazoacetate 626 
Diazoacetic ester, alkylation of 676 
Diazoacetonitrile, structure of 1021 
Diazoalkanes, 

dediazoniation of 604, 651-661 
mass spectra of 87-89 

113 

isocyanide 871 

a-Diazoalkenes 673, 688, 690 
Diazoanhydrides 623, 625, 629 
Diazoazides 673 
a-Diazocarbonyl compounds, 

as synthetic precursors, 
of alkenediazonium salts 673-678 
of a-carbonylnitrile oxides 747, 748 

mass spectra of 87, 89-97 

chiroptical properties of 5, 36 
cycloaddition to benzyne 398 
mass spectra of 86-104 
oxidation of 563-566 
reaction with aluminium halide CF complexes 

of cyclobutadienes 1007, 1008 

Diazo compounds, 

Diazocyclohexadien-1-ones, mass spectra of 

a-Diazocyclohexanone, mass spectrum of 96 
Z-Diazo-l,3-diketones, mass spectra of 94, 

Diazofluorene, ozonation of 564 
Diazo groups, transfer of 693 

97-103 

95 
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5-Diazohonioadamantan-4-one, mass 

Diazohydroxides 623 
2-Diazo- 1,3-indanedione imines 675 
2-Diazoindan-l-ones, mass spectra of 97 
u-Diazoketones. mass spectra of 89-91 
Diazomalonic ester 673, 674 
Diazomercurials, mass spectra of 
Diazomethane, 

dediazoniation of 653. 654 
mass spectrum of 87 

a-Diazonionoketones 675 
Diazonium carboxylates, as source of 

substituted benzynes 390 
Diazonium chelates 675 
Diazonium group, 

277 

Diazonium ions, 

spectrum of 97 

103, 104 

directing and activating effects of 

nucleophilic attackpuru to 905, 913 

acid-base equilibria of 623 
aliphatic -see also Alkanediazonium ions 

aromatic -see also Arenediazonium ions 

electron transfer to 630. 632 
mass spectra of 86 
radiolysis of 216, 217 
reduction of 593. 594 

271, 

604 

604 

Diazonium tetrafluoroborates 675 
Diazo oxides, mass spectra of 
3-Diazooxindole, mass spectrum of 97 
9-Diazo-] O-ox0-4,5-methylenephenanthrene, 

9-Diazo-lO-oxophenanthrene, mass spectrum 

3-Diazo-2-oxothianaphthane, mass spectrum 

Diazophenanthrone 686 
2-Diazo-2-phenylacetophenone, oxidation of 

Diazoreprographic process 646, 650 
Diazo tars 422, 628 
Diazotate radicals 625 
1,4-Dibenzoxy-2-butyne, ozonation of 5 17 
5,5'-Di[2,4-bis(methylthio)pyrimidyl] 505 
6,6'-Di[2,4-bis(methylthio)pyrimidyl] 505 
3,5-Dibromo-2.4-diethoxypyridine 456 
3.6-Dibronio-2,4-diethoxypyridine 456 
2.5-Dibromo-4-ethoxypyridine 456 
3.5-Dibrom0-4-ethoxypyridine 456 
2.3-Dibromo-4-e thoxypyridine-2,5-dibromo- 

4-ethoxypyridine isomerization 426 
2.3-Dibronio-4-ethoxypyridyl 5-anion 476 
3.4-Dibromoisoquinoline 478 
2.3-Dibromo-4-methoxy-5.8-dihydro- 

2,3-Dibromo-1.5-naphthyridine 483 

87, 97-103 

mass spectrum of 102, 103 

of 102, 103 

of 97 

566 

quinoline endoxide 460 

2.6-Dibromo-1.5-naphthyridine 483 
2,3-Dibromopyridine 441, 442. 464 
2,4-Dibromopyridine 441, 442, 464 
2.5-Dibromopyridine 441. 442, 464 
2.6-Dibromopyridine 464 
3,4-Dibromopyridine 441 
3.5-Dibromopyridine 441 
2,3-Dibromoquinoline 475 
2,4-Dibromoquinoline 475 
3,4-Dibromoquinoline 475 
2,3-Dibromoquinoline-2.4-dibromo- 

Dibutylacetylene, addition of nitryl chlorides 

Di-r-butylacetylene, peroxidation of 523 
Dicarboxylic acid mononitriles 1374, 1375 
Dichloroacetylene. addition to, 

quinoline isomerization 426 

to 373 

of bromotrichloromethane 355 
of nitryl chlorides 373 
of trichlorosilane 370 

1 -2R-3,4-Dichloro-5.8-dihydroisoquinoline- 
5,s-endoxide 442, 443 

Dichloroindophenol, as stimulator of HCN 
biosynthesis 330 

4,5-Dichloro-2-phenyI-3(2H)-pyridazinone 
495 

5.6-Dichloro-4-piperidino-2.3-didehydro- 
pyridine 460 

2,3-Dichloro-4-piperidino-5 .S-dihydro- 
quinoline 5.8-endoxide 460 

Dichlorovinylation. of enolates 1376 
Dicyanoacetylene, 

PE spectrum of 140, 153 
reaction with triphenylphosphine 1161 

Dicyanoanthracene, reaction with acetonitrile 

Dicyanoargentates, displacement of halide by, 

Dicyanobenzenes, 

1149, 1150 

in isocyanide synthesis 842 

IR spectra of 113 
mass spectra of 76 

1,4-Dicyano-2-butene, kinetics of proton 

Dicyanocarbene, 1.4-addition to cycloocta- 

Dicyano compounds, PE spectra of 140, 

interpretation of characteristics of 178 

reactions of 1162. 1163 
synthesis of 1161, 1167 

transfer from 721-723 

tetraene 1163, 1164 

141. 167-172 

1.2-Dicyanocyclobutene, 

2.3-Dicyano-5,6-dichloro-l,4-benzo- 
quinone (DDQ) 1209. 1266, 1267 

cycloaddition of 
in benzylic hydroxylation 1213, 1214 
in benzylic oxidation 1210-1213 
in dehydrogenation 1210-1212 

121 6, 12 17 

of ketones 1217, 1218 
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of nitrogen and oxygen heterocycles 
1212, 1213 

in oxidation, 
of allylic alcohols 1220 
of benzylic alcohols 
of hydroxychromens to ethers 12 16 
Of  Silyl en01 ethers to a,P-unsaturated 

ketones 1218. 1219 
in synthesis of 1.5-naphthoquinune 

mechanism of oxidations using 
synthesis of 1210 

Dicyanoethene 505 
structure of 1029 

Dicyanoketene, structure of 1028 
1,4-Dicyanonaphthalene, photochemical 

1.3-Dicyanopropene 466 
1,2-Dicyanotetrafluoroethane, structure of 

3,4-Didehydrocarbostyril 475 
Didehydrocoumarins 492 
3,4-Didehydro-2-ethoxy- 1,5-naphthyridine 

2,3-Didehydro-4-ethoxypyridine 455 
2.5-Didehydro-4-ethoxypyridine 455 
3.4-Didehydro-2-ethoxyquinoline 482 
3.4-Didehydro-1 -ethyl- 1 ,5-naphthyridin- 

3,4-Didehydroisoquinoline 478 
Didehydroisoquinolines 478-480 
2,3-Didehydro-1.5-naphthyridine 480 
3,4-Didehydro-1,5-naphthyridine 480 
3,4-Didehydro-1,6-naphthyridine 483, 486, 

3,4-Didehydro-l,7-naphthyridine 486, 490 
3,4-Didehydro-l.8-naphthyridine 488 
Didehydro-1.5-naphthyridines 480-483 
Didehydro-1.6-naphthyridines 483-486, 

Didehydro-1.7-naphthyridines 486-488,490 
Didehydro-l,8-naphthyridines 488-49 1 
2,3-Didehydro-4-piperidinopyridine 458 
3,5-Didehydro-4-piperidinopyridine 459 
2,3-Didehydropyrazine 505 
2,s-Didehydropyrazine 505 
3,5-Didehydropyrazine 505 
Didehydropyrazines 505-507 
3,4-Didehydropyridazine 493 
3.5-Didehydropyridazine 493 
4.5-Didehydropyridazine 493 
Didehydropyridazines 493-496 
2,3-Didehydropyridine 433, 445. 451-455 
2.4-Didehydropyridine 447-45 1 

electron density in 448 
2,5-Didehydropyridine 455 
3.4-Didehydropyridine 429-439, 444, 447. 

12 14, 12 15 

121 5. 
1216 

12 1 0  

benzylation of 1155, 1156 

1029 

482 

2(1H)-one 482 

490 

490 

addition of nucleophiles to 437. 438 
Didehydropyridine intermediates, addition to 

2.3-Didehydropyridine-1-oxide 460, 46 1 
3,4-Didehydropyridine-l-oxide 445-447, 

2.3-Didehydropyridines 455-460 
2,6-Didehydropyridines 449, 461-468 
3,4-Didehydropyridines 439-445 
4,5-Didehydropyridines 439. 442, 444 
5.6-Didehydroppridines 442 
4,5-Didehydropyrimidine 496 
4.6-Didehydropyrimidine 496 
Didehydropyrirnidines 496-505 
5.6-Didehydro-4-R-pyrimidines 499 
5,6-Didehydropyrimid-4-one 498 
2,3-Didehydroquinoline 470, 472 
2,4-Didehydroquinoline 474 
3,4-Didehydroquinoline 470, 481, 483, 490 
3,4-Didehydroquinoline-l-oxide 478 
3,4-Didehydroquinoline-l-oxides 470. 478 
3.4-Didehydroquinolines 470-478 
Didehydrouracils 498 
Diels-Alder adducts, with dicyanoacetylene 

Diels-Alder reactions 1371 

468 

460 

1160, 1161 

of arynes 393-398 

substituent effects on 298-300 
silver catalysis of 398 

3,6-Diethoxy-2,4-didehydropyridine 45 1 
Diethyl azodicarboxylate-triphenylphosphine 

reagent. in synthesis of nitriles from 
thioarnides 1074 

agent 1350 
Diethyl phosphorocyanidate. as cyanating 

Difluoraniination. of alkynes 374-376 
Difluorocyanamide, structure of 1019 
5,8-Dihydro-?-r-butyIquin~zoline-5,8- 

5,8-Dihydroisoquinoline-5.8-endoxide 429, 

5,8-Dihydro-2-phenylquinazoline-5,8- 

Dihydropyridines, con formational preferences 

Diiminosuccinonitrile, conformational 

Diisobutylaluminium hydride. as reducing 

endoxide 498 

438 

endoxide 498 

of 830 

preferences of 827 

agent, 
for alkynrs 
for nitriles 588. 591 

579, 580, 1082. 1083 

1.3-Diketonitriles. synthesis of 
Dimedonyl derivatives, chiroptical properties 

1.2-Dimethoxyethane, in reduction of 

1 141-1 143 

of 41-43 

aromatic diazonium ions 593 
Dimethylacetylene, coupling constants for 

47 1 1045 
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Dimethyl acetylenedicarboxylate, addition to, 
of ethanethiol 360 
of tetrafluorohydrazine 374 

3-Dimethylamino-6-ethoxy-2,4-dide hydro- 

2-Dimethylamino-4-lithio-3,5,6-trichloro- 

5-Dimethylamino-2-piperidinopyridine 466 
3,3-Dimethyl-l-butyne, addition of silanes to 

3,3-Dimethyl-l-(2-~arboxyphenyl)triazene, as 

Dimethyl cyanamide, structure of 1019 
Dimethyl diazomalonate, mass spectrum of 

2,5-Dimethyl-3,4-didehydropyridine 441, 

2,6-Dimethyl-3,4-didehydropyridine 441 
2,6-Dimethyl-3,4-didehydropyridine-l-oxide 

446 
2,2-Dimethyl-1,3-dioxane, addition to alkynes 

358 
2,2-Dimethyl-1,3-dioxolane, addition to 

alkynes 358 
Dimethyl disulphide, addition to acetylene 

365 
Dimethylethynyl carbinol, addition of bromo- 

trichloromethane to 355 
N,N-Dimethylhydrazine + oxirane reagent, in 

synthesis of nitriles from aldehydes 
1078, 1079 

Dimethylpropargylic alcohol, addition of tri- 
phenylgermane to 371 

2,2-Dimethylpropionitrile, mass spectrum of 
62, 64, 66 

Dimethyl sulphoxide, 

pyridine 451 

pyridine 442, 443 

370, 371 

benzyne source 387 

96 

445 

as isocyanide oxidizing agent 
reaction with benzyne 410 

560, 561 

Dinitriles, conformational preferences of 

Dinitroacetonitrile, carbanion of, IR spectrum 

N-2,4-Dinitroanilines, chiroptical properties 

Dinitrogen tetroxide, addition to alkynes 

Diorganoboranes 5 81 
1,4-Dioxane, in reduction of aromatic 

diazonium ions 593 
1,3-Dioxolane, in reduction of aromatic 

diazonium ions 593 
Diphenoxyethyne, synthesis of 1376 
Diphenylacetylene 687, 69 1 

812-816, 822, 823, 827 

of 126 

of 41-43 

372, 373 

addition of tetrafluorohydrazine to 374 
bromination of 537 
ozonation of 5 18 
peroxidation of 520, 521 

Diphenylbutadiyne, 13C chemical shifis in 
1041 

't Index 

Diphenyldiacetylene, 
addition of dinitrogen tetroxide to 
relaxation time for 1044 

Diphenyldiazomethane, 
ozonation of 564 
photooxidation of 565 

IR spectrum of 127 

373 

1,1 -Diphenyl-2,2-dicyanoethylene dianion, 

3,6-Diphenyl-4,5-didehydropyridazine 495 
Diphenyliodonium-2-carboxylate, as benzyne 

Diphenylvinylamine, nitrosation of 687 
Diphosgene 839 
Diphosphorus tetraiodide, in synthesis of 

nitriles from aldoximes 1069, 1070 
2,4-Dipiperidinopyridine 441, 464-466 
2,5-Dipiperidinopyridine 441, 464 
2,6-Dipiperidinopyridine 464-466 
3,5-Dipiperidinopyridine 441 
1,3-Dipolar cycloaddition, 

of arynes 398-400 
of nitrile oxides 752-784 

effect on conformation 809, 811 
in nitrile-crown ether systems 829 

source 387 

Dipolar interactions, 

Dismutation 225, 226 
Disproportionation electron-transfer reactions 

Eissoiving metal reductions of alkynes, trans 

Disulphides, 

224 

alkenes from 585, 586 

addition to alkynes 364, 365 
synthesis of 359, 360 

Di(trifluoromethyl)acetylene, "F chemical 

Divinylacetylene, addition of p-toluenethiol 

Divinylamines 688 
Diyne-allenes, chiroptical properties of 5 
Diynes, synthesis of 
Donor-acceptor interactions, effect on 

shifts in 1042 

to 363 

1377, 1381, 1383 

conformation 809, 814 

ECE mechanism 243, 244 
Eclipsing interaction, in cyclohexanones 822 
EC mechanism 243, 244 
EE mechanism 244 
EHT calculations, 

for didehydropyridine-1-oxides 446 
for didehydropyridines 423,434,437,462 
for didehydropyrimidines 496 

Eigen plots, for cyanocarbon acids 723, 724 
Electrical effects, of triple-bonded groups as 

Electrocatalysis 229 
Electrohydrocyclization 241 
Electrohydrodimerization 234, 237, 238, 

Electron-acceptor compounds 201 

substituents 272-278 

240-244 
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Electronic demand 290-292 
Electronic spectroscopy, of poly(diacety1enes) 

956-963 
Electron impact studies 199, 200 
Electron-transfer reactions, photosensitized 

Electrooxidation, of cyano and isocyano 

Electrophilic aromatic substitution, substituent 

Electroreduction, of cyano compounds 

Electrostatic effects, on conformation 809 
Enamines, 

251 

compounds 260-263 

effects on 292-294 

222-244 

cyanation of 1092 
reaction with cyanogen azide 1371 

Enaminonitriles, synthesis of 1091-1098 
Ene reactions 397, 401-403 
Enoldiazonium ions 675 
Enthalpy of ionization, of strong cyanocarbon 

Entropy of ionization, of strong cyanocarbon 

Enynes, 

acids 705 

acids 705 

addition to, 
of nitrogen-centred free radicals 374 
of organotin hydrides 371 
of sulphur-centred free radicals 362, 

368 
chiroptical properties of 
halogenation of 350 
synthesis of 1383, 1384 
UV spectra of 29 

Enynones, synthesis of 1384 
5,8-Epoxy-5,8-dihydro-l ,I-diphenyl- 

ESCA spectroscopy, of crown ether complexes 

Eschenmoser method 1379 
Esters, addition to alkynes 357 
Ethanedithiol, addition to alkynes 360 
Ethanethiol, addition to alkynes 
Ethers, 

7, 27, 33-35 

phthalazine 495 

with arenediazonium ions 895 

360, 362 

addition to alkynes 358 
reaction with arynes 408 

Ethoxybromoisoquinolines 478 
4-E thoxy-2-bromopyridine- 1 -oxide 460 
4-Ethoxy-3-bromopyridine-1-oxide 460 
2-Ethoxy-3,4-didehydropyridine 440 
2-Ethoxy-4,5-didehydropyridine 440 
3-Ethoxy-2,4-didehydropyridine 449 
3-Ethoxy-4,5-didehydropyridine 440 
4-Ethoxy-2,3-didehydropyridine 427 
6-Ethoxy-2,4-didehydropyridine 447 
3-Ethoxy-4,5-didehydropyridine-l-oxide 446 
4-Ethoxy-2,3-didehydropyridine-l -oxide 

5-Ethoxy-2,3-didehydropyridine-l-oxide 
460 

2-Ethoxy-3,4-didehydroquinoline 472 
Ethoxy group, directing effect of 455 
4-Ethoxy-2-methylpyrimidine 447 
2-Ethoxy-3-(phenylthio)-pyridine 440 
2-Ethoxy-4-(phenylthio)pyridine 440 
3-Ethoxy-2-(phenylthio)pyridine 464 
3-Ethoxy-5-(phenylthio)pyridine 440 
6-Ethoxy-2-(phenylthio)pyridine 465 
3-Ethoxy-2-piperidinopyridine 464, 465 
4-Ethoxy-2-piperidinopyridine 465 
5-Ethoxy-2-piperidinopyridine 465 
6-Ethoxy-2-piperidinopyridine 465 
6-Ethoxy-4-piperidinopyridine 465 
4-Ethoxypyridine 455 
2-Ethoxy-6-pyridone 465 
3-Ethoxy-2-pyridone 464 
4-Ethoxypyridyl 3-anion 458 
Ethyl acetocyanoacetate, acidity of 702 
Ethyl cyanide -see Propionitrile 
Ethyl cyanoacetate, addition to alkynes 
Ethyl diazoacetate, oxidation of 566 
Ethylenediazonium hexachloroantimonates 

680, 682 
Ethylenediazonium tetrachloro(to1uene- 

su1phinato)stannates 682 
Ethyl isocyanide, mass spectrum of 

Ethynes, trialkyltin-substituted, addition of 
bromotrichloromethane to 355 

Ethynyl ethers, addition of ethanethiol to 
362 

Ethynyl thio ethers, addition of ethanethiol to 
362 

Exchange reaction, between labelled cyanide 
and nitrile function 1356 

Excited states 27 

357 

83, 84 
E t h y ! v i ~ ! ~ g ~ i ~  cation iadic2 226 

of acetylenes 27-31 
of diazo compounds 36 

Ferricyanide, as stimulator of HCN 

Field effects 293 
Firestone’s mechanism, for nitrile oxide 

1,3-dipolar cycloadditions 754 
Flash photolysis, of amines in acetonitrile 

200 
9-Fluorenecarbaldehyde tosylhydrazone 680 
Fluorescence quenching 1149 
Fluoroacetylene, 13C chemical shifts in 1042 
Fluorobenzenediazonium iom, complexes 

with 18-crown-6 898, 899 
Fluoro-dediazoniation 640, 641 
l-Fluoro-3,4-didehydrobenzene 446 
3-Fluoro-4-lithiopyridine 430 
3-Fluoropyridine 429, 430 
4-Fluoropyridine 434 
3-Fluoropyridine-1-oxide 460 
3-Fluoro~vridvl 4-anion 430 

biosynthesis 330 

447 3-(3-Fluo;o-4:pyridyl)pentanol-3 430 
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3-Fluoroquinoline 471 
Formaldehyde, in reduction of aromatic 

Formamide radicals, formation in radiolysis 

Formamides, dehydration of 839-841 
Formylaminomethylenation, of carbonyl 

Free-radical addition to C=C group 

diazonium ions 593 

of cyanide anions 209-21 1 

compounds 865-867 

-342-..377 
mechanism of 342-344 
reactivity of 348 
regioselectivity of 
stereochemistry of 345-347, 349, 350, 

345, 360, 362. 371 

352, 354-356,358-364,367. 368, 
370, 371, 373 

Fulminic acid, dirnerization and poly- 

Fumaronitrile, photolysis of 1150 
Fungi, cyanide production in 329 
Furazan N-oxides, thermal cycloreversion of 

Furonitriles, IR spectra of 113 
2-Fury1 cyanides, IR spectra of 11 9 
5-(2-Furyl)-2-phenylpyrimidine 498 
Fusarium solani 336 

Gauche effect, in dihaloethanes 
Geometric isomerism, substituent effects on 

Geranonitrile, photorearrangement of 1 152 
Gerrnanes, addition to alkynes 371 
Gloeocercospora sorghi 328 
p-Glucosidase 329 
Glutarnate decarboxylase 334, 335 
Glutamic acid 212, 214 
y-Glutamyl-P-cyanoalanine 334 
y-Glutamyl-8-cyanoalanylglycine 334 
Glycidonitriles, IR spectra of 
Glycine 212, 214, 215 

merization of 749. 750 

746, 747 

81 1 

312-314 

11 1 

as biosynthetic precursor of HCN 329, 
330 

Glycosylnitrile oxides, synthesis of 778 
Glyoxylic acid 330, 331 
Gold(nr), complexes with isocyanides 875 
Gomberg-Bachmann reaction 604, 629, 

Grieve-Hey-Heilbron synthesis 633 
Group additivity rules 53-55 
G values 188 

Halides. aromatic -see Aromatic halides 
Haloacetonitriles. structure of 1020 
a-Halo aldehydes, p-toluenesulphonyl- 

Halo-dediazoniation 
Haloenamines. as precursors of a-cyano- 

630.633,912 

hydrazones of 678. 679 
640, 641, 91 1, 912 

enamines 1092, 1093 

Halogenation, of alkynes 350-352 
Halogen cyanides, structure of 1017 
Halogen migration 426 
Halogeno-dediazoniation - see Halo- 

4-Halogenoisoquinolincs 478 
4-Halogenopyridazines 493 
2-Halogenopyridine-1-oxides 460 
3-Halogenopyridine- 1-oxides 445, 460 
2-Halogenopyridines 45 1, 46 1 
4-Halogenopyridines 434 
3-Halogenopyridyl 4-anion 429 
Halogenopyrimidines 496 
3-Halogenoquinolines 471, 472 
a-Haloketones, p-toluenesulphonyl- 

hydrazones of 678, 679 
3-Halopropanenitriles, conformational 

preferences of 81 1 
Hammett-type equations 117 
Hammett G values 
HASB principle 438 
1 -Heptyne, addition of polyhaloalkanes to 

Heterocycles, conformational preferences of 

Heterocyclic carbonitriles, synthesis of 

Heterocyclic compounds, 

dediazoniation 

213, 224, 263 

353,354 

808 

11 67-1 109 

ring-cleavage of, 
to give alkynes 1379 
to give nitriles 1365-1369 

synthesis of, via cyano substrates 
1244-1 253, 1270-1272 

Hexachlorantimonic acid salts 673, 674 
Hexacyanobenzene, synthesis of 1103, 

1,5-Hexadiyne, cocyclodimerization with 

2,4-Hexadiyne, addition of dinitrogen 

Hexafluoro-2-butyne, 

1352 

2-butyne 987 

tetroxide to 373 

addition to, 
of hydrogen bromide 349 
of hydrogen sulphide 364 

halogenation of 352 
Hexamethylphosphoramide, as reducing agent 

Hexamethylphosphoric acid triamide (HMPA) 

1.4,5,6,7,8-Hexaphenylphthalazine 495 
i-Hexyl cyanide, mass spectrum of 

n-Hexyl cyanide, mass spectrum of 
1-Hexyne, addition to, 

of carbon-centred free radicals 

of silanes 370 
of sulphur-centred free radicals 

for aromatic diazonium ions 

629, 641, 642 

593, 594 

62, 68, 

62, 70 

353, 354, 

69 

356-358 

362, 365 
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3-Hexyne, addition of hydroxyl free radicals to 

369 
I-Hexyn-4-en-3-01, addition of thiolacetic acid 

to 362 
D-Histidine 331 
Hofmann carbylamine reaction 841 
Hofmann degradation 226 
Honiocysteine 334 
Homocystine 331 
HOMO energies 261 
Hiickel calculations 425 

extended 434, 493 
Huisgen mechanism, for nitrile oxide 1,3- 

Hydrated electrons, formation in radiolysis of 

Hydrazones, as nitrile precursors 1077-1079 
Hydrides, as reducing agents, 

dipolar cycloadditions 752 

aqueous solutions 197 

for alkynes 577-582 
for nitriles 587-593 

Hydride shifts, in (J adducts of bromo- 
pyrimidines 501 

Hydride-transition-metal derivative combi- 
nations, as alkyne reducing agents 
582-584 

Hydroalumination, of alkynes 577-580 
Hydroboration, of alkynes 580-582 
Hydrocarbon acidity, effect of cyano groups 

Hydrocyanation 1109, 1110, 1177, 1347, 
on  703, 704 

1350 
via Nagata reagent 1192-1194 

Hydro-dediazoniation 604, 605, 617-622, 
642, 911 

in HMPA 629, 641, 642 
Hydrogenation, catalytic, 

of alkynes 572-577 
of nitriles 587, 590 

Hydrogen atoms, formation in radiolysis of 

Hydrogen bonding, 
aqueous solutions 197 

effect on conformation 
in pyridyl dianion 444 

Hydrogen cyanide, 
acidity of 701 
biochemistry of 326-332, 335-338 
LCBO MO models for 150 
oligomerization of 1310-1 3 14 
PE spectrum of 
self-association of 1309, 1310 
structure of 1016, 1017 
theoretical studies of 1307-1314 
toxicity of 326, 335 

1320, 1321, 1330 

809, 811, 819 

138, 143, 150-152 

Hydrogen cyanide-isocyanide isomerization 

Hydrogen halides, addition to alkynes 

Hydrogen isocyanide, structure of 1016 
348-350 

Hydrogen migration, in mass spectral studies of 

Hydrogen peroxide. as oxidizing agent, 
nitriles 58 

for alkynes 526-528 
for nitriles 555, 556 

Hydrogen sulphide, addition to alkynes 
Hydrometalation, of alkynes 577-582 
Hydrotropes 240 
Hydroxamic acids, as nitrile precursors 1364 
Hydroxamoyl halides, dehydrohalogenation of 

743, 744 
m-Hydroxy aldehydes, synthesis from carbonyl 

compounds 868 
Hydroxyalkenediazonium ions 673 
Hydroxyamine-0-sulphonic acid, addition to 

N-Hydroxyamino acids, as precursors of 

3-Hydroxy-4-( 3-amino-2-quinoly1)quinoline- 

3-Hydroxy-2-bromopyridine 467 
Hydroxy-dediazoniation 608, 624,627,639, 

2-Hydroxy-3,4-didehydropyridine 441, 443 
2-Hydroxy-4,5-didehydropyridine 441 
Hydroxyl radicals, 

364 

acetylene 374 

cyanogenic glucosides 326 

1-oxide 478 

646 

addition to alkynes 369, 370 
formation in radiolysis of aqueous solutions 

197 
Hydroxynitriles. as intermediates in bio- 

4-(2-Hydroxyphenyl)acridine 478 
3-Hydroxy-1 -phenylpyrazole-5-carboxylic 

3-Iiydroxy-2-piperidinopyridine 466 
P-Hydroxypropionitrile, mass spectrum of 

3-Hydroxypyridine 432, 433 
Hypohalites, addition to alkynes 350-352 
Hypophosphorous acid, in reduction of 

aromatic diazonium ions 593, 594 

synthesis of cyanogenic glucosides 327 

acid 495 

67 

Imidazole 505 
Imidazoles, synthesis of 870, 871 
Imines, of 2-diazo-l,3-indanediones 675 
Imino-4,4'-bis(3,6-diphenylpyridazine) 495 
4-Iminoisoxazolones, thermal decomposition 

Iminonitriles, synthesis of 1371 
2-Iminothiazolidine-4-carboxylic acid 336 
Immonium salts, reaction with cyanide ion 

Indene-2-diazonium ion 684 
Indoles, cyanation of 
Inductive effect, 

of 842 

1165 

250, 1107-1 109 

of carboxamido group 483 
of methylene group 444 
of M-oxide group 460 
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Infrared (IR) frequencies, 
of conjugated nitriles 112-1 17 

structure and 116 
MO approach to relationship between 

108-1 11 of saturated aliphatic nitriles 

of conjugated nitriles, relationship between 
Infrared (IR) intensities, 

structure and 117-121 
empirical approach to 
quantum-chemical approach to 120, 

11 I ,  112 

1 17-1 20 

121 
of saturated aliphatic nitriles 

of crown ether complexes wi th  arene- 
Infrared (IR) spectroscopy, 

diazonium ions, 
in solid state 894, 895 
in solution 896, 897 

of isocyanides 128-131, 836 
of nitriles 108-128 
of poly(diacety1enes) 958, 959, 961-963 
use in identification of radiolytic products 

192, 196, 212, 215, 216 
Intramolecular rotation 819 
Iodo-dediazoniation 641 
2-Iodo-6-ethoxypyridine 447 
3-Iodo-4-ethoxypyridine 458 
Iodopseudocumenes, deiodination of 458 
3-Iodopyridine 429, 432, 437 
4-Iodopyridine 437 
Iodotrichloromethane, addition to alkynes 

Ion-cluster theory 189 
Ion cyclotron resonance 58, 62 
Ionic triple-bonded groups, directing and 

271, 274, 277 
Ion-pair yield 189 
Ions, 

355 

activating effects of 

c2+ 191 
C2Hf 19 1 
CzH:' 19 1 
CN', 

structure of 1016 
theoretical studies of 1307 

CN-, theoretical studies of 
HzCN+, theoretical studies of 
HzCN-: theoretical studies of 

1306. 1307 
131 4, 131 5 
1314, 1315 

Ioxynil 336 
Isobutyronitrile, 

IR spectrum of 110 
mass spectrum of 59-64, 66 

as isocyanide oxidation products 851 
as precursors of alkenediazoniurn 

in synthesis of heterocyclic compounds 

reaction with aluminium halide 5 

Isocyanates, 

compounds 678 

1245 

complexes of cyclobutadienes 1001, 
1003-1005 

[socyanide complexes of transition metals, 

isocyanides, 
electrooxidation of 261 

aliphatic -see Aliphatic isocyanides 
aromatic -see Aromatic isocyanides 
chiroptical properties of 
conformational preferences of 826 
conjugated -see Conjugated isocyanides 
IR spectra of 128-131, 836 
mass spectra of 80-86, 837 
a-metalated, 

addition to activated olefins 
alkylation of 856-858 
reactions with acylating compounds 

reactions with carbonyl compounds 

stereochemistry of 872, 873 

5 ,  11, 13, 16, 17 

863, 864 

861-863 

858-861, 865-867 

metal complexes of 875-881 
naturally occurring 838, 839 
NMR spectra of 836, 837 
oxidation of 559-563, 851 
physical properties of 836-838 
reactions of 844-851, 873, 874 

with aiuminium haiide 0 compiexes of 

with nitroalkenes 1148 
with organometallic reagents 85 1-872 

rearrangement of 874, 875 
reduction of 
saturated -see Saturated isocyanides 
structure of 836, 837 
synthesis of 839-844 
thermochemistry of 53 
toxicity of 836 

as substituent in carbonium ions. carbanions 
and radicais 13i5,  1318, 1319 

dipole moment of 837 
directing and activating effects of 

cyclobutadienes 1008 

594, 595, 873, 874 

Isocyano group, 

271, 
273, 275, 284, 316-318 

Isocyanopupekenananes 838 
Isomerization, cyanide-isocyanidc 

Isophthalonitrile, electroreduction of 222 
Isopropanol, addition to alkynes 358 
6-Isopropyl-6-aza-2,9-undecadiyne. intra- 

molecular cyclodimerization of 985 
Isopropylbenzene, addition to alkynes 359 
4-Isopropyl-3-bromopyridine 459 
Isoquinoline 438 
Isoquinoline alkaloids. synthesis of 412 
Isothiocyanates 563 

1320-1 33 1 

reaction with aluminium halide 5 complexes 
of cyclobutadienes 1001. 1005 
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Isotope effects, on proton transfer from cyano- 

Isoxazolin-5-ones 335 

a-Ketobutyric acid 332 
Keto-enol tautomerism, substituent effects 

Ketones -see also Carbonyl compounds 
addition to alkynes 356, 357 
synthesis from tosylmethyl isocyanide 

Ketone sulphonylhydrazones 679, 680, 

Ketonitriles, synthesis of 1140, 1141 
Ketoximes, as nitrile precursors 1071-1073 
Knoevenagel condensation 1370 
Kolbe dimer 260 
Koopmans' theorem 

149,  172 
deviations from 

1 7 8  

carbon acids 729-732 

on 305, 306 

868, 869 

683-685 

138,  144, 145, 147, 

145-147, 160, 167, 177, 

617 Koppel and Paju's B values 

Laetrile 326, 327 
Lathyrism 332 
Lathyrogenic agents 334,  335 
Lathyrus odoratus 333. 335 
Lathyrus species 332 
LCBO MO models 148-150,152,153,157. 

Lead tetraacetate, as oxidizing agent, 
158 

for alkynes 541 
for amines 1075 
for N-aminotriazolopyridine 438, 455 
for pyridazines 495 

in alkpne cyclodimerization 982 

cis stereoselectivity using 575 

Lewis acids 679 

Lindlar catalyst 573-575 

4-Li~hio-5-Giomopyrimidine 397, 4% 
3-Lithio-+me thoxy-2,5,6-tribromopyridine 

Lithium aluminium hydride, as reducing agent. 
460 

for alkyncs 577-579, 1082 
for nitriles 587, 590-592 

Lithium aluminium hydride-transition- 
metal derivative combinations, as a!kyne 
reducing agents 583,  584 

with dibromopyridines 460 
with dihalogenoquinolines 470 
with halogenopyridines 438 
with isoquinolines 478 

Lithium amalgam, reaction of, 

Lithium dicyclohexylamide, reaction with 
2-halogenopyridines 461 

Lithium diethylamide, reaction with 
2-halogenopyridines 461 

iithiuni diisobutylmethylaluminium hydride, 

Lithium diisopropylamide/diisopropylamine 

Lithiumethylamine, as nitrile reducing agent 

Lithium metal-solvent systems, as alkyne 

Lithium piperidide, reaction with 2-halogeno- 

Lithium piperidide/piperidine, reaction of, 
with broniopyridines 436, 441, 464-467 
with 3,4-didehydroquinoiine 471 
with halogenoquinolines 471 

as alkyne reducing agent 579 

437 

590 

reducing agents 585, 586 

pyridines 461 

Lithium 2,2,6.6-tetramethylpiperidide 386 
Lithium triethoxyaluminium hydride, as nitrile 

reducing agent 587 
Localized effects, of triple-bonded groups as 

substituents 272 
LUMO electron densities 254 
LUMO energies 223 
Lysine amino oxidase 333, 334 

Macrocyclic effect 910 
Malononitrile, 

acidity of 701. 711, 713 
I R  spectrum of carbanion of 
kinetics of proton transfer from 

isotope effects on 729, 730 
mass spectrum of 71 
PE spectrum of 140, 167-171 
reactions of 1226-1228, 1254 
synthesis of heterocycles via 

I R  spectra of 11 1 
synthesis of 1350, 1371, 1373 

Mandelonitrile 328 
Manganese dioxide, as oxidizing agent for 

Mass spectrometry, 

127 
722, 723 

1232-1 234 
Malononitriles, 

acetylenic alcohols 544, 545 

of diazo compounds 86-104 
of isocyanides 80-86. 837 
of nitriles 58-80 

McLafferty's criterion 83 
Meerwein reaction 631, 635-638 
Mesitylacetylene, addition of mesitylthiol to 

Mesitylthiol, addition to alkynes 361 
[2,2]Metacyclophanes, chiroptical properties 

Meta-directing effect 443, 444 

361 

of 25. 37, 39-41 

of ethoxy group 
of N-oxide group 461 

447, 472. 482 

Metal-hydrogen reduction. of nitriles 590 
Metalloaldimines, 

dissociation of 854-856 
synthcsis of 851-854 
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Metal salts, as nitrile reducing agents 
Methane derivatives, chiroptical properties of 

Methanediazonium ion, dediazoniation of 

Methionine, as stimulator of HCN biosynthesis 

Methoxybenzenes, D/H exchange studies of 

4-Methoxybenzoyldiazoethane, mass spectrum 

4-Methoxycoumarin 492 
Methoxy-dediazoniation 605, 61 8 
2-Methoxy-4-lithio-3,5,6-trichloropyridine 

3-( Methoxymethyl)-6-methyl-4,5-didehydro- 

4-X-3-(Methoxymethyl)-6-methylpyridazir? 

l-Methoxy-3-pentyne, cyclodimerization of 

1-Methoxypropene-2-diazonium salts 684 
P-Methosypropionitrile, mass spectrum of 

Methylacetylene - see Propyne 
3-Methylamino-2-piperidinopyridine 466 
3-Methylamino-4-piperidinopyridine 451 
5-methy lamino-2-piperidinopyridine 45 1, 

5-Methylamino-3-piperidinopyridine 466 
5(3)-Methylamino-4-piperidinopyridine 466 
5( 3)-Methylamino-6(2)-piperidinopyridine 

3-Methylaminopyridine 466 
2-Methyl-4-amino-1,3,7-triazanaphthalene 

4-Methyl-3-bromopyridine 455 
3-Methylbutyne, halogenation of 350 
3-Methyl-1-butyn-3-01, addition of iso- 

propanol to 358 
3-Mei:lylcholanthrere 337 
Methyl cyanide -see Acetonitrile 
Methyl cyanide-isocyanide isomerization 

Methyl dicyanoacetate. acidity of 705 
2-Methyl-3,4-didehydropyridine 440, 444 
2-Methyl-4,5-didehydropyridine 440 
3-Methyl-4.5-didehydropyridine 440 
2-Methyl-4.5-didehydropyrimidine 502 
Methylene blue, as stimulator of HCN 

Methylene cyanide. structure of 1029 
6-Methyl-1-heptyne. addition of carbon tetra- 

Methyl isocyanide. 

587 

16 

652 

329, 330 

443 

of 92, 93 

442,443 

pyridazine 495 

493 

985 

67 

466 

466 

488 

132 1-1 323 

biosynthesis 330 

chloride to 353 

IR spectrum of 129 
mass spectrum of 82. 83 

1 -Methyl-2-phenyl-4,5-didehydro- 

pyridazine-3,6-dione 495 
Methylphenyl isocyanide, mass spectrum of 
2-Methyl-3-phenylpropionitrile, 

85 

acidity of 708 
racemization of 728 

isotope effects on 731, 732 

495 
l-Methy1-2-phenyl-4-X-pyridazine-3,6-dione 

3-Methyl-2-piperidinopyridine 465 
4-Methyl-2-piperidinopyridine 465 
5-Methyl-3-piperidinopyridine 465 
6-Methyl-2-piperidinopyridine 461, 465 
2-Methyl-4-piperidinopyrimidine 466 
2-Methylpropanal, addition to alkynes 356, 

2-Methylquinazoline 472, 483 
Methyl radicals, formation in radiolysis of 

solid acetonitrile 202, 203 
Methyl tetrolate, coupling constants for 

1045, 1046 
3-Methylthioacrylonitriles, synthesis of 

1084, 1085 
Methyl thiocyanate, PE spectrum of 

165, 166 
2-(Methylthio)-4-ethoxypyridine 456 
3-(Methylthio)-4-ethoxypyridine 456 
2-Methy!- 1,3,5-triazanaphthalene 483 
2-Methyl-l,3,7-triazanaphthalene 488 
Methyl vinyl ethers 692 
Michael addition, of a-metalated isocyanides 

to activated olefins 663, 864 
Michael-type reactions 1137, 1150 
Millipedes, defensive secretions of 328 
MNDO approximation 423 
MNDO calculations 462 
Molar rotation -see Optical rotation 
Molecular orbital calculations, for coniplex- 

357 

140, 

ation of arenediazonium ions with crown 
ethers 894 

837 Molecular orbital model, of isocyanides 
Molecular orbitals 27 

of acetylenes 27, 28 
Monocyano compounds, 

PE spectra of 138-140 
interpretation of characteristics of 177, 

178 
K and o interactions in 

a-Morpholinostyrene 693 
Muconic acids, mononitriles of 1375 
Mucononitriles, synthesis of 1081, 1082 

NADH-nitrate reductase 330, 331 
Nagata reagent 1192-1 194 
Naphthalynes, 

149-167 

generation of 390 
reaction with nucleophiles 403 

1,7-Naphthyridice, rc-electron density 
calculations for 486 
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4-X-1,7-Naphthyridine 486 
Nazarov cyclization 1 121 
Nickel catalysts, for alkyne hydrogenation 576 
Nickel peroxide, as alkyne oxidizing agent 

Nitrates, as amino acid precursors 
Nitrenes 651, 652, 658, 659 
Nitrenium ions 251 
Nitric acid, as oxidizing agent, 

for alkynes 534 
for nitriles 556, 557 

Nitrilase enzyme 336 
Nitrile carbanions, conformation of 819, 

820 
Nitrile oxides, 

529 
330 

as isocyanide oxidizing agents 
as nitrile precursors 1375 
I S  synthons for natwal products 
dimerization and polymerization of 

560, 561 

773-778 

749-752 . 
base catalysis of 750-752 

intramolecular 772, 773 
mechanism of 752-756 
periselectivity of 770-772 
reactivity and stereoselectivity of 

site selectivity of 770, 771 
syn-arrti selectivity of 766-770 
to carbon-carbon multiple bonds 

to hetero multiple bonds 778-784 

1,3-dipolar cycloaddition of 752-784 

755-766 

756-773 

electronic structure of 740-742 
geometry of 739 
reaction of, 

with alkoxides and acetate ions 

with amines 788-790 
with azide ions 787 
with carbanions 787, 788 
with electrophiles 793 
with hydrazines 790 
with hydroxylamines 790, 791 
with sulphimides 792 
with water 785. 786 

786, 
787 

rearrangement to isocyanates 748, 749 
spectroscopic data on 738, 739 
synthesis of 742-748 

Nitriles -see also Cyano compounds 
aliphatic -see Aliphatic nitriles 
alkylation of 1268 

under phase-transfer conditions 
1136-1139 

aromatic -see Aromatic nitriles 
bicyclic. transannular cyclization of 
bond angles of 814. 824 
chiroptical properties of 

11 73 

5 ,  9, 11, 13, 17, 
23-25 

chlorination of 554. 555 
complexes with palladium dichloride 

1204-1 209 
conformational preferences of 805-830 
conjugated -see Conjugated nitriles 
conversion of, 

into N-alkylamides 11 79 
into amides 1178, 1179 
into nitrilium ions and imidates 
into thioamides 1179 

1183 

cyclization of 11 69, 11 70 
decyanation of 1170-1173, 1253, 1260, 

1262 
dehydrocyanation of 557-559 
electrooxidative formation of 248-2 58 
electroreduction of 222-244 
electroreductive formation of 244-247 
hydrolysis of 11 80 
IR spectra of 108-128 
mass spectra of 58-80 
a-metalated, in organic synthesis 

oxidation of 554-559, 1266 
photorearrangement of 1151-1155 
polycyclic -see Polycyclic nitriles 
polyenic -see Polyenic nitriles 
polymerization of 1253 
radiolysis of 199-2 16 
reaction of, 

1123-1125 

with aluminium halide cs complexes of 
cyclobutadienes 995-1001 

with nitriie oxides 782-784 
rearrangement of 1151-1155, 

reduction of 222-244, 586-593, 1128, 
1129, 1225, 1226, 1265, 1267 

sulphenylation of 11 65, 1166 
synthesis of 1064-1272 

by addition to multiple bonds 

1187-1 190, 1268 

1109-1111,1158,1177,1195-1199, 
1268, 1346-1351 

by conversion of other nitriles 
1082-1085, 1093, 1116-1138, 

1225-1245,1267,1268,1369-1373 
1165, 1166, 1169, 1187, 1188, 

by elimination 1065-1073, 1358-1365 
by ring-cleavage of heterocycles 

by substitution reactions 1100-1 105, 
1365-1369 

1139,1140,1155,1157,1267,1268, 
135 1-1 357 

from amides and thioamides 1073, 

from amines, hydrazones and their 
1074, 1353, 1363-1365 

derivatives 1074-1079. 1354, 
1361, 1362 

from carbonyl compounds 868. 
1079-108 1, 1085-1 09 1. 
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Nitriles, synthesis ot (conrinued) 
1109-1111,1176,1177,1190,1195, 
1196, 1217, 1218,1220-1222, 
1348-1350 

from nitroalkanes 1147, 1148 
on solid supports 1201, 1202 
photoinduced 1148-1157, 1355 
under phase-transfer conditions 

via cyanoethylation 11 16-1 125 
via cyanomethylation 1130-1135 

thermochemistry of 50-54 
unsaturated -see Unsaturated nitriles 
van der Waals' radii of 

Nitrile selenides 797, 798 
Nitrile sulphides 793-797 

cycloaddition of 795-797 
decomposition of 795 
synthesis of 793, 794 

Nitrilium ions 258 
Nitroalkanes, as precursors, 

of nitrile oxides 744-746 
of nitriles 1147, 1148 

1135-1 137 

825 

Nitroalkenes, reaction with isocyanides 1148 
p-Nitrobenzyl cyanide, 

acidity of 701, 702 
kinetics of proton transfer from 

Nitrobenzyl cyanides, mass spectra of 
Nitrogen atom, directing effect of 
Nitrogen-1 5 labelling, 

724, 725 
74 

455 

in aromatic diazonium ions 
in bromoisoquinolines 504 
in bromopyridines 504 
in IR studies 
in mass spectral studies 73 
in pyrazines 505 
in pyrimidines 500, 502 

Coulomb repulsion by 434 
destabilization of 424, 448. 493 

608, 656 

109, 110, 114, 123 

Nitrogen lone pair, 

Nitrogen oxides, as isocyanide oxidizing agents 
560 

Nitrones, cycloaddition to benzyne 398 
10-Nitrophenanthrene-b-diazonium ion 686 
p-Nitrophenyldiazoacetic acid piperidide, 

p-Nitrophenyldicyanomethane, acidity of 

N-Nitrosoacetanilide, as benzyne precursor 

Nitrosobenzene, reaction with arynes 408 
Nitroso cyanide, PE spectrum of 

167 
N-Nitrosooxazolidones, base-promoted 

decomposition of 689-693 
Nitrosyl chloride, addition to phenylacetylene 

373 

alkylation of 676 

702 

387 

140, 166, 

Index 

Nitrosyl cyanide 1183, 1259 

Nitrosyl hexachloroantimonate 678 
Nitryl chlorides, addition to alkynes 373 
2,7-Nonadiyne, cyclodimerization of 984 
Non-1-yne-1-d, deuterium quadrupole 

coupling constant for 1051 
Norcardia rhodochrous 335 
Norcardia species 332, 335 
Nuclear magnetic resonance (NMR) 

structure of 1025 

spectroscopy, 
13C-NMR 
"F-NMR 898, 899, 901 

495, 837, 899, 900, 983, 990 

'EX-NMR 

15N-NMR 901 
of alkynes 1035-1054 
of aluminium o complexes of cyclo- 

of 5-bromopyrimidines 500-503 
of crown ether complexes with arene- 

diazonium ions 898-901 
of isocyanides 836, 837 
of naphthyridines 483,486,488,490,491 
of pyridazines 495 

483, 486, 488, 490, 491, 
500-503, 836, 898, 899, 990 

butadienes 983, 990 

Nucleofugic homolytic leaving group 630 
Nucieophiiicity parameters, of solvents 617, 

622 

1,7-Octadiyne, addition of thiolacetic acid to 

Octyl isocyanide, oxidation of 559 
1-Octyne, addition to, 

of polyhaloalkanes 353-355 
of sulphonyl halides 365, 366 

363 

Olefindiazonium ions - see Alkenediazonium 

Optical rotation 
ions 

5 ,  8, 10, 11, 14-17 
concentration dependency of 19 
conformational effects on 
hydrogen-bonding effects on 19, 21 
of acetylenes 
of allenes 5 ,  22, 23 
of diazo compounds 5 
of isocyanides 
of nitriles 
principle of cptical superposition and 
solvent effects on 

6, 10, 11, 22 

5-7, 10, 11, 16-20 

5 ,  11, 13, 16, 17 
5, 9, 11, 13, 17, 23-25 

10 
11, 18, 21 

Optical rotatory dispersion 13 
Organoaluminium cyanides 1353 
Organolead hydrides, addition to alkynes 

Organophosphorus compounds, addition to 

Organotin hydrides, addition to alkynes 

Osmium cluster complex of benzyne 

372 

alkynes 376, 377 

372 
371, 

413 
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Osmium tetraoxide, as alkyne oxidizing agent 

5-0xa-1,8-cyclotetradecadiyne, intra- 
546, 547 

molecular cyclodimerization of 985, 
986 

6-0xa-2,9-undecadiyne, intramolecular cyclo- 
dimerization of 985 

1,2-Oxazines, synthesis of 1157 
Oxazoles, synthesis of 871 
Oxidation, 

definition of 514 
of alkynes 515-554 
of diazo compounds 563-566 
of isocyanides 559-563, 851 
of nitriles 554-559, 1266 

Oxidative coupling, of alkynes 529-534 
Oximes, 

as intermediates in biosynthesis of 

as nitrile precursors 1065-1073, 1358, 

cyclic - see Cyclic oximes 

cyanogenic glucosides 326, 327 

1359 

2-(3-0~0-2-penty1)-3-ethoxypyridine 449 
2-(3-0~0-2-penty1)-6-ethoxypyridine 448 
4-(3-0~0-2-penty1)-3-ethoxypyridine 449 
4-(3-0~0-2-pentyl)-6-ethoxypyridine 448 
3-(3-0~0-2-pentyl)pyrjdine 429 
4-(3-0~0-2-pentyl)pyridine 429 
Oxygen, as stimulator of HCN biosynthesis 

Oxygenase 326 
Ozonation, 

330 

of alkynes 5 17 
of diazo compounds 564, 565 
of isocyanides 559 

Painvise interactions, 
in nitriles 812, 813 
principle of 9 

Palladium(II), complexes with isocyanides 

Palladium catalysts, 
876, 877 

for arylation reactions 
for hydrogenation, 

of alkynes 572-576 
of nitriles 590 

1382, 1383 

agents 543, 544 

637, 641, 642 

Palladium compounds, in alkyne synthesis 

Palladium(i1) compounds, as alkyne oxidizing 

[ 2,2]Faracyclophanes, chiroptical properties 
of 37-39 

Pentamethyldisilane, addition to alkynes 371 
Pentamethyldisilylacetylene, addition of 

pentamethyldisilane to 371 
Pent-l-en-3-yne, coupling constants for 

1047 

i-Pentyl cyanide, mass spectrum of 

n-Pentyl cyanide, mass spectrum of 

1-Pentyne, addition of acetaldehyde to 
Peptides, as cyanide radiolytic products 

Perfluoroiodoalkanes, addition to alkynes 356 
Perlolidine 468 
Permanganate, as alkyne oxidizing agent 547 
Peroxidation, 

62, 63, 

58-61, 

356 
21 2, 

67 

68 

215 

of alkynes 520-529 
of isocyanides 560 
of nitriles 555,  556 

Peroxy acids, as alkyne oxidizing agents 
520-525 ~~ ~~~ 

Peroxybenzimidic acid, as alkyne oxidizing 

Peroxybenzoic acid, as oxidizing agent, 
agent 524 

for alkynes 521, 522 
for isocyanides 560 

Peroxydisulphate, as nitrile oxidizing agent 

Phaseolus lunatus L. 327 
Phase-transfer agents 249 
3-Phenacylpyridine 429 
4-Phenacylpyridine 429 
Phenanthridine 470, 478 
Phenanthrynes, 

557 

generation of 390 
reaction with nucleophiles 403 

Phenobarbital 337 
Phenols, dehydroxylation of 11 82 
3-Phenoxypyridine 432 
4-Phenoxypyridine 432 
Phenylacetonitriles, carbanions of, IR spectra 

of 125 
Phenylacetylene, 

addition to, 
of carbon-centred free radicals 353, 

355, 356, 358 
of germanes 371 
of nitrogen-centred free radicals 373, 

of organolead hydrides 372 
of sulphur-centred free radicals 359, 

cocyclodimerization with 2-butyne 987 
coupling constants for 1045 
proton chemical shift in 1036 

374 

361, 364-367, 369 

Phenylacetylenes, halogenation of 350, 

3-(N-Phenylaminomethyl)-4,5-didehydro- 

Phenylation, of carbanions 405 
l-Phenyl-2-butylacetylene, addition of nitryl 

538-540 

pyridine 468 

chlorides to 373 
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Phenylbutyronitrile, kinetics of proton transfer 

Phenyl cation, M O  treatment of 
Phenyl cyanate 1357 

from 725 
610 

in synthesis of 2-alkenenitriles from 
2-alkynenitriles 1083, 1084 

Phenylcyanonitromethane, acidity of 702 
2-Phenyl-4,5-didehydropyrimidine 498 
2-Phenyl-4,6-didehydropyrimidine 496 
Phenylhydrazones, cyanoethylation of 

Phenyl isocyanide, 

1 1 16,  
1117 

IR spectrum of I30  
mass spectrum of 85 

Phenyl isocyanides, IR spectra of 
Phenylmalononitrile, acidity of 71 1 
Phenylnitromethane, acidity of 702 
2-Phenyloxazolo[4,5-c]pyridine 468 
Phenylpropiolic acid, addition of hydrogen 

1-Phenylpropyne, 

130, 1 3  1 

bromide to 349 

I3C chemical shifts in 1041 
coupling constants for 1045 

Phenylprop-1-yne, addition of benzenethiol to 

Phenylpyrazine 505 
2-X-4-Phenylpyrimidine 503 
2-(Phenylthio)-6-ethoxypyridine 448 
4-(Phenylthio)-6-ethoxypyridine 448 
2-(Phenylthio)pyridine 464 
3-(Pheny1thio)pyridine 429, 432, 437, 438 
4-(Phenylthio)pyridine 429. 432, 437, 438 
Phosphine oxides, acetylenic - see Acetylenic 

Phosphines. addition t o  alkynes 376 
Phosphoranes. conformational preferences of 

Phosphorus-nitrogen double bonds, reaction 

Phosphorus trichloride. addition to alkynes 

Phosphorus triiodide. in synthesis of nitriles 

Phosphorus triiodide-triethyiamine reagent. 

359 

phosphine oxides 

828 

with nitrile oxides 784 

376 

from aldoximes 1070 

in conversion of nitroalkanes into nitriles 
1147 

Photocyanation. of anisole 1155 
Photoelectron (PE) spectroscopy. 

annlytical applications of 182 
comparison of chemically related 

compounds using 144 
of cyano compounds 137-1 82 
of poly(diacety1enes) 955 

of diazo compounds 565, 566 
of ynamines 5 19 

Photooxidation. 

Photorearrangement. of nitriles 1151-1 155 

Phthalonitrile, electroreduction of 222, 223, 

Phthaloyl peroxide, as benzyne precursor 
Pinacolization ?40 
2-Piperidin0-5-aminopyridine 450 
4-Piperidino-5-aminopyridine 450 
4-Piperidino-3-bromopyridine 459 
3-Piperidinocarbostyril 475 
4-Piperidinocarbostyril 475 
3-Piperidinocoumarin 492 
4-Piperidinocoumarin 492 
Piperidino-debromination 462. 467 
Piperidino-dechlcrination 462 
2-Piperidino-3,4-didehydropyridine 441 
2-Piperidino-4,5-didehydropyridine 441 
3-Piperidino-4,5-didehydropyridine 441 
1-Piperidinoisoquinoline 478 
3-Piperidinoisoquinoline 478 
4-Piperidinoisoquinoline 478 
2-Piperidino-4-lithio-3,5,6-trichloropyridine 

3-Piperidino-N-methylcarbostyril 475 
4-Piperidino-N-methylcarbostyril 475 
4-Piperidino-1-me thyl-2-phenylpyridazine- 

5-Piperidino-1 -methyl-2-phenylpyridazine- 

2-Piperidinopyridine 462, 464 
3-Piperidinopyridine 429 
4-Piperidinopyridine 429. 436, 458 
3-Piperidinopyridine- 1 -oxide 445 
4-Piperidinopyridine- 1 -oxide 445 
3-Piperidinopyridine-1-oxides 460 
4-Piperidinopyridine-1-oxides 460 
4-Piperidinopyrimidine 496 
6-Piperidino-4-R-pyrimidine 500 
6-Piperidinopyrimid-4-one 498 
2-Piperidinoquinoline 472 
3-Piperidinoquinoline 471 
4-Piperidinoquinoline 171 
3-Piperidinoquinoline-1-oxide 478 
4-Piperidinoquinoline-I-oxide 478 
Platinum(0)-benzyne complex 41 3 
Platinum catalysts, for nitrile hydrogenation 

Polarizability, of triple-bonded groups 279 
Polyacetylenes. chiroptical properties of 6. 

Poly(acry1onitrile). pyrolysis of 11 30 
Poly(carbon) monoxide polymers. masked 

Poiycyanobenzencs. synthesis of 
Polycyanocarbon anions 1373 
Poly(cyanocarbons) 1232 
Polycyano compounds, PE spectra of 

225 
389 

442, 443 

3,6-dione 495 

3,6-dione 495 

590 

34 .35  

883 
1 103-1 107 

141. 
172-1 75 

interpretation of charactcristics of 178 



Subject 

Polycyclic nitriles, IR spectra of 

Poly(diacety1enes) 343, 918-968 

11 3 
radical anions of 122 

defect properties of 967 
electrical properties of 965-967 
electronic spectra of 956-963 

conformational and side-group packing 
effects on 957-963 

optical nonlinearities in 963 
PE spectra of 955 
structure of 953-955 
uses of 968 
vibrational spectra of 963-965 

Polyenic nitriles, IR spectra of i 13 
Polyenynes, chiroptical properties of 
Polyethers, 

acyclic, 

34, 35 

as phase-transfer catalysts 91 1 
complexation with arenediazonium ions 

909-91 1 
macrocyclic -see Crown ethers 

Polyhaloalkanes, addition to alkynes 

Polyhalobenzenes. as polycyanobenzene 
precursors 1 103, 1104 

Poly(iminomethy1enes) 881-883 
Polyisocyanides 881-883 
Polymerization, in radiolysis, 

of acetonitrile 203-206 
of acetylene 191-198 

353-356 

Polyyne polymers, containing transition-metal 
atoms in the main chain 968-974 

properties of 971-974 
synthesis of 968-971 

Porphyrins 1355 
Potassium amide/ammonia. reaction with 

bromopyridines 440. 441, 464-466 
Potassium r-butoxide, reaction with halogeno- 

pyridines 437, 440, 464, 465 
Potassium cyanide. aromatization with 1158, 

1159 
Pregnenolone- 1&-carbonitrile 337 
Primary amines, as isocyanide reduction 

Product of asymmetry 17 
Propane, addition to alkynes 359 
Propargyl alcohol. 

products 594 

addition to. 
of alcohols 358 
of hydroxyl radicals 369 

oxidation of 544. 545 
Propargyl alcohol acetate, addition of bromo- 

Propargyl bromide, addition of hydrogen 

Propargyl chloride. addition of sulphonyl 

trichloromcthane to 355 

bromide to 349 

chlorides to 368, 369 
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Propargylic alcohols, "C chemical shifts in 
1039 

Propargylic halides, as alkyne halogenation 
products 350 

Propiolic acid, addition of benzylthiol to 
361 

Propionitrile, 
biochemistry of 335 
IR spectrum of 110 
mass spectrum of 
structure of 1022 

59, 60, 62-64, 66 

Propionitriles, P-substituted, IR spectra of 

i-Propyl cyanide -see Isobutyronitrile 
n-Propyl cyanide -see Butyronitrile 
Propyl cyanide-isocyanide isomerization 

n-Propyl isocyanide, 

111 

1325 

mass spectrum of 83, 84 
structure of 1022-1024 

addition to, 
Propyne, 

of halide-centred free radicals 348, 

of nitrogen-centred free radicals 372, 

of su!phtii-ccntied free radicals 359, 

13C chemical shift anisotropies of 1043 
13C chemical shifts in 1042 
cocyclodimerization with 2-butyne 987 
coupling constants for 1045, 1046 
cyclodimerization of 987 
oxidation of 

349 

374.375 

360, 364, 365 

5 16, 5 17 
Propynol, coupling constants for 1045 
Propynylamines, chiroptical properties of 

Prostaglandins, synthesis of 1169 
Proto-dediazoniation -see Hydro- 

Protoporphyrin 1236, 1237 
1.3-Prototropy, substituent effects on 

Pschorr reaction 635 
Pseiidomonas aeriiginosa 331, 332 
Pseudornonas SL-4 328 
Pseiiciomonas species 329, 335 
Psychrophylic basidiomycete 335 
Pulse radiolysis 188 

of acetonitrile 200-202 
of acctj :ene 197 
of benzoniriLi 207, 208 

41-43 

dediazoniation 

3 0 3 - 3 0 7 

Purines 337 
Pyrazine-2.3-dicarboxylic all.?>..lride 505 
Pyrethroid insecticide 336 
Pyridazines, cyanoethylation of 
Pyridimidines. synthesis of 871 

1 11 7 
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Pyridine, 
addition of, in dediazoniations 629 
D/H exchange studies of 434 

3-Pyridinediazonium-4-carboxylate, 

Pyridine-2,3-dicarboxylic acid, pyrolysis of 

Pyridine N-oxide, as isocyanide oxidizing 

4-X-Pyridine-1 -oxides 445 
Pyridines, 

bromo-substituted 439 
svnthesis of 995-1001 

thermolysis of 438 

anhydride of 453 

agent 560, 561 

PyAdinium dicyanornethylide, crystal structure 
of 714 

2-Pyridone 464 
4-Pyridone 432, 433 
Pyridoxal 335 
Pyridoxal phosphate 334 
Pyridy! 2-znion 434, 445 
Pyridyl 3-anion 434, 437 
Pyridyl 4-anion 434, 437 
Pyridyl 6-anion 462 
2-Pyridyl-1-oxide anion 445 
4-Pyridylpyndinide 430 
Pyrimidinediones, synthesis of 1245-1 247 
Pyrimidines 337 
Pyrimidinones, synthesis of 1245-1 247 
Pyrimidinyl anions 497 
Pyromellitonitrile, electroreduction of 222 
Pyrrole-2-carboxamide 466, 467 
Pyrrole-3-carboxpiperidide 466, 467 
Pyrroles, 

cyanation of 250, 1107-1109 
synthesis of 870 

2-Pyrrolidino-4-lithio-3,5,6-trichloro- 
pyridine 442, 443 

Pyrrolo[ 3,2-c]pyridines 468 
Pyrrolo[ 3,4-c]pyridines 468 

Quantum-mechanical effects, on confor- 

Quantum-mechanical tunnelling 203 
Quinoline 453 

Quinone monoacetal adducts, aromatization 

mation 809, 828 

cyanation of 1108 

of 1159, 1160 

‘Rabbit ear’ interactions 816 
Radical addition, substituent effects on 

Radical anion mechanism 458 
Radical anions, 

294-298 

containing cyano groups, IR spectra of 

formation in radiolysis of triple bonds 
121-123 

188, 
197, 202, 203, 215 

Radical cation Mf’, 

Jahn-Teller distortion in 142, 143 
spin-orbit coupling in 142, 143 
vibrational frequencies of 143 

amines in acetonitrile 202 

in dediazoniations 620, 628 
in radiolysis, 

of acetonitrile 204-206 
of acetylene 190, 196 

Radical stabilization 2 84-2 88 
Radiolysis, 

Radical cations, formation in radiolysis of 

Radical scavengers 458 

of alkynes 189-199 
of diazonium ions 216, 217 
of nitriles 199-216 
unstable intermediates in 188 

Raman spectroscopy, of poly(diacety1enes) 

Raney nickel, as reduction catalyst, 
963-965 

for alkynes 576 
for nitriles 587, 590, 592 

Rearrangement - see also Isomerization 
P-addition-a-elimination onium 434 
isocyanide-cyanide 874, 875 
nitrile-oxide-isocyanate 748, 749 
of u-diazocarbonyl compounds, under 

election iizpact 90, 92-94, 96 
of isocyanides, under electron impact 

85 
of nitriles, under electron impact 

79, 80 
of nitrogen atoms in diazonium ions 

61 1 
prototropic 488 
vinylcyclobutane-cyclohexene 1236,1237 

definition of 514 
of alkynes 572-586 
of aromatic diazoniurn ions 
of isocyanides 
of nitriles 

84, 

66-71, 

609, 

Reduction, 

593, 594 
594, 595, 873, 874 

586-593, 1128, 1129, 1225, 
1226, 1265, 1267 

Reirnlinger salt 695 
Rhodanese catalysis 332 
Rhodium complexes, in reduction of aromatic 

diazonium ions 593 
Ring-contraction 1371 

of pyrazine oxides 1358 
of pyrazines 505, 506 
of pyridazinones 495 
of pyridine oxides 1368 
of pyridines 467, 474 

of alkylidenecycloalkanes 11 73 
of cyclic oximes 1072, 1073 
of cyclopentadienones 1104 
synthesis of heterocycles via 

Ring-expansion, 

1209, 1248, 
1249 
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Ring-transformation 42 6-42 8 
of naphthyridines 483, 488 
of pyridines 447 
of quinolines 472, 474, 475 

Ritter amide 260 
Ritter reaction, electrochemical analogue of 

Ruthenium tetraoxide, as alkyne oxidizing 
258-260 

agent 545, 546 

SN(AE) mechanism 424,426,427,434,436, 

468, 469, 471, 472, 478, 480, 481, 483, 
437, 445-447, 449, 451,455, 458-461, 

488,491, 492, 495, 499, 500, 502-507 
Sandmeyer reaction 631, 635, 636 
SN(ANRORC) mechanism 424, 426,478, 

Sapindaceae species 328 
Saturated aliphatic nitriles, IR spectra of 

Saturated isocyanides, IR spectra of 

Schiemann fluorination 607, 640 
Schiemann reaction, 

499, 500, 502-507 

108-1 12 
129, 

130 

photochemical 650, 903 
thermai 902 

Schleyer’s N B S  values 617 
S(CN)*, PE spectrum of 140, 143,144,170, 

171 
SN(EA) mechanism 429,437,449,451,455, 

478, 481, 483, 491, 492, 499, 506 
Selenium dioxide, in synthesis of nitriles from 

aldoximes 1067 
a-Selenonitriles, as intermediates in 

unsaturated nitrile synthesis 1086 
Serine 212, 214, 331 
Silanes, addition to alkynes 
Silicon acetylides, in alkyne synthesis 

Silver(r), complexes with isocyanides 875, 

Silver catalysis, of aryne reactions 

Silver cyanide, displacement of halide by, in 

SilylacetyIenes, coupling constants for 

370, 371 
1381, 

1382 

876 

413 

isocyanide synthesis 841, 842 

398, 407, 

~~ 

1049-1051 
Silyl cyanide, PE spectrum of 139, 154, 155 
Silyiynamines 1382 
Singlet oxygen, as catalyst for diazoalkane 

dediazoniations 661 
Snow mould fungus 330 
Sodium bis(2-methoxyethoxy)aluminium 

Sodium borohydride, 
as reducing agent, 

hydride, as nitrile reducing agent 587 

for aromatic diazonium ions 593 

for nitriles 592 
in synthesis of nitriles from amides 

Sodium borohydride-transition-metal 
derivative combinations, IS alkyne 
reducing agents 583, 584 

Sodium cyanide, in decarboxyiation of cyclic 
diesters 1180 

1074 

Sodium cyanoborohydride, as reducing agent 
1220-1226 

Sodium hydride-transition-metal derivative 
combinations, as alkyne reducing agents 
584 

Sodium hypochlorite, as nitrile oxidizing agent 
556 

Sodium metal-solvent systems, as alkyne 
reducing agents 585, 586 

Sodium naphthalene/DME, as isocyanide 
reducing agent 594 

Sodium naphthalide, as isocyanide reducing 
agent 873 

Sodium stannite, in reduction of aromatic 
diazonium ions 593 

Solvated electrons 
Solvent effects, 

188, 201, 202, 227 

on competitive heterolytic and homolytic 
dediazoniation 61 3, 61 5-6 17 

O i l  CGiifCjiEiZi;iCjii 809, 813 
on crown ether complexation with arene- 

diazonium ions 909 
on electronic spectra of poly(diacety1enes) 

957-959 
on IR spectra of saturated isocyanides 
on nitrile oxide 1,3-dipolar cycloadditions 

129 

766, 770, 773 
Sorghum vulgare 328 
Spin trapping 188, 202 
2,2’-Spirobiindanes, chiroptical properties of 

Spirodiazine cation 610 
Stannylacetylenes, coupling constants for 

Steric effects, 

23, 24 

1049-105 1 

of triple-bonded groups as substituents 
278, 279, 294 

on conformation 809 

ethylation of 1117 

of 1125, 1126 

Steroid a$-unsaturated aldehydes, cyano- 

Steroid a$-unsaturated nitriles, hydroxylation 

Stevens rearrangement 408 
Strecker synthesis 1098-1 100 
Sml-type aromatic substitutions 229 
Substituent constants 3, 14 

for dediazoniations 607 
for triple-bonded groups 3, 16, 22, 23, 25 

Succinonitrile, biochemistry of 335 
Sulphenyl halides, addition to alkynes 
Sulphides, reaction with arynes 410 

365 
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Sulphinylamines, as precursors of alkene- 

Sulphinylaniline, reaction with aluminium 
diazonium compounds 678  

halide (-i complexes of cyclobutadienes 
1001, 1005-1007 

Sulphonylazoalkenes, as intermediates in 
synthesis of alkenediazonium compounds 
679 

Sulphonyl cyanides 1357 

Sulphonyl halides. addition to alkynes 

Sulphonylhydrazones, as precursors of alkene- 
diazonium compounds 678-685 

Sulphur, addition to alkynes 365 
Sulphur chloride pentafluoride, addition to  

Sulphur insertion-rearrangement reaction 

Sulphur-oxygen double bonds, reaction with 

Swain-Lupton equations 607, 608 

Taft equation 115-1 17 
Taft u+ values 213, 231, 238, 247 

linear correlation of v(CEN) with 
Tantalum-benzyne compiex 413 
Tautomerism, substituent effects on 

TCNE - see Tetracyanoethylene 
TCNQ - see 7,7',8,8'-Tetracyanoquinodi- 

Tele amination products 488 
1,4-Tele dehydrochlorinrttion 488 
1,CTefe elimination 456, 478 
Tele substitution 426, 467, 488 
Terephthalonitrile, electroreduction of 222, 

Tetrachlorobenzyne, 

synthesis of 1145 

365-369 

alkynes 365 

1189, 1190 

nitrile oxides 784 

110 

303-3 12 

methane 

223, 225 

generation of 390 
reaction with carbonyl compounds 409 

Tetrachlorobenzynes 393 
2.3,5.6-Tetrachloro-4-lithiopyridine 442 
2,3.5,6-Te trachloro-4-piperidinopyridine 

Te tracyano-2-azapropenide anion 13 73 
1,2,4,5-Tetracyanobenzene - see Pyromellito- 

Tetracyanoethylene (TCNE). 
electroreduction of 223  
PE spectrum of 
synthetic applications of 1235-1238 

460 

nitrile 

141, 172-175, 179. 181 

Tetracyanoethylene anion radical. IR 

Tetracyanoethylene dianion, IR spectrum of 

Tetracyanomethane. PE spectrum of 131, 

spectrum of 123 

127 

148, 173, 174, 176 

11.1 1.12,12-Tetracyano-2,6-naphthoquinodi- 
methane (TNAP), electroreduction of 
224 

7,7',8,8'-Tetracyanoquinodimethane (TCNQ) 
1239-1243 

electroreduction of 223 
PE spectrum of 172, 173 

Tetracyanoquinodimethane anion, 1R 

Tetracyanoquinodimethane dianion, IR 

Tetracyanoquinodimethane trianion, IR 

Tetracyanomethane, IR spectrum of 111 
Tetracyclone 455 
Tetradeca-1,3,8,10-tetrayne, I3C chemical 

Tetrafluorobenzynes 393 
Tetrafluorohydrazine, addition to alkynes 

Tetrahalogenobenzynes, Diels-Alder 

Tetrahydrofuran, 

spectrum of 123 

spectrum of 127 

spectrum of 128 

shifts in 1039 

374 

reactions of 396 

addition to  alkynes 358 
as reducing agent for aromatic diazonium 

salts 593, 594 
as solvent in aryne reactions 408 

5,6,7,8-Tetrahydroiso~~inoline-5,8-cndoxide 

Tetrahydropyran, addition to alkynes 358 
Tetrahydroxyquinoxalines, synthesis of 

1244, 1245 
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1147 Trimethylacetonitrile, IR spectrum of 110 

443 

Trialkylsilanes, addition to isocyanides 595 Trimethylamine-sulphur-dioxide complex, in 
Trialkylsilyl hydrides, as  reducing agents for 

Trialkylstannanes. addition to alkynes 371, 2.3,6-Triniethyl-2-hepten-4-yne, epoxidation 

Trialkyltin hydrides. as reducing agents, 

synthesis of nitriles from aldoximes 
aromatic diazonium salts 593 1067 

372 of 516 
Trimethylsilylacetylene. coupling constants for 

for aromatic diazonium ions 593 1049 
for isocyanides 594 Trimethylsilyl cyanide, 

Trianions. containing cyano groups. IR spectra analogues Of 99-1201 

1.2.4-Tribromobenzene-l.3.5-tribronio- 
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