The Chemistry of Functional Groups, Supplement C
Edited by S. Patai and Z. Rappoport
© 1983 John Wiley & Sons Ltd

Supplement C

The chemistry of
triple-bonded functional
groups
Part 1

Edited by
SAUL PATAI
and
ZVv1 RAPPOPORT

The Hebrew University, Jerusalem

1983
JOHN WILEY & SONS
CHICHESTER - NEW YORK — BRISBANE — TORONTO - SINGAPORE

An Interscience ® Publication




Copyright ©® 1983 by John Wiley & Sons Ltd.
All rights reserved.

No part of this book may be reproduced by any means,
nor transmitted, nor translated into a machine language
without the written permission of the publisher.

Library of Congress Cataloging in Publication Data:
Main entry under title:

The Chemistry of tripled-bonded functional groups.

(The Chemistry of functional groups. Supplement; C)
Includes bibliographical references and indexes.

1. Acetylene compounds. 1. Patai, Saul. II. Rappoport,
Zvi. 1I. Series.

QD305.H8C44 1982 547413 82-17355

ISBN 0 471 28032 1 (U.S. : set)
ISBN 0 471 28030 5 (U.S.: v. 1)
ISBN 0 471 28031 3 (U.S. : v. 2)

British Library Cataloguing in Publication Data:

The chemistry of triple-bonded functional groups.
—(The chemistry of functional groups; Supplement C)
1. Chemical elements
I. Patai, Saul II. Rappoport, Zvi IllI. Series
540 QD181

ISBN 0 471 28032 1
ISBN 0 471 28030 5 v.1
ISBN 0 471 28031 3 v.2

Typeset by Preface Ltd., Salisbury, Wiltshire,
and printed in Great Britain



Contributing Authors

Z. B. Alfassi

Y. Amiel
R. A. Bartsch

L. Batt

G. Bianchi
I. G. Binev

H. Bock

K. Bott

M. Charton
A. J. Fatiadi
J. P. Ferris
K. Friedrich

R. Gandolfi
T. L. Gilchrist

P. Grinanger
F. Hibbert

H. Hogeveen

W. D. Huntsman
K. Hutchins

M. G.
R. O. Hutchins
l.

N. Juchnovski

Department of Nuclear Engineering, Ben-Gurion University of
the Negev, Beer Sheva, Israel 84120

The Weizmann Institute of Science, Rehovot, Israel

Department of Chemistry, Texas Tech University, Lubbock,
Texas 79409, U.S.A.

Department of Chemistry, University of Aberdeen, Meston
Walk, Old Aberdeen, AB9 2UE, Scotland

Institute of Organic Chemistry, University of Pavia, Italy

Institute of Organic Chemistry, Bulgarian Academy of Sciences,
1113 Sofia, Bulgaria

Chemische Institute der Universitdt Frankfurt, Niederurseler
Hang, D-6000 Frankfurt/Main 50, W. Germany

Hauptlaboratorium der BASF Aktiengesellschaft, D-6700
Ludwigshafen, Federal Republic of Germany

Pratt Institute, Department of Chemistry, Brooklyn, New York
11205, US.A.
Centre for Analytical Chemistry, National Measurement

Laboratory, National Bureau of Standards, Washington, D.C.
20234, US.A.

Rensselaer Polytechnic Institute, Troy, N.Y., U.S.A.
Chemisches Laboratorium, Albert-Ludwigs-Universitit,
Albertstrasse 21, 7800 Freiburg 1. Br., Germany

Institute of Organic Chemistry, University of Pavia, Italy

Department of Organic Chemistry, University of Liverpool,
England

Institute of Organic Chemistry, University of Pavia, Italy

Department of Chemistry, King’s College, Strand, London
WC2R 2LS, England

Department of Organic Chemistry, The University, Nijenborgh
16, 9747 AG Groningen, The Netherlands

Ohio University, Athens, Ohio, U.S.A.
Temple University, Philadelphia, Pennsylvania, U.S.A.
Drexel University, Philadelphia, Pennsylvania, U.S.A.

Institute of Organic Chemistry, Bulgarian Academy of Sciences,
1113 Sofia, Bulgaria

v



vi
C. A. Kingsbury

D. M. Kok

J. B. Moffat

D. G. Morris

M. P. Periasamy
H. C. van der Plas

F. Roeterdink
W. Runge

L. I. Simandi
H. Stafast

H. M. Walborsky
K. Yoshida

K.-P. Zeller

H. Zoliinger

Contributing Authors

Department of Chemistry, University of Nebraska, Lincoln,
NE 68588, US.A.

Department of Organic Chemistry, The University, Nijenborgh
16, 9747 AG Groningen, The Netherlands

Department of Chemistry and Guelph-Waterloo Centre for
Graduate Work in Chemistry, University of Waterloo, Waterloo,
Ontario, Canada

Department of Chemistry, University of Glasgow, Glasgow
G12 8QQ, UK.

Mallinckrodt, Inc., St. Louis, Missouri, U.S.A.

Laboratory of Organic Chemistry, Landbouwhogeschool,
Wageningen, The Netherlands
Laboratory of Organic Chemistry, Landbouwhogeschool,

Wageningen, The Netherlands

Organisch-Chemisches Institut der Technischen Universitit
Miinchen, Germany

Central Research Institute for Chemistry, Budapest, Hungary

Chemische Institute der Universitit Frankfurt, Niederurseler
Hang D-6000 Frankfurt/Main 50, W. Germany

Florida State University, Tallahassee, Florida, U.S.A.
Department of Chemistry, Faculty of Engineering Science,
Osaka University, Toyonaka, Osaka 560, Japan

Institut fiir Organische Chemie, Universitit Tiibingen, Auf der
Morgenstelle, D-7400 Tiibingen, Germany
Technisch-Chemisches Laboratorium, Eidgenossische Tech-
nische Hochschule (ETH), Zirich, Switzerland



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), 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.

SAUL PATAI
Jerusalem. June 1982 ZVI RAPPOPORT



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 Linkage deals with
reactions in which the C—O—C group is involved, as well as with the effects of the
C—0O—C group on the reactions of alkyl or ary! 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—O—C functional
group.

A further restriction in the treatment of the various functional groups in these
volumes is that material included in easily and 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, it is realized that no plan can be devised for a volume that
would give a complete coverage of the subject with no overlap between chapters,
while at the same time preserving the readability of the text. The Editor set himself the
goal of attaining reasonable coverage with moderate overlap, with a minimum of cross-
references between the chapters of each volume. In this manner, sufficient freedom is
given to each author to produce readable quasi-monographic chapters.

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

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

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

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

ix



X Preface to the series

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 on ‘Thioketones’ is included in the volume The Chemistry of the
Carbonyl Group, and a chapter on ‘Ketenes’ is included in the volume The Chemistry
of Alkenes). In other cases certain compounds, though containing only the 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 Carbon—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 (two parts)

The Chemistry of Quinonoid Compounds (two parts)

The Chemistry of the Thiol Group (two parts)

The Chemistry of Amidines and Imidates

The Chemistry of the Hydrazo, Azo and Azoxy Groups (1wo parts)
The Chemistry of Cyanates and their Thio Derivatives (two parts)
The Chemistry of Diazonium and Diazo Groups (two parts)

The Chemistry of the Carbon—Carbon Triple Bond (two parts)
Supplement A: The Chemistry of Double-bonded Functional Groups (two parts)



Preface to the series xi

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 parts)

Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and their
Sulphur Analogues (two parts)

The Chemistry of the Sulphonium Group (two parts)

Supplement F: The Chemistry of Amino, Nitroso and Nitro Groups and their
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 Israel and overseas helped me in the solution of various major and minor
matters, and my thanks are due to all of them, especially to Professor Z. Rappoport.
Carrying out such a long-range project would be quite impossible without the non-
professional but none the less essential participation and partnership of my wife.

The Hebrew University
Jerusalem, ISRAEL SAUL PATAI
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CHAPTER 1

Chiroptical properties of compounds
containing triple-bonded functional
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2 Wolfgang Runge
. INTRODUCTION

The present chapter is intended to give a review of the chiroptical properties of
molecules with triple-bonded functional groups covering the spectral range
589-190 nm, i.e. emphasis is on optical (molecular) rotations, [¢]] (in particular
measured at the wavelength of the sodium D-line, A= 589 nm), and circular
dichroism (CD), Ae, in the near ultraviolet.

Current instruments allow CD measurements to be performed both in the vacuum
UV region (4 << 190 nm) and in the infrared spectral region (‘vibrational circular
dichroism’, VCD). However, no such measurements (which are based on light
absorption effects) on triple-bonded molecules have been reported in the literature.
Similarly, no ‘vibrational Raman optical activity data’ (Raman circular intensity
differentials referring to light scattering phenomena) of molecules with triple bonds
have appeared in the literature.

Furthermore, only .a few ‘conventional’ CD measurements on triple-bonded
systems, i.e. measurements of the circular dichroism which is intrinsic to
chromophores with triple-bonded subunits, are reported so far. These include CD data
for vinylacetylenes, diacetylenes and polyenynes.

Therefore, the main subjects of this chapter are the substituent effects of
triple-bonded groups on molar rotations, [ ¢]p, and the circular dichroism, Ae, of some
selected types of molecule or chromophore.

A. The Role of Chiral Acetylenes and Nitriles in Chemistry and Spectroscopy

Among the substituents with triple bonds the ethynyl (—C=CH) and the cyano
groups (—C=N) are the most important ones.

Chiral acetylenes play fundamental roles in synthetic chemistry, stereochemistry,
pharmaceutical chemistry and the chemistry of natural products. In synthetic
chemistry, chiral acetylenes are particularly useful, for instance, as intermediates or
precursors of chiral allenes’™82, 1,3-butadienes!®33, chiral allylic alcohols®, and
propenylamines®’. In mechanistic studies chiral acetylenes are often used to elucidate
the  absolute  configurations of  allenes”™.  Enantiomers of some
N-(4)t-amino-1-methylbutynyl)-substituted succinimides and 2-pyrrolidones, for
instance, show strong stereospecificty in motor effects of the muscarinic agent
oxotremorine, N-(4-pyrrolidino-2-butynyl)-2-pyrrolidine, the pharmaceutical effect
being mainly exerted by the (R)-{+) isomer’>%366, Numerous chiral acetylenes and
polyacetylenes are found in nature!>1341. Chiroptical properties of chiral acetylenes
which are important in the above mentioned contexts will be discussed in the present
chapter.

Apart from being synthetically important intermediates, molecules with
triple-bonded functional groups, such as acetylenes, nitriles and isocyanides, play a
key role in the theories of optical rotation, especially rotation of molecules with an
asymmetric carbon atom?33.7% The significance of such groups for theories of optical
rotation will be elaborated in more detail as an important aspect of the present
chapter.

A practical reason for the significance of the cyano group in comparing optical
activities of various molecular classes is that chiral nitriles may be obtained rather easily
through optical resolution of the corresponding carboxylic acids and transformation of
these acids into nitriles through routine procedures:

O
—Cf —_— ~—Cf — —C=N
OH NH,
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B. Comparison of Triple-bonded Functional Groups with Other Substituents

In order to rationalize the substituent effects of triple-bonded functional groups on
optical rotation comparisons will be made with other ‘similar’ groups. The ‘similarity
criteria’ can be expressed on various levels (corresponding to nominal. interval or even
rational scales of measurement).

A qualitative classification of substituents which is of particular importance for
optical rotation (Section II.B) is the local symmetry. Referring to this criterion
triple-bonded functional groups, such as —C=CH, —C=N, —N=C, —N=N, may
be compared with other rotationally symmetric groups, such as H, Cl. Br, Me, +~Bu
or CF;. ‘

More quantitative similarity criteria involve group increments (and substituent
constants) for the calculation of molecular properties or chemical reactivities,
respectively. Most relevant in the context of chiroptical properties are the bond
refractivity Rp (or bond polarizability ap), the group parachor P and the group dipole
moment p(R). In Table 1 a comparison of the numerical values for these last group
properties for several groups is presented. It can be seen that the cyano and isocyano
groups, in particular, have many of the above properties in common with the halogen
atoms Cl and Br and with the triatomic heterocumulenic group —N3 (which is the
reason for calling all these radicals ‘pseudohalides’). Moreover, referring to resonance
form B the azido group may be viewed as a substituent with a triple-bonded N=N
subunit:

— + - _— +
—N=N=N| <—— —N—N=N|
(A) (B)

With respect to the polar nature of the triple-bonded groups (as measured by the
group dipole moments, electronegativities or polar substituent constants) close
similarities with the carboxylic (COOH) or carbomethoxy group (COOMe) are

TABLE 1. Comparison of triple-bonded functional groups with other substituents (R)

r(R)(D)* for

Group R MeR PhR Plem™3)® Rp(cm3)¢ 2(R) o o/
C=CH 0.75 0.79 73.5 7.806 3.29 0.30 +0.07
C=N 3.92 4.14 64.6 6.106 3.17 0.56 +0.13
N=C 3.83 4.08 7.990 0.67 +0.02
ql 1.87 1.69 55.2 6.492 3.00 0.46 -0.23
Br 1.81 1.70 68.8 9.389 2.68 0.44 -0.19
N=N=N 2.17 1.44 778 10.048 2.718 0.42

COOH 1.74 1.73 73.7 6.884 2.84 0.30 +0.14
COOMe 1.72 1.80 118.8 7.002 0.31 +0.16
HC=CH, 0.37 0.13 7.518 2.13 0.01 —-0.05

“Dipole moment, from Refs. 96 and 97.
bparachor, from Refs. 74 and 88.

“Bond refractivity, from Refs. 50 and 74.
9Electronegativity., from Ref. 94.

¢Polar substituent constant. from Ref. 29.
fPi delocalization constant, from Ref. 29.
EFrom Ref. 84.
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TABLE 2. Molar rotations [¢]p of (S) secondary butyl compounds, 1-7, containing triple-
bonded groups R and bond polarizabilities, (R), of the corresponding groups R7*

R\C\\\\\\Me
H™ et
(1—7)

Compound Group R Z(R) (A3 [¢1p(EtOH) (deg.) [#1p(S) (deg.)?
1 C=CH 3.095 +38.17 +38.17 (neat)
2 C=CBr 6.559 +73.90 +78.14 (neat)
3 C=CCOOH 5.567 +63.60 +63.60 (Et;,0)
4 C=CC=CBu- 5.933 +71.85 +71.85 (C7Hq¢)
5 C=N 2.420 +28.20° +28.27 (neat)
6 N=C 3.167 +37.97 +40.32 (CHCl3)
7 N=N=N 3.983 +44.49 +46.12 (neat)

2a2(R) = 0.3964 Rp.
bg ='solvent.
“In MeOH.

observed. Regarding their abilities for mesomeric interactions (as expressed by ¢§) the
C=CH and C=N groups are medium-strong mesomeric acceptors, whereas the iso-
cyanide group is a weak mesomeric acceptor. In particular, it is found that significant
fractions of the m electron densities in XC=CH and XC=N molecules, formally
associated with the triple bonds, are actually in the neighbouring bond regions3%:39-62,
which accounts for the anomalous strength of single bonds adjacent to triple bonds.

80 1

60 f

40

T

[‘HD (s-BuR), deg.

BrCECo
7-BuC=CC=C~°

#(R), A®

FIGURE |. Correlation between the molar rotations of secondary butyl
compounds s-BuR in EtOH and the bond polarizabilities &(R) of the ligands

R.
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Furthermore, in XC=CH and XC=N the charge distribution in the triple-bonded
functionality is found to be relatively little affected by the nature of X2,

The group property being most relevant for optical rotation is polarizability (or
refractivity, respectively). In Table 2 a set of molar rotations for secondary butyl
compounds s-BuR with triple-bonded groups (R) and the bond polarizabilities a(R) of
the corresponding groups R are summarized’*. The molar rotations of the (S)-(+)
molecules (in ethanol as the solvent) fit into the correlation (1) between [¢]p and
a(R) derived by Runge’ for rotationally symmetric groups with anisotropic
polarizabilities Aa greater than 1.6 A3.

[#1o(s-BuR) = 10.374 F(R) + 5.108 (1)

Correlation (1) and the rotations for the secondary butyl compounds of Table 274, and
s-BuCl and s-BuBr, are displayed in Figure 1.

il. OPTICAL ROTATION OF MOLECULES WITH TRIPLE-BONDED FUNCTIONAL
GROUPS

A. Naturally Occurring Molecules

Acetylenes (and polyacetylenes) are widespread in nature!?!34! and for chiral
molecules optical rotations are often available. The rotations, however, are mainly
used for diagnostic purposes or are only given to complete the set of physical
properties which fully characterize the compound. Since the naturally occurring chiral
acetylenes are often rather complex, one cannot in most cases easily detect
relationships between the signs (or even the orders of magnitude) of the rotations and
the structures of the molecules.

In connection with quantitative structure—property relationships only some
naturally occurring chiral diyne-allenes 8-12 are of interest’!-7>. The rotations of these
molecules will be discussed in more detail in Section I1.B.2.

R! R? [¢1p (deg.)
R'C=cc=cC__ WH
c=c=c" 8 H CH,OH +448(CH,Cl,)
H™ w2 9 H CH,CH,OH +475(EtOH)
10 H (CH,);0H +350(EtOH)
(8—12) 11 H (CH,);0H +288(EtOH)
12 Me CH,CH,OH +496(EtOH)

The optical rotations of the compounds 8-12 are essentially determined by the
axially chiral arrangement of the allenic subunit. This is seen from the rotation of the
diyne-allene 13 where the axially chiral allenic subunit and a (centrochiral) asymmetric
carbon atom are linked together. 13 exhibits a molar rotation which is comparable to
those of the diyne-allenes 8 and 10, i.e. there is only a small contribution of the
asymmetric carbon atom to the overall observed rotation.

HC=CC=C__ oH
/C:C: ~ X
H (|:H(CH2)20H
OH

(13)
(], + 341°(EtOH)
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For illustrative purposes a brief outline of the optical rotations of some other chiral
naturally occurring polyacetylenes with an asymmetric carbon atom as the element for
the induction of optical activity shall be given. In general, the rotations of these
compounds are considerably smaller than those of the diyne-allenes. This is expected,
since structural effects of asymmetric carbon atoms on optical rotations in general do
not give molar rotations exceeding 100°74,

For instance, falcanirol (14) of 3-(R)-(—) configuration'**°, and s-cis arrangement
around the double bond has been obtained with a rotation, [«]39s —22.5° (Et,0).

HO ~ \\\\\\[CEC]ZCHZE: ﬁ(CHZ )GCH3
H CH=CH,
(14)

(#1239, —55.0°(Et,0)

Structurally related to 14, the naturally occurring cis-8-hydroxy derivative 15 of
lachnophyllum ester 16 of (§)-(—) configuration exhibits a larger rotation than
expected®!0. Irradiation of 15 generates the 2-trans isomer which upon saponification

0
1l f\lﬂe hlﬂe
C
0~ Sc=cH
\
/CmmEt
[czc]zﬁzﬁcoom CH3CHZCH2[czc]ZE:ﬁc00Me
(15) (16)

[¢]578 "4500( Et20)

gives the acid 17. Comparison of the rotations of 14 and 17 with that of 15 indicates
that in 15 the two bulky unsaturated groups may be assumed to achieve, due to their

steric requirements, a particular chiral conformation and hence be responsible for the
observed large rotation.

HO
N

H
H ‘[cz——_c]zc=gcoorq

Et

(17)
#1578 —51.7°(Et,0)

Some interesting effects of the influence of the double-bond stereochemistry in
polyynenes on the optical rotations of allylic asymmetric centres have been observed
by Jones and coworkers!. For instance, the npaturally occurring
(285)-tridec-trans-3-ene-5,7,9-triyno-1,2-diol (18) may be transformed into the
acetonide 19 [(45)-2,2-dimethyl-4-(undec-trans-1-ene-3,5.7-triynyl)-1,3-dioxolan].
Whereas the rrans compounds 18 and 19 have rotations of opposite signs the synthetic
cis compounds 20 and 21 both have negative rotations. The effect of the
stereochemistry of the double bond is more pronounced for the acetonides than for the
diols as may be seen from the differences between the rotations of 18 and 20 and 19
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Me

HO H H \ / \ C c[c Cl,(CH,),CH
\wC=C [C=Cl5(CH,),CH4 \ U yrazes

CH
i’ TCH,OH 2
(18) (19)
[¢]p —19.9%(EtOH) (¢]p +134.5°(EtOH)

HO H H M\/\ g_HC_
\_C=CIC=Cl4(CH,),CH, e o CFCIC=Cl4(CH,),CH,
o M >< >CH2

(20) (21)
[¢1p —76.9°(EtOH) [#)p —121.2°(EtOH)

and 21, respectively. For both the acetonides and the diols the rotations of the cis
compounds are more negative than those of the trans forms.

Similar effects are observed in the rotations of the synthetic trimethylsilylenynes
22-25'. These will be treated in more detail in Section III with their circular dichroism.
From the CD it may be concluded that the markedly different rotations of the cis and
trans enynes (or polyynenes, respectively) are due to a twist of the enyne grouping in
the cis compounds, whereas in the trans compounds the enyne grouping may be
assumed to be planar. This interpretation seems to be in contradiction to the

Me
HO H \ / \ \\\\\c Be= CSiMey
\_+C=CC=CSiMe
CUH 8 \/ \CHZ
by’ YCHOH
(22) (23)
[#]1p —36.9°(EtOH) [#]p +123.4°(EtOH)
Me O H H
HO\ g EC_CS'M N /\ WwC=CC=CSiMe,
o = = 1 63
N \ >cH,
H CH,OH
(24) (25)
[#]p +35.0°(EtOH) [#]p —8.53°(EtOH)

molecular structure determination of the spiro altkaloid dihyd1olsohistrionicotoxin (26)
where, by X-tay investigation, the cis arrangement of an enyne grouping is found to be
planar within 0.003 A%2. The findings for 26, however, do not preclude a skew enyne

OH *I*
N._CHyCHy

o CH

CH (26)
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functionality in 25 (or 24) since 25 (and 24) has additionally a bulky trimethylsilyl
group which may give rise to nonbonded interactions with the dioxolan group or the
ligands of the asymmetric carbon atom of the diol, respectively.

B. The Significance of Triple-bonded Functional Groups for Theories of Optical
Rotation

Molecules with triple-bonded functional groups, especially nitriles, have played (and
continue to play) a fundamental role in theories of optical rotation, whether empirical,
semiempirical or nonempirical in character. The central aim of all these theories is to
relate optical rotations to molecular structure.

One of the first approaches, intended to have a large range of applicability for chiral
molecules of various kinds, rests on the ‘principle of pairwise interactions’*>. The basic
assumption of this empirical approach for the calculation of optical rotation starts from
the finding that each pair of groups in an optically active molecule can interact to give
rise to a contribution to the optical rotation, i.e. for an optical rotation one has to
consider the interactions of at least two groups in a molecule. Thus the principle of
pairwise interactions assumes that, to a good approximation, the optical rotation of a
molecule may be expressed as the sum of contributions arising from all ways of pairing
the groups of the compound, and disturbances of the contribution of a given pair by
the remaining groups in the molecule are assumed to be small (and are therefore
negligible in the first approximation).

For molecules with an asymmetric carbon atom:

R! R!
\ K R 4 \ \\\\\\R3
R2/ \RS R2/ ‘R4
(A) (B)

the principle of pairwise interactions suggests that the molar rotation (under given
standard conditions involving the wavelength of the incident light, the temperature
and the solvent) may be expressed according to equation (2).

[¢15 = P(RL, R?) + P(R!, R?) + P(R}, RY) + P(R? R3) + P(R% R?) + P(R3 R%)
+ P(R!, C) + P(R?, C) + P(R3, C) + P(R* C) 2)

In equation (2) P(R!, R?), for instance, is the optical rotation for a hypothetical
molecule containing only the two groups R! and R? in exactly the same relative spatial
positions that they would have in the above molecule A. Correspondingly, P(R!, C) is
the optical rotation that would be observed if only R! and the asymmetric carbon C
were present. The next approximation step considers that the group R3 has some
influence on the interaction term P(R!, R?), i.e. one takes into account that the
interaction between R! and R? cannot be quite the same as the interaction between
these same two groups when R3 is present. Therefore, defining a ‘three-way
interaction term’ T according to equation (3), the description of the optical rotation is
corrected by corresponding triplets (equation 4). If necessary, one can go one step
further and introduce ‘four-way interaction terms’, etc.

The problem of a treatment of optical rotation according to the principle of pairwise
interactions, therefore, is to determine how many of these interaction terms must be
included in order to obtain a reasonably good quantitative description of optical
rotation. Within the ‘principle of pairwise interactions’ approach it is generally
assumed that the three-way terms will be much smaller than the two-way terms.
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T(R', R%, R%) = T(RIR? R?) + T(RZR3, R!) + T(R'R?, R?) 3)

[¢]h = P(R!, R?) + P(R!, R%) + P(R', R%) + P(R2, R% + P(R2 R%) + P(R3, R%)
+ P(R!, C) + P(R% C) + P(R3, C) + P(R%, C)
+ T(R!, R, R% + T(R!, R%, R¥) + T(R!, R3 RY) + T(RZ R3, R%)
+ T(R}, R%, C) + T(R', R3, C) + T(R}, R4, C) + T(R% R, C) + T(R% R*, C)
+ T(R3, R*, Q) (@)

In the examination of the degree to which this principle may be valid in different
types of chiral molecules, nitriles, such as (S)--bromopropionitrile (27)77 or the
(S)-ammoniopropionitrile cation (28)%*7* take on a crucial role for centrochiral
molecules with a molecular skeleton of the symmetry Ty (‘methane derivatives’)*3.

Br Me
\ o Me \ \\\\\\CEN
y’ YC=N W YR,
2n (28)
[¢1p —22°%(neat) [¢]p +18.4°(H,0)

According to the principle of pairwise interactions the molar rotation of
a-bromopropionitrile (27), for instance, should be given by equation (5). However, all

[¢]L = P(Br, H) + P(Br, CN) + P(Br, Me) + P(H, CN) + P(H, Me)
+ P(CN, Me) + P(Br, C) + P(H, C) + P(CN, C) + P(Me, C) (5)

of these pairwise interactions are identically zero owing to the rotational symmetries of
all the groups involved. This means that in 27 all pairwise interactions cancel, since if
any two groups are considered apart from the rest of the molecule, a plane of
symmetry may be passed through them. Considering that the terms P represent the
rotation arising from the interactions of two ligands, all the fragments R'R/ are
superimposable on their mirror images and hence can give no contributions to the
optical rotation. As a consequence, for any molecule in which all the groups
linked to an asymmetric carbon atom have axial symmetry, the contribution of
pairwise interactions to the optical rotation must vanish and the rotation must result
from at least three-way interactions*?.

The observation of rotation of the order of 20° for 27 and 28 therefore shows that
the assumption of a small (or even negligible) contribution from three-way
interactions is either not justified or that special conditions in the above molecules are
responsible for the relatively large three-way interactions. Kauzmann and coworkers*?
have attributed the large three-way interactions to the particular character of the
molecules, having strongly polar groups in close proximity which are furthermore very
susceptible to solvent effects. However, recent investigations®®’¢ have shown that the
principle of pairwise interactions cannot be applied to molecules with an asymmetric
carbon atom and that in general at least triple terms must be used to describe the
optical rotations of methane derivatives adequately. If one considers molecules with
ligands in which rotation about the bonds attached to the asymmetric carbon atom is
possible, such as (S)-(+)-s-butyl cyanide (5) (Table 2), one must consider three
rotamers Sa, Sb, Sc. Restricting oneself to a consideration of the fragment
CH;CH,—C—CN one can see that in the rotamers 5b and 5c the conformations of this
last fragment are mirror images of one another. Therefore, the pairwise interactions
involving the fragment CH;CH,—C—CN in the forms 5b and S5c are equal in
magnitude and opposite in sign, i.e. they cancel. Furthermore, in form 5a the
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N=C
\C\\\\\\Me
n” YEt
(5)
CN CN CN
H H H Me Me H
H Me H Me H Me
Me H H
(5a) (5b) (5¢c)

CH;CH,—C—CN fragment is achiral and therefore the pairwise interactions are
identically zero. As a consequence, if s-butyl cyanide has an equal population for all its
above three rotameric forms the entire rotation must also come from three-way (or
higher order) interactions. In allowing the ethyl group in 5 to occupy its three stable
conformations to equal extents one has, in effect, attributed to the ethyl group an axis
of symmetry about the bond that links it to the asymmetric carbon atom. Any forces
which cause the three forms to exist in unequal amounts will tend to influence the
optical rotations through involvement of pairwise interactions.

So far, only molecules with one asymmetric carbon atom have been con51dered
Van’t Hoff’s theory of the asymmetric carbon atom as a structural condition giving rise
to optical activity led him to propose an additivity relationship known as the ‘principle
of optical superposition’. Acccording to this, in a molecule containing several asym-
metric centres each centre contributes to the optical rotation independently of the
others. Most of the tests of the superposition principle have been confined to poly-
alcohols and sugars and as many examples can be cited where the superposition prin-
ciple fails as where it is obeyed. The complications in applying the rule result largely
from the closeness of the asymmetric centres and conformational effects*3. The super-
position principle, however, can be expected to be valid whenever the centres involved
are widely enough separated. In this regard the diacetylene skeleton provides an
excellent opportunity to test the superposition principle for model compounds obeying
the limiting conditions under which the principle may be assumed to be valid.

In diacetylenes, e.g. 29-34. the ligands attached to the C=CC=C skeleton are

6 1
5 3 R
////C CECC:_:C C,,///
/. 4 7R3
R4 R2
(29 — 34)

freely rotating, i.e. no conformational preferences for particular rotamers should be
observed®*#*78. The approximate validity of the superposition principle in case of
diacetylenes is demonstrated in Table 3. The alcohols 32-34, especially, represent
good examples for the superposition principle. The hydrocarbons 4 and 29 exhibit
some deviations which, however, are within the range of variations which is expected
for this principle.

Another useful approach for the estimation of optical rotations of molecules which
has been tested using mainly compounds with triple-bonded groups is based on the
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TABLE 3. The optical superposition principle demonstrated for various diacetylenes,
RIRZR3CC=CC=CCR*RRS

Compound R! RZ R? R* R> RS  Configuration [¢]p (deg.) Reference

4 Et Me H Me Me Me (5) +67.1¢ 34
29 Et Me H Et Me H (). () +151.02 34
30 t-Bu Me H Me Me Me () +53.8° 34
31 +-Bu Me H t-Bu Me H (S), () +105.37 34
32 Et Me OH Et Me OH (S),(S) —28.4b 19
33 Et Me OH Et Me OH (R).(R) +26.5° 19
34 Et Me OH Et Me OH (S), (R) +0.17% 19
“Neat.

b1n EtOH.

observation that molecules which differ only by the substitution of one ligand by an
isosteric one (or almost isosteric one, e.g. C=N vs. C=CH) have very similar optical
rotations’. Since isosteric groups (isoelectronic groups of corresponding symmetries)
have similar steric requirements, conformational effects cannot influence the optical
rotations of such compounds significantly. However, solvent effects may affect the
rotations of isosteric molecules to a different extent. For instance, the different basicity
(and polarity) of the C==N and C=CH groups may give rise to different solvent effects
in solvents capable of hydrogen-bonding. s-Butylacetylene (1), s-butyl cyanide (5) and
s-butyl isocyanide (6) (in Table 2) demonstrate the relatively small effects of isosteric
substitutions on optical rotations.

Further comparisons of this kind between acetylenes and nitriles (the data being
largely from Reference 74) are given in Figure 2. Apart from the phenyl compounds
4287 and 43%, the ammonium salts 28 and 37 also exhibit fairly large differences be-
tween their rotations. These deviations probably result from solvent effects.

Corresponding comparisons between cyanides and isocyanides may be made for the
phenyl derivatives 45> and 46°7 and the diphenylcyclopropanes 47%° and 48%C. For the
isocyanide 45 the given rotation is an estimated value based on the assumption that the
densities of the compounds 45 and 46 are identical. Furthermore, the large difference
between the rotations of 45 and 46 must come from solvent effects. (S)-(+)-s-
butylbenzene, EtMeCHPh, for instance, shows a marked decrease in rotation when
using a solution in ethanol instead of the neat liquid for the measurement:
[0]546 +33.2°(neat), [d]546 +18.7°(EtOH)45.

Nitriles have also played a crucial role in strictly theoretical approaches to optical
rotation, in particular with respect to the effect of the change in distance of the ligands
on the magnitude of the rotation. Regarding this objective the rotations of a-
bromopropionitrile (27) and 3-methyl-5-bromo-1-cyanoadamantane (49) as model
compounds with relatively fixed geometries have been compared2—5: {49 is one of the
few optically active adamantane derivatives reported so far in the literature.)

As has been shown, in these kinds of Ty molecules the optical rotations must come
from three-way and/or higher order interactions (second- and/or third-order contribu-
tions in terms of perturbation theory). If r is an ‘average’ distance between two
interacting groups of a chiral molecule the rotations should vary as 1/r" aqd n = 5 In
the polarizability theory of optical rotations?, the second- and third-order interactions
between polarizable groups vary as 1/r° and 1/r8, respectively. A quantum—mechan_xcal
theory of optical rotations of tetrahedral molecules (in particular methane deriva-
tives)?” gives the distance effect as 1/r’.
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FIGURE 2. Comparison between the molar rota-
tions of correspondingly substituted acetylenes and

nitriles.
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- N
+ \C\\\\\\Me \C\\\\\\Me
v’ “Ph 1~ Fh
(45) (46)
[9]p — —54°(neat) [#]p —23.50%EtOH)
Ph oH P H
Ph>v"l‘59| Ph‘czw
(48) (47)
[#)s546 +774°(CHCI3) [¢]p +723°(CHcly)

- [@]p +673%CHCl3)

By comparing the magnitudes of the rotations of 27 and 49 one sees that the distance
effect is a 32-fold decrease. Assuming as a first approximation that the intergroup
distances in 27 and 49 increase by a factor of two the second-order contribution would

Me
Me
24
H
Br” "CN CN
Br
(27) (49)

[#], —22°(neat) {¢], —0.684°(cis-decalin)

fall off by a factor of 25 = 32, which is comparable to the observed effects (the
numerical agreement with this rough estimation has to be regarded as fortuitous). This
indicates that second-order calculations (involving three-way interactions) can account
for the observed rotations of this type of molecule.

The optical rotatory dispersions (ORD) of 27 and 49 (in the range 656—436 nm) fit
precisely the one-term Drude dispersion formula (6)2®. This means that the nitriles
exhibit plain ORD curves in the transparent region.

K
()= 22— A2,

—6.143 x 10°deg. (nm)?; g = 262 nm for 27
—0.205 x 10%deg. (nm)?; 4o = 218 nm for 49

(6)

K
K

The theory of optical rotation relates 1 in Drude plots to the wavelengths of
electronic transitions whose Cotton effects determine essentially the optical activity?!.
In case of nitriles, however, there is no UV absorption between 200 and 300 nm? (cf.
also Section IL.A). Therefore, in case of the nitriles 44 in equation (6) is either of no
physical significance or has to be attributed to weak electronic transitions involving the
bromine atom (i.e. to the C—Br chromophore). As for instance in a-bromopropionic
acid, the n,c* transition of the C—Br chromophore is observed at 230 nm>>, the ORD
of the above bromonitriles seem to be governed by the C—Br subunits.



14 Wolfgang Runge

C. Semiempirical Descriptions of the Optical Rotation of Compounds with
Triple-bonded Groups using Chirality Functions

In the preceding section it has been shown that for an adequate description of the
optical rotation of molecules with an asymmetric carbon atom (or, more generally,
molecules with a skeleton of symmetry T) at least three-particle functions (three-way
interactions) must be taken into account.

An essentially geometrophysical method, which gives conditions concerning the
transformation properties, analytical forms and general restrictions of functions of
sufficient generality to describe chirality phenomena for arbitrary molecular classes,
has been introduced by the ‘Theory of Chirality Functions’ of Ruch and Schénhofer®?
and its subsequent modifications’®. As these methods are underlying the semiempiri-
cal descriptions of the optical rotation of various molecules with triple-bonded func-
tional groups (methane derivatives, allenes, spirobiindanes, [2,2]metacyclophanes) to
be outlined in the present section, an introductory summary of the relevant features of
these methods will be given. (A summary with particular emphasis on allenes has been
given recently in this series’!.)

The ‘chirality function method’ of treating optical activity may take the typical
‘substituent effect approach’ of organic chemistry, i.e. that properties of molecular
systems are related to properties of appropriately selected subsystems. Thus a
molecule is dissected (conceptionally) into a skeleton with n ligand sites to which the
ligands R are attached. According to Ruch and Schénhofer®® a function of the ligands
or of certain ligand parameters for the description of a chiral property for a class of
molecules with a common achiral skeleton is called a ‘chirality function’. A chirality
function may take many forms. A necessary condition, however, is that the numerical
value for a chiral property remains unchanged when the molecule is rotated, but
changes its sign when the molecule is replaced by its mirror image.

A restriction to a spatially rigid skeleton (of symmetry G) and an abstraction to a
point model for the ligands R which may be characterized by real numbers ¢(R) allows
a systematic treatment of the complex molecular property for ‘ideal’ molecules on the
basis of algebraic arguments. Since for such ‘ideal’ molecules symmetry operations
from G may be represented by permutations of the ligands, the vehicle for a general
treatment of optical activity is permutation algebra.

For ‘ideal’ molecules represented by a fixed arrangement of points in space (with no
hetercatoms in their skeleton) the skeletal symmetry G is determined by all the
molecules with exclusively n identical ligands. In particular, the point symmetry G
defines a class of molecules which may be characterized by a geometrical figure. The
individual molecules of the class under consideration are indexed sets where definite
numbers are assigned to the sites. In this way, methane derivatives are representatives
of a molecular class where the skeleton has the symmetry T, of a regular tetrahedron.
Allenes and spirobiindanes may be viewed as representatives of the molecular class
with the skeletal symmetry D,y of an irregular tetrahedron (Figure 3). The restricting
conditions imposed by the above model on the treatment of chiral properties of ‘real’
molecules concerns first the symmetries of the ligands.

If the symmetry arrangement of the ligand sites is not to be influenced by the nature
of the ligands or by certain types of ligands (corresponding to a neglect of any interac-
tions between the ligands) the site symmetry has to be retained. This means, that for
methane (T,) derivatives the ligands must have the symmetries Cs,, (n = 1) or C.,,
i.e. the ligands must be rotationally symmetric. Therefore, in cortrast to atomic
ligands, such as H, CI, Br, etc., and Cjy, ligands, such as CHj, NH3*, etc., groups with
triple bonds, such as C=CH, C=N, N=C, conform to the conditions required for
model-adequate ligands for T4 molecules.
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FIGURE 3. Representations of different molecular skeletons by geometrical figures.

In the case of D,q4 derivatives, however, the ligands must only have a mirror plane
identical with that of the D4 skeleton, i.e. the selection of ‘permissible’ ligands for a
treatment of the optical rotation of D,y molecules is less restrictive than for Ty
molecules. On the other hand, in relation to the time-scale of experimental investiga-
tions of chiroptical properties, freely rotating ligands with a (local) mirror plane sym-
metry may also become ‘permissible’ for T, derivatives (with respect to their
time-averaged symmetries or ensemble-averaged symmetries, respectively). There-
fore, the model is not as restrictive as one might expect at first glance referring only to
the local symmetries of the isolated ligands. Some important groups which exhibit
time-averaged rotational symmetries in methane derivatives include the ethyl,
methoxy and hydroxy groups**74.

Thus, many chemically relevant ligands become permissible if real molecules are
investigated by the model theory. The most serious situations which will affect the
above-mentioned foundations of the model include deformations of valence and
dihedral angles by neighbouring ligands, larger variations of skeleton-ligand bond
length and changes of conformation or rotamer population, if certain ligand combina-
tions are present (j.e. certain ligands achieve special arrangements relative to other
definitive groups).

Since this approach deals with single, isolated molecules, solvent effects have to be
additionally taken into consideration. A first approximation to cope with solvent
effects is to compare only measurements which have been performed in the same
‘standard’ solvent, for instance, ethanol.

Since chiroptical properties are extremely sensitive to small structure changes and to
solvent effects, all the above mentioned factors have to be controlled if experimental
and calculated optical rotations are to be compared.

For a more general analysis of optical rotations it is advantageous to refer to the
‘chirality order’ 0. This is the maximum number o of identical ligands which may
occur in chiral molecules, and hence is characteristic for the chirality phenomenon of a
given molecular class with » ligand sites. As an immediate consequence it yields the
minimum number of ligands N = (n — o) which, according to their simultaneous con-
tributions. are necessary for the description of a chiral property.

Therefore, in case of tetrahedral T, molecules, such as methane derivatives or
adamantanes (n = 4, o = 1), at least triple terms have to be taken into account
(N = 4 — 1) for the description y (equation 7) of the optical rotation, as has also been
shown by a different approach by Kauzmann*3.
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(R, R2, R3, RY = 2 (R, R/, RF) @)
iRk
On the other hand, in case of four-site D,4 molecules (allenes or spirobiindanes) one

has 0 = 2 and consequently a chirality function must at least involve pair terms
o(R, R) = o(R,R): N =n — 0 = 4 — 2 (equation 8).

#(RL,R%L R%, RY = 3 o(R,R)) (3

i#f

If the pair or triple terms in equations (7) and (8) are factorized the chirality
functions involve substituent constants. Assuming that w(R!, R)) = A(R")-A(R/), the
approximation function (9b) for the calculation of optical rotations of D,q systems is
obtained from equation (9a).

(R, RZ R3 RY) = o(R], R?) — o(R}, R*) — w(R%, R?) + w(R%, RY)  (92)
x(RL R2 R3, RY = [A(R)) — ARH][AR?) — A(RY)] (9b)

For details of the arguments summarized in this section, the original literature
should be consulted®®’!, but for the purposes of the following discussion, this
restricted representation suffices.

1. Methane derivatives

A semiempirical theory of the molar rotation of molecules with an asymmetric
carbon atom (methane derivatives) has been presented by Runge?. This treatment
covers ‘ideal’ T4 molecules, but also more complex compounds taking conformational
chirality effects!® into consideration. The general treatment may be viewed as a
‘polarizability theory of optical rotation’. In the present section some selected results
for ideal T4 molecules with triple-bonded functional groups will be given.

For T4 molecule the molar rotations ¢ (in ethanol as the standard solvent) may be
calculated according to equation (10)74. In equation (10) the a(R’) are bond

ii

»(R}, R?, R3, RY) = p(R!, R, R3, Rn¥)y/(R!, R2, R3, RY) (10a)
p(R1, R2, R3 R%) = z(R!)-&(R?) -&(R3) &(R%) (10b)

X' (R, R%, R3, R = [u(RY) — p(R)I[(R?) — u(RI)][u(R') — u(RY)]
x [u(R?) — p(RHNpu(R?) — p(RH)[u(R?) — u(R)]  (10c)

polarizabilities of the ligands R attached to the sitesi. (For the numbering of the ligand
sites see Figure 3). For some groups the &(R) values have been summarized in Table
2. Relevant bond polarizabilities together with the numerical values of the ligand-
specific parameters u(R) for a wider range of ligands are given in Table 4. The
variations of the u parameters for all the groups with triple bonds are extremely small,
amounting to only 2%. With regard to their & and g values the triple-bonded func-
tional groups may be compared with the halogen atoms Cl and Br.

The interpretation of equation (10) which contains a scalar factor p = I;z(R’) and a
pseudoscalar factor y' is straightforward: the optical rotation depends simultaneously
upon the amount of polarizable matter [reflected by a(R/)] and upon the different
ways this matter may be distributed with respect to the given structural (geometrical)
situation {which is described by the u(R’)]. The parameters u(R’) are related to the
distances xcgri of the centres of polarizability in the C—R bond directions from the
asymmetric carbon atom C, C being the origin*.

I
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TABLE 4. Bond polarizabilities [2(R)] and ligand-specific parameters
[#(R)] for the calculation of optical rotations of methane derivatives’*

R #(R) (A u(R)

H 0.664 0.6640
C=CH 3.095 3.5756
C=CBr 6.559 3.5494
C=CC=CBu- 5.933 3.5537
C=N 2.420 3.6004
*N=C™ 3.167 3.5530
Me 2.509 2.1439
Et 3.125 3.4472
n-Pr 3.125 3.4881
i-Pr 3.745 2.2409
t-Bu 4.365 2.2096
NH;*Cl™ 2.567 2.1727
NMe,(=NEt,) 3.399 2.1742
Cl 2.573 3.5574
Br 3.722 3.5537
OH 1.268 2.0653
NH, 1.888 2.1211

If in equation (10) three ligands are held constant (e.g. R = H, R? = Et, R* = Me)
it can be shown that equation {10) may be reduced to the linear correlation (1) which
relates the optical rotations and the bond polarizabilities™.

The pseudoscalar factor y' in equation (10) determines the sign of the optical
rotation of the molecule, i.e. the sequence of the y(R) parameters is relevant. Since the
u#(R) and 2(R) are not generally related to each other, common (empirical or semiem-
pirical) methods for the assignment of the absolute configuration of molecules with an
asymmetric carbon atom on the basis of the sense of the screw pattern of the
polarisation of the ligands!’ have to be introduced with reservation’.

The function y' (10c), first introduced by Crum Brown? and Guye*® and termed
‘product of asymmetry’, has played a fundemental role in numerous methods of pre-
dicting optical rotations’®. A historically interesting point in connection with a treat-
ment of optical rotations of molecules with triple-bonded functional groups refers to
the fact that Guye33-3¢ related the parameters u(R) to the masses of the ligands,
whereas Crum Brown thought it to be a function of the composition and the constitu-
tion. The proof which is strictest from our current understanding of molecular and
electronic structures, that it is not the mass of the ligands which determines the optical
rotation was given by Fischer?. He showed that n-propyl-i-propylcyanoacetic acid

H
n—Pr\C/COO
/'-Pr/ \CN

(50)
{91y +19.29%(toluene)

(50) exhibits a considerable optical rotation which should be zero, if Guyes assump-

tions were correct. The absolute configuration of 50 has not yet been determined.
In Table 5 a comparison between experimental and calculated (equation 10) molar

rotations of methane derivatives containing triple-bonded groups is given. In general,
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TABLE 5. Calculated (¢, equation 10) and experimental ([¢]“P) molar rotations of methane
derivatives, R'IR2CR3R*, with triple-bonded functional groups’#

Compound R! R? R? R*  @(EtOH) (deg.) [¢]p (deg.)

1 C=CH H Et Me +43.32 +38.17(neat)
51 C=CH H i-Pr Me +22.76 +29.20(neat)
52 C=CH H t-Bu Me +18.02 +13.87(neat)

2 C=CBr H Et Me +73.68 +73.90(EtOH),

+78.14(neat)
53 C=CBr H i-Pr Me  +47.67 +52.88(EtOH),

+55.90(neat)
54 C=CBr H t-Bu Me +37.77 +34.53(EtOH),

+36.50(neat)

5 C=N H Et Me  +44.31 +28.20(MeOH)
55 C=N H n-Pr Me +34.00 +30.30(neat)

6 N=C H Et Me  +38.12 +37.97(EtOH),

+40.32(CHCIl3)
56 Cl H C=N Me —11.55 —28.03(neat)
27 Br H C=N Me -—-18.07 —20.61(EtOH)
44° Br H C=CHex-n Me —10.56 —23.21(MeOH)
57 NEt, H C=CH Me —6.93 —11.14(MeOH)
37 NH;Cl H C=CH Me —4.98 —9.13(EtOH)
58 NH;ClI H C=CH Et +46.27 +17.10(EtOH)
59 NH;Cl H C=CH n-Pr  +33.02 +25.39(EtOH)
60 NH;Cl Me C=CH Et +0.77 +9.22(EtOH)
28° NH,X H C=N Me —4.06 —18.4(H,0)

4 C=CC=CBu+ H Et Me +71.94 +71.85(heptane)
30 C=CC=CBu+ H Bu Me  +35.50 +61.51(heptane)

2u(C=CHex-n) = u(C=CH).
X = tartrate.

the agreements are rather satisfying, in particular if the extreme sensitivity of the
calculated values towards small changes of the u parameters is taken into account’.
Rotations of the phenyl derivatives 40—43, 45 and 46 cannot be treated by the above
chirality furction approach, since in the phenyl series the optical rotations reflect not
only ‘atomic asymmetry’, but also conformational chirality effects which result from
interactions of the phenyl group with the other groups of the molecule!*",

Equation (10) fails to give correct results in case of prop-2-ynyl-1-ols and primary
and secondary prop-2-ynylamines:

X
\_R?
C A\

a" ¥c=cH

X = OH,NH,
R\, RZ = alkyl

The reason for this failure is assumed’ to be due to the hydrogen-bonding abilities of
the acetylenic functionalities?**%. 1-Alkynes behave as proton donors towards Lewis
bases and as bases with Brgnsted acids. These effects manifest themselves in the
extreme solvent dependence of the optical rotations of acetylenic amines and alcohols.
For primary acetylenic amines, e.g. 35, 61, 62, even changes in the sign of rotation are
observed when measurements on neat liquids or in ethanolic solutions are consi-
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NH, R R? [¢]p(neat) (deg.) [¢]p(EtOH) (deg.)
2
N R 3 H Me ~36.77 -6.2, =15.20°
S Ne=cy 6 H Et ~17.38 +11.97
R - 62 H n-Pr -13.12 +18.65

“In H,0 (Ref. 54).

dered32:6366.74 For the propargylic alcohols a typical example of solvent effects which
probably involve hydrogen-bonding influences is provided by the rotations of 63
(where the given rotations correspond to a sample of 72.1% optical purity)!6-56,

HO
\C wCsHq-n
y” YC=CH
(63)

[#]p —18.65°(Et,0)
[¢]p —5.04°(CHCIy)

Hydrogen-bonding effects may also be responsible for the concentration depen-
dence of the optical rotations of propargylic alcohols. In Figure 4 the specific rotation
of (R)-(+)-2,2,6,6-tetramethyl-3-heptyn-5-ol (64) is displayed3. Hydrogen-bonding
effects with propargylic alcohols and amines may lead to definite chiral molecular
arrangements (chiral clusters) giving additive contributions to the optical rotations
which result from the atomic asymmetry of the individual molecules. In the chiral
clusters the nature of the alkyl groups seems to play a minor role’®. Tentatively, one

6.0}
=]
L
o
= !
o
5
=2 s50¢
jm)
/
2, ] (64)
4.0 1 1 1 1
2 4 6 8
C,g/100 mi

FIGURE 4. Concentration dependence of the
specific rotation of (R) — (+)-2,2,6.6-
tetramethyl-3-heptyn-5-ol (64).
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may consider dimeric forms, e.g.:

\\R
HC=C —C—~aH
\X
x
\ :
RumnC—C=CH
H
X = O,NH

The above assumptions are suggested by the observation that the molar rotations of
alkylated prop-2-yn-1-ols and prop-2-ynylamines may be estimated from equations
(11) and (12), respectively. These correspond to calculating the rotations according to
equation (10) (the term describing the contribution from the centrochirality of the
systems) and subtracting a constant.

@ = p-¥ — 45 (for RCH(OH)C=CH) 1)
@ = p-x =15 (for RCH(NH,)C=CH) (12)

In Table 6 a comparison between experimental and calculated rotations of | ~~»ar-
gylic alcohols and amines is given. Considering the difficulties in calculating optical
rotations in genzral and, in particular, rotations of amines and alcohols which are
extremely sensitive to solvent effects, the calculated values ¢’ in Table 6 reproduce the
experimental values sufficiently.

TABLE 6. Calculated (¢', equations 11 and 12) and experimental ({¢]p) molar rotations of
propargylic alcohols and amines, R'R*CR3R* 7*

Compound  R! R? R? R* ¢ (deg) [¢lp (deg.)

65 OH H C=CH Me —38.29 —31.40(neat), —36.31(dioxane)
66 OH H C=CH Et -20.22 —35.05(Et,0)

67 OH H C=CH »n-Pr —27.36 —32.23(neat), —31.62(Et;,0)
68 OH H C=CH »n-Bu —29.77 ~25.64(Et,0)

69 OH H C=CH i-Pr —22.77 —12.35(neat)

70 OH H C=CH Bu —23.65 ~—19.25(neat)

35 NH, H C=CH Me —-11.91 —6.2(EtOH), —15.20(H,0)
61 NH, H C=CH Et +22.81 +11.97(EtOH)

62 NH, H C=CH &u-Pr +11.95 +18.65(EtOH)

Linear clustering of the chiral alcohols {or amines) through hydrogen bonding via
the heteroatoms:

seems to have no significant influence on optical rotation, as the rotations of saturated
chiral alcohols measured in the neat liquids differ little from the values observed for
ethanolic solutions”. The situation for rationalizing optical rotations is more compli-
cated if one considers ¢-hydroxy acids containing acetylenic groups, such as (R)-(—)-
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HC &0

Me ", /OH " /O\ H §C w, /OH
/C (4 : 4
L 4 0 [ 4
HeZ© \coon \c|:¢ P\ cooH
(71) OR (72)
[#], —48.72° (neat) [#], —86.33° (Me,CO)

7127 and (R)-(—)-72%8, where inter- and intra-molecular hydrogen bonding may be
expected?’. Furthermore, in the case of 72, intermolecular hydrogen bonding is not
only possible through the acetylenic functionality, but also via the phenyl group.
From 71, [a]p ~ 41° (neat), [¢]p — 46.78° (neat), the corresponding ethyl ester 71a
has been obtained with [a]p — 31.5° (neat)?’. The optical rotation of 71a exhibits a

OH Solvent [a]%] (deg.)
Me/;,,// /

e ccl, —454
= C.H —428

o’ 6116
HC COOEt Neat —31.5
McOH —25.6
(71a) MeCOOEt 212
Me,CO ~170

marked solvent dependency?’. The solvent dependency shows a trend which is
expected from the observation that ring-closure brings about a marked increase in the
magnitude of the optical rotation*3. The rotation is greatest in nonpolar solvents where
a species with an intramolecular hydrogen bond is largely preferred. The rotation is
smallest in polar solvents with hydrogen-bond accepting properties (acetone, ethyl
acetate) where intra- and inter-molecular hydrogen bonding with the solvents com-
pete.

Other molecules with triple-bonded functional groups where the chirality function
approach is not applicable include the butynyl methyl ether 38 and a-methoxypro-
pionitrile (39) (Figure 2) which are both isoelectronic withs-butyl cyanide (5). Probably
conformational effects of the MeO and C=H groups come into play here’®. Both
propargyl methyl ether (MeOCH,C=CH) and methoxyacetonitrile (MeOCH,C=N)
have been shown to exhibit conformational equilibria between gauche and trans
forms in the gas phase, the former being the more stable form. In both molecules
the gauche form is exclusively present in the crystalline phase?’. The greater stability
of the gauche forms has been attributed to dipolar interactions between the Me

X H
H H H X
Me Me
trans gauche
MeOCH,X

X = C=CH, C=N
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X Me H
Me H . H X X Me
Me Me Me
trans gauche B géuche A
Me
MeOCHT

X = C=CH, C=N

and X (X = C=CH, C=N) groups®. For the chiral systems 38 and 39 one trans and
two gauche forms may be conceived. The rotamer gauche A is unfavourable owing to
steric crowding. The trans form should be considerably less abundant than gauche
B owing to less favourable Me,X interactions. Therefore, the optical rotations of
38 and 39 must come essentially from only one conformer (gauche B).

‘2. Allenes and 2,2'-spirobiindanes

The structures and the analytical forms of the approximation functions for the calcu-
lation of miolar rotations of arbitrary molecules with a D,4 molecular skeleton have
been discussed with special emphasis on allenes by Runge”!,

For allenes with the enumeration of the ligand sites given in Figure 3, it has been
shown’07175 that the molar rotations y may be adequately described according to a
‘shortened expression’ (equation 13), A(R?) being a ligand-specific parameter for the
ligand R at site i.

(R, R2, R3 R¥) = [A(R") — A(R)J[A(R?) — A(RY)] (13)

With the parameter values given in Table 7 the molar rotations of allenes with
triple-bonded functional groups may be calculated. From these values one can see that
in the case of the unsaturated (axially chiral) allenes the parameters for the acetylenic
and the diacetylenic groups {A(C=CH) vs. A(C=CC=CH) or 1(C=CC=CMe),
respectively] which determine the sign of the rotations differ considerably, whereas for
the saturated methane derivatives the corresponding parameters [u(C=CH) vs.
u(C=CC=CBu-t)] have almost identical values. As for methane derivatives the
acetylenic and the cyano group exhibit similar overall substituent effects on the optical
rotations of allenes, i.e. correspondingly substituted yne-allenes and cyanoallenes
should have similar optical rotations. In Table 8 a comparison between calculated and
experimental rotations of some naturally occurring diyne-allenes is presented. Until

TABLE 7. Parameters for the calculation of the optical rotations of allenes’!

R A(R) R A(R)

H 0 CH-OH +9.5
C=CH +21.8 (CH»),OH +12.6
C=N +19.1 (CH>);0H +9.3
C=CC=CH +37.5 (CH3);OH +7.7

C=CC=CMe +37.5
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TABLE 8. Calculated (y, eguation 13) and experimental ({¢]p) molar rotations of (S)-diyne-
allenes, R'HC=C=CHR? 7!

Compound R! R? y (deg) [¢]p (deg.)
8 C=CC=CH CH,OH +366(CH-Cl>) +448(CH,Cl»)
9 C=CC=CH (CH,),0H +473(EtOH) +475(EtOH)
12 C=CC=CMe (CH5),0H +473(EtOH) +496(EtOH)
10 C=CC=CH (CH.):0H +349(EtOH) +350(EtOH)
1 C=CC=CH (CH>),OH +289(EtOH) +288(EtOH)

now no optical rotations of allenes with a cyano group have been reported in the
literature’ . Rotations of two allenylacetylenes 73 and 74 are available’. For 73 with
[¢lp — 20.53° (neat) an optical purity of 7.5% has been calculated’.

t-BuC=G oo wCHHCHIO . PRC=C CH,CH,OH
/ ~H JE=C=C,,
H H
(73) (74)
[#),—20.53° (neat) [¢],—5.71° (neat)

According to the theory of chirality functions the structures of functions for the
calculation of chirality observations only depend upon the number # of ligand sites and
the symmetry of the molecular skeleton. Therefore, all the arguments given in the
discussion of the optical rotations of allenes also apply to 5,5,6,6'-tetrasubstituted
2,2'-spirobiindanes. Indeed the optical rotations of the latter may be calculated
according to equation (14) which corresponds to that used for the allenes (cf. also
Figure 3).

X(R', R%, R* RY) = [A(R") = ARHI[AR?) = A(R)] (14)

Since in the general theory characteristics of the molecular skeletons are embodied
into the corresponding ligand-specific parameters, one cannot expect any relationships
between the different parameters (4 vs. 1) which are used for the calculation of the
rotations of chemically different types of molecules having skeletons of the same
symmetry.

For the (unsaturated) allenes and spirobiindanes, however, it has been shown’ that
there are fair linear correlations between the 1 and 4 parameters (equation 15).

A(R)(allenes) = 2.54A(spirobiindanes) — 0.19 (15a)
(for H and s-inductive alkyl groups)
A(R)(allenes) = 7.13A(spirobiindanes) — 50.16 (15b)

(for mesomeric groups)

In Table 9 some A(R) parameters are given. These are used to calculate the molar
rotations of the 2,2’-spirobiindanes in Table 10. In unsaturated molecules (allenes,
spirobiindanes) the substituent effect of the cyano group on the rotations is compar-
able with that of other n-acceptor groups, such as COOMe. This is an indication that in
unsaturated molecules the substituent effects on the optical rotations may be rational~
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TABLE 9. Parameters for the calculation of the optical rotations of 2,2"-spirobiindanes’8

R A(R) R A(R)

H 0 CH=CH, +11.32
Me +3.38 CHO +9.91
Et +4.39 COMe +9.52
CN +9.20 COOMe +9.34

TABLE 10. Calculated (y, equation 14) and experimental ([ ¢]p) molar rotations of 2,2"-spiro-
biindanes in acetone®® @ )

Compound R! R? RrR* ¥ (deg.) [¢]p (deg.)
75 CN COOMe H +85.92 +84.6
76 CN Me H +31.57 +31.9
77 CN Et CHO -51.56 —41.9
78 CN Et COMe —~47.91 —28.1
79 CN Et COOMe —44.93 —40.8
80 COMe Et CN —47.12 —41.6
81 CN Et CN —46.23 —46.3
82 COOMe Me CN —54.83 —-40.9
83 CN Et Me +9.43 +17.0
84 Me Et CN -16.73 —-15.5
85 CN Et CH=CH, -63.76 —65.9
R2=H

ized in terms of mesomeric and polar interactions of the ligands with the molecular
skeleton.

3. [2,2]Metacyclophanes

Another class of aromatic compounds where the optical rotations have been
described by the chirality function approach includes the [2.2]metacyclophanes

(Figure 5) with a Cy, skeletal symmetry.

FIGURE 5. The [2.2]metacyclophane molecular skeleton.

For simple disubstituted [ 2.2]metacyclophanes, e.g. 86—89, Haase 38 has shown that
the optical rotations (in ethanol) may be described approximately by the function (16).

¥ (H, RL, R% H) = — »(RY) — v(R2) — e.£(RY).E(R?) (16)
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R! R2

(86 —89)

Thus in case of the [2.2]metacyclophanes the description of the optical rotation
requires two parameters v and £ which are independent of each other. For the & values
only the absolute magnitudes are known38. However, with the following (tentative)
values (¢ = —1) the optical rotations of the 6,12-disubstituted [ 2.2 Jmetacyclophanes
86—89 may be calculated (Table 11).

R v(R) E(R)
H 0 0
Me +59 0
CN —88 +8.5
COOMe —22 +13.0
Br —181 0

The most interesting aspects of these findings are that there are obviously no corre-
lations between the substituent effects on the optical rotations of [2.2]metacyclo-
phanes and 2.2'-spirobiindanes, though both kinds of molecules are aromatic in
character. Furthermore, the substituent effects of the n acceptors CN and COOMe
differ considerably on the v scale, but not so much on the £ scale.

TABLE 11. Calculated (y’, eguation 16) and experimental ([ ¢]p) molar rotations of [2.2]meta-
cyclophanes 8689 in ethanol’8

Compound R! R? ¥’ (deg) [¢]p (deg.)
86 CN H +88 +88
87 CN CN +248 +248
88 COOMe COOMe +213 +213
89 CN Br +289 +274

lil. CIRCULAR DICHROISM OF MOLECULES WITH TRIPLE-BONDED
FUNCTIONAL GROUPS

Open-chain molecules with triple-bonded functional groups, such as acetylenes or
nitriles, contain a rotationally symmetric X=Y chromophore of local symmetry C.,,
i.e. an ‘inherently symmetric chromophore’!. whose electronic transitions can give
rise to optical activity only through perturbation by a chiral molecular environment
(‘symmetric chromophore in an asymmetric environment’).

The simplest (and most frequently observed) case involves the linking of a
triple-bonded (or polyyne group to an asymmetric carbon atom:
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The extent of induction of optical activity in the electronic bands of the X=Y
chromophore depends upon the juxtaposition of the groups R’ and the forces they
exert on the electronic states of the chromophoric system. Within the framework of
first-order perturbation theory Schellmann’® has shown that the extent of induction of
optical activity by an electrostatic asymmetric perturbing field (through space) is
related to the symmetry of the chromophore. The higher the order of symmetry
possessed by a chromophore, the less likely it is to give a static first-order Cotton
effect, i.e. the effectiveness of a perturbing electrostatic field diminishes as the number
of nodal planes of the chromophore increases. For rotationally symmetric
chromophores, such as triple-bonded groups, a perturbing field expressed in terms of a
function of the electronic coordinates is therefore expected to be an extremely feeble
mechanism for the induction of Cotton effects.

If the potential is Coulombic, the pseudoscalar potential can be directly interpreted
in terms of a multipole expansion (involving point charges, dipoles, quadrupoles, etc.).
Hence, for a Coulombic interaction, the higher the symmetry of the chromophore, the
higher the order of the multipole which is required in the optical activity term and the
smaller the anticipated optical activity induced by a given charge distribution.

Therefore, for cylindrically symmetric groups, such as C=N, C=CH, C=CC=CH,
one may expect no first-order contributions from point sources of potential, or only
very small contributions. If moderate inductions of optical activity for such molecules
are observed, it is likely that second-order perturbations (or quite different
mechanisms) have become effective.

The various triple-bonded chromophores exhibit light absorptions in different
spectral regions. Isolated carbon—carbon triple bonds produce very weak bands in the
range from 240 nm down to 210 nm with a complicated vibrational and rotational
structure?>*37. Strong absorptions are observed at wavelengths below 200 nm. The
spectrum of HCN is similar to that of acetylene. The bands, however, are shifted
considerably to short wavelengths, so that cyanic acid and alkyl cyanides are
transparent above 200 nm.

Though accessible to experimental investigations with current instruments (in
particular, gas-phase vacuum CD spectrometers) until now no CD spectra of chiral
compounds with an isolated triple bond have appeared in the literature. The
publication of the magnetic circular dichroism (MCD) spectrum of acetylene by
Gedanken®? demonstrates that the measurements of the optical circular dichroism
(CD) of chiral acetylenes should also be possible.

Some CD spectra of molecules are available where the triple-bonded group is
conjugated with another mesomeric group, as in diacetylenes, vinylacetyienes, or
polyenynes. These will be discussed first, followed by a treatment of the effects of
these groups on the circular dichroism of other chromophores. Here one can
distinguish two cases. First, the X=Y group is directly linked to the system whose CD
spectrurn is being investigated (i.e. X=Y exerts a mesomeric effect on the
chromophore). Second, X=Y is not directly bonded to the other group and interacts
essentially through space with the relevant chromophore (or via secondary effects with
the other chromophore, e.g. through changes of the rotamer populations in mono- or
poly-cyclic compounds).
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A. Circular Dichroism of Chromophores with Triple-bonded Subunits

Conjugation of, for instance, the acetylenic group with a second C=CH functional-
ity or a vinyl group shifts the electronic bands of HC=CH into the longer wavelength
spectral region. In these cases CD measurements in solution with commercially avail-
able instruments monitor that low-energy part of the spectrum which simultaneously
determines largely the optical rotations in the transparent region.

A systematization of the electronic (UV and CD) spectroscopy of diacetylenes and
vinylacetylenes adopts advantageously a correlative approach, describing the elec-
tronic structures in terms of molecular orbitals (MOs). This approach depends on the
fact that (1) both types of molecule contain a ‘4r electron (r,)’ chromophore which
corresponds formally to that of 1,3-butadiene, and (2) in both types of molecule the
outermost MOs comprise perpendicular n-type orbitals (x_, =,). In the parent hydro-
carbons the highest occupied (HOMO) and lowest unoccupied (LUMQO) MOs of the
linear diacetylene molecule (90) are doubly degenerate © MOs which split into two
components in molecules of lower symmetry, such as vinylacetylene (91) of symmetry
C;. The correlation of the symmetry representations of the MOs is given below:

Dy, Cs

. . -
Unoccupied orbitals Ty== 7 a”
—————————————————— —‘-_a—ll
Occupied orbitals Mg T T al

A schematic orbital diagram for 90 and 91 using only p, and p. atomic orbitals (AOs) is
displayed in Figure 6. In this particular representation the orbitals correspond simply
to the Hiicke]l HOMOs and LUMOs of ethylene and 1,3-butadiene, respectively. The
lowest energy electronic excitations which are relevant for the near- and vacuum-
ultraviolet absorption are (Figure 6):

Doy Mg ™ Ty

ca"—a a” —a"
Co s a —a

The (,, 7,) MO excitation givs rise to three excited (singlet) states, 'Zj, 'Ay, Izt
the ground state being 'X}. Corresponding triplet states are not of interest in the
present context.

With reference to the schematic orbital diagrams in Figure 6 ‘linear’ and ‘circular’
electronic transitions may be distinguished, the former ones being associated with
electric transition dipole moments (u), the latter with magnetic transition dipole
moments (m):

* *
TW=> 15, Ty Ty
1+ 1y— 1
. 35, 2 « Ay
My >y, T, T,

(i) {m)
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FIGURE 6. Schematic correlative orbital diagrams for diacetylene and vinylacetylene
and electronic excitations involving these orbitals.

Using a ‘molecules-in-molecules’ approach and (more or less) localized excitations in
the two acetylenic subunits the in-phase and out-of-phase combination of the pair of
linear transitions gives a splitting into a high-energy excited state 'X{ and a low-energy
excited state 'Z;. As can be seen from the figure below, transitions to the former
excited state are strongly electric-dipole allowed (g, + p, # 0) (magnetic dipole for-
bidden), while to the latter they are electric-dipole forbidden (g, + p2 = 0). Both !%,

18] Hna K1 B2
HC=CC=CH HC=CC=CH
g+ Ty —

“~u “u

transitions, however, give rise to electric-dipole allowed, magnetic-dipole forbidden
A’ excited states in vinylacetylene (91). The pair of circular (n; <> =, ) transitions in 90
would remain degenerate, giving an excited state 'A, of intermediate energy. 'A, splits
into two electric-dipole forbidden, magnetic-dipole allowed 'A” — A" excitations in
the C, molecule vinylacetylene.

The correlations of the excited states of interest in diacetylene (90) and vinylacetyl-
ene (91) are as follows:

Symmetry Ground state 77 Excited states

Dy, £y I3 A, 13

CS IA' lAl ]Ar/ lAn [A/
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From the above considerations it is clear that the '3} — %, A, excitations (in 90)
and the correlated 'A’ — 'A” transitions (in 91) should be associated with weak
electronic absorption bands, where the 'T}— '} and 'A’ — 'A” excitations should
be associated with strong electronic bands.

In the 'Z, states electronic excitation is accompanied by an average displacement of
eleciron density towards the end of the molecule (and the carbon skeleton should
remain linear). This would explain predominant progressions of bond-stretching vibra-
tions in the spectrum of both transitions.

From the orbital diagram in Figure 6 one can infer that in vinylacetylene (91) the
transition densities for the n,%*. T,n™ and %7 excitations should be localized essen-
tially in the acetylenic subunit of the molecule, whereas the transition density of the
n,n” transition comprises the whole four-centre orbitals of 91 and hence is similar to
the n.n* transition in 1,3-butadiene.

In Table 12 dichroitic absorptions Ae (and UV absorptions €) of some chiral di-
acetylenes (4, 29-31), where the diacetylenic chromophore is perturbed either by a
s-butyl or a 2,2,3-trimethylpropyl group, are given. The 30,000-50,000 cm™' weak
absorptions of the diacetylenes have been assigned to the vibrational progressions of
the two electric forbidden transitions !X, — '¥; and 'T; — 'A, which overlap each
other?’. Dale?* has suggested that the ‘A, state is of lowest energy. Both the UV and
CD spectra of the diacetylenes are characterized by vibrational fine structures which
involve 2100-2200 cm™! progressions, i.e. C=C stretching modes. In the CD spectra
an additional 1300 cm™! progression seems to be present. For all the diacetylenes the
UV and CD maxima coincide at about 41,500 cm™!. In the observed spectral range
the individual CD bands always have the same signs. For molecules with (S) configura-
tion the circular dichroism is positive between 35,000 and 50,000 cm~!. The lack of
any observable temperature dependency of the CD bands of the diacetylenes indicates
a high conformational homogeneity of the compounds®. As is observed with the
optical rotations of the diacetylenes (Table 3) the Aevalues for the compounds having
two identical asymmetric carbon atoms (29, 31) are approximately twice as great as
those with only one asymmetric carbon atom (4, 30). As expected, the magnitudes of
the Ae values of the diacetylenes are rather small (5 x 1073 to 2 x 107'). The ratio
Aeje is the order 1-6 x 10~* which is also a very small value for a magnetic-dipole
allowed transition (!A,), typical values being 107'-1072

In Table 13 the CD data of the trans- and cis-vinylacetylenes 22-25 are given. The
CD spectra of the enynediols 22 and 24 are displayed in Figure 7. The CD spectra of
the trans- and cis-vinylacetylenes differ significantly with respect to the sharpness of
the CD bands, the magnitudes and even the signs. The CD spectra of the cis forms are
more intense and more structured. In all cases the CD and UV spectra seem to be
governed by the ‘acetylenic’ part of the molecule which is manifested by the
1900 cm ™! vibrational spacings of the C=C stretch.

The intense UV maxima of 22-25 near 42,400 cm™! (236 nm) clearly correspond to
the m,n* transitions [excited-state 'A’ (m,n*) in vinylacetylene (91)]. The longest
wavelength CD bands in the range 38,000-40,000 cm™! (which probably correspond
to very weak, nonobservable UV bands) can be thought of as being vibrational pro-
gressions of the n—n™ transitions. Alternatively, they can be assigned to separate elec-
tronic transitions. If the longest wavelength CD bands in 22-25 correspond (at least)
to one additional electronic transition, they should correlate with the (electric forbid-
den) 'A, state in diacetylenes, i.e. the longest wavelength weak bands should be
associated with 'A” excited states ['A’(7,7*) is allowed and should give a medium
strong UV band]. The sign-reversal of the circular dichroism in 22, 24 and 25 in going
from 38,900 cm~! to greater wave numbers and the nature of the vibrational progres-
sions clearly indicate that at least two different electronic excitations (which cannot be
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TABLE 12. UV and CD data of some (§)-diacetylenes (4, 29-31) in n-heptane*

R!IC=CC=CR?
(4) R! = CHMeEt, R?=rBu
(29) R! = CHMeEt, R? = CHMeEt
(30) R! = CHMeBu-t, R?> = t-Bu
(31) R! = CHMeBu-t. R? = CHMeBu-t

Compound ¥ (em™h) €(1 mol~lem™) 7 {em™1) Ae(1 mol~!cm™1)
29 35335 20 36,630 +0.005
37.735 39
39,293 241 39,370 +0.07
41,494 387 41,494 +0.10
43,860 362 ) 43,573 +0.09
46.404 267 45,767 +0.05
47,393 +0.04
31 35,714 65 35,714 +0.003
- 37.950 107 36,765 +0.007
39,216 287 39,293 +0.14
41.408 426 41,494 +0.20
43,764 380 43,573 +0.16
46,729 431 46,083 +0.11
47,170 +0.08
4 35,398 22
37,736 48 37.037 +0.004
39,448 254 39,448 +0.05
41,667 396 41,580 +0.06
43,860 365 43,573 +0.04
46,512 330 45,249 +0.03
46,512 +0.03
307 35,398 20
37,736 39 37,175 +0.005
39,293 241 39,370 +0.06
41.494 387 41,494 +0.08
43,860 362 43,573 +0.05
46,404 267 46,083 +0.05
47,170 0.0
“Ref. 48.

detected by UV spectroscopy) are involved in the light absorptions of the enynes
below 50,000 cm~!. Since the electric allowed n,n* band (with its UV maximum near
42,400 em™!) involves in-plane C=C stretching vibrations, no sign-reversal can occur
within the corresponding vibronic CD band. If the 1300 em™~! spacings between the
two lowest energy bands in 23-25 are assumed to correspond to such bending vibra-
tions as to cause the circular dichroism to reverse its sign, one cannot understand why
there is a sign-reversal in 24 and 25 but not in 23.

Therefore, it is likely that the longest wavelength CD bands in the chiral enynes are
associated with a further electronic transition. From analogy with allenes?! and for
energetic reasons the lowest energy 'A” excited state of vinylacetylenes should origi-
nate with the 1 HOMO [excited state 'A” (n,7)].

Quantum-chemical CNDQ/S calculations for vinylacetylene (91)72 give a different
pattern for the low-energy excited singlet states. The CNDO/S scheme gives the
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TABLE 13. CD data of trans- and cis-vinylacetylenes (in methanol)”” ¢

¥ (em™YH Ae (1 mol™ ' em™) 7 (em™1) Ae(1mol~'em™1)
trans-(25)-6-Trimethylsilylhex-3-en-5-yne- cis-(28)-6-Trimethylsilylhex-3-en-5-yne-
1.2-diol (22) 1.2-diol (24)
38,911 +0.23 38,911 —-3.40
40,984 -0.30 40,161 ~4.38
42,735 -0.77 41,322 +2.76
44,643 -0.77 43,290 +06.65
45,250 +5.67
46,948 +2.76
51,546 —2.00 51,280 +0.81
trans-(4S5)-2,2-Dimethyl-4-(-4-trimethyl- cis-(45)-2,2-Dimethyl-4-(-4-trimethyl-
silylbut-1-en-3-ynyl)-1,3-dioxolan (23) silylbut-1-en-3-ynyl)-1,3-dioxolan (25)
39,063 +0.38 38,911 -4.00
40,486 +1.01 40,161 —8.70
42,373 +1.01 42,194 —-4.97
43,860 +0.57 43,290 +3.04
45,250 +3.04
46,950 +1.93
51,282 +0.44 52,080 +3.58

UV data, Ajax(€) in ether, are (Ref. 1):

22: 40,650(12,300), 42,373(15,300), 44.250(11,200);
24: 40,984(11.300), 42,735(13,800);

23: 40,650(19,600), 42.550(23,700), 44,250(16,700);
25: 40,486(11,000), 42,373(13,300), 44,050(9300).

following sequence of excited states: 1'A”"(®,7n*) < 1'A'(77%) < 21A"(n,7%) <
3IA"(®,7*) < 2'A'(n,n*). The results suggest that the lowest energy excited states of
91 correlate with the lowest energy excited states !Zy and 'A, in diacetylene (90),
which are mixtures of several configurations. For instance, 1'A’(%,7*) involves the
Ty T-1y)» (@), m(—1y) and (rt(1y, T(—2) configurations. The calculated energy differ-
ence between the three lowest energy excited states amounts to only 0.3 eV. Hence
one cannot reliably deduce the sequence of the excited states in vinylacetylene (91)
from the CNDO/S calculations, which however, reveal that the UV and CD spectra of
vinylacetylenes are more complicated than may be anticipated from the shapes of the
corresponding electronic spectra.

Consideration of the vinylacetylenes 22-25 starts advantageously with the
diotolanenynes 23 and 25. For comparisons with chiral 1,3-butadienes the n,t™ bands
near 42,400 cm™! are of particular interest.

In 23 all the CD bands have the same sign. The n,n* band of the essentially planar
trans-enyne 23 (and also the planar frans-enyne 22) have circular dichroisms of the
order A€ ., ~ 1. Such a value is somewhat greater than those observed for the essen-
tially planar open-chain (cis and trans) 1,3-butadienes, such as cis- and trans-(S)-
(+)-5-methyl-1,3-heptadiene (92) (Ae ~ 0.12-0.30)%¢. In cis- and trans-92 one may
assume the optical activity to be generated by asymmetric perturbation of the inher-
ently symmetric four-centre butadiene chromophore. The Ae values of the trans-vinyl-
acetylene also correspond to the Ae/2 values observed for open-chain planar trans-
dienes with two asymmetric carbon atoms, each linked to a terminal carbon atom of
the butadiene functionality (A¢/2 ~ 1.6-2.6)%*. Furthermore, the CD values of 22 and
23 are of the same order of magnitude as are observed for planar cyclic cis-dienes'”.
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All these findings suggest close similarities between the circular dichroisms of the n,n*
bands in vinylacetylenes and 1,3-butadienes.

Previous research has focused primarily on skew dienes?!, where the chiroptical
properties of such nonplanar molecules are characteristic of inherently chiral
chromophores which give large CD maxima.
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FIGURE 7. CD spectra of cis- and trans-enyne diols in methanol.
Reproduced from Reference 77 by permission of the authors.
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Going from the rrans-enyne 23 to the cis form 25 one observes a decrease of the UV
intensity of the n,n”* band (Table 13), but no band shift. The decrease in UV intensity
is indicative of a distortion of the chromophore from planarity, probably through
interactions of the large groups at both ends of the enyne functionality. This manifests
itself also in a considerable increase in CD intensity in 25, |A€| ~ 5, which achieves the
characteristic order of magnitude of inherently chiral dienes®!. This means that in the
cis-enynes 24 and 25 the elements which induce chirality involve both asymmetric
perturbation (nonskew as in the rrans forms) and inherent chirality (skew element),
the last element determining the overall observable circular dichroism.

The skew configuration of the enyne grouping induces a helical path for the four ‘n
electrons’ of the C=CC=C chromophore. Therefore, it is tempting to relate the sign
of the circular dichroism of the above enynes to the P or M helicity. respectively, of the
chromophore according to the empirical ‘helicity rules’ for conjugated dienes?!. How-
ever, one has to be aware of some important geometrical and electronical differences
between the chromophoric systems in 1,3-butadienes and vinylacetylenes. Firstly, the
dienes have a C,, or C,, chromophore made up of two equivalent ethylenic subunits
which upon twisting achieves a C, rotational symmetry. The enynes having an
ethylenic and an acetylenic 2x, electron subunit only have C, symmetries, which upon
twisting give asymmetric (C,;) arrangements. Secondly, owing to the availability of ¢
orbitals (%(;; and ®_;)) which are close in energies to the n orbitals n(;y and n(_;) the
break-down of the n—o separability of the orbitals is expected to be more pronounced
in the skewed enynes than in skewed dienes.

CNDOYS calculations’ for vinylacetylene (91) which is twisted by an (admittedly
very large) angle of 8 = 20° give results pertinent to this discussion. The orbital
energies for all the n and the outermost ¢ orbitals are almost unaffected if planar
vinylacetylene (91) is twisted by 20°. The energies of the low-energy excited states are
also only slightly shifted in 91 with 8 = 20° relative to planar 91. However, = and &
orbitals are considerably mixed, i.e. there is a breakdown of the n—o () separability.
Owing to this breakdown optical activity is generated to a considerable extent by
zero-order wave functions. As a further consequence of the breakdown of the n—c
separability the excited states of 91 (with # = 20°) contain far more ¢lectronic config-
urations in their configuration interaction (CI) expansions.

For all these reasons the optical activity of the n,n* transitions of chiral enynes
cannot reasonably be associated with only 2p. electrons arranged on helical paths and
it is not possible to establish simple rules which give the directions of electric and
magnetic moments for a given transition from which absolute conformations may be
deduced. Therefore, it seems that one can neither apply ‘helicity rules’ for the predic-
tion of the absolute conformations of enynes, nor the qualitative MO procedure pro-
posed by Snatzke®? for relating signs of CD and conformations to skewed enynes.

For the CD spectra of the trans- and cis-enyne diols 22 and 24 (Figure 6). one may
expect a situation similar to 23 and 25. However, referring in particular to the CD
maxima of the m,n™ transitions near 43,000 cm™! one observes a sign-reversal when
comparing the cis and trans forms, whereas in the case of 23 and 25 the CD maxima
of the corresponding transitions are of the same sign, probably due to intramolecular
hydrogen-bonding effects. In 22 no hydrogen bonding of a hydroxy group with the
acetylenic functionality is possible, while in 24, intramolecular hydrogen-bonding may
play a role, the six-membered ring 24a being particularly favoured. Such ring-closure
would prevent rotation of the group with the asymmetric carbon atom, preventing an
equilibrium of several rotamers and thus increasing the optical activity*?. This would
explain the larger CD intensities of the diol 24 relative to those of the dioxolan 25.

From the CD spectra of the enynes 22-25 the optical rotations [¢]p in the long
wavelength region (Section 11.A) may be rationalized qualitatively, since [$]p, is essen-
tially determined by the optically active electronic bands with X4, > 190 nm, and the
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extent to which each CD band contributes to [¢]p depends, as a first approximation,
on the area under the CD curve. From the CD spectra of 22 and 24 (Figure 7) one can
infer that the trans diol 22 should have a negative rotation at the wavelength of the
sodium D-line. In the cis compound 24, the longest wavelength negative CD band is
cancelled by the subsequent stronger positive circular dichroism so that this summa-
tion leads to a positive rotation at the sodium D-line. Comparing the areas under the
CD bands of 22 and 24 one can expect roughly equal molar rotations with opposite
signs.

If the acetylenic group is conjugated with a polyene chain, the CD (and UV) pattern
is determined by the polyene part of the chromophore, i.e. the triple bonds may play
the roles of formal double bonds. For instance, diatoxanthin (93) exhibits almost the
same CD pattern as zeaxanthin (94)81, The CD spectra of the above carotenoids (in the

OH

W\

\\\\\\(\\/\(

HO
(93)
MA€):227(—5.1),250(+4.8),286(—9.2),343(+3.0)

OH
HO

(94)
MA€):225(—7.7),251(+8.1),290(—14.6),348(+3.7),490(~2.5)

220-500 nm region) have been classified as essentially ‘conservative’, showing a
sequence of 5-6 relatively sharp Cotton effects of alternating signs, the rotatory
strengths adding approximately to zero®l. In a similar way, the monoacetylenic
asterinic acid (96) has a CD spectrum which is similar to that of astaxanthin (95)8!. As
in 93 and 94, substitution of an ethylenic group in 95 by an acetylenic group (96) leads
to a decrease in the CD intensity. On the other hand, much of the structure is lost in
the CD spectrum of the diacetylenic asterinic acid (97) when compared with that of the
pure polyene 958, The CD spectrum of 97 has been classified as ‘intermediate’ (close
to conservative). If one considers the CD spectrum of alloxanthin (98) which is struc-
turally related to zeaxanthin (94) the shape of the CD spectrum is considerably
changed. 98 exhibits a ‘nonconservative’ spectrum with Ae having the same sign over
the whole spectral region3!.



1. Chiroptical properties of compounds containing triple-bonded groups 35

0
OH
N ~ ~ ~ N ~ AN AN ~
HO®
)
(95)
MA€):224(+12.8),249(—14.4),280(+12.5),323(—23.1),384(+6.7),521(— 3.2)
_sOH
Rl e S Yl e g
Z
HO
0
(99)
MA€):220(+5),247(—3),276(+4),320(—13),380(+ 4)
0
_sOH
=
¢/ N ~ X ~ N AN N
HO
0
(97)
AA€):225(+4.2),260(—2.7), 315(—4.2),360(+1.3),>450(<0)
OH
Z
= N ~ X3 ~ N ~ N
7
HO

(98)
MAe):<230(<0),270(—6),325(-4)



36 Wolfgang Runge

Linking a heteroatom to a triple bond, as in cyanamides, azides, and isocyanates,
gives compounds which cannot be compared directly with the original triple-bonded
systems, being systems with new bonding situations and characteristics. Typically,

these molecules may be described in terms of valence-bond structures which involve
cumulated systems.

_ + —
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Chiroptical properties of azides, isocyanates, thioisocyanates, cyanamides and
thiocyanates have been reviewed by Toniolo®3 and will not be discussed again. How-
ever, diazo compounds have not been mentioned by Toniolo®? and will therefore
be considered briefly. The resonance form B involving the triple-bonded N=N func-

tionality is known to contribute essentially to the description of the electronic struc-
ture of these compounds.

~ -.+_-_____ \:__+:
/C—N——NI ~— _C N=N]|
(A) (B)

As early as 1963 Mason reported the circular dichroism of the longest wavelength
electronic band of a-diazocamphor (99). The CD band of 99 is correlated with the
electric-dipole forbidden, magnetic-dipole allowed n,®* transition in diazomethane
(CH,N,) [excited state 'A,(n,7*) in Cy, or 'A”(n.7) in C,, respectively]®’.

o
L
%ﬁl
(99)

Amax: 407nm
€{A€): 19.5(0.255)

Another example of the circular dichroism of the diazo grouping may be found by
comparing the CD spectra of (1R)-w-diazo-2-acetyladamantane-4,8-dione (100) and
(1R)-2-methyladamantane-4,8-dione (101)7°. If one subtracts the CD bands of the
dione 101 from those of the diazo compound 100, there remain three CD bands which
may be associated with the diazoacetyl grouping CO—CHN.: 1(A€) = 380(+0.28),
342(+0.19), 250(—3.0). UV bands at 380 nm and 245 nm are also observed for
acetyldiazomethane (MeCOCHN-)%3, The intense UV band of 160 at 250 nm clearly
corresponds to the m,n* transition, whereas the longest wavelength weak UV band
should be assigned to the n,7* band, 7 corresponding essentially to the perpendicular
N=N p, virtual orbital. The other weak UV band at 342 nm is tentatively assigned to

the ®,n* excitation, where T is essentially the n, orbital of the carbonyl group in
—CO—CHN..
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0
(100)

MA€):400(0),380(+0.28),342(+0.19),282(0),250(—3.0),227(—2.8)
335(0),328(—0.09),324(0),315(+ 3.26), 304(+2.76),285(+1.02)

MAe):334(0) 313(+0.50),302(+0.74), 293(+0.63)
Me 0

A€):290(38.8)

(101)

B. Substituent Effects of Triple-bonded Groups on the Circular Dichroism of
Selected Chromophores

1. [2,2]Cyclophanes

In discussing the substituent effects of triple-bonded groups on the circular dichro-
ism of other chromophores one may distinguish between the cases where X=Y is
directly linked to the relevant chromophore G (hence allowing n conjugative effects
between X=Y and G: G—X=Y) and when X=Y and G are not directly bonded.

The circular dichroisms of chromophores with a directly bonded cyano group are,
for instance, reported for [2.2]paracyclophanes3!-®192 and [2.2]metacyclophanes**.

The observed optical activities of the electronic bands of the cyclophanes correlating
with the 'B,,('Ly) and 'B,,('L,) bands in benzene have been rationalized on the basis
of a ‘coupled oscillator’ model with almost degenerate electronic states (‘exciton
model’)®!. This theory involves the triple scalar product of electric transition moments
p (of electrically allowed, magnetic forbidden electronic transitions) and position vec-
tors as illustrated in Figure 8 for the [2.2]paracyclophanes®!.

The ‘exciton model’?! neglects any electron exchange between the interacting
chromophores (e.g. the benzene rings in the [2.2]cyclophanes) and also any skeletal
deformations of the interacting groups. Using zero-order wave functions ¢ and ¢B for
two interacting groups A and B, electronic transitions from the ground state 0 into the
excited states / (with the transition moments pf in A and pb; in B) give rise to two
degenerate excited states which split owing to the Coulombic interaction V' of the two
transition dipole moments into two exciton states Y= (equation 17) with energies

w= = 1/J2(p. P = ¢f.0F) an

E; = V. This mechanism gives an S-shaped CD curve and the rotational strengths R* of
the couplet take the forms of equation (18), where ¥, is the frequency (in cm™!) of the

RG; = —ipgi-m§ = =1/2mvop 6 RAB x pf; (18)
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FIGURE 8. Vector constructions relating absolute configurations
in ring-substituted paracyclophanes to rotatory strengths. Sub-
stituent spectroscopic moments are shown on the left. They contri-
bute to a benzene long-wavelength transition dipole moment p* in
a fashion that depends on location of the substituent (full arrow)
and the magnitude and sxgn glven to the spectroscopic moment. The
net transition vector p# is given for a positive (negative) substituent
spectroscopic moment The vector cross-product on the right is then
projected on p# to yield rotatory strengths of a dimer transition
couplet. The negative sign refers to the long-wavelength compo-
nent. Reprinted with permission from O. E. Weigang and M. J.
Nugent, J. Amer. Chem. Soc., 91, 4555 (1969). Copyright [1969]
by the American Chemical Society.

zero-order 0 — i transmon in A (or B, respectively) with the electric and magnetic
transition moments llm and mY;. RAB is the position vector linking the transition
moments uﬁ‘, and pg. In order to predict absolute configurations of the [2.2]para-
cyclophanes on the basis of the signs of the CD bands associated with the symmetric or
antisymmetric combinations of the benzene B, (L) (lowest energy) excited states
a semiempirical approach has been adopted®-92, It relates the transition moments py;
to Platt’s ‘spectroscopic moments’ m for the benzene 'Ly transition’’. Then the theory
suggests that for a given absolute configuration, the sign for the longest wavelength
CD band of the transition pair follows (and will be opposite to) that of the signed
parameter m, the spectroscopic moment of its substituent.

In Figure 9 the CD spectra of (R)-(—)-4-cyano-, (R)-(—)-4-carboxy- and (R)-(—)-
4-ethyl-[2.2]paracyclophane (102-104) are displayed3!. The relevant spectroscopic
moments of the considered groups are: m(Et)=+7.0, m(CN) = —18,
m (COOH) = —2757. Correspondingly, one observes similar shapes for the CD coup-

’Q‘ R [«]p(CHCI)3 (deg.)
@ 102 CN -175

103 COOH —164
104 Et —68

(1862—104)



1. Chiroptical properties of compounds containing triple-bonded groups 39

O L t02)--——
! 1
! ‘.‘ (103)-— . —.
40 P
A L4 (04)
T T
oy
- b
E - “ 4
T_a II ' l‘| .’!l’ \\\
£ Lo
= y !
w !
< vy
LI
10 F |
\‘_l
._20 .
1 ) 1 I L
250 300 350
A,nm

FIGURE 9. CD spectra of optically pure 4-substituted
{R)-(—)-{2.2]paracyclophanes in etharol. Reproduced
by permission of Pergamon Press from H. Falk, P.

Reich-Rohrwig and K. Schlogl, Tetrahedron, 26, 511
(1970).

lets at 310 nm and 290 nm for the compounds 102 and 103 with the CN and COOH
groups, but an opposite shape for 104 with an ethyl group. In contrast to the B,, pair
the B;,(!L,) pair near 250 nm shows the same pattern of CD signs for a given absolute
configuration, regardless of the sign of the spectroscopic moment. Falk3! has attri-
buted this observation to the more pronounced electronic interactions and deforma-
tions of the benzene rings associated with the B;, excitation. From the spectroscopic
moments of the isocyanide [m(N=C)= —6] and acetylenic groups
[m(C=CH) = +7]°!, one may conclude that the acetylenic group will influence the
signs of the B, CD couplets in [2.2]paracyclophanes differently from the other
triple-bonded functional groups (—C=N and—N=C).

The CD spectra of [2.2]metacyclophanes 84-86 and 105 with cyano and car-
bomethoxy groups, respectively, are displayed in Figure 10%*. Here it is seen that the
high-energy parts of the spectra are rather similar in all molecules with CN or COOMe
groups. The disubstituted compounds exhibit ‘exciton splittings’ of the 'L,('B;,) bands
near 245 nm, the approximate positions of the maxima of the couplets being indicated
by arrows in Figure 10. The low-energy parts of the spectra, however, are different for
the cyano and carbomethoxy compounds. In the disubstituted COOMe compound 86
compared with the monosubstituted 105 one observes roughly a doubling of intensity
of the negative CD band near 290 nm. On the other hand, the negative CD band near
290 nm in the monosubstituted cyano compound 84 splits into a longer wavelength
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FIGURE 10. CD spectra of (a) carbomethoxy- and (b) cvano-substituted [2.2]metacyc-
lophanes in ethanol. Reproduced by permission of Pergamon Press from H. Keller, C.
Krieger, E. Langer, H. Lehner and G. Derflinger from Tetrahedron, 34, 871 (1978).
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(84) R' = CN,RZ = H

(85) R' = CN, R2 = CN

(105) R' = COOMe, RZ = H

(86) R' = COOMe, R2 = COOMe
positive CD band (at 298 nm) and a negative one at 287 nm. The amount of the
splitting of these last bands does not depend upon changing the solvent**. It cannot be
rationalized in terms of exciton theory. Keller* has suggested that the splitting may be

due to particular vibrational effects. There is, however, another explanation. King*6
has shown that benzonitrile should have two electric forbidden, magnetic allowed 'A,
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excited states of energies intermediate between those of the 'By('Ly) and 'A('L;)
states. These !A; excited states involve transitions mainly localized at the cyano group.

z{m) 1AZ: T *
y (77)
= %—-Q’%N(j\%—) x Ay Foeq*

Probably these electronic bands manifest themselves in the low-energy parts of the CD
spectra of the cyano-substituted [2.2]metacyclophanes. Owing to overlap with the
other bands, however, the n,7* and &,n* transitions cannot be detected experimen-
tally.

2. N-2,4-Dinitropheny! and dimedonyl derivatives of 1-alkyl-2-propynylamines

A discussion of the effects of triple-bonded X=Y groups on the circular dichroism
of a second chromophore not directly linked to X=Y should differentiate
chromophoric transitions which are either electric allowed, magnetic forbidden or
electric forbidden, magnetic allowed. In general, the magnitude of Cotton effects will
depend upon the relative importance of the conformers in equilibrium and on the
particular mechanism which is operating to induce the optical activity in the con-
former. Therefore, the observed Cotton effects do not necessarily reflect the optical
activity of the most abundant conformer, but may originate in one which exhibits the
most intense Cotton effect (which in turn is determined by the electronic nature of the
interacting groups and their relative orientations).

The induction of optical activity in the (electric allowed) transitions of the 2,4-
dinitroaniline chromophore through chiral 1-alkyl-2-propyny! groupings RCHC=CH,
for instance, is essentially via a dipole~dipole coupling through space (‘coupled oscil-
lator mechanism’) (see 106~109). In these systems the lowest energy electronic transi-
tions 0 — 1 and 0 — 2 in the aromatic chromophore couple with the electric allowed
i%* transition of acetylene [A(1Z}) = 152 nm]%. In order that the dipole-dipole cou-
pling should become effective the corresponding transition moments cannot be planar.

R

|
R’mmC He _
u(‘lgﬂf') 4 \N/ l I
“u

(106) —(109)
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From 'H-NMR investigations it has been inferred that the preferred conformation
of the above aromatic compounds involves an arrangement where the ethynyl group is
close enough to the aromatic ring to exert a magnetic anisotropy effect on the H-6
proton of the phenyl ring®8. This preferred conformation is depicted in 106—109. The
UV spectra of the N-dinitrophenyl derivatives exhibit a shoulder near 400 nm which is
only little affected by changing the solvent. The corresponding transition moment is
#to;. On the other hand, the UV maxima near 328 nm in cyclohexane (transition
0 — 2) are shifted bathochromically to about 343 nm in methanol.

In the molecular arrangement of the aryl and ethynyl groups as depicted in 106-109
the screw of the transition moments p(*X}) and pg; is left-handed and hence the
Cotton effect should be negative for the lowest energy CD bands. This is confirmed by
the data given in Table 14 where the UV and CD data of the N-2,4-dinitrophenyl
derivatives of propynylamines 106-109 are summarized.

TABLE 14. UV absorption and CD data for N-2,4-dinitrophenyl derivatives of chiral (R)-
propynylamines (106-109) in cyclohexane®8

UYV absorption Circular dichroism

Compound R! R A(nm) e(1mol~!cem™Y) A(nm) Ae(lmol 'em™!)
106 H Me 388 5129 382 —-2.48
325 16,596 316 +3.64
261 9550 264 —1.21
224 +6.48
107 H Et 388 5129 384 —-2.18
327 16,982 317 +3.91
262 9772 264 -1.03
224 +6.85
108 H n-Pr 387 5248 386 —2.06
327 17,783 319 +4.18
262 10,233 264 —-0.94
223 +7.15
109 Me Et 396 5129 396 —-0.73
329 17,378 324 +1.58
264 10,000 264 -0.30
212 +3.42

A further example for the induction of optical activity through an acetylenic group
involves the dimedonyl derivatives of (R)-1-alkyl-2-propynylamines. They exhibit a
strong positive Cotton effect at 275 nm which is due to the trans-s-trans planar
vinylogous amide chromophore G (—COCH=CN<)%. UV and CD data for such
dimedonyl derivatives (110-113) are given in Table 15.

From 'H-NMR chemical shifts it has been concluded that the compounds with
R! = H (110-112) have a preferred conformation A, whereas the derivative with
R! = Me, R = Et (113) has a preferred conformation (B) with the ethynyl group in
the same (or nearly the same) plane as the vinylogous amide chromophore®’.

Ringdahl®’ has attributed the considerably smaller Cotton effect of 113 with a
quarternary carbon atom when compared with those of 110-112 with tertiary carbon
atoms to the greater conformational freedom of 113, as the rotamer populations may
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TABLE 15. UV absorption and CD data of dimedonyl derivatives of (R)-propynylamines
(110-113) in dioxane®’

UV absorption Circular dichroism
Compound R! R A(om) e(1 mol™!cm™Y) A(nm) Ae(l mol~tem™Y)
110 H Me 275 24,547 274 +9.85
111 H Et 275 23,988 274 +8.45
112 H n-Pr 276 25,119 274 +7.64
113 Me Et 276 25,119 276 +0.42

be related to differences in bulk between the R, R! and C=CH groups and the
difference between Me and Et is smaller than that between H and an alkyl group.

Furthermore, referring to the most abundant conformer it is clear from A that in
110-112 a dipole—dipole coupling mechanism, which is known to give strong Cotton
effects, may generate the optical activity. On the other hand, in conformation B for 113
no such mechanism can operate since the relevant chromophores are (almost) copla-
nar. Hence, probably a one-electron mechanism, which depends upon the difference
of some electronic property of the Me and Et groups. will induce the optical activity.
Considering the similar characters of the Me and Et groups one would then expect
only a small induction of optical activity in 113.

The induction of optical activity by an isocyanide group in the electronic bands of
another chromophore is exemplified in (§)-(+)-2,2-diphenylcyclopropyl isocyanide
(48)%". This induction is somewhat smaller than those observed in other phenyl
derivatives of ring compounds with rather fixed conformations and an asymmetric
carbon atom in the B-position, such as (1S, 25)-(+)-trans-2-phenyicyclohexane-
carboxylic acid (114)8 or (1R, 2R)-(—)-trans-2-phenylcyclopropanecarboxylic acid
(115)%. The 275-240 nm region of the CD spectrum of 48 is associated with the
vibrational progressions of the 'B,,('Ly) state and the 234 nm band should correspond
to the !B,(!L,) state or the states correlating with !B,, and 'B,,. respectively.

3. Carbonyl compounds

The discussion of the substituent effect of triple-bonded groups on the circular
dichroism associated with an electric forbidden, magnetic allowed transition will be
restricted to the n,n* transition of the carbonyl chromophore and the effects which a
cyano group exerts on its circular dichroism.

Here one must take into account effects which result from both the steric bulk
(affecting rotamer populations or conformations) and the electronic nature of the CN
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- H
\\\N + Ph H Ph
COOH >A<
H O b HOOC H
(114) (115)
(48)

AlAg) 1 275(+0.0044),269(+0.0526),265(+0.429)

(MeOH} 261(+0.0569),255(+0.455},250(+0.317},
240(+0.193),
234(+0.342),232(+0.237)

group. On the electronic level carbonyl n,n* Cotton effects are mostly associated with
static (Coulombic) forces of the ligands which lead to ‘quadrant or octant rules’!. As
the n,n* CD bands of carbonyl compounds are well removed from other bands the
Cotton effects may be discussed in terms of rotatory strengths R7 (at temperature T'),
RT (c.g.s.) being defined according to equation (19).

RT =023 x 10-38f E/%ch (19)

Comparing the circular dichroisms of the n,n* transitions in 5a-cholestan-3-one
(116) (R?¥ = +3.31 x 107%% in EPA, +2.48 x 1074 in decalin and +2.73 x 104
c.g.s. in cyclohexane) and la-methyl-5-a-dihydrotestosterone (117) (R?° = +2.78
x 107% c.g.s. in EPA) with la-cyano-5-a-dihydrotestosterone acetate (118) (R2S
= +2.29 x 1074, R™1¥2= 4226 x 10% c.g.s. in EPA) and 1B-cyano-5-a-di-
hydrotestosterone acetate (119) (R*> = +3.05 x 10740 c.g.s. in EPA)?? the following
observations are pertinent. In 116, 118 and 119 the circular dischroism is

H
CgHy7 ?

— Lunn

OAc OAc

CN

—
[y
-k

€N

-~

—~ L

119)
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temperature-independent, which indicates conformational homogeneity (the A-ring of
the Sa-keto steroids acting as ‘rigid’ groups). The substituent effect of the cyano group
on the circular dichroism of this type of molecule is hence purely electronic. Relative
to the rotational strength of 116 the la-cyano group in 118 makes a negative contribu-
tion (as expected if 118 exists in a chair conformation)®®. The 1B-cyano group also
shows a somewhat reduced rotational strength compared with that of 116 (as would be
expected with ring A in a chair conformation). On the other hand, the temperature
dependency of the CD of 117 indicates that in general steric effects have also to be
considered when discussing the circular dichroism of such steroids. Since the steric
requirements of the cyano group are much smaller than those of a methyl group, the
results with 117 indicate that the methyl group exerts a steric effect on the n,n* CD
which is due to a deformation of ring A?3. Wellman®? has interpreted the substituent
effect of the methyl group in 117 as being largely steric in nature leading to a positively
rotating twist conformation of ring A in 117 which minimizes steric interactions be-
tween the lo-methyl group and its surroundings.
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. INTRODUCTION

This review follows the style adopted by Shaw in the thermochemistry chapter of
previous volumes in this series'. Shaw quoted heats of formation in both calorimetric
and S.I. units. We found this too cumbersome previously? and opted for calorimetric
units. This will be repeated here. Conversion to S.I. units may be made by referring to
the relationship that 1 calorie = 4.184 joules. Unlike Shaw we also considered bond
dissociation energies because most kineticists, at least, are interested in these values.
This has less importance here because for isocyanides the only pyrolysis reaction is
isomerization to the more stable nitrile, e.g. equation (1), and for the nitriles the C—N

CHNC  — CH4CN (1)

bond is so strong (115-130 kcal mol~1) that it never breaks and either the C—C bond
breaks or elimination of hydrogen cyanide takes place (equation 2)3. In one case the
preferred reaction was elimination of hydrogen chloride (equation 3)*.

For references prior to 1970, heavy reliance was put on the reviews by Benson and
coworkers®, Cox and Pilcher® and Stull, Westrum and Sinke” all of 1969. From 1970 to
the present time, a survey was made in the usual journals with particular emphasis on
Russian journals. Because this survey produced so few references and because the

49
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CH3CH(CN) + CH,

7

CH3CH(CN)CH, (2)

™~

CH3CH=CH, + HCN

CH,CICH,CN —  CH,=CHCN + HCl (3)

author was unfamiliar with this field, an on-line computer search was also made from
Chemical Abstracts over the same time period. Most of the work refers to cyanides
rather than isocyanides. Isocyanides have a special significance however, particularly
methyl isocyanide, because studies of the pyrolysis of these compounds have led to an
advancement in the knowledge of the theory for unimolecular reactions. Apart from
the isomerization taking place over both suitable pressure and temperature ranges, the
product molecule is so similar in structure to the parent molecule. Most of this work
has been carried out by Rabinovitch and coworkers®. The results have confirmed the
essential correctness of the Rice, Ramsperger, Kassel, Marcus (RRKM) theory as
opposed to other theories®. Pritchard has also proposed that reaction (1) is very
suitable for the testing of thermal explosion theory!V. Other uses involve unsaturated
nitriles for polymer and carbon fibre production and the usc of the CN group in
organic preparative work and reactions.

Various additivity rules have been used to calculate the thermodynamic properties
of compounds®611-15; of these three references were inaccessible to us!'!13:14 We
preferred to use the Group Additivity Rules of References 5 and 6. Tabulated values
refer to the gas phase. Conversion to the liquid phase may be made by inspection of
the original references or by the use of Group Additivity Rules for liquids!®.

ll. THERMOCHEMISTRY OF CYANIDES

In two previous reviews, the value recommended for the heat of formation of methyl
cyanide was 21.0 kcal mol~!37, Recently Barnes and Pilcher!” redetermined its heat

TABLE 1. Thermodynamic data for cyano groups®®

cye
Group? AHP?P 890" 300 500 800 1000
C(N),(CYCN) 22.5 40.2 11.1 15.5 19.7 21.3
C(C)5(N)(CN) 25.8 19.8 11.0 14.1 17.3 18.6
C(C)3(CN) 28.24 ~2.8
Cg—(CN) 35.8 20.5 9.8 12.3 14.2 14.9
C4(HY(CN) 40.7¢
C4(CN)» 84.3¢
C{CN) 63.8

“Cg = aromatic C atom; Cy4 = doubly bonded C atom; C, = triply bonded C atom.
bUnits are kcal mol™!.

“Units are cal deg™! mol™!. Values are given as a function of temperature in degrees Kelvin.
4This work.
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of combustion and found a quite different value of 17.6 = 0.2 kcal mol~'. This has
repercussions for the heat of isomerization of methyl isocyanide to methyl cyanide
(equation 1) as noted by Baghal-Vayjooe, Collister and Pritchard!®. Of two values”!?
listed for the heat of formation of n-propyl cyanide the lower value!? is taken to be the
more reliable as it fits best with that predicted from Group Additivity Rules (Table 1).
A mean value of 5.7 kcal mol~! is recommended for AH{ (i-propyl cyanide) from
three determinations’™'%?!, The comparison made in Hall and Baldt’s paper is rather
confusing?'. Neither n-butyl cyanide?> nor i-butyl cyanide?' were considered in
previous reviews, but their heats of formation fit very nicely with Group Additivity
Rules (Tables 1 and 2). The bond dissociation energies are based upon a value for AHY
(CN) of 104 = 2.5 kcal mol~! 32, Despite the rather large errors involved, there does
appear to be a trend in the R—CN bond dissociation energy as a function of the nature

TABLE 3. Thermodynamic data for polycyanides

cgb
AHO®. Ref. S%,’ Ref. 300 500 800 1000 Ref.
NC(CH,),CN 50.1+0.16 33 79.1 34 222 39.4 34
NC(CH,);CN 40.9 7 881 35
NC(CH,)4CN 35.7 11
NCC(CH3),C(CH3),CN  24.2 11
(CH3),C(CN), 83.4 36
C(CN), 160.8 =22 37
NCCH,CN 63505 38 692 39 174 22.6 277 30.0 39

4Units are kcal mol™1.
bUnits are cal deg™! mol~!. Values are given as a function of temperature in degrees Kelvin.

of the alkyl group R. The weakest bond is in the tertiary compound. The bond
dissociation energy for methyl cyanide is far higher than for the other primary alkyl
compounds. This is in keeping with the usual observations for the first member of a
homologous series. However this is less than the value of 206.2 kcal mol~! for
cyanogen determined from its head of formation’ and the above value for AH? (CN).
The heats of formation of higher members of the homologous series are also listed in
Table 2. These values are also in good agreement with values calculated from group
additivity rules. Values for three compounds containing the benzoyl group (PhCO) are
listed.

Thermodynamic properties for saturated polycyanides are shown in Table 3. No
information is available on the R—CN bond dissociation energies for these
compounds but an average C—CN bond dissociation energy for tetracyanomethane
may be calculated from reaction (4). This turns out to be 106.5 kcal mol~!, i.e. }AHY of

CICN),

C + 4CN (4)

(although Barnes, Mortimer and Mayer?’ quote 112 kcal mol~!). This value is
certainly much weaker than other values quoted in Table 2. Tables 4 and 5 deal with
cyclic and unsaturated compounds respectively.
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TABLE 4. Thermodynamic properties of cyclic compounds

cpb
AHY® Ref. S%," Ref. 300 500 800 1000 Ref.
Cyclopropanecarbonitrile 432 21 707 40 19.0 37.7 40
Bicyclobutane-1-carbonitrile 72.8 21
Cyclobutanecarbonitrile 34.2 21
3-Methylenecyclobutanecarbon-
nitrile 60.3 21
Bicyclo[ 2.1.0]pentane-1-carbo-
nitrile 65.0 21
Cyclopentanecarbonitrile 10.0 21
10.5 41
Bicyclo[3.1.0]hexane-1-carbo-
nitrile 34.0 21
Pyridinium dicyanomethylide 125.1 £3.0 38
Cyclohexanecarbonitrile -1.7 41
1-Cyclohexene-1-carbonitrile 24.3 41
2-Cyclohexene-1-carbonitrile 26.2 47
1-Cyclopentene-1-carbonitrile ~ 37.4 41
2-Cyclopentene-1-carbonitrile  33.9 41

2Units are kcal mol 1.
5Units are cal deg™! mol~!. Values are given as a function of temperature in degrees Kelvin.

. THERMOCHEMISTRY OF ISOCYANIDES

Thermodynamic data for isocyanides is extremely sparse despite the importance of
these compounds in the field of chemical kinetics emphasized earlier. Benson and
coworkers® only list values for methyl isocyanide. Baghal-Vayjooe, Collister and
Pritchard!® recently measured the heat of isomerization of methyl isocyanide
(equation 1) via a controlled calorimetric explosion and found a value for AH 9 of
—23.70 = 0.14 kcal mol~!.

Using Barnes and Pilcher’s value for AH? (CH;CN)!7 (Table 2) gives a value for
AH{ (CH3NC) of 41.32 = 0.24 kcal mol~!. This compares with the previous value of
35.9 keal mol~!. Other thermodynamic values listed by Benson and coworkers for
methyl isocyanide are §95, = 59.1 cal deg™! mol~!>! and C9 = 12.8 (300 K), 16.7
(500K), 21.3 (800 K) and 23.6 (1000 K) cal deg™! mol~!3!. Baghal-Vayjooe,
Collister and Pritchard!® also determined a value for the heat of isomerization of ethyl
isocyanide (equation 5). The value was given by AHY = £21.5 = 1.0 kcal mol~ L.

CHsCH,NC  ——  CH5CH,CN (5)

Using the value in Table 1 for AH? (CH;CH,CN) of 12.3 = 1 kcal mol ™!, we arrive at
a value for AHY (CH;CH,NC) of 33.8 * 1.4 kcal mol~!. No other thermodynamic
data are available at this time for other isocyanides including vinyl isocyanide’?,
perfluoromethyl isocyanide® and allyl isocyanide>*.

IV. GROUP ADDITIVITY RULES

Thermodynamic properties for various groups are shown in Table 1. The primary use
of Group Additivity Rules is for the estimation of thermodynamic properties of
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compounds for which there are no experimental values'. Other uses are a check on the
validity of experimental values and the determination of ‘strain’ or ‘interaction’
energies?’. Thus the calculated value for the heat of formation of succinonitrile is
45.3 kcal mol™! whereas the measured value is 50.1 £ 0.2 kcal mol™!33, The
interaction of the two CN groups produces 4.8 kcal mol™! of strain energy. However
the insertion of another CH, group between the two CN groups reduces this strain
energy to almost zero33. The strain energies involved with cyclic compounds (Table 4)
have already been considered by Benson and coworkers® and so will not be dealt with
here. Unlike Benson and coworkers®, we determined the AH? [C4(CN)(H)] group
value (Table 1) from trans-dicyanoethylene (Table 5), which is simply half of the value
for the heat of formation of frans-dicyanoethylene. This brings the calculated value for
AHY [NCCH=C(CH),] within 1 kcal mol~! of its experimental value and may imply
an interaction energy of —2 kcal mol™! in trans-crotonitrile. However confirmation of
the experimental heats of formation involved is needed. Conversion of these heats of
formation in the gas phase to the liquid phase may be made by recourse to the very
recent review by Ducras, Gruson and Sannier!6,
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I. INTRODUCTION

In this chapter, a discussion of the mass spectral properties of compounds bearing a
cyano, isocyano or diazo group is given. The electron-impact induced fragmentation of
compounds with functional groups of these types is rather complex and sometimes

*Strictly, the subject of this chapter should have been triple-bonded groups only, hence, including
diazonium compounds. However, alimost no material exists on this and it was decided to include
in this chapter a treatment of the related diazo compounds.
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even surprising. Some of the mechanisms could only be established when highly
advanced techniques were applied. It is not intended to describe all these methods in
detail. Emphasis is put on the results, in order that the reader may interpret the mass
spectra of the title compounds.

Unless otherwise specified the term ‘mass spectrum’ refers to a 70eV
electron-impact mass spectrum. The abundances of molecular and fragment ions are
either quoted as % of the total ion current (% t.i.c.) or as relative intensities (% of the
base peak). Fragmentations for which appropriate metastable transitions have been
reported are usually characterized by an asterisk.

. CYANO COMPOUNDS

A. Aliphatic Nitriles

The first systematic study on the electron-impact induced fragmentation of aliphatic
nitriles was reported by McLafferty!. Later, deuterium labelling and high-resolution
mass spectrometry were utilized®>™'!. Both techniques allowed the differentiation
between isobaric hydrocarbon- and nitrogen-containing fragments and established
that aliphatic nitriles decompose by comparatively complex processes.

The molecular ion abundances of aliphatic nitriles (RCN) show a sharp drop from
methyl cyanide upwards (Table 1). Although the abundances of the molecular ions are
scattered somewhat irregularly, if plotted versus the length of the alkyl chain, they
appear to increase again for the largest molecules examined!. As pointed out by
McLafferty, this may result from a stabilization of the molecular ions by cyclization
reactions.

In the case of n-propyl, n-butyl and n-pentyl cyanide no metastable peaks due to a
decomposition of molecular ions could be detected in the mass spectra’. Furthermore,
no fragmentation of M ions in the first field-free region of a double-focusing mass
spectrometer was observed using the defocusing technique. From this, it may be
concluded that any decomposition of the molecular ions of C; and higher cyanides is
faster than 107 s!2.

Throughout the mass spectrometric literature it is assumed that the molecular ions
of nitriles (1) bear the positive charge mainly on the nitrogen atom (a). This

supposition is substantiated by appearance potential measurements on acetonitrile and
halogenated derivatives!3.

+e

RCH,—C=N| "> RCH,—C=N*"" R—CH,—N=C*'

(1) (a) (b)

t) (1)

+ . . +
RCH—CH=N =<—— RCH—CH=N
(c)

It is interesting to note that the molecular ions of nitriles (a) and isocyanides (b)
possess different structures which are not interconvertible'* (Section III.A).
Deuterium-labelling experiments on nitriles bearing an o-hydrogen have furnished
evidence that a part of the molecular ions suffer a hydrogen migration from C(2) to
C(1) (a—c) before they decompose'®!! (see below). From an ion cyclotron
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62 Klaus-Peter Zeller

resonance study on the proton-transfer reactions of the propionitrile ion-radical it
follows that the nonreacting. long-lived molecular ions also rearrange to structure ¢!

In most cases a pressure-dependent [M + H]' ion is observed originating from a
specific ion-molecule reaction'®-'¥. The analytical use of these ‘anomalous ions’ for the
determination of molecular weights should be kept in mind since their intensities very
often exceed those of the molecular ions (Table 1). More than 30 years ago., in the first
report on the mass spectral behaviour of nitriles Wertzler and Kinder!® noted that the
abundance of the [M + 1]* ions of n- and i-butyronitrile is proportional to the square
of the sample pressure and to the ion draw-out potential.

As shown by ion cyclotron double resonance experiments, the [M + 1]1* ions of
acetonitrile'” and propionitrile!* are formed by proton transfer to a neutral molecule
rather than by transfer of a hvdrogen atom to a molecular ion. The latter process is
assumed to be operative in most other classes of compounds showing the M + 1
phenomenon.

The [M + 1]* ion intensity of «-branched alkyl cyanides is somewhat smaller than in
the case of the corrresponding straight-chain compounds. Heerma and de Ridder®
correlated this observation with the smaller amounts of alkyl and C,H3;N"" ions
produced from a-branched nitriles and suggested these cations to be the proton
sources in the formation of the secondary [M + H]* ions. By comparing the [M + D}~
ion intensity with respect to the [M + H]* ion intensity in the spectra of partially
deuterated alkyl cyanides, the reacting primary ions could be identified. There is clear
evidence that the well-known rearranged ion CH,—C=NH"" (see below) is mainly
involved and that the proton attached to the nitrogen is transferred to the neutral
nitrile molecule®.

At higher nitrile pressures many other secondary ions arising from ion-molecule
reactions can be detected?!. Thus. at 1072 Torr an ion of mfe 54 is formed from
acctonitrile by the process shown in reaction (2).

*CH,CN + CH4CN C,H,CN* + HCN (2)

mle 54

The mass spectra of most aliphatic nitriles show peaks formed by loss of a hydrogen
atom which are usually slightly more pronounced that the M"" ions. Together with the
already discussed M + 1 peaks. the M — 1 peaks allow the determination of molecular
weights even in cases where the M™ ions can hardly be recognized. The higher abun-
dances of both the [M + 1]* and the [M — 1]* ions reflect the increased stability of
even-electron ions over odd-clectron species?>,

From the appecarance potential of *CH,CN formed by loss of hydrogen from
acctonitrile and the ionization potential of the 'CH>CN radical Pottic and Lossing??
calculated a dissociation energy of D(H—CH-CH) = 70 kcal mol. As this value is
nearly identical to that for the bond to allylic hydrogen it seems plausible to represent
the [M — H]* ions of aliphatic nitriles as resonance-stabilized ions of type d'-*. This

—H"

a RCH—C=N*"

RCH=—=C=N|* (3)
(d)

assumption seems to be supported by the near absence of hydrogen elimination from
2.2-dimethylpropionitrile (2¢) and the high [M — HJ* intensity in the mass spectrum
of isobutyronitrile (2a)®. However. deuterium labelling of n-hexyl cyanide (3) at all
carbon atoms® reveals that all positions of the alkyl chain contribute to the yield of the
[M — HJ]' ion. Similarly. in 2.2-d>-isohexyl cvanide (4) only 20% of the label is
eliminated in the formation of the [M — H]" ion®. The [M — H]" ion of isopentyl
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CHs
CHsCeN CH3CH,CH,CH,CH,CH,CN

R

(2) (3)
(a}) R = H Ci3 CHs
(b) R = D ~CHCH,CH,CD,CN “CDCH,CH,CN
(c) R = CH, CH, cH,

(4) (5)

cyanide is predominantly formed by loss of the y-hydrogen as substantiated by study of
the deuterium-labelled derivatives §°.

In a thorough investigation applying precise mass measurements and metastable
scanning on d,-labelled propionitrile-2-d,, Mcyerson and Karabatsos!'! were able to
clarify the structure and origin of the [M — H]* ion of propionitrile. They established
that not the allylic-like activated hydrogen at C(2) but the more strongly bound
hydrogen at C(3) is lost (Figure 1). This seeming inconsistency can be rationalized in
terms of a hydrogen migration in the molecular ion e (R = D) yielding an allylic
rearranged ion (f) with increased stability (see below). The driving force for the
elimination of a hydrogen atom from C(3) is the formation of a new double bond in
conjugation with the preexisting C=N double bond. A similar study on
isobutyronitrile-2-d; (2b)!°? supports this mechanistic interpretation. Furthermore. the

CH3CH, CN CH3CD,CN
28 29
100 7 M-HoN]® ] [M-DCn]
80 A T
54
60 1 M-H]* 56
2 M-H}'
40 - 1
20 1 7
Mt Mt
Ps ’
20 40 60 20 40 60
mje m/e

(a) (b)

FIGURE 1. Mass spectra of (a) propionitrile and (b) 2.2-
d,-propionitrile. Obtained from tabultated data in S. Meyerson
and G. Karabatsos. Org. Mass Spectrom.. 8. 289 (1974), by per-
mission of Hevden and Son Ltd.. London.
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R R R
CH3—%—CEN+' 0. CH3—(I3—<I::N| — CH3—é_—c|::KJI
D D D
(e) (f)
R = D, CH,
o (4)

R

| +
CHZZC—C|I=N1
D
g)

{

inability of 2.2-dimethylpropionitrile (2¢) to eliminate hydrogen to a marked extent
can easily be explained by its inability to form a corresponding rearranged molecular
ion.

Except for propionitrile and isobutyronitrile. the ions which could result from
breaking of the C(1)—C(2) bond (C,,H,,,..;* or CN*) are not significant. The absence
of a-bond cleavage is in sharp contrast to the behaviour of carbonyl compounds and
has been attributed to increased stability of the «-bond in nitriles due to
hyperconjugation!.

B-Bond cleavage in the alkyl chain does occur, however. in such a way that the
positive charge is preferentially localized in the alkyl fragment (h)? (Stevenson’s
rule?¥) (reaction 5).

R—CH,—CH,—C=N*" R—CH,* + H,C—C=N]| (5)
(h)
R % t.i.c.
CH; 22.98
CoH; 23.28
II-C3H7 5.52

Carbon—arbon bonds more distant from the CN function are also ruptured under
formation of alkyl ions. This is depicted in formula 6 for pentyl cyanide which gives the
mje [ % t.i.c.] values shown. The other hydrocarbon ions in the mass spectra of nitriles
arc mainly produced by subsequent loss of H, and CH, from the alkyl ions.

The formal elimination of alkyl radicals from the molecular ions does not usually
occur by simple bond ruptures: e.g. the C-Hs elimination from ionized n-butyl cvanide

29(7.34] 43{3.08] 57[5.52

)

(6)
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wn

is not a simple cleavage of the C(3)—C(4) bond. As shown by metastable transitions
the [M — C,Hs]" fragment is formed by two competing ways, both involving a
rearrangement process (reaction 6)7,

CaHgN*"
_y \
n-C4HgCN*" C3H4N' (= [M—CyHg]") (6)
X\ - —CH,
CgHgN*

However. in longer chain alkyl nitriles terminal alkyl groups can be eliminated with
formation of [(CH,),CN]* ions. The mass spectrum of undecyl cyanide (7) which
shows formation of intensive ions at mfe 96 (n = 5). mfe 110 (n = 6), mfe 124
(n="7T) mfe 138 (n = 8), mfe 152 (n = 9) and mfe 166 (n = 10) may serve as
illustration (Figure 2). The prominent contribution of these ions could be due to a

1007
o . CH3(CHy)oCN
i 96 Co H,,N 7)
801 4143 CGH@N'« e (
57 82 | 124
60 - CytigN CgHiaN™
o 69 138
& CoHagN®
40 A
152
CioHigN
20 1 166 .
t CiHzoN" [M-H]
| i | i [ ! 11l -l Iln L | Ja
40 60 80 100 120 140 160 180
m/e

FIGURE 2. Mass spectrum of undecyl cyanide (7). Reproduced from H.
Budzikiewicz, C. Djerassi and D. H. Williams. Interpretation of Mass Specira
of Organic Compounds. 1967, Chap. 11, by permission of Holden-Day, Inc.,
San Francisco.

stabilization of such species by cyclization as in structure j (reaction 7)!. This is remi-

niscent of the postulated formation of a five-membered ring in the fragmentation of
alkyl halides>>. The sp-hybridization of the cyanide linkage, however. requires a larger

ring-sizc.
I

2

LR =&

~
(OH,),~CH; (CHy),_

<CH2—czN+- CH—C=Ri—

)

n="5
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As already mentioned. the loss of a CN’ radical is only important for propionitrile
and isobutyronitrile. Similarly, both compounds differ from longer-chain nitriles in the
facile elimination of HCN#®!10!1 Tt could be demonstrated that the bulk of the elim-
inated HCN contains a hydrogen from C(2) (Figure 1) and that this fragmentation does
not proceed stepwise by the loss of CN”" and H' in separate steps!!. The formal 1.1-
elimination of HCN can be elegantly rationalized by assuming the intermediacy of the
rearranged molecular ions f. already discussed when dealing with the hydrogen elim-
ination process (see above) (reaction 8). The similarity in behaviour of propionitrile
and isobutyronitrile then follows directly.

+ . -DCN +.
CH3—CD—(l:=N| —— CH;—C—D (8)

D
{f) (k)

Loss of CH3CN from ionized 2.2-dimethylpropionitrile (2¢), which gives rise to the
fourth most intensive ion in its mass spectrum®!%-!!, probably involves an analogous
migration of a methy! group from C(2) to C(1) (reaction 9).

. g
. —CH5CN .
CH3—<|:—CEN*' —o .. CH3—§—c|:=N| S~ CH;—C—CH;  (9)
CH, CH,
(2c)M*” (n (m)

The structures of the fragment ions resulting from overall 1,1-elimination of HCN
and CH;CN, respectively, are represented as ionized carbenes (k, m). Whether this is
in fact so or whether the elimination is followed or accompanied by a reorganization to
an olefinic structure remains unsettled.

In the mass spectrum of benzyl cvanide the loss of HCN is responsible for the third
abundant ion. This extremely complex reaction is discussed in Section I1.B.

Some of the principal ions in the mass spectra of alkyl cyanides originate from
rearrangement processes. The formation of the C,H3N"" ion (n, m/e 41) is favoured for
many alkyl cyanides (reaction 10) and has been explained by a McLafferty rearrange-
ment'. Any alternative process yielding a structure corresponding to ionized acetoni-
trile, CH3;CN™", can be excluded, since the collision-induced fragmentation spectra of
the molecular ion of acetonitrile and of the C,H3;N"" ion derived from C; and higher
nitriles are different!*.

The coincidence of the C,H;N™ ion with the C:Hs* ion makes its recognition
difficult unless high-resolution instrumentation is employed. Using high-resolution
conditions Rol* established that passing from propyl cyanide towards cyanides with
longer or more branched alkyl chains the C3Hs* ion begins to dominate the mife 41

*N *N
A —ReH= i )
T/ \ch =t Hi=c=o, 2 u—" % (1)
| I
CH*™ CH, (n) 02 CH
R CH; mye 41 CHy”

(7a)m*"
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TABLE 2. Composition of the m/e 41 peak in the 70 ¢V mass spectra of alkyl

cyanides
mfe 41 peak intensity Intensity ratio

Alkyl cyanide (% ti.c.) C-H3N"/CiH;"
CH3(CH,).CN 58.9 15.67
CH3(CH,)3:CN 30.3 1.35
(CH3)>CH(CH,).CN 12.4 0.24
(CH3)2CHCH(CH3)CH,CN 8.4 0.09
(CH3)3:CCH,CN 12.2 0.21

peak (Table 2). The isobaric C;Hs* fragment originates from different sources. e.g.
from elimination of H, from C;H;*. When the energy of the ionizing electrons is
lowered to a value just above the ionization potential of the cyanides, the contribution
of C,H3N"™ to the m/e 41 peak increases. Thus, in the case of isopentyl cyanide the
ratio C;H3N"/C3Hs™ raises from 0.24 to 5.4 by lowering the nominal electron energy
from 70 eV to 12 eV5. Apparently, the formation of the rearranged ion n requires less
energy than that of the hydrocarbon fragment CiHs*. The same can be said with
respect to other rearranged ions, discussed later, which also coincide with hydrocarbon
fragments.

The high intensity of the C;H3N" ion in the spectrum of B-hydroxypropionitrile
(7a)! and the near absence of this ion in the spectrum of B-methoxypropionitrile'-2® are
in line with the assumed y-hydrogen migration in the formation of the m/e 41 fragment
n. Nitriles with an a-methyl group decomposc in the same way, yielding a large peak at
m/fe 55 in place of m/je 41.

Further studies with deuterium-labelled alkyl cyanides revealed a substantial con-
tribution of -7 and §-hydrogen® to the C,H;N"" formation. The ratio of & to
B-hydrogen transfer in n-propyl cyanide was found to be 1.157. It has been suggested
that a mechanism involving a five-membered transition state competes with the nor-
mal McLafferty rearrangement’. e.g. reaction (11). The suggestion of the elimination

‘.‘N\\
D) tc
| l g
CH3—?—§—CH2 CH;—C—D + CH,=C=ND (11)
D (n-d)

of methylcarbene as a neutral molecule should be treated with reservation. Alterna-
tively, unknown hydrogen-scrambling processes prior to hydrogen transfer could be
responsible for the observed B- and also 8-H participation. It should be noted that
similar scrambling reactions in the McLafferty rearrangement of carbonyl compounds
have been reported-’.

Nitriles with an alkyl chain of four or more carbon atoms (8) give a peak at m/e 55.
As shown by high-resolution measurements the m/e 55 peak in the mass spectrum of
rn-butyl cyanide consists of 72% C3;HsN™ and 28% C,H;* 7. The latter ion is formed
through loss of HCN from the [M — H]* frugment. The m/e 55 peak in the mass
spectrum of isopentyl cvanide exhibits a similar composition of the two isobaric frag-
ments®, whereas in higher cvanides the C4H;* ion becomes dominant®’. )

The formation of C;HsN"" is again a rearrangement process. According to Rol”. a 8-
and an a-hydrogen are transferred to the nitrile group with simultaneous cleavage of



68 Klaus-Peter Zeller

Ho
CH,—H H
R / 2\_+ il .

CliH Il\il —_ R\C¢CH2 + HQC\\ /CH (12)
CH, C | (I:

\C//‘ H H

7/ \

H H m/e 55

(8)M*"

the y-bond (reaction 12). However, based on deuterium labelling, Heerma and co-
workers’ suggested that the y-H transfer is accompanied by the formation of a five-
membered ring intermediate (o). Their mechanism is represented for the molecule ion
of 2.2-d>-n-butyl cyanide (9) in reaction (13). As substantiated by the corresponding

C3H3DN*
CH,—H N
A2 P e m/e 57
Hzc N+ .}./H
ne N N (13)
3 \C/C S - 3
/\ D %)
D D C3H5N+'
8 M* (o) m/e §5

metastable transitions the C;HsN™ ion decomposes further by expulsion of a hydrogen
atom (see below). The rearrangement ions C4H;N"" and C3HsN' in the mass spectrum
of n-pentyl cyanide (6) are explained in the same way via the rearranged ion (p)
(reaction 14).

CH, CaHgN*” C3H,N*
\CH 2 m/e55
—\H+ : CHj4 0\)‘40'\1
H2C| h” 2 H foal
- . N/
H,C c- + (14)
ScHy” 3 ;
N
5
(6) M* (p) ..
m/e 69

The peak atm/e 69 in the spectrum of isohexyl cyanide (10) (Figure 3) is made up of
C,H;N"" and CsH,* ions in the ratio 2.04:1%, The genesis of the nitrogen-containing
fragment must involve the loss of C;He. From extensive deuterium labelling of the
isohexyl group it follows that the terminal isopropyl group is eliminated with back-
transfer of onc hydrogen. The formation of a propyl cvanide ion-radical (qg) as sug-
gested by Beugelmans and coworkers® is however unlikely (reaction 15), since the
molecular ion of propyl cyanide is very unstable” and hence cannot represent the
intensive rearranged ion CyHN™". Although no satisfving explanation for the forma-
tion of the C4H;N" species from isohexyl cvanide and other longer chain cyanides
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100 1 41(C3Hs' +CataN' )
80 H,
1 3CH(CH,),CN
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FIGURE 3. Mass spectrum of isohexyl cyanide
(10). Reproduced with permission from R. Beugel-
mans, D. H. Williams. H. Budzikiewicz and C.
Djerassi, J. Amer. Chem. Soc.. 86. 1386 (1964).
Copyright (1964) American Chemical Society.

H3C CH,—H
SRk

?
C\H j T CH;3—CH,—CH,—CN*" (15)

(10) M**

exists in the literature, it may be formed by transfer of an e-hydrogen to the nitrile
group and the formation of a six-membered intermediate r (reaction 16). From inter-

C4H,N*"
H 2 69
/. H.C e mfe
HyC  CH—CHN N <
\ / NI 1 _H T°
CHe 0 — N (16)
- 4
4 C;/‘/
(10) M {r) i
CgHgN"’
mj/e 83

mediate r the C;H;N"" ion could originate through loss of C3Hg by processes 1 and 2,
as well as another intensive fragment. namely CsHoN™ at m/e 83 by loss of C;H,4 by
processes 3 and 4. All fragmentation processes indicated in formula r are in accor-
dance with deuterium labelling results which indicate 22% loss of C(2) and C(3), 78%
loss of C(3) and C(4)>. In our opinion they provide a more likely explanation than the
interpretation given in Reference 3, where two different transition states for the loss of
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~CoHy

(CH3)ZCH—<I:t|2/. (|JN+‘ (CH3),CH—CH,—CN*" (17)
v
CHZ—CHz m/e 69
(10)
+.
HsC N
H C>Cy %C —CHa +e
3¢ [, —— (CH3),CH—N=C==CH (18)
H,C »—~_CH 2
~ 22
CH; mje 69
(10%)

C;H,4 have been suggested to account for the deuterium labelling experiments. The
four-membered transition state yields (10") ionized isobutyle cyanide. As already seen,
the molecular ions of longer chain nitriles are very unstable and are therefore less
likely to describe abundant fragment ions. The six-membered transition state (10”")
involves the transfer of an isopropyl group which seems to be an improbable process’.
An ion of the composition CsHN™ (m/fe 83) is present in the spectra of n-alkyl
cyanides from n-hexyl cyanide upwards®. For n-hexyl cyanide (3) it was shown by
deuterium labelling ¢ that about 75% of the ion results from loss of the two terminal
carbon atoms as C,H,;. Amongst others®, the mechanism shown in reaction (19) could

FH2—CH,
~CaHe ~CaMHa w
CsHgN" CH, CH, — Q S CgHgN* (19)
o CH
! CH -
Ho 2 H
(3) M** (s)

be operative. The main part of the most abundant peak in the mass spectrum of
n-hexyl cyanide at m/e 82 is formed by loss of a hydrogen atom from s. As deduced
from the spectrum of the 7,7,7-d; derivative, only a maximum of 14% can originate by
cleavage of the terminal C,Hs group.

In the mass spectra of nitriles with an alkyl chain of seven or more carbon atoms (11)
a further rearranged ion at mje 97 plays an important role. The driving force for this
rearrangement is. according to McLafferty!, the formation of a stable olefin and the
stabilization of the odd-electron ion t through cyclization (reaction 20).

R _H H

SeA~ N SNt

HClI‘l (‘c‘:i\ RCH=CH, /u\‘

i R
{t)
mje 97
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Summarizing the discussion on the rearrangement processes occurring in the
clectron-impact induced fragmentation of nitriles. we may conclude that the presence
of ions of the general formula C,H,,_ N (n = 2-6) at m/e 41. 55, 69, 83 and 97 is
a characteristic feature of longer chain nitriles. In order to explain their favoured
formation, cyclic transition states or intermediates are suggested as mechanistic
rationalizations. Primary loss of HCN and H’ evidently becomes dominant only when
the chain is not long enough to permit easy cyclization.

From a mechanistic point of view it would be desirable to reinvestigate structure and
formation of these rearranged ions utilizing the modern tools of mass spectrometry??
(e.g. metastable ion characteristics. collisional activation. field ionization kinetics etc.).

Finally, the particular fragmentation pattern of the smallest member of the aliphatic
nitriles. i.e. acetonitrile’. should be stressed. The ions in the molecular ion region
represent about 85% of the total ion current: M™ (49.3%), [M — H]* (24.72%).
[M — 2H]" (8.63%), [M — 3H]* (5.1%). The elimination of HCN yields ionized
methylene (2.75%). In a remarkable rearrangement process the [M — H]* ion ejects a
carbon atom (reaction 21) which is proved by a corresponding metastable transition.
A metastable peak for the loss of CH from the M™ ion is also observed. According to
Seibl?®, however, the metastable peak corresponding to the CH elimination might
result from the stepwise loss of H and C in the same ficld-free region of the instrument.

CH4CN* H e CyHN*T —5—  CH,N* (21)

mle 28
{1.69% t.i.c.)

A similar carbon expulsion could not be observed in the mass spectra of the
homologous nitriles and therefore seems to be unigue for acetonitrile. The sitvation is
somewhat reminiscent of charge-scparation reactions reported for the doubly charged
M2+ [M — H]*" and [M — 2H]?* ions of malononitrile® (reaction 22). However, in

C4HN,2*  ——  C,HN," + CH' (22a)
M2+
CaHN,2"* ~——  C,HN,* + C** (22b)
[M — H]2+-
C3Ny2* * CoN," + € (22¢)
M - 2H}2*

this case the eliminated methine fragment or carbon atom bears a positive charge. As
shown by '*C labelling, the reaction of the M?" ion involves the methylene and nitrile
carbon atoms in a statistical ratio, while that of [M — H]*" involves exclusively the CN
carbon and that of [M — 2H]?* involves an approximately equal contribution from
both carbon sources.

B. Benzyl Cyanide

Usuaily the mass spectra of benzylic derivatives CHsCH:X are do_minated by the
formation of C;H5 " ions (/e 91) originating from loss of a radical X 31 However, a
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FIGURE 4. (a) Electron impact (EI) and (b) field ionization (FI) mass spectra of benzyl
cyanide (12). Reproduced from J. van der Graaf, T. A. Molenaar-Langeveld and N. M. M.
Nibbering. Intern. J. Mass Spectrom. Ion Phys., 29. 11 (1979) by permission of Elsevier
Scientific Publishing Company, Amsterdam.

benzylic C—CN bond seems to be cleaved only with great difficulty, since the mass
spectrum of benzyl cyanide (12) exhibits only a very small peak atm/fe 9131-33 A peak
of considerable intensity at n/e 90 indicates that loss of HCN is preferred over the loss
of a CN’ radical (Figure 4a).

The elements of HCN are also lost from the intensive [M — H]* ion. By means of «-
and ring-deuterated benzyl cyanides a strong analogy in the generation of the
[M — H]* ions from benzyl cyanide and toluene has been found™. In both cases. the
hydrogens attached to the ring and benzylic methylene group are partly scrambled
before expulsion of a hydrogen atom.

An almost complete randomization of hydrogen and deuterium prior to the
electron-impact induced elimination of HCN is observed in benzyl cyanide, specifically
labelled in the o, ortho and para position. The electron impact method provides only a
time-integrated view of decompositions occurring within about 107¢ s after ionization.
Within this time H/D randomization processes are able to compete efficiently with
fragmentation reactions. It is obvious that such randomization processes obscure the
clucidation of the mechanism for any subsequent fragmentation. However, in the field
ionization kinetic method (FIK)"® decompositions of molecular ions in the first
10-11-10-" s after ionization can be studied. In this extremely short time interval only
ions with high internal encrgy decompose. Due to the small frequency factor of hy-
drogen randomization. the interference of H/D exchange is considerably reduced in this
time interval. Therefore. field ionization mass spectra of deuterated benzyl cyanides
should allow conclusions to be drawn about the mechanism of the elimination of HCN.

In the FI spectrum of benzyl cyanide (12)** doubly and even triply charged ions are
present. The ion at mfe 71.5 (= 1432*) corresponds to a [2M ~ C;H7]** species
formed in the high field near the emitter®. The other ions in the FI spectrum (Figure
4b) are also observed in the EI spectrum. Generally. the abundances of the fragment
ions are very low compared to EI measurcments. Nevertheless. a reproducibility bet-
ter than 10% has been reported using multiscan averaging®.

FIK data obtained with ring- and «-decuterated benzyl cyanides demonstrate that at
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times < 107! s the benzylic hydrogens are mainly involved in the climination of HCN.
This suggests formal 1.1-elimination of HCN in competition to hydrogen scrambling.
It should be noted that a formal I.l-climination of HCN has been found in the
molecular ion of propionitrile (Section I1.A). The origin of the carbon expelled as
HCN has been studied using the '*C-labelled derivatives 12" and 12”°. As expected, the

2 p p
CgHs—CHy—3CN CgHs—13CH,—CN
(12) (127)

molecular ion of 12" eliminates only H'*CN and that of 12" only H'2CN when decom-
posing in the ion source. The mass spectrum of the unlabelled compound exhibits a
metastable peak at 69.2 for the loss of HCN from M™. In the spectra of 12" and 12"’ this
diffuse peak is split up into two pcaks at 70.2 and 68.6 corresponding to the loss of
H'?CN and H'3CN. respectively. From the relative intensities it follows that only the
side-chain carbons are involved. This clearly indicates that in molecular ions of longer
lifetimes*® the positional identity of the «- and B-carbon is partly lost prior to HCN
expulsion. The fact that only the side-chain carbon atoms («. B) are eliminated as HCN
means that the randomization of the hydrogen atoms occurs independently of the
scrambling of the carbon atoms.

Further insights into the complex processes associated with the expulsion of HCN
from benzyl cyanide have been gained from the fragmentation of o-, m- and p-
cvanobenzyl cyanide. By means of '3C and !N labelling it has been demonstrated?3-3
that both cyano groups are eliminated as HCN, the major part originating, however,
from the benzylic nitrile function. Furthermore, the kinetic energy release?® (calcu-
lated from the metastable peak width) for the elimination of HC!*N and HC!’N from
13 are equal within experimental error®. Thus, both species should be eliminated from
equal or very similar ion structures. This may be cxplained by a partial interconversion
between six- and seven-membered ring-structures. as shown in Scheme [.

H cNT™ csNT
NC@CHz—C15N+' — _
13) M**
(13) CN N CN
(u) (v)
NC SNC
m/e 115 ety @-CHZ—CISN+' @—CHz—CNhLCN’ mje 116
SCHEME 1

The cycloheptatriene species u and v can interconvert either by a 1,5-hydrogen shift
or a series of 1.2-hydrogen shifts. Taking all these facts together, Nibbering and
coworkers*** proposed the reaction mechanism shown in Scheme 2 for the elimina-
tion of HCN from the molecular ion of benzyl cyanide (12). The climination from the
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SCHEME 2

ion w competes with scrambling of the hydrogens, which is complete at 107Y 5. Judging
from thc studies with the cyano-substituted benzyl cyanides the interconversion of six-
and seven-membered ring-structures should also occur to some extent. Furthermore,
from the data obtained with 3C-labelled benzyl cyanides a symmetrical structure must
be passed through. Nibbering and coworkers suggested that this is the nonclassical
species x3*,

The EI spectra of 7-cyanocycloheptatriene (14)32343 and p-tolunitrile** are very
similar to that of 12. Specifically D- and !'*C-labelled analogues revealed the same
phenomena as described for benzyl cyanide. Furthermore, kinetic energy release
measurements and field ionization kinetics provide evidence that the molecular ions of
7-cyanocycloheptatricne and p-tolunitrile isomerize to a benzyl cyanide structure prior
to loss of HCN34,

The elimination of HCN gives rise to one of the most abundant ions in the mass
spectrum of ¢-nitrobenzyl cyanide (15)37. The [M — HCNJ" ion is absent in the mass
spectrum of the para isomer. From deuterium labelling it follows that the molecular
ion of 15 eliminates HCN with exclusive abstraction of one of the benzylic hydrogens.
The high site specificity is also observed for the decomposition from the metastable
molecular ions. This is in contrast to benzyl cyanide where a complete hydrogen
randomization within 107" s competes with the elimination of HCN.

Mandelbaum and coworkers®’ concluded that loss of HCN from o-nitrobenzyl
cvanide is a l.1-elimination only in a formal sense. The benzylic hydrogen atom
migrates to a nitro oxygen (ortho effect?®) and from there to the cyano group (reaction

23). The fact that the para isomer does not yield a [M — HCN]' ion supports this
interpretation.

(’:N CN H
HC—H? HC- IO
Vo T AN —=  [M—HCN]**  (23)
mje 135
78%

(15) M*"



3. Mass spectra of cyano, isocyano and diazo compounds 75

C. Aromatic Nitriles

In aromatic nitriles, the base peak is the molecular ion, in sharp contrast to the
behaviour of aliphatic nitriles. The most significant fragment peak at m/e 76 in the
spectrum of benzonitrile (16) is due to the loss of HCN? (Figure 5). An intense
metastable peak at m/e 56.1 corresponds to this process. In 2,4,6-ds-benzonitrile (16")
at an electron beam energy in the range 25-70 eV the m/e 76 peak is replaced by
peaks at mfe 79 and 78 in an approximate ratio of 2:3%. The corresponding meta-
stable peaks, found at m/fe 58.9 and 57.4, also appear in a ratio of 2:3. This indicates a
statistical loss of HCN and DCN from molecular ions decomposing in the ion source
and in the second field-free region. However, when the electron energy is lowered
from 20 ¢V to 14 eV the [M — HCNY" peak decreases relative to the [M — DCN]”
peak even though the ratio of the appropriate metastable peaks remains at 2:3. At
14 eV the ratio of the [M — HCN]":{M — DCN]" daughter ions is 1:70. At 13 eV
only the expulsion of DCN is found in the ion source and the ratio of the metastable
peaks corresponding to HCN and DCN elimination is now reduced to ca. 1:3. Thus, at
higher electron beam energies, and therefore higher internal energies of the molecular
ions, the randomization reaction of hydrogen and deuterium atoms is faster than the
elimination reaction under consideration. At lower energies only DCN is eliminated in
the ion source pointing to a 1,2-elimination process with the formation of ionized
benzyne. The rate of randomization is so reduced at low energies that an insufficient
amount of hydrogen atoms reach the ortho position to yield a detectable amount of
[M — HCNT ions. However, as seen from the metastable peak ratio, this rate is still
great enough to permit loss of HCN within the time spent by molecular ions decom-
posing during the travelling from source to collector. The results may be summarized
by Scheme 33°. Much effort has been concentrated on the elucidation of the structure
of the C¢H," ion resulting from fragmentation of benzonitrile by appearance potential

103

1001 Mt
CN
(16)
60 1
[M-HCN]H
40 1 76
20 1 50
(-

40 60 80 100
m/e

FIGURE 5. Mass spectrum of ben-
zonitrile (16). Reproduced from H.
Budzikiewicz, C. Djerassi and D. H.
Williams, [Interpretation  of Mass
Specira of Organic Compounds. 1967.
Chap. 11, by permission of Holden-
Day, Inc.. San Francisco.
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measurements on metastable ions*®*. In a recent publication, Baldwin*® reported a
value measured under such conditions that no kinetic shift*® contributes. From this,
the heat of formation of the C¢H,™ ion was calculated as 1348 kJ/mol, which is con-
sistent with the ion having the benzyne structure.

The three isomeric dicyanobenzenes yield [M—HCN]" and [M — 2HCN]”

ions*’8, In addition, 1,2-dicyanobenzene (17) fragments by loss of 2 CN with for-
mation of the CgH," ion?® (reaction 24).

q*
CN
C6H2+. —HCN C7H3N+. —HCN @ —2CN CBH4+. (24)
CN
(N

mje 74 mje 101 m/e 128 mje 76
4% 26% 100% 9%

In cyano-substituted pyridine derivatives ring-cleavage reactions compete with the
elimination of the cyano group as HCN#%%0, This is shown in reaction (25). Similarly,

‘ [m—R'CN]*
NC CN
LI
(25)
RI7FN™RZ T
(18) [ M—R2CN ]

in the fragmentation of other cyano-substituted heterocyclic systems (pyrazine, thio-
phene, pyrrole, furan) ring-breaking processes are strongly involved>!,

D. Alkyl Cyanoacetates

The mass spectral behaviour of cyanoacetates is unorthodox and therefore warrants
separate treatment. The spectra of these compounds contain low-abundance molec-
ular ions and frequently only slightly less intensive [M + 2]" ions®2, in contrast to alkyl
cyanides, which exhibit [M — 1]* and [M + 1]* peaks.

The conventional fragmentation processes of ethyl cyanoacetate (19) are itlustrated
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FIGURE 6. Mass spectrum of ethyl cyanoacetate
(19). Reproduced with permission from J. H. Bowie,
R. Grigg, S.-O. Lawesson, P. Madsen, G. Schroll and
D. H. Williams, J. Amer. Chem. Soc., 88, 1699
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Society.
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in Figure 6. The elimination of C,Hj from the ethyl group yields a protonated acid
ion33, Investigation of the m/e 68 peak by high-resolution measurements reveals that
only 90% of this peak is formed by ethoxy elimination32. The remaining 10% with the
composition C4HgN originates from the very unusual elimination of HCO; from the
molecular ion (Scheme 4). A similar process in methyl cyanoacetate yields C;H N*
(m/e 54). These processes necessitate the migration of an ethyl and methyl group,

respectively.
+
OH
V4
/C-—OH
-C
CHz *—f&.
\
CN

£02CHs L
HCO, .
cN
(19) M** mle 68
10%
~"0OCgHg

NC—CH,—C=0"
(z)

mfe

68

90%

SCHEME 4
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Inspection of the mass spectra of a number of a-alkylated ethyl cyanoacctates of the
general formula 20 furnishes evidence that the most pronounced fragmentation path-
way involves loss of CO; from the ester group and an associated cleavage of the C,—C;y
bond in the alkyl side-chain to eliminate the larger available radical®2. This breakdown
is schematically summarized in formula 20. Since such processes are not observed in

1 C,H
w,  (Coo

CH—CH
-~
R2 \CN
(20)

simple esters, it seems most reasonable to implicate the cyano group in the necessary
rearrangement step. The mechanism shown in Scheme 5 has been suggested. The mass
spectrum of ecthyl isopropylcyanoacetate (Figure 7) illustrates the important contri-
bution of this decay sequence.

An analogous methyl migration occurs in the electron-impact induced fragmen-
tation of the corresponding methyl esters2. In fact, the base peak in the spectrum of
methyl n-butylcyanoacetate (21) at m/fe 68 is 75% C4H¢N™. This fragment originates
from loss of C3H; and CO,. Moreover, in the spectrum of the methoxy-deuterated
ester the isotopic label is retained in the corresponding fragment ion with m/e 71, thus
unequivocally establishing the methyl migration (reaction 26).

i
R C—0 '
e N -8R, —co +
oY (cHy ———=+> R2Z—CH=CH—C=N—C,Hs
2~ Sc=n*+
- (aa)
+e
(20) M RZ = CH;, m/e 96
RZ2 = H, m/e 82
RT Rz
._czH‘ .
CH, CHy
C,Hs  CHsg R2—CH=CH—C=RN—H
i-C3H;, H (ab)
n-CzgH; H RZ = CH;, m/e 68
— R? = H, m/e 54
SCHEME 5
0
o
P ~C3Hy, —CO +
CH3—CH2—CH2—@—CQ (“cH, T "+ CH,=CH—C=N—CH,

C=N%™ (26)
(21) M*° mje 68
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FIGURE 7. Mass spectrum of ethyl isopropyicyanoacetate. Repro-
duced with permission from J. H. Bowie. R. Grigg, S.-O. Lawesson, P.
Madsen, G. Schroll and D. H. Williams, J. Amer. Chem. Soc., 88, 1699
(1966). Copyright (1966) American Chemical Society.

The spectra of the ethyl esters contain fairly abundant peaks at m/e 113 (ac) and 85
(ad). For their generation, a McLafferty rearrangement, followed by loss of ethylene
has been suggested (reaction 27)%2. The peak at m/e 145 (8%) in the spectrum of ethyl

It

H H HOL  _OH
HC/U 0o Nt \C/
cl:"@ d S ¢ o b e
- NN —
CHy (I:H/ ~0C,Hg H(l:/ OC,Hs L
CN CN
(ac) (ad)
mje 113 mfe 85

phenylcyanoacetate is formed by expulsion of CO, from M™ and can then lose a
methyl radical or ethylene to give m/e 130 (2%) and m/e 117 (100%) respectively*>34,
The ion at m/e 117 may be represented as ionized benzyl cyanide since the fragments
below m/e 117 and the metastable peaks are very similar to those in the spectrum of
benzyl cyanide (Section 11.B).

E. «,p-Unsaturated Nitriles

The tendency of nitriles to undergo electron-impact induced skeletal rearrange-
ments is also found in «.p-unsaturated nitriles of types 22 and 23. In compounds of the
general formula 22 containing at least one phenyl group, ions formally equivalent to
ionized benzonitrile (or phenyl isocyanide) are frequently observed in the mass
spectra®®. In 1,1-dicyano-2-phenylethylene (22, R! = C¢Hs, R* = H) the relative
intensity of the C;HsN™ ion (/m/e 103) attains 27% (reaction 28). The occurrence of
this rearrangement is consistent with the generalization® that skeletal rearrangements
arc facilitated by the proximity of unsaturated groups.
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CN R CO,R
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mfe 127 (22) M** m/e 103
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In compounds of type 23 and also in other «.,f-unsaturated esters a rearrangement
that necessitates the migration of an alkoxy group has been observed®. The reaction
under consideration is probably best represented as a 1.3-alkoxy shift, followed by
bond fission to give a benzylic stabilized ion (ae), e.g. reaction (29). From comparative

It
CN
/ at
+
c=0 /CH%C‘—‘—'CZO CH (29)
CH,0 CH;30 CH;0
(23) M*” (ae)
R' = CgHs, R2 = H, R® = CH
6"'s 3 mje 121
12%

studies® it follows that the B-phenyl substituent on the double bond and hence the
benzylic stabilization of the rearranged ion facilitates this process.

The proximity of the cyano and ethoxycarbonyl group at the same sp>-hybridized
carbon may lead to abundant [M — C,H;/—COj]" ions. This sequence is illus-
trated by reference to the fragmentation of ethyl isopropylidenecyanoacetate (23,
R! = R? = CHj;, R? = C;Hs). Two slightly different interpretations, yielding the same
ion structure af, are found in the literature®**7 (Scheme 6).

Dicyanomethylene derivatives of longer chain aliphatic acids have been suggested
for the identification and structural elucidation of such molecules®®. The reaction of
stearic acid chloride with malononitrile, using pyridine as catalyst, yiclds a product,
which on treatment with diazomethane gives 24 (reaction 30). The mass spectrum of
24 is characterized by an abundant series of fragment ions of the general formula ag
extending uniformly to the molecular ion. Similar derivatives of branched fatty acids
can be used to advantage in the determination of the branch points since jons arising
from bond fission at the branch points are preferentially formed.

{ti. ISOCYANO COMPOUNDS

A. Aliphatic Isocyanides

The mass spectra of aliphatic isocyanides bear a close resemblance with those of the
isomeric nitriles. Thus, the isocyanides also suffer from a drop of the molecular ion
abundance from the parent compound upwards, although to a lesser extent than the
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nitriles. Most aliphatic isocyanides yield [M + H]* and [M — H]* peaks, which facili-
tate the molecular weight determination when the M" peak is very small or absent.

The production of molecular ions from isocyanides requires about 0.6 ¢V less
energy than from nitriles®®. If it is assumed that the lone-pair orbital represents the
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highest occupied orbital, then structure ah may be written for the molecular ion
(reaction 31).

+ -
R—N=C| —%+ R—N=c —. g* (31)
(ah)

Before going into details, it should be mentioned that the formation of fragments
with the same eclemental compositions and similar intensities in the mass spectra of
nitriles and isocyanides, respectively, is not caused by partial thermal isomerization of
isocyanides in the inlet system. It can be shown by IR spectroscopy that a sample of
butyl isocyanide recollected from the hot box inlet system (ca. 100°C) of a AET MS9
instrument is free of any butyl cyanide®. In the case of t-butyl isocyanide some thermal
decomposition into HCN and isobutene was found in the inlet system.

In contrast to the alkyl cyanides, the a-cleavage process (loss of a CN’ radical)
yielding the complete alkyl ion R* contributes significantly to the fragmentation pat-
tern®3%. Loss of HCN from the molecular ions of isocyanides is also an important
fragmentation, even in longer chain compounds. However, concurring fragmentation
reactions become more important as the length of the alkyl group increases.

From a thorough discussion of the fragmentation characteristics of methyl
isocyanide. clear evidence can be gained that no electron-impact induced isomeriza-
tion to the corresponding methyl cyanide ion-radical takes place®. This is remarkable,
since at the first glance the spectra of both compounds show a striking resemblance
(compare Tables 1 and 3). Thus, the M", [M — H]*,[M — 2H]" and [M — 3H]* ions
together carry about 85% of the total ion current in both cases. The unique elimination
of a carbon atom from [M — H]* and of a CH radical from M" are also common for

TABLE 3. High-resolution mass spectra of alkyl isocyanides (R—NC)?

R
mfe Fragment CHj C,Hs n-CsH, n-C4Hg t-C4Hyg
12 C 2.6 2.6 0.5 — —
13 CH 1.3 1.9 0.5 — —
14 CH, 4.5 3.5 1.9 0.9 0.7
M — HCNY
15 CH; 8.4 6.9 3.8 34 7.1
24 C, — 1.1 — — —
25 C:H — 4.9 0.8 0.6 —
26 CN 1.9 2.0 — —_ —
C,H, 0.3 30.8 7.8 8.5 2.9
27 CHN 4.8 6.6 1.1 0.7 5.8
C,H;3 0.8 62.2 43.4 54.8 11.9
28 CH;N 4.7 19.4 19.6 7.5 3.2
C>H, — 54.6 11.1 23.8 2.7
(M — HCNT
29  C,Hs — 100 58.7 24.5 13.7
36 C; — — 0.8 — —
37 Ci;H — 0.9 3.3 2.3 2.3
38 CoN 12.1 7.1 1.4 0.7 —
C3H, — — 4.1 3.7 7.8
39 C;HN 19.7 9.8 2.1 1.1 —
C3Hj3 —_ — 16.9 25.1 26.7
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TABLE 3. continued

R
mfe Fragment CHj C,Hy n-C3H5 n-C4Hy t-C4Hog
40 CyH3N 47.7 34.9 9.2 6.2 34
CsHy — — 2.0 3.2 32
41 GCH;N 100 2.0 100 425 5.0
M [M - CH,l" [M — C3Hg]"
C3H; — — 21.0 80.6 100
42 CHUN 11 1.0 3.7 6.3 20.2
CsHg -— — 46.4 11 8.3
[M — HCNY”
43 C3Hy — 9.9 100 1.8
50 CsN 34 — — —
C4H, —_ — 2.1 1.6
51 C3HN 12.7 2.3 1.4 1.5
C4H;3 — — 2.2 1.6
52 GC3zH,N 16.8 4.6 3.8 6.8
C4Hy — — 0.8 —
53 C3H3N 2.5 0.7 0.6 —
C4Hs — — 3.1 2.1
54 C3HyN 329 36.9 16.8 0.9
[M - CH3]*
C4H; — — 4 0.6
55 C3H;sN 73.2 — 64.4 —
M" M — CoH T
C4H; — — 121 4.7
56 C3HgN 1.3 — 2.7 —
C4Hg — — 27.7 9.3
M — HCNJ”
57 C4H — 2.9 91.4
[M — CNJ*
64  C4H,N 1.6 1.0 0.9
66 C4H4N 1.2 1.4 5.6
67 C4H;sN — — 10.5
68 C4H¢N 14.9 34 85.2
[M — CH;5]*
69 C4HN 9.4 — —
M~
70 C4HgN __z —_— —
82  CsHgN 4.4 38
83 CsHoN M M" .

2Jon abundances are given in relative intensities (calculated from Reference 8 by permission of
Heyden and Son Ltd., London). Doubly charged ions and ions due to 13C isotopes have been
omitted. The intensities of the [M + H]™ ions are underlined to indicate that these values vary
with sample pressure and ion draw-out potential.

both spectra. The main difference is found in the intensity of CHs* which in the case of
the isocyanide is six times more intensive.

However, by comparing the ratio of the abundances of the daughter ion D* and the
metastable ion m* for the process M" — [M — H]* + H’ (Figure 8), different struc-
tures of the two molecular ions are proposed according to McLafferty’s criterion®’.
Furthermore, from appearance potential measurements on the metastable and
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FIGURE 8. Relationship between' [D*]/[m*] and electron
energy (nominal) for the hydrogen elimination process in methyl
cyanide and methyl isocyanide. Reproduced from W. Heerma and
J.J. de Ridder, Org. Mass Spectrom., 3, 1439 (1970), by permission
of Heyden and Son Ltd., London. ‘

daughter ions, the rough relationships between the rate constants of decomposition
and the internal energies of the molecular ions were obtained®. From these diag _...3it
follows that the activation energy for the decomposition of the cyanide must be less
than that of the isocyanide, again pointing to different structures for the corresponding
molecular ions. The nonequivalency of the molecular ions originating from the ioniza-
‘tion of CH3;CN and CH;NC was later fully confirmed by CA measurements!* (Section
IL.A). :
~ The mass spectrum of ethyl isocyanide®, given in Table 3, also supports the
enhanced stability of isocyanide molecular ions, since the intensity of the M~ peak is
about four times larger than that for ethyl cyanide. The weaker a-bond allows the
production of C,Hs* ions, hampering, however, the concurrent HCN elimination.
From propyl isocyanide upwards rearrangement processes via cyclic transition
states or intermediates®*® yielding C,H,,_;N* ions became important. Thus, in
n-propyl isocyanide (25) C,HsN" (aj) represents the most abundant ion. Due to
the identical geometry of the cyano and isocyano groups a similar transition
state as already discussed for the fragmentation of nitriles (Section II.A) seem most
reasonable, e.g. as in reaction (32).

UX
H,C c .
[ . ——— CH,=N=CH + CH,=CH 2
HZCDC NT 2 2 2 (32)
CH, (aj)
(25) M** mje 41

- The general resemblance of the spectrum of butyl isocyanide (26) to butyl cyanide is
more pronounced than in the case of the ethyl and propyl compounds?®. This is due to
the larger alkyl chain which facilitates both the formation of similar hydrocarbon ions
and the formation of equivalent cyclic transition states or intermediates necessary for
the production of rearranged ions. This explains the high yields of C,HsN™" (m/e 41)
and C3HsN™ (m/e 55) by loss of propene and ethene, respectively. The C3HsN* ion
originates from the molecular ion probably via a five-membered intermediate (ak)
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CH,—H

s 2
HzC + /H —CyH,

I D —_— N=C —  CgHgN'" (33)
HzC\ /N:C' .

CHy * mfe 55
{ak)
(26) M**

(reaction 33) of a structure analogous to o (Section I1I.A). Similar to the spectrum of
butyl cyanide, the C3HsN' ion is accompanied by a peak at m/e 54 (C3H,N*). How-
ever, as shown by appearance potential measurements, the reactions yielding the
C3H4N™ ion from n-butyl isocyanide and n-butyl cyanide respectively are completely
different in nature. Whereas in the case of n-butyl cyanide the C3H4N* ion is formed
via C;H4 and H' elimination (Section I1.A), the ion of the same elemental composition
but originating from n-butyl isocyanide is obtained by direct cleavage of the y-bond
under expulsion of C,Hs'. The different mechanisms explain the reversed intensity
ratios for C3HsN'/C3H;N* in the mass spectra of the isomeric compounds. This ratio
is found as 3.83% and 0.297 for the isocyanide and cyanide, respectively. In butyl
cyanide the formation of both ions turned out to be energetically identical rearrange-
ments, resulting in a larger yield of the even-electron ion. When dealing with n-butyl
isocyanide the [M — C,H4]" and [M — C,H;]* productions are energetically different
processes. As rearrangement reactions possess a lower activation energy it is not
surprising that the C,H, elimination results in the most abundant ion.

B. Aromatic Isocyanides

The main feature of the fragmentation of aromatic isocyanides is loss of HCN. In
phenyl isocyanide (27) the molecular ion constitutes the base peak. The relative inten-
sity of the [M — HCNI" ion is about 40%°'. A peak at M" — 26 (9%) has been
attributed to the loss of a CN radical from the molecular ion. However, most probably
this ion originates from elimination of C,H, rather than CN".

From mass spectrometric studies with 2.4,6-ds-phenyl isocyanide (27')%? it follows
that all hydrogen atoms of the phenyl ring equally participate in the elimination of
HCN (reaction 34). The experimental ratio of C¢H,D," to C¢HD3'" is 3:2.2 for both

D
e {2 parts) + (3 parts) b
CeHD3 ““hen D N=C- ~, —DCN CeHaDy (34)
D
mje 79 27y M** mje 78

the daughter ions produced in the source and the metastable peaks. The slight prefer-
ence for loss of HCN over the statistical value of 3:2 for a random process may be due
to an isotope effect. High-resolution measurements reveal that the M™ — 28 and
M" — 27 peaks in the spectrum of 27 are doublets consisting of 86% [M — DCN]",
14% [ — C,D,]" and 86% [M — HCNY™, 14% [M — C,HD]", respectively. These
data require a correction of the interpretation® of the M"™ — 26 peak in the spectrum
of unlabelled phenyl isocyanide.

The three isomeric methylphenyl isocyanides (28) and benzyl isocyanide (29)
exhibit a very similar fragmentation pattern® (reaction 35). Elimination of HCN
occurs not only from the molecular ion but also from the very strong [M — H]" ion. A
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) NC
(28) = —HeN CHs  (35)
@—CHz—ﬁsé S (al)

common isocyanotropylium structure (al) has been suggested® for the [M — H]*
fragment of the four isomers.

In aromatic isocyanides containing two methyl or ethyl groups attached to the
phenyl ring loss of HCN is only observed from [M — H]* and [M ~ CHj;]* ions but
not from the molecular ions®'. The elimination of HCN is also suppressed in the
molecular ions of methoxyphenyl isocyanides®!. Whereas the meta and para com-
pounds decompose by expulsion of CH,O the major part of the ortho isomer frag-
ments by loss of CO and HCO'. The expulsion of a formyl radical may be rationalized
by a hydrogen transfer to the ortho isocyano group (ortho effect®®).

7
|

IV. DIAZO COMPOUNDS

A. General Remarks

In order to obtain the electron-impact mass spectrum of a compound a vapour
pressure of ca. 1075 Torr is necessary. Diazonium salts cannot be vaporized undecom-
posed and therefore are not suitable for electron-impact measurements. Thus, diazot-
ized anthranilic acid (30) and sulphanilic acid give peaks due to thermal decomposition
products when studied in a mass spectrometer®’. The most important pyrolytic re-
action of the hydrochloride of the diazonium carboxylate (30) is the formation of
chlorobenzoic acid. If the zwitterion (31) is introduced into the ion source a peak at
m/fe 152 corresponding to biphenylene is the base peak (Scheme 7).

+

N=N| cI~ N=N|
o =
CO,H

CO,”
(30) (31)

Al—Nz .\\—Nz, ~C0,
X, @@
CO,H

SCHEME 7
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However, diazoalkanes, «-diazocarbonyl compounds and diazo oxides are volatile
and allow mass spectrometric investigation. Very often diazo compounds suffer from
partial decomposition on the metal surface of the inlet system. Thus, in an early report
on the mass spectrum of diazomethane®* a relative intensity of only 1% was given for
the molecular ion peak. This has to be compared with a relative intensity of 96.5%
obtained with an all-glass inlet system®.

A similar situation is found for «-diazoketones. From the mass spectrometric frag-
mentation pattern and from appearance and ionization potential data, evidence has
been gained for the competitive intervention of a mechanism of direct electron impact
of the diazo compounds and of the process of ionization of the neutral [M — N,]
fragments obtained by thermal cleavage®®.

From this experience it is not surprising that the reproducibility of mass spectra of
diazo compounds and the comparability of measurements on different instruments is
lower than with other classes of compounds.

B. Diazoalkanes

The mass spectrum of diazomethane shown in Figure 9 exhibits a strong molecular
ion peak and ionized methylene as the base peak®. Due to the rapid decomposition of
diazomethane in metal inlet systems the correct mass spectrum can only be recorded,
when an all-glass system is used. The mass spectrum is similar to that of the cyclic
isomer diazirine%, but the intensities of N, (m/e 28) and M™ (m/e 42) are larger for
diazomethane. Also, doubly charged ions at mi/e 20, 20.5 and 21 appear in the
diazomethane spectrum, but not in that of diazirine.

Paulett and Ettinger5® reported a value of 9.03 = 0.05 eV for the ionization poten-
tial of diazomethane and 12.3 = 0.1 eV for the appearance potential of CH,". From
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FIGURE 9. Mass spectrum of diazomethane.
Obtained from tabulated data in G. S. Paulett and
R. Ettinger, J. Chem. Phys., 39, 825 (1963), by
permission of the American Institute of Physics.
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these values heats of formation of CH,N, and CH,N,"" and the dissociation energy of
the CN bond in the neutral and ionized molecule can be calculated by assuming the
following processes
(a) CH?_NZ +e—> CH;. + Nz + 2e
AHf(CHzNz) = AHf(CH2+') + AH{(Nz) - AP(CH;.)
Adopting 333 kcal/mol for AH{(CH;")%7 it follows:
AH{(CH,N,) = 2.14 eV = 49.3 kcal/mol

(b) CH);N, + e — CH2N2+- + 2e

AH{(CH2N2+') = IP(CHzNz) + AH{(CHzNz)

AH{CH,N,") = 11.2 eV = 257 kcal/mol
The same treatment yields AH; = 314 kcal/mol for the molecular ion of diazirine.
Deviating from literature data®®, this suggests that the molecular ions of the two
CH,N, isomers have different structures.

From the appearance potential of CH," in diazomethane and the spectroscopic
value for the ionization potential of methylene (:CH,)®’, the CN bond dissociation
energy can be estimated as:

D(CH,—N,) = AP(CH,") — IP(CH,) = 12.3 — 10.4

D(CH,—N;) = 1.9eV
The bond dissociation energy of the molecular jon can be obtained from the expres-
sion:

D(CH2N2+') = AP(CH2+.) - IP(CHzNz) =123 -9.0

D(CH,N,") = 3.3eV
The latter value is appreciably higher than in the neutral molecule. This may be
attributed to the removal of an antibonding electron during the ionization process,
which stabilizes the resulting molecular ion. The doubly charged species in the mass
spectrum of diazomethane also reflects this enhanced stability.

The electron-impact induced fragmentation of diaryldiazomethanes (32), 1,4-
bis(a-diazobenzyl)benzene (33), and the cyclic analogues 34 and 35 has been studied

TABLE 4. Mass spectra of diaryldiazomethane derivatives (32) and analogous compounds
(33-35)¢

Compound m/e (relative intensity)

32a 194 (10) M™, 166 (64), 165 (100), 139 (10), 115 (5), 113 (3)

32b 224 (20) M™, 196 (100), 195 (14), 181 (51), 165 (27), 153 (50),
152 (58), 151 (14), 127 (12), 126 (10), 98 (16)

32¢ 254 (9) M™, 226 (100), 225 (6), 211 (71), 196 (4), 195 (9), 183 (15),
168 (15), 152 (16), 140 (18), 139 (24), 114 (10), 113 (19)

32d 239 (17)M™, 211 (65), 165 (100), 164 (52),163 (30), 153 (6), 152 (11),
139 (14), 127 (4), 126 (5), 115 (10), 113 (4), 89 (5), 87 (7)

33 310 (<1) M". 282 (1), 254 (100), 252 (40), 151 (18)

34 192 (20) M™, 164 (100), 163 (52), 137 (4)

35 218 (7) M, 190 (68), 189 (100), 188 (14), 187 (16), 163 (8)

®Taken from D. Schumann, E. Freese and A. Schénberg, Chem. Ber., 102, 3192 (1969), by
permission of Verlag Chemie GMBH, Weinheim.
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Rl@ ©- @H@H@

(32)

(a) R'=R? = H
{b) R' = OCHg, R =
(c) R' = R? = OCH3

(d) R' = NO,, RZ = H

2-—2"—0\

|

(34> (35)

by Schumann, Freese and Schonberg® (Table 4). The fragmentation of the diaryl
derivatives yields intensive [M — N-]" ions, which in some cases constitute the base
peak. The formation of the [M — N,]” ions is facilitated by the production of the
stable N, molecule is the decomposition process. In diphenyldiazomethane (32a) the
most abundant peak at m/e 165 (C,3Hy") is formed by further expulsion of a hydrogen
atom from the [M — N,]" ion. In the range m/e 60-165 the spectrum of 32a resembles
that of fluorene. Therefore, a fluorenyl structure (am) is most probable for the C,; 3H9

ion (reaction 36). The electron-donating methoxy group stabilizes the [M — N,]”

CSHS\C-:/CBHS —
| N . _oH
m+ = CiaHio P \ Y/ (36)
N
{32a) M** {am)
m/e 165

fragment of 32b and 32¢, thus lowering the tendency to eliminate hydrogen. The
[M — N,]" ion of the nitro-substituted compound 32d preferentially loses the nitro
group under formation of the C;3;Hy" ion. The mass spectrum of the bisdiazo com-
pound 33 is dominated by the [M — 2N,]" and the [M — 2N, — 2H] tons. Structures

O

(an) (ao)
mje 254 mje 252

an and ao may be written to represent these species. The cyclic diazo compounds 34
and 35 yield abundant [M — N,]" and [M — N; — H]" ions.

C. a-Diazocarbonyl Compounds

For a-diazoketones (36) the stepwise loss of N, and CO, usually substantiated by
appropriate metastable peaks, is characteristic®%7%7! (Scheme 8, Table 5). The loss of
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R1_ﬁ_(|:_R2 1 2 R! R!
i = R'—C—C—R : .
O N* N, i+ 0, >C=C=JE) — >C—CEO
2 2
w R R
(36) l\; (ap) (aq)
iy =Ny -¢o/,
(a) R'l — R2 = H R"’“E—‘RZ
(b) R' = CgHg, R = H {ar)

(c) R' = RZ = C4Hg
1 = 2
(d) R' = CHg, R2 = CgHs
(e) R' = CH30C¢H,4, R = CHy

SCHEME 8

CO from the [M — N,]” ions of o-diazoketones requires a rearrangement step
(electron-impact induced Wolff rearrangement’®!),

Two mechanistic rationalizations are possible to explain this fragmentation
sequence: (i) The elimination of N, yields ionized a-oxocarbenes (ap) as primary
fragments, which then rearrange to the ketene species (aq). The subsequent expulsion
of carbon monoxide gives the [M — N, — CO]" ions (ar). (if) Alternatively, the rear-
rangement and nitrogen elimination are concerted, thus directly producing ionized
ketenes (aq).

The relative intensity of the [M — N,] ion from 2-diazoacetophenone (36b)
increases at lower electron energies compared to that of the benzoyl ion atm/e 105. It
is assumed that the formation of the m/e 105 ion is a direct cleavage process with a
high activation energy and a relatively loose activated complex. The observed energy
dependence may then be interpreted in the sense that the process yielding the
[M — N,]" ion involves a rearrangement step with a lower activation energy and
tighter transition state geometry’. Furthermore, a distinct metastable peak is detected
for the N, elimination which also suggests a rearrangement process®®’4. From these
considerations the concerted mechanism (ii) may be favoured’!.

Very often the CO elimination is followed by loss of a hydrogen atom to produce an
even-electron ion. For (36b) benzocyclopropene (as) and benzocyclopropenyl (at)
structures have been suggested to represent the [M — N, - COJ” and
[M — N, — CO — H]* ions, respectively”! (reaction 37). The [M — N, — CO]J" ions

CH=C=0" H7+'
©/ o, ©><H . H (37)

(aq) (as) (at)
R! = CgHg, RZ2 = H
of the labelled compounds 36b" and 36b" expel hydrogen and deuterium in the ratio

2.6:172 (2:17Y) and 1:2.7 respectively’?. This indicates partial scrambling of the hy-
drogens in the C;H,' " ions in competition with hydrogen elimination. The involvement



TABLE 5. Mass spectra of a-diazoketones (36)

mfe (relative intensity)

Compound  R! R? M" [M~N;]" [M-N;-COJ]" [M=N,;-CO~-H]* Other important fragments  Reference
36a H H 70 (100) 42 (51) 14 (79) 13 (17) 29 (40), 41 (28) 72
36b CHs H 146 (100) 118 (10) 90 (72) 89 (64) 105 (65), 77 (49) 71
36¢ CeHs CeHs 221(1) 194 (66) 166 (58) 165 (100) 164 (10), 163 (10), 139 (10) 70
36d CHy  CeHs 160(9)  132(49) 104 (100) 103 (84) 78 (87), 77 (46) 73
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of ionized phenylcarbene (am) and the ring-expanded tropylidene species (av)’> may
explain the observed partial scrambling (Scheme 9).

In 4-methoxybenzoyldiazoethane (36e) the elimination of CO from the [M — N,J"
ion is followed by loss of CHj3" to produce an abundant ion at mfe 119 (CsH,O%),
which then expels CO under formation of C;H;* (/e 91) (Figure 1()a) The same
sequence in the mass spectrum of the !3C-labelled derivative 36e’ yields C;H;*,
CgH,0* and [M — N, — COJ" ions, which still contain ca. 76% of the original *C
enrichment (Figure 10b)72. The extensive carbon-scrambling prior to CO elimination,
indicated by the carbon labelling experiment, is best rationalized by assuming the
intervention of an oxirene intermediate (aw) formed by isomerization of the carbene-
like fragment ap (R' = 4-CH3;0C¢H4, R? = CH3). The oxirene pathway’® competes
with the Wolff-analogue rearrangement to the carbonyl-labelled ketenc species (ax)
and is responsible for the formation of the isotopomeric ketene ion-radical (ax”). The
further breakdown of ax gives rise to unlabelled fragments at m/e 134, 119 and 91,
whereas the fragmentation of ax’ produces the corresponding ions atm/e 135, 120 and
92 (Scheme 10). The loss of identity of the carbonyl and ‘diazo’ carbon has also been
found in the [carbonyl-1*C]benzoyldiazomethane molecular ion’?.

D D
<::>—c—c—o D C—C—H
E [
2 D D 2
(36b") (36b")
D 4. D D

| ¢—b C—H
CeHs—C=C=0%" —== = i

SCHEME 9
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FIGURE 10. Mass spectra of (a) 4-methoxybenzoyldiazoethane and (b)
[ carbonyl-13C]4-methoxybenzoyldiazoethane.

It should be noted that the above mechanistic rationalization for the >C/13C posi-
tional exchange requires the formation of an ionized «-oxocarbene as the primary
[M — N,]" fragment. This is in contradiction to the concerted process discussed
earlier. Furthermore, the above labelling results are in contrast to conclusions drawn
on [carbonyl-13CJazibenzil (36¢’). In the mass spectrum of 36¢’ no 13C label is retained
in the [M — N, — CO]J" ions (C;3H;;")?". This has been interpreted to exclude the
intermediate formation of an ionized oxirene. However, the intensity of M" in the
mass spectrum of azibenzil (36¢) is extremely low (Table 5), which indicates that most
of the molecules decompose thermally during introduction into the ion source. The
thermal decomposition of azibenzil yields diphenylketene, which then generates the
abundant [M — N,]" peak by ionization. In this sequence for the formation of ionized
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+-
CH,0 A
@\13 CH
c\:/c/ 3
/ 6] \
{aw)
¢ CH 0—@-&3 C—CH
0] ()]
{ap) (ap)

R' = 4-CH30CgH,, R? = CHy R' = CH3, R? = 4-CH30CgH,,

| |

T ™ en, CH{C:CZOJ“

{ax) (ax’)
,l,wco 'lwco

CgHq00 Cg'3CH; 0"
.l_CH3 *]~CH3

CgH,0"* C,3CH, 0"
|- |-

C,H,* Cg'3CH,*

SCHEME 10

ketene, no scrambling of the 13C labelling is possible since it is known that the thermal
Wolff rearrangement of azibenzil proceeds without an oxirene participation?”.

The mass spectra of 2-diazo-1,3-diketones (37) also show the subsequent loss of N,
and CO (Table 6). From the [M — N,]" ions of 37b'7%78 and 37¢'"°, the labelled and
unlabelled carbonyl groups are eliminated in a 1:1 ratio. This is explained by equal
migratory aptitudes of hydrogen, methyl and phenyl in the electron-impact induced
Wolff rearrangement.
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R’——ﬁ——ﬁ——ﬁ——ﬂz cGHsaﬁ—ﬁ—ﬁ—H CsHs—ﬁ—ﬁ—wﬁ—CH:,
O N, O 0 N80 O N, O
(37) (37b’) (87¢)

The [M — N,]" fragments of the ethyl esters of acetyldiazoacetate (38a) and the
corresponding benzoyl compound (38b) do not eliminate CO7%. By high-resolution
measurements it could be shown that the loss of 28 mass units is due to ethylene
expulsion. This McLafferty rearrangement is then followed by loss of carbon monox-
ide. Scheme 11 gives a possible decay sequence.

1 a*
1 o=c=c_ "
R'—Cc=0* § _(I:I—‘(ﬁ_cc}2C2H5 —2s \ﬁ/““\CIHz
0 N o\ch:H2
mje 43 (100%) (38a)(R' = CH3z) M*", m/e 156 (26%) mle 128 (20%)
mje 105 (96%)  (38b)(R' = Ph) M*", m/e 218 (16%) mfe 190 (100%)
_C‘z'-‘/
. RV
R'—C—COoH <=2 o=c=c_
CO,H
mje 72 (16%) mj/e 100 (15%)
mle 134 (6%) mie 162 (35%)

SCHEME 11

In the molecular ion of dimethyl diazomalonate (39) the loss of CH3O" and the
a-cleavage process are favoured over the elimination of N,. This is depicted in formula
39.

59(100)(?
|

C—OCH

. f 3

N EE |

130(7)ﬁ OCH,3
0

127(18)
(39)

As in open-chain o-diazoketones, the stepwise loss of N, and CO is also found in
cyclic derivatives. '3C labelling of the carbonyl group revealed that the [M — N,]" ion
of a-diazocyclohexanone (40) not only eliminates carbon monoxide but also
ethylene”. From the isobaric [M — N, — CO]™” and [M — N, — C,H,]" ions loss of
C,H, and CO, respectively, yields the base peak at m/e 40 (C3H,").
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FIGURE 11. Mass spectrum of 5-diazohomoadamantan-5-one (41).

In the mass spectrum of 5-diazohomoadamantan-4-one (41) (Figure 11), the N, and
CO expulsion is followed by the formation of a complex series of hydrocarbon frag-
ments’2. In accordance with the photolytic decomposition®, the electron-impact
induced fragmentation of 41, labelled at C(5) with 13C, occurs without scrambling of
C(4) and C(5). This excludes the formation of a symmetrical oxirene intermediate.

The mass spectra of 3-substituted 2-diazoindan-1-ones (42) have been investigated
with regard to a possible ring-contraction to strained ring-systems8!. In fact, the expul-
sion of CO from the [M — N,]” ions of 42a—d indicates the formation of ring-
contracted species az, either by simultaneous nitrogen elimination and rearrangement
or through the a-oxocarbene ion-radical ay (Scheme 12). The heterocyclic systems
3-diazooxindole (43) and 3-diazo-2-oxothianaphthane (44) behave similarly®!.

D. Diazo Oxides

The mass spectra of diazocyclohexadien-1-ones (also called diazo oxides or quinone
diazides) resemble those described for wo-diazoketones. This is exemplified with
6-diazo-2,4-cyclohexadien-1-one (o-benzoquinone diazide) (45)%3 (Scheme 13). The
appearance potential of the [M — N,]” ion decreases from 9.5 to 9.1 eV when the
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R2 R1 RZ R1
w22 O - O
c
o] o} \\o"'
(42) \ (ay) (az)
(a) R"=R%2 = H

(b} R' = H, R? = CH,4
() R = H, R? = CgHs
(d) R' = R2 = CgHg

R1

i

SCHEME 12
N
0
X
(43) X = NH
(44) X = 8
0 0 o~ 0
e - _1—_Ng_>
X L L r
Y Vs Ny
Ni- N N| (ba)
(45)

CaHg"™  =—F—  CeH,"" - @ZC:0+'

(bb)
mfe 63 mfe 64 mfe 92
93% 100% 79%

SCHEME 13
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source temperature increases from 50 to 200°C?2. The value of 9.1 eV is identical with
the tonization potential of fulven-6-one (9.05 eV) within experimental error. This is
interpreted to mean that at lower temperatures the m/e 92 fragment is formed via N,
elimination from the molecular ion, whereas at higher temperatures the nitrogen is
thermally lost with production of fulven-6-one by thermal Wolff rearrangement, fol-
lowed by electron-impact ionization of the neutral dediazotization product.

The mass spectrum of the para isomer (46) is qualitatively very similar to that of the
ortho isomer®#2, The expulsion of CO from the [M — N,]" ion may be explained by a
1,3-hydrogen shift (bc — ba) prior to skeletal rearrangement (reaction 38).

0 0 0
— — +
S et o rapa—
+
Ny

(38)

(46) {bc) (ba)

Both isomers (45 and 46) give a peak at m/e 94 with the elemental composition of
phenol. It is assumed that this peak arises from thermal N, elimination followed by
hydrogen abstraction at source walls.

The behaviour of the chlorides of the diazotized isomeric aminophenols (47-49)
shows marked differences®3. The thermally instable meta isomer 48 initially gives the

KIEN (ol
: :N“:':N cr- ~CI N=N :
OH OH OH
(47) (48) (49)
100 4 0 —:f“"'
N, -CO
80 A ™
60 (50)
52
407 142\,
*
20 ‘ 170
LI }]L [ uil’. . " L

40 60 80 100 120 140 160
m/je

FIGURE 12. Massspectrum of 2-diazo-1-oxonaphthalene (naphthalene-2,
1-diazoozide) (50).
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—e, =N,
/ ‘\ ot
O O 13({/
13 N 13
2 —e, =Ny + ~i3¢co
—-—.—y __O_,> ’ - > C9H6+o
mje 114
(50) (bd) (be)
AN
13 o
{bf)
o+
/)
C
13
-co )
-0 . O' — C813CH6+
mje 115
{bh)

/

spectrum of m-chlorophenol (Section IV.A) with peaks gradually appearing at m/e
220, 312 and 404. The latter arise from coupling products between chlorophenol and
unreacted diazonium salt. In contrast, 47 and 49 give only weak signals due to thermal
chloride ion substitution of the diazonium group. The main pyrolytic pathway is loss of
HCI with formation of the zwitterions 45 and 46. Thus, the mass spectra of 47 and 49
are essentially the same as described for 45 and 46.

SCHEME 14

o N,
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The electron-impact induced stepwise loss of N, CO and H' is repeated in the
spectra of the isomeric naphthalene derivatives 508 and 5172 (Figure 12). The
questicn of the involvement of the naphthooxirene intermediate (bf) has been investi-
gated by means of isotopic derivatives labelled at C(1) with '3C (Scheme 14). The
[M — N, — COJ" ion derived from 50 contains no '3C label, whereas in the same ion
produced from 51’ the original label is completely retained. This excludes the forma-
tion of an oxirene species (bf) from the carbene-like intermediates bd and bg, respec-
tively®®. Thus, the behaviour of 50 and 51 is in accordance with that of 5-
diazohomoadamantan-4-one (41). whereas open-chain a-diazoketones seem to pass
through ionized oxirenes under electron-impact (Section IV.C).

Interesting results concerning the mechanism of the electron-impact induced Wolff
rearrangement have been obtained with 9-diazo-10-oxophenanthrene (52) and
9-diazo-10-0x0-4,5-methylenephenanthrene (53)%°. The main fragments are summar-
ized in Table 7. To investigate the structure of the [M — N,] " ions their metastable ion

. O
e

(53)
Qs Q
: :“
H
N, CO,CH;
(52) (54)
~e, —Ny|e “/ —e, —CH30H

- . C=0" —=  CygHg"

(bk)

SCHEME 15
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characteristics have been compared with those of ketene ion-radicals generated from
the esters 54 and 55 by loss of CH3OH. The metastable peak characteristics (relative
peak height and peak width) for the CO elimination step are identical within each
ester/diazo oxide pair. This strongly suggests that the [M — N,]" ions derived from 52
and 53 have the same structure as the corresponding ions derived from the esters 54
and 55 (bk) (Scheme 15). Abundant metastable peaks are found for the transitions
involving loss of nitrogen from the molecular ions. This might be suggestive that the
nitrogen elimination and the skeletal rearrangement leading to ketene ion-radicals
(bk) are concerted (Section I'V.C)%0-74,

E. Metal-substituted Diazo Compounds

Usually, the intensity of the molecular ion multiplets of diazomercurials®® are suffi-
ciently high to determine the elemental composition by precise mass measurements.
This has been used to advantage in the characterization of the newly synthesized
compounds of general formula 56%7. The mass spectrum of mercury bis(ethyldiazo-
acetate) has been reported by Lorberth®. The bis(alkylmercury)diazoalkanes 57 give
low-abundance molecular ions, which lose nitrogen. The resulting ions undergo cleav-
age of the Hg—C bonds®. The methylmercury diazo compounds 58 and 59 give
molecular ions and ions due to loss of N,

N2
I
C—R
Il
Hg
\
ﬁ—R
N, (RHg),C=N,
(56) (57)
R = CF5, CN, CO,R! R = CHj, C,Hg
CH3Hg—ﬁ——C02R CH;;Hg—(i——R CH3Hg——ﬁ—(|3‘—R
N, N, N, O
(58) (59) (60)
(CH3)3Pb
33 (CH3);Pb—C~C—R
e L,
(CH5)3Pb 2
(61) (62)
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The mercurated diazoketones 60a and 60b also show a molecular ion peak®’. Com-

pound 60b loses N initially to give the base peak. The [M — N,]" ion then expels CO,
which is reminiscent of the behaviour of a-diazoketones. The methyl compound 60a
fragments first by loss of either CHj', N, or CH3CO". The [M — N,]" ion eliminates a
CH5'’ radical before CO is ejected.

The spectra of the lead-substituted diazo compounds 61°! and 628-°! exhibit molecu-

lar ion peaks and peaks due to loss of methyl radicals and N,. Ions may be found with
masses higher than the molecular weight. This may be due to thermolytic processes
during the sample introduction into the ion source.

BN
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. INTRODUCTION

This chapter deals with the basic relationships of infrared frequencies and intensities
of cyano and isocyano groups bonded to carbon atoms, with the structure of the corre-
sponding compounds. Special attention is given to the data on negatively charged ions,
as anion-radicals, carbanions and dianions containing nitrile groups, reported mainly
after 1970.

At the present time a strict quantitative analysis of the spectrum/structure re!ation—
ships is possible only for a small number of models. Thus, qualitative interpretations of
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the empirical correlations between infrared characteristics and parameters reflecting
the molecular structure are presented in most cases.

The integrated intensity data cited here are reported in the so-called ‘TUPAC
practical units’!.

Il. NITRILES
A. General

The bands corresponding to the nitrile stretching vibration, v(C=N), can be found
in the frequency region of 1900-2400 cm™}; data on v(C=N) band frequencies and
intensities are summarized in monographs®—.

The characteristic properties of the v(C=N) vibration. with respect to both
frequency and mode, have been studied by the methods of normal coordinate
analysis®>~2, These studies, together with numerous subsequent works on various com-
pounds containing cyano groups, show that the v(C=N) vibration mode is character-
istic of the whole linear group C—C==N, not only of the C=N group, because of the
participation of the adjacent bond C—CN; the participation of other internal
coordinates in the v(C=N) mode is not, as a rule, essential. Thus, the v(C=N)
frequency variations are usually determined by the changes in the force constants of
both C=N and C—CN bonds. The values describing v(C=N) changes caused by
variations in the force constants of the group C—CN in the case of acetonitrile
[v(C=N) = 2266 cm™!], for example, are as follows™:

av(C=N)/3k(C=N) = 55 mdyn 'cm™' A
dv(C=N)/dk(C—CN) = 25 mdyn 'em A

Increasing the mass of the atom X in the group X—C=N from 12 to 100 atomic
units results in a v(C=N) decrease of 9 cm~! only, i.e. the mass effect of the X atom on
v(C=N) is not dominant. Changes in the chemical nature of the atom X, however, are
accompanied by considerable £(X—CN) variations, thus, the effect of these changes
on v(C=N) can be quite large. The relative increases or decreases in v(C=N) in the
latter cases cannot be considered as a measure of the variations in the force constant
k(C=N). In series of related compounds when X is constant, e.g. aliphatic or aromatic
nitriles [cases meeting the condition of relatively small £(C—CN) changes], the
v(C=N) variations follow, as a rule. the corresponding changes in the C=N bond
force constant.

As the v(C=N) mode is characteristic of the C—C=N group, the variations in the
intensity of the corresponding infrared bands are determined by the polar properties
of both the C=N and the next bond®. The infrared data for various nitrile compounds
are classified in the present review according to the type of the carbon atom adjacent
to the C=N group.

B. Saturated Aliphatic Nitriles (Csp’-bonded C=N Groups)
1. Frequencies

It is well known that the v(C=N) band in the infrared spectra of saturated

nitriles is located in a relatively narrow frequency interval, 2230-2280 c¢m™!
(Tables 1 and 2).

*These values were calculated by using the acetonitrile force field given by Dunkan and
coworkers® and the terms which relate the changes in the characteristic frequencies to the
variations in both the force constants and frequency modes'’.
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TABLE 1. Apparent fundamental frequencies (cm~') of CH3;CN, CH3C'N and CD;CN in

their infrared spectra

CH;CN CH,C!*N CD;CN
Matrix
Assignment Gas® Liquid®  Gas® Liquid® Gas® isolated?
v1; v(CHj3) or (CD3) 2953.92 2945 2953.76 2945 2127.35  2122.1
v2; W(C=N) 2266.45 2256 2240.30 2225 2277.88 22673
v3; 6°(CH3) or (CD3) 1390.0 1378 1390.0 1376 1110.0 1104.7
vg; v(C—C) 919.92 918 911.21 910 831.33 829.1
vs; v (CH3) or (CD3) 3009.16 3000 3009.16 3000 2256.56  2253.7
vg; 6% (CHj3) or (CD3) 1448.03 1444 1447.85 1444 1046.45 1040.1
v7; r(CH3) or (CD3) 1040.79 1040 1040.68 1040 847.11 8455
vg; B(CCN) 364.71 379 362.10 377¢ 334.80 338.8
“Ref. 9.
bRef. 11.
€Calculated, see Ref. 11.
dRef. 14.

The vibrational spectrum of acetonitrile is the most studied and best interpreted®!0
among all spectra of saturated nitriles. Assignments of the fundamental vibrational
modes of this molecule and its isotopomers CHsC!N and CD3CN are reported in
Table 1. The detailed analysis of the infrared spectra of acetonitrile, and D-, ’N- and
13C-labelled acetonitriles shows® !0 that many of the fundamental frequencies of this
molecule are perturbed by Fermi resonances. For example, the v, frequency (C=N
stretch) resounds with the combination v; + vy; the latter is present in the spectra of all

TABLE 2. Frequencies (cm™!) of the y(C=N) bands of substituted

acetonitriles”

Solvent
Compound Gas phase CCly CHCl3
CH3iCN 2267 2255.2¢ 2255.7
CH3CH,CN 2265 2249.0 22499
(CH3),CHCN 2264 2249.2 2246.5
(CH3)3CCN 2254 2238.8 2235.3
FCH,CN 2269° 2255.7¢ —
F3CCN 2274.1¢ —_ —
CICH,CN 2266 2259.7 —
Cl,CHCN 22614 — —
Cl;CCN 22564 2250.5F 2251.57
BrCH,CN 22640 — —
CH;OCH,CN — 2243¢ —
(CH3),NCH,CN — 2232.5 —
?Data taken from Ref. 32 unless otherwise stated.
bRef. 33.
‘Ref. 34.
“Ref. 35.
‘Ref. 29.

fRef. 36.
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the isotopomers (except the deuterated compounds) as a moderate band at 2300 = 6
cm™!. As a result of this coupling the apparent v(C=N) values are lower than the
unperturbed ones. The quantitative estimation of the coupling effects® show 2270.6
and 2243.1 cm~! as unperturbed v{(C=N) values of CH3CN and CH;C!’N (in gas
phase), respectively. The frequencies of the six acetonitrile isotopomers, corrected
with respect to Fermi resonances and unharmonicities, together with the Coriolis zeta
and centrifugal distortion constants, have been used to determine the harmonic force
field of acetonitrile®. It was found that the C=N force constant of acetonitrile
[k(C=N) = 18.40 mdyn A~1] is lower than that of HCN [k(C=N) = 18.70 mdyn
A-1]12, probably because of the polarizing effect of the methyl group on the n system
of the C=N bond. The empirical force constants of CH;CN thus obtained are in a fair
agreement with those expected on the basis of ab initio calculations (see Reference 9
and the data cited therein). The force field suggested by Dunkan and coworkers®
was refined later!? without substantial variation.

Complete assignments of the bands in the vibrational spectra have been
reported!2! for propionitrile >, n-butyronitrile!%!7, i-butyronitrile'® and trimethyl-
acetonitrile!31920, The out-of-plane and in-plane bending vibrations, 6(C—C=N), in
the saturated nitriles give rise to bands in the 355-400 cm~! and 170-230 cm™!
regions!®172l; these bands are sensitive to conformational variations.

Many relationships of more or less general validity were found between the v(C=N)
and the structure of saturated nitriles. Lengthening the alkyl chain or increasing the
number of the a-methyl groups results in a fairly smooth decrease in v(C=N) in the
2255-2238 cm™! region (solvent CCly); this decrease has been ascribed mainly to the
decrease in the kK(C=N) force constant?2,

The v(C=N) were found to increase with the decrease in the dipole moment in a
series of aliphatic nitriles?3; a linear correlation of v(C=N) with the Taft’s ¢* constants
was found in a limited series of monosubstituted acetonitriles?* (equation 1):

p(C=N) = (2250 + 7.4 *) cm ™" (1

The decrease in v(C=N) with increasing the number of methyl groups at the a-carbon
atom of acetonitriles and the peculiar v(C=N) variations of the chlorinated aceto-
nitriles (Table 2) have been ascribed?® to the inductive effects of the substituents: the
positive inductive effect of the methy! groups gradually reduces the C=N bond
order, and in the latter case, because of the reversing of the C=N bond polarity, the
C=N bond order, and consequently the v(C=N), increases, reaches a maximum
value and decreases again.

It has been found that the v(C=N) is strongly sensitive to the presence of resonative
electron donors bonded to the a-carbon atom?32%, The decreases in v(C=N), caused
by a-substituents such as (CH;).N, H,N and CH;0, are even stronger than those
found in benzonitriles with the same substituents in the para position (see Section
I1.C.1). This peculiar frequency effect cannot be found in other characteristic
electron-withdrawing groups (e.g. various carbonyl groups); it is not caused by overlap
between the free electron pairs of the substituents and the cyano group, but it can be
ascribed to sui generis interaction of the substituents with the methylene group?>:26,
This explanation agrees with the structural data for piperidinoacetonitrile?’, with the
presence of rrans rotamers only for aminoacetonitrile3!, and with the fact that the
intensities A (C=N) in these cases are even lower than that of acetonitrile (cf. Section
11.B.2).

The substituent effects on the v(C==N) of monosubstituted acetonitriles have been
studied more recently?®2% by means of dual-parameter correlation equations, which
include inductive and resonance terms. The results confirm the considerable role of
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the resonance effects of the a-substituents, showing that they are close to inductive
effects in importance. The v(C=N) of B-substituted propionitriles lie in a narrow
frequency interval, 2249-2258 cm~! in CCl,, and they depend, in general, on the
inductive ability of the substituents??,

The normal coordinate analysis of mono-halogen-substituted acetonitriles shows that
the gradual v(C=N) decrease in the order F, CI, Br, I is due mainly to the lowering
of the C=N force constant?®,

The presence of two geminal cyano groups in malononitrile derivatives results in
some v(C=N) increase [ v(C=N) of malononitrile is 2272 cm~!, solvent chloroform]?,
which can be related to the mutual inductive influence of these groups. This influence
fades away with the increase of n in the compounds NC(CH,),CN and when n > 4
v(C=N) values practically coincide with those of the aliphatic mononitriles35. A
mutual inductive influence of cyano groups was found also in the infrared spectra
of the model 2.4,6-tricyanoheptane, which showed the same v(C=N) as polyacrylo-
nitrile*!. The normal coordinate analysis of malononitrile and its alkyl and halogen
derivatives?337-3% showed that the force constants k(C=N) are in fact higher than
those of mononitriles.

In spite of the presence of two geminal C=N groups in the malonitrile derivatives,
the frequencies corresponding to the syn phase, v{(C=N), and ansi phase, v/(C=N),
modes practically coincide?® or their difference is 3—-7 cm™! only?34, The mutual
inductive influence is further enhanced in tetracyanomethane, and its v(C=N) are
higher: 2276 em™! (infrared) and 2288 cm~! (Raman)*2.

Hence, the known data show that the frequency v(C=N) of C3-bonded nitrile
groups is sensitive to both resonance and inductive effects of the a-substituents. The
effects of the B-substituents are mainly inductive; the inductive influence of the
substituents fades away with the lengthening of the distance between the nitrile group
and the substituents.

2. Intensities

Studies on the integrated intensity of the v(C=N) band, A(C=N), of compounds
containing C,;3-bonded nitrile groups have shown that this intensity varies from
practically zero to ca. 600 IUPAC units (I mol~! cm™2). Lengthening the alkyl chain is
accompanied with a gradual and fading increase in A(C=N)?>. Increasing the number
of methyl groups at the a-carbon atom also results in a slight A(C=N) increase*>.
Heteroatomic substituents in the «-position cause, as a rule, strong A(C=N)
decreases??343:44 The effects of the same substituents in the B-position are similar,
but considerably weaker?®. A(C=N) of monohalogenated acetonitriles decreases with
increase in the electronegativity of the halogen [substituent, A(C=N) in I mol™!
em=2}: H, 344; 1, 323; Br, 145; Cl, 40; F, 55 (solvent CHCl3)**. A(C=N) of
a-alkoxy-2945 and alkylammonio-acetonitriles*® is extremely low; the v(C=N) bands
in these cases are practically unobservable. A (C=N) of methoxyacetonitrile was found
to increase strongly in the solvents dimethylsulphoxide and i-propanol, as well as with
the rise in temperature?’.

Substituents of the type ArS— and ArSe— in the a-position do not hinder the
registration of the v(C=N) band*’; A (C=N) of glycidonitriles*® are close to that of
acetonitrile.

A(C=N) values, taken as log A (C=N), of monosubstituted acetonitriles correlate
approximately?® with Taft’s ¢" constants; in the small series of compounds
(CH;),CH;_,CN [whenn = 0, 1, 2 and 3, A(C=N) is 88, 112, 125 and 146 | mol~!
cm~2] this correlation is satisfactory*?. A(C=N) in the series Cl,CH;_,CN reaches a
minimum value at n = 1 [n, A(C=N) in IUPAC units]: 0, 63; 1, 34; 2, 270; 3, 463
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(gas-phase data)?*. A minimum was also found in the correlation of A(C=N) in a
series of disubstituted malonitriles with the sum of Taft's constants Ze* of the
a-substituents®®. This result agrees with the extremely low A(C=N) values of mono-
alkylmalononitriles’!.

By contrast to the corresponding frequencies?’, the statistical treatment of A(C=N)
of monosubstituted acetonitriles by a dual-parameter equation with inductive and
resonance terms gave a poor correlation [substituent, A(C=N) in 1 mol~! cm™2]:
H, 189, CH; 456; (CH1),N, 44.7; F, 359; Cl, 13.5; CN, 79.5; CO,CHj3;, 54.3 (solvent
CCly, at infinite dilution)?.

The qualitative interpretation of the substituent effects on the A(C=N) of Cg;3-
bonded nitrile groups assumes lowering of both the polarity of the C=N bond and the
dipole moment derivative in presence of electron-withdrawing substituents3>43-44; in
the case of trichloroacetonitrile this effect causes a C=N polarity reversal and, hence,
an increase in A(C=N). The model calculations of dipole moment derivatives of
(CH;),CH;_,CN and Cl,CH;_,,CN (n = 0-3), carried out by the Pariser—Parr—Pople
(P.P.P.) method, did involve the same assumption: they accounted for the vibrator
C=N only, and the results qualitatively agreed with the experimental data.

On the basis of both valency—optical theory and analysis of the C=N vibration
mode, Roshchupkin and Popov® and Gribov>? concluded that the A(C=N) increase
from acetonitrile to trichloracetonitrile cannot be related to some essential variation in
the polar properties of the C=N group; they attributed the increase to changes in the
electrooptical parameters of the C—CN bond, which bond takes an essential part in
the v(C=N) vibration. The A(C=N) variations in the series n-C,H,,,;CN and
NC(CH;),,CN were also found to be due mainly to changes in the properties of the
next bond, C—CN>2,

On the basis of an ab initio study of the dipole moment derivatives of chloroaceto-
nitriles Cl,,CH;_,,CN, Figeys and coworkers®® concluded (in contrast to the above
cited authors®-2) that the A(C=N) variations can nevertheless be related to the
changes in the C=N group polar properties. The results, however, are in only partial
agreement with the experimental data, predicting a smooth A (C=N) increase with the
increase in the number of chlorine atoms, while the experimental data (although
obtained under different conditions?-334344) showed a sharp A (C=N) decrease in the
case of monochloroacetonitrile. The same study>® showed that increasing the number
of chlorine atoms results in a decrease in the C=N equilibrium bond moment, but not
to its reversal, which is in agreement with Gribov’s concept. Thus, the authors>?
criticized the interpretation of Besnainou, Thomas and Bratoz8, who assumed a C=N
polarity reversal in CI3CCN and did not account for the contribution of the C—CN
bond in the A(C=N) variations.

Hence, the variations in A(C=N) values of saturated nitriles are not a simple
function of the electronic effects of the substituents; they depend on the variations in
the polar properties of both C=N and C—CN bonds, and it seems that the first is
playing a more important role.

C. Conjugated Nitriles

1. Frequencies

The frequencies v(C=N) of conjugated nitriles are. as a rule, lower than those of
C,p3-bonded nitriles; they lie in the 2250-2190 cm~! interval, and in presence of
negatively charged substituents the lower limit of this interval is shifted to ca.
2120 cm™L.

The v(C=N) decrease is due mainly to the decrease in the force constant of the
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C=N bond, caused by the conjugation. Further, the increase in the coupling constant
k(CN, CC) resulting from the delocalization®* provokes another v(C=N) decrease.
On the other hand, the C,,2—CN bond is shorter than the Cp3—CN one™ and. hence,
the force constant C,2—CN is higher than that of the saturated nitriles. The latter
factor should lead to some v(C=N) increase. The resuiting effect, viz. the experi-
mentally found v(C=N) decrease, points to the dominating role of the first two factors.
According to the comparable results of the normal coordinate analysis of acetonitrile®®
and acrylonitrile®?, the contribution of the k(C=N) force constant lowering is the
most essential; the lower v(C=N) value of acrylonitrile (2232 cm~! in CCl,) is
determined mainly by the £(C=N) lowering. This conclusion qualitatively agrees with
the normal coordinate analysis of benzonitrile33.

The infrared spectra of certain simple conjugated nitriles, viz. acrylonitrile,
2-cyanopropene and 2-cyanopropene-ds>’, 2-chloroacrylonitrile’®, and frans- and cis-
crotononitrile®® have been well studied and interpreted. v(C=N) was found in these
cases in the 2227-2242 cm~! region, and v(C—CN) was found to appear as a band of
variable intensity among 860 and 900 cm~! (gas-phase data). The bands correspond-
ing to the in-plane and out-of-plane bending modes of the C—C=N group in these
compounds were detected near 200 and 300 cm™!, respectively6-37,

The vibrational spectra of benzonitrile>>-%0 and substituted benzonitriles®'-4,
isomeric dicyanobenzenes®3-%, cyanopyridines®® and furonitriles®’ have been
thoroughly studied and interpreted. The v(C—CN) bands were found near 1200 cm ™!,
but this vibration is often coupled with other skeletal modes, similarly to thee C—C=N
bendings, whose bands lie under 600 cm™!.

The v(C=N) values of conjugated nitriles fall smoothly with the increase in the
conjugation between the cyano group and the moiety. Figeys-Fauconnier and
coworkers® found a correlation between the v(C=N) of some polycyclic nitriles and
the coefficients of the nonbonding = molecular orbital of the corresponding uneven
alternant radicals. The v(C=N) in the series S—CH=CH—CN [substituent S,
v(C=N) in cm~!]: H, 2232; trans-Ph, 2222; trans,trans-PhCH=—=CH, 2217; all-trans-
Ph(CH=CH),, 2215.5; trans-CH,—CH, 2220; trans-2-naphthyl, 2221, linearly
correlate with both the localization energy of the carbon atom of the corresponding
hydrocarbon which is bonded to the cyano group®® and the C=N bond order
[ P(C=N)], calculated’ by Hiickel’s method (HMO). Similar correlations have been
found in the case of aromatic polycyclic nitriles [the v(C=N) values are listed in
Table 3].

It has been found®7% that the v(C=N)/HMO P{C=N) correlation for polyenic
nitriles does not coincide with that for aromatic nitriles, when the alternation of the
bond lengths in the polyenic systems is not taken into account. The v(C=N)/HMO
P(C=N) correlation has been used to estimate the steric hindrance in a series of rrans-
o, B-diarylacrylonitriles’273 (1). Twisting of the substituents Ar, is accompanied by

ArB\ _CN Ar, = Ph, t-naphthyl, 2-naphthyl
a-C N Arg = Ph, T-naphthyl, 2-naphthyl,
o
(1) 1-pyrenyl, 9-anthryl

v(C=N) decreases; on the contrary, twisting of Ary causes v(C=N) increases, both in
agreement with the HMO P(C=N) data’>">. The examples given show that in spite of
their small variations, v(C=N) frequencies of conjugated nitriles without hetero-
substituents can be considered as a measure of the moiety/cyano group conjugation.

The substituent effects on v(C=N) of substituted benzonitriles have been the
subject of a series of investigations (see, for example, References 49, 74-80 and the
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TABLE 3. Frequencies (cm™!) and integrated intensities (I mol~! cm™?)
of the v(C=N) bands of some aromatic nitriles (solvent CCl,)®%-70

Compound v(C=N) A(C=N)
Benzonitrile 2231 856
3-Cyanobiphenyl 22315 —
4-Cyanobiphenyl 22295 1780
1-Naphthonitrile 2226 9516
2-Naphthonitrile 2230 1430°
1-Anthronitrile 2225 10920
2-Anthronitrile 2229 1664°
9-Anthronitrile 2218.5 15000
9-Phenanthronitrile 2227 —
1-Pyrenonitrile 2222 2388%
2-Pyrenonitrile 22294 —
4-Pyrenonitrile 2227.5 —

2The v(C=N) band is strongly asymmetric>®, hence we estimated the
frequency by the spectrum of the [°N-labelled compound which shows a
fully symmetric v(C=N) band, by assuming 27 cm ™! isotopic shift.
bRef. 71.

works cited therein); carbon tetrachloride*®477.78  chloroform’#75, tetrahydrofuran
(THF)", dimethyl sulphoxide (DMSO) and hexamethylphosphoramide (HMPA)79:89
were used as solvents. Increasing the accuracy of the v(C=N) measurements’475-77-80,
studying large”8 or standardized’8-80 series of substituted benzonitriles, and the use
of varieties of substituent constants*%:7477-80 and solvents’# have enabled the authors
to estimate objectively the scope and limits of the correlations of v(C=N) of substi-

TABLE 4. Frequencies (cm ™)) and integrated intensities (103 1 mol~! cm™~2) of the nitrile
groups in some substituted benzonitriles®

v(C=N), solvents A(C=N) x 1073, solvents
Substituents CCl CHCly* DMSO? CCl,Z CHClYY DMSO*
p-Me,N 2219.8 2215 2211.5 4.010 6.50 8.68
m-Me,N 2231.3 2231 2225 1.030  1.76 2.88
H 2232.2  2230.5 2227 0.822 1.23 1.80
p-NO, 2236.4  2236.5 2233 0.250  0.55 0.75
m-NO, 2239.1  2239.5 22355 0.340  0.65 1.20
p-O~ 2188 19.6
m-0O~ 2215 3.5
p-HN~ 2170 31.3
p-NC—HC~ 2181 17.4
m-NC—HC™ 2219 4.0
p-O,N—HC~ 2211¢ 10.4
p-C3HsOOC—HC™ 2184 25.2

“Benzonitriles with anionic substituents were obtained by metalation of the corresponding
conjugated C-, O- and N-acids with CH30Na or CH3;SOCH,Na79:80,

bRef. 78, at infinite dilution.

‘Ref. 75.

dRef. 79.

‘Ref. 90.
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tuted benzonitriles with substituent constants. Selected data on the v(C=N) of some
substituted benzonitriles are collected in Table 4.

The comprehensive study of Exner and Botek’ (90 compounds, solvent CHCIs)
showed a few strong deviations from the v(C=N)/c correlation line; they are charac-
teristic for the strongest resonative electron donors and could be avoided by using ¢*
instead of ¢ without worsening the correlation factors’80. Further, the authors
emphasized the presence of the so-called ‘meta effect’, viz. the v(C=N) of the meta-
substituted benzonitriles were found to be higher than predicted by the v(C=N)/o
correlation; these deviations do not depend either on the substituent nature or on
molecular symmetry”>. This effect can be related to some recent CNDO/2 results®!:
the C=N bond indices [Wiberg’s indices, W(C=N)] of benzonitriles with meta
substituents, including CN and NO,, are higher than those of the para isomers, so
the correlation v(C=N)/W(C=N) of benzonitriles does not show any mera effectd!.
The latter result conforms to the concept’” of the ‘electronic’ rather than ‘vibrational’
origin of the meta effect. On the other hand, the v(C=N) of benzonitriles, measured
in all the other solvents used’-80 do not show a similar mera effect, which data point
to a possible third, solvent, factor in the origin of the meta effect.

In studying the substituent effects on the v(C=N) of benzonitriles with standardized
substituents (‘basic set’, 17 compounds, solvent CCl,), Deady and colleagues’® found a
perceptible »(C=N) decrease with the increase in concentration, probably because of
formation of multipolar complexes. This phenomenon was observed in CCl, only
(it can probably be observed in other strictly nonpolar solvents) and in the case of
nitriles only (in the spectra of other compounds containing electron-withdrawing
characteristic groups with lone electron pairs, e.g. esters, ketones etc., this effect is
probably much weaker). So, in order to obtain reliable data in CCl,, the authors”®
determined v(C=N) by extrapolation to infinite dilution (Table 4, the first column).

The results of the studies on the correlation of the v(C=N) of benzonitriles with
substituent constants can be summarized as follows:

Among all the single-parameter correlations, these with ¢* constants (Brown and
Okamoto’s electrophilic constants®?, equation 2, or its mathematical equivalents)
showed best fit, which can be related to the strong electron-withdrawing nature of
the indicator cyano group.

V(IC=N) = po™ + b (2)

The results of the statistical treatment of v(C=N) of benzonitriles in a variety of
solvents, according to equation (2), are given in Table 5. As seen there, even the best
correlations are not of high accuracy; the use of polar aprotic solvents instead of the
common spectroscopic solvents do not cause material changes in the correlation
factors.

The correlation of the slopes for meta-substituted compounds, p(meta), differs from
p(para)’®-8. This phenomenon was observed in numerous spectroscopic and chemical
reactivity series and it is due to the different receptivity of a given indicator group
(reaction site) to inductive and resonance effects, when compared to the same in the
definition series of the corresponding ¢ constants®3. Therefore, the v(C=N)/¢*
correlations in the separate mneta or para series are at times a bit better than those in
the joint meta + para series’8-89,

Much attention was paid to the dual-parameter statistical treatment of the v(C=N)
of benzonitriles, by using the equations of Yukawa and Tsuno®* and Taft® (equations
3 and 4 or their mathematical equivalents). However, the use of these equations”’-8°
as well as other dual- and triple-parameter equations’’ does not lead to essential
improvement of the correlations; moreover, the equations of type (4) have the dis-
advantage of requiring obligatory separated treatments of the meta and para series.
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TABLE 5. Correlations of v(C=N)? of substituted benzonitriles [ joint
series, standard substituents: H, CH;, CH30, (CH3),N, F, Cl, CF;, CN
and NO,, all in meta and para positions, 17 compounds] according to
equation (2).

Solvent oP be R4 sd®
CccCly 7.0 2232.9 0.957 1.4
CHCl; 8.8 2232.0 0.966 1.5
THF 7.8 2230.2 0.952 1.6
HMPA 8.3 2227.9 0.951 1.8
DMSO 9.0 2228.4 0.961 1.7

2y(C=N) data from Refs. 75, 78-80, statistical treatment from Ref. 80.
bSiope.

¢Intercept, i.e. the statistically expected v(C=N) of the unsubstituted
benzonitrile in the corresponding solvent. '
4Correlation coefficient.

“Standard deviation.

V(C=N) = plo® + rAch) + b (3)
v(C=N) = pjo, + pR;R + b (4)

(0g = o8, oR Oh and oB?; see Reference 85)

The v(C=N) of a series of ortho-substituted benzonitriles (solvent CCly, values in
the 2219-2240 cm ™! region, at infinite dilution) showed® only a general tendency to
decrease in the case of electron-releasing substituents; both single- and dual-parameter
correlations are poor. Spectra of o-amino- and o-methoxy-benzonitriles show v(C=N)
splittings, caused probably by Fermi resonances$®.

Hence, the approximate correlations found even when using precisely measured
v(C=N), the presence of the ‘meta effect’ etc. show that the substituent effects on
v(C=N) have a definite specificity, which cannot be interpreted in detail within the
framework of the LFER approach.

Certain MO interpretations®87 of the relationship between structure and v(C=N)
of conjugated compounds give results which qualitatively conform tc the experimental
data. On the basis of PPP semiempirical calculations Besnainou and colleagues® found
decreases in the force constant K(C=N) in conjugated nitriles; the k(C=N) and
v(C=N) variations are in good mutual agreement in the case of o-, m- and p-methyl-
and amino-benzonitriles8. The correlation of the v(C=N) of substituted benzonitriles
with the C=N = bond order, calculated by a modified HMO method, is satisfactory®’
but it again shows the ‘meta effect’ (see above). In fact, these interpretations involve
the hypothesis that v(C=N) is determined only by k(C=N) (i.e. by P(C=N), which
correlates with kK(C=N), see, for example, Reference 88). The v(C=N) values,
however, depend also on the kK(C—CN) force constant, and having in mind the inverse
proportionality between k(C=N) and k(C—CN)%¥, one can conclude that the
correlation of v(C=N) with both substituent constants and C=N bond indices reflects
the proportionality between the elements characterizing the variations in the force
field of the whole characteristic group C—C=N, k(C=N) and k(C—CN), which
follow the molecular structure variations.

The recently reported’ data on v(C=N) of benzonitriles with negatively charged
substituents, such as O™, X—N~, X—HC" etc. (Table 4) show very strong v(C=N)
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decreases, due to the very strong resonance interactions of these substituents with the
electron-withdrawing C=N group. These data have been used to obtain a roygh
estimate of the value of ¢* of anionic substituents’®. The effects of positively charged
substituents, e.g. (CH;3);N*, are not very strong’>.

Lengthening of the conjugated system between substituents and the nitrile group in
compounds of type 2 and their higher vinylogues is accompanied®’ by smooth

(2)
X = H, Ph, COOC,H5 and CN

decreases in p in the correlations according to equation (2); the transmission
coefficient of one double bond was found to be practically constant, = = 0.6%.
Relations between structure and v(C=N) have also been found%”%293 in the series
of heteroaromatic nitriles. y(C=N) values of B-cyano-substituted pyrrole, thiophene
and furan are, by 10-15 cm™!, higher than those of the a-isomers®”*3 and these results
are related to the stronger electron-releasing ability of the corresponding heteroatoms
in the a-position®3. The values of v(C=N) increase in the order: 2-cyanopyrrole, Fermi
doublet at 2229.6 and 2223 cm™!, 2-cyanothiophene, 2225.7 cm™! and 2-cyanofuran,
2236.3 cm~! (solvent CCly)®3. v(C=N) of the 5-substituted 2-cyanofurans lie in the
2234-2244 cm™! interval in the same solvent and increase with the increase in the
electron-withdrawing ability of the substituents®?, similarly to the case of benzonitriles.

2. Intensities

The integrated intensities of the nitrile bands, A(C==N), are much more sensitive
with respect to changes in the molecular structure than the corresponding character-
istic frequencies, especially in the cases of conjugated systems. The A(C=N) of
conjugated nitriles vary within very large limits and usually they are higher than those
of saturated nitriles. Two approaches have been used to find relationships between the
structure and A (C=N): the empirical approach®?, based on Hammett’s LFER concept,
and the quantum-chemical one, based on HMO and improved MO methods.

Within the empirical approach the substituent-induced A(C=N) variations are
compared to substituent constants by using improved Hammett-type equations
(equations 5—7, mathematical equivalents of equations 2—-4):

Brown and Okamoto®2: AY2 = po* + » (5)
Yukawa and Tsuno®: A2 = p(c® + rAcR) +b (6)
Taft85: A2 = pjoy + prog + b &)

The A(C=N)/sigma correlations have been repeatedly studied*?7>76.7880 It has
been firmly established that the best single-parameter correlations of A(C=N) of
benzonitriles are those with ¢g**%73-7880_ These constarnts are strongly favoured in a
variety of solvents; the correlations with all other substituent constants are much
worse. The factors of the correlations according to equation (5) for the joint standard
series (see the heading of Table 5) of substituted benzonitriles are collected in Table 6.
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TABLE 6. Correlations of AY2(C=N) (4 in TUPAC units) of benzo-
nitriles, according to equation (5)¢

Solvent p b R¢ sdf
CClb —-18.7 29.6 0.993 1.4
CHCI5 —22.2 393 0.986 2.4
HMPA4 —24.3 42.8 0.984 2.8
DMSO4 —23.6 47.1 0.980 32

"Statlstxcal treatment: Ref. 80.
b A(C=N) at infipite dilution’s.

‘A(C=N) from Ref. 75, converted into IUPAC units.
dRef. 80.

¢Correlation coefficient.

fStandard deviation.

The dual-parameter treatment of the same A(C=N) data according to equations
(6) and (7) led to a further improvement of the correlations (Table 7).

As seen in Tables 6 and 7, the correlations of A(C=N) of substituted benzo-
nitriles in a variety of solvents with electrophilic-type substituent constants are of high
accuracy: their standard deviations are comparable to the experimental errors in the
A(C=N) determination (2—5%). These correlations do not show any meta effect
(cf. the preceding section); they were tested in comprehensive series (9075 and 45%
compounds) without showing strong deviations and, hence, they can be used to predict
unknown A (C=N) of benzonitriles with a variety of substituents®.

The high values of the Yukawa—Tsuno coefficient (+' in Table 7) point to the
decisive role of the resonance, especially the direct resonance between substituents
and nitrile group, in the total electronic effects of the substituents on A(C=N). The
Yukawa—Tsuno coefficient in the v(C=N) series of the same benzonitriles shows?®
somewhat lower values, from 1.09 to 1.41 for the five solvents used.

Having in mind the good correlations of the A(C=N) of benzonitriles with
substituent constants, some authors’> 7886 have suggested that these correlations can
be used in the determination of ¢* substituent constants if the A(C=N) of the corre-
sponding benzonitriles are known.

In agreement with the concept of the decisive importance of the resonance in the
total substituent effect on A(C=N), the integrated intensities of benzonitriles with
extremely strong donors in the para position, such as O~, X—N~, X—HC~ and other

TABLE 7. Correlations®? of A2(C=N) of benzonitriles, according to
equation (6)

Solvent p r'e b R sd

CCl, -15.8 1.35 284 0.996 1.1
CHCl3 —-16.8 1.61 371 0.993 1.7
HMPA —-18.8 1.55 40.5 0.998 2.4
DMSO —-17.0 1.71 44 .4 0.986 2.6

4Yukawa—Tsuno coefficient®¥; other headings as in Table 6.

*One must bear in mind that these correlations are vahd for the value A Y2(C=N), i.e. the square
root of A(C=N). when the latter is taken in I mol~! cm~2.
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negatively charged substituents, were found to be much higher than those of neutral
benzonitriles (Table 4). By using these data and the recently suggested combined
approach®, based on the Yukawa—Tsuno equation, one can estimate ¢* values of
anionic substituents (substituent, ¢*): p-O,N—HC~, -2.2; p-NC—HC~, —4.7;
p-EtOOC—HC-, —-5.0; p-HN~-, —6.2; p-O~, —4.3; m-NC—HC~, -0.9; m-O~,
—1.2 etc.®0.

In spite of the lower A(C=N) of the ortho-substituted benzonitriles, compared to
these of the para isomers, the authors?® found a satisfactory A 2(C=N)/¢* correlation
in this case too. This result may be due to the absence of considerable steric hindrance
between the cyano group and ortho substituents.

Lengthening of the conjugated system between the substituted benzene ring and the
cyano group in the compounds 3, 4 and 5 results in a smooth decrease in the substituent
effects on A(C=N)?%. It can be noted that A Y2(C=N) in these cases correlates better
with AV2(C=N) of the corresponding benzonitriles than with ¢*. Hence, in spite of
the satisfactory correlations of A Y2(C=N) with substituent constants, these constants

reflect only approximately the substituent effects on the integrated intensities of nitrile
bands.

Rp
H =N C=N
~ ~ 5
C:C\ /C:C
H
R Ry
(3) (4)
R
H
~
c=cC C=N
H/ :C:C/

When the substituents are not conjugated with the nitrile group, as in the a-substi-
tuted p-tolunitriles, the substituent-induced A(C=N) changes are not essential®®.
Electron-donating groups give rise to increases and electron-withdrawing ones to
decreases in A(C=N) of the 5-substituted 2-furyl cyanides®?, similarly to the case of
benzonitriles. The A (C=N) (in [UPAC units) of 2-cyanopyrrole (3000), 2-cyanothio-
phene (1430) and 2-cyanofuran (1020) are higher than that of benzonitrile (822) and,
according to the authors?3, these results point to a total electron-releasing effect of the
heteroatoms with respect to the cyano group. Because of the lower values of the
corresponding 3-isomers [A(C=N) is 1580, 990 and 870 I mol~! cm~2, respectively]®3
the authors assumed that the electron-donating effect of the heteroatoms is stronger in
the 2-position, as in the frequency case (Section 11.C.2). The relative reactivity of the
heterocycles has been discussed on the basis of these data®,
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The brief review shows that the nitrile band intensities of various conjugated
systems correlate (unlike the corresponding frequencies) very well with the substituent
constants. These empirical correlations can be used, for example, as a measure of
intramolecular interactions, or to predict the A(C=N) of unstudied compounds, or to
estimate unknown substituent constants. The use of these correlations, however, is
limited within a given conjugated system, e.g. the benzene ring. Thus, it is essential to
find methods which can explain, and moreover predict, A (C=N) in diverse classes of
conjugated nitriles simultaneously.

Using the quantum-chemical approach the authors have been trying to find
correlations between AY?(CZ=N)* and calculated values, modelling the dipole
moment derivative with respect to either the normal coordinate {0u/0Qcn) or the
C=N bond only (3u/drcn). The latter derivatives of a series of polycyclic nitriles have
been calculated by Figeys and Nasielski’”! by the HMO method. Comparing these
values to A(C=N) resulted in the formation of three separate correlations, depending
on the number of the peri-hydrogen atoms, and this result was related to the varying
steric hindrance to cyano group solvation’’. On the basis of the semiempirical PPP
method, Besnainou and coworkers® have calculated (0u/orcy) of a few conjugated
nitriles, including the isomeric methyl- and amino-benzonitriles, and found a quali-
tative agreement only between the calculated values and A2(C=N).

In contrast to the latter studies, the A (C=N) variations in a series of 38 conjugated
nitriles, including polyenic and polycyclic nitriles as well as substituted benzonitriles,
were compared to the values of (3u,/9Qcy) calculated by the HMO approximation®®.
These values gave a more precise reflection of the C=N vibration mode, taking into
account the participation of both C=N and C—CN bonds. Thus, four excellent
AVZ(C=N)/(0u,/9QcN) correlations were found® within four different classes of
carbon atoms bonded to the cyano group: class —1,=CH—CN, and classes 0, 1 and 2
according to the classification of Koutecky and colleagues®’. The splitting of the
correlations, similar to that found in Reference 71, was proved to be due to a specific
discrepancy of the HMO method®, not to steric hindrance of the solvation. The
(Bu./3QcnN) values of compounds with the general structures 6 and 7, calculated in a
similar fashion, showed’® a good agreement with the measured A(C=N).

According to both theoretical and experimental data?3-*%, the steric hindrance in the
case of polycyclic substituents (1-naphthyl, 1-pyrenyl and 9-anthryl) provokes
increases (Ar,) and decreases (Arg, structures 6, 7) in A(C=N). The out-of-plane

ArB\C:C/CN Arﬂ\c_C/CN
H SAr H™ ~CN

(6) 7

angles of the aryl moieties were estimated in this case on the basis of the A Y2(C=N)/
(Bu./3Qcn) correlations; the values thus obtained”%8 are in good agreement with those
obtained on the basis of v(C=N) and/or the half-wave potentials of polarographic
reduction®. The best general (without splitting) correlation of A(C=N) in a large
seriecs of conjugated nitriles (substituted benzonitriles, cyanopyridines, polycyclic
nitriles and substituted acrylonitriles) with (3u,/90cn) was found8! when the latter
values were calculated by the CNDO/2 method.

The A(C=N) of cis-cinnamonitriles (8) are much lower than those of the corre-
sponding trans isomers (9). This result can be easily explained®® bearing in mind that
the conjugated system in cis-cinnamonitriles, when the v(C=N) vibration provokes

*A(C=N) is proportional to (3u/3Q o)~
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R R
Ol o« T .
c=c” c=c’

H™ SH H ~cN
(8) (9)
R = A(C=N) in IUPAC units:
(CHa),N, 2750 (CH3),N, 9500
NO,, 1170 NO,, 2000

the appearance of alternating electrical changes, is shorter than that of the trans
isomers (cf. structures 8 and 9. At the same time, the v(C=N) of 8 are only ca. 2 cm™!
lower than those of 9. The conjugation in the 1-position of both the naphthalene and
anthracene rings is stronger and, nevertheless, the A(C=N) of the 2-cyano-substituted
naphthalene and anthracene are higher than those of the 1-isomers (cf. Table 3); this
result can be also ascribed to the larger effective length of the conjugated system in the
2-isomers.

gated nitriles are determined mainly by the polarizing influence of the vibrating strong
electron-attracting C=N group on the conjugated system, so that the A(C=N)
depend considerably on the topology of this system.

D. Anion-radicais Containing Cyano Groups

Basic information on the structure of anion-radicals can be obtained by using the
ESR method; nevertheless, numerous data on the vibrational spectra of anion-radicals
of nitriles have also recently been reported. The vibrational spectra of anion-radicals
can give information on changes in the force field of the neutral compounds on their
conversion into anion-radicals, and on the distribution of the odd electron over the
conjugated system (see the reviews in References 100 and 101). Infrared data for
- anion-radicals containing cyano groups proved to be a necessary prerequisite for the
studies of the reaction of dimerization!?%103, oligomerization and polymerization!0*
of some unsaturated nitriles. The highly reactive anion-radicals can be prepared and
studied in polar aprotic solvents in the presence of suitable electron donors such as
alkali metals and amalgams, other anion-radicals and dianions!®3:1%, on electro-
reduction!®” as well as in the solid state (see, for example, Reference 108).

The conversion of aromatic nitriles into anion-radicals is accompanied, as a rule, by
strong v(C=N) decreases, toward the 2070-2230 cm ™! region!?'. This region is much
larger than that of the neutral nitriles, i.e. the effects of the structural variations on
v{C=N) of anion-radicals are much stronger than in the case of the parent aromatic
nitriles (Table 8). Moreover, the absence of correlation between the v(C=N) of
aromatic nitriles and the v(C=N) of their anion-radicals indicates!®! that the effects
of the same structural variations are manifested in essentially different ways: while the
conventional concepts of inductive and resonance effects give a satisfactory expla-
nation of the variations in the case of neutral conjugated nitriles, the odd-electron
distribution over the conjugated system proves to be the dominant factor determining
the v(C=N) variations in the infrared spectra of the radical-anions of aromatic
nitriles?0-101,

The strong v(C=N) decreases on the conversion of neutral nitriles into anion-
radicals are usually accompanied by strong increases in both the A(C=N) (1-2
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TABLE 8. Frequencies (cm™!) of the v(C=N) bands of some aromatic nitriles and their anion-
radicals?

v(C=N) of the anion-radicals in various

solvents?
v(C=N) of the

No. Compound neutral compound THF DMSO HMPA
(10)  Benzonitrile 22304 2093 (K*)f — 2076°
(11)  4-Cyanopyridine 22374 — 2094 2095°¢
(12) 1-Naphthonitrile 2224¢ 2210 (Li™) 2105¢ 2110 (Na*)
(13)  2-Naphthonitrile 2227¢ 2099 (Lit) 2102¢ 2110 (Na%)

2092 (Na*)

2087 (K*)/
(14) 1-Cyanopyrene 2220¢ 2130 (Li*) 2132%8 2140¢
(15)  Terephthalonitrile 2236 2107 and 2096 and 2101 (Li*)

2140 vw. (Lit) 2141 vw.e8 2101 (Na™)
(16)  4-Nitrobenzonitrile 2235 2212 (Lit)" 2193¢ —
(17)  3-Nitrobenzonitrile ~ 2238°¢ 2231 (Lit)* 2224¢ 2223¢

“Data taken from Ref. 101 unless otherwise stated.

bCounterions given in parentheses.

“Solvent THF. v(C=N) in DMSO and HMPA are ca. 2-3 cm ™! lower.
“4Solvent DMSO.

“v(C=N) of electrochemically generated anion-radicals, supporting electrolytes: tetraalkyl-
ammonium perchlorates.

/Ref. 105.

8Ref. 109.

"Ref. 106.

orders) and the half-width of the v(C=N) bands!?1-105.110, The y(C=N) of anion-
radicals, studied in dissociating solvents, as DMSO and HMPA, depend very little on
the counterions!%!. Anion-radicals do exist as ion pairs in ethereal solvents as THF and
dimethoxyethane, therefore the v(C=N) were found to increase as the cationic radius
decreases in the order K+, Na* and Li+ 101.106

The v(C=N) decreases found in the spectra of anion-radicals, compared to those of
the parent nitriles, can be ascribed to decreases in the C=N bond order and, thus, in
the K(C=N) force constant, caused by the antibonding character of the odd electron
orbitals (antibonding, with respect to the bonds of pronounced double and triple
character)!?l. Because of the high energy of the corresponding orbital, the odd-
electron distribution over the conjugated system is highly sensitive to variations in
bond lengths, thus the v(C=N) vibration is accompanied by a strong migration of the
odd-clectron density within this system. Having in mind this effect, one can explain the
unusually high A(C=N) of most of the anion-radicals. Extending the possibilities of
delocalization with the increase in size of the conjugated system in the anion-radicals
of polycyclic nitriles leads to relative increases in v(C=N) (Table 8, compounds 10,
12—-14). In presence of strong electron-withdrawers, the odd-electron distribution is
determined by the competition between the acceptor and the cyano group, thus both
the v(C=N) decreases and A(C=N) increases (with respect to the parent compounds)
are smaller (Table 8, compound 16). When the cyano group is not conjugated with the
stronger acceptor, the odd electron proves to be practically localized on the stronger
acceptor, thus both the frequency decrease and intensity increase (compared to the
parent compound) are small (Table 8, compound 17).

Correlations have been found between the v(C=N) of the aromatic nitrile anion-
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radicals with the C=N n bond order, P(C=N), calculated by the HMQ!9!.196 and
PPP MO!!"! methods. The v(C=N)/P(C=N) correlation for all the anion-radicals
studied [v(C=N) in the 2080-2230 cm ™' region] is nonlinear!®!. The same correlation
has been found to be linear in a series of meta- and para-substituted benzonitrile
anion-radicals, and it has been used to estimate the out-of-plane angles of the anion-
radicals of some cyanobiphenyls!01-105,

Conversion of aromatic dinitriles into anion-radicals results in enhancement in the
vibrational coupling between the cyano groups!?-196.109  While the syn phase,
v(C=N), and anii phase, v*(C=N), frequencies of the two nitrile groups of aromatic
dinitriles practically coincide. the spectra of the corresponding anion-radicals show
two v(C=N) bands with splittings of 30—40 cm~!. Studies of this phenomenon in the
asymmetrically ’N-labelled dinitrile anion-radicals as well as theoretical consider-
ations!9119% have led to the conclusion that the considerable increase in the vibrational
coupling is due mainly to the high mobility of the odd electron orbital in the anion-
radicals. ‘

Detailed studies of the vibrational spectra and normal coordinate analysis of the
anion-radicals of tetracyanoethylene (TCNE)!!2-11# and tetracyanoquinodimethane
(TCNQ)!15116 have shown that the addition of the odd electron is accompanied by a
decrease in the force constant X(C=N) and some increase in k(C—CN), in agreement
with the MO calculations. Because of the delocalization of the antibonding orbital
over the four equivalent nitrile groups in both TCNE and TCNQ, the v(C=N)
decreases on radicalization, Av(C=N), in these cases are considerably smaller than in
the above anion-radicals of aromatic nitriles. For example, Av(C=N) (calculated with
respect to the mean frequency of the infrared doublet) in TCNQ was found to vary
from 37 to 41 cm~!, depending on the counterions!'!*!13. Considerable increase in
A(C=N) was found in this case too; A(C=N) of TCNQ is 0.72 x 10* l mol~! cm~?
(solvent acetonitrile) and A(C=N) of the TCNQ anion-radical is 13.2 x 10* (the
same units and solvents)*!7,

On the basis of the reported data one can conclude that the peculiarities charac-
terizing the infrared spectra of anion-radicals containing cyano groups, i.e., the high
v(C=N) sensitivity with respect to structural variations, the very high A (C=N). and
the enhanced vibrational interactions are determined mainly by the properties of the
antibonding orbital of the odd electron.

E. Carbanions Containing Cyano Groups

There are numerous infrared data on carbanions containing cyano groups and some
of them prove to be of use in structural and mechanistic investigations®°.

It has been suggested!!8-120 that the alkali-metal derivatives of acetonitrile exist in
various forms, both prototropic and metallotropic. It has been established!?!, however,
that most of the infrared bands ascribed!?? to different forms of the metalated aceto-
nitrile (bands above 2100 cm™!), actually correspond to products of its further
chemical transformations!?!. Thus, it has been reported that the acetonitrile carbanion
(solvents THF and HMPA, counterions Li*, Na*™ and K*) is characterized by a very
strong band of asymmetric or doublet character in the 2049-2072 cm™! region,
assigned!2!122 a5 y(C=N). The lower frequency band of the doublet, near 2050 cm™!,
was ascribed to the ‘free’ carbanions; the frequency of the higher frequency band was
found to depend on the counterion: increase from 2061 to 2072 cm™! from K* to Li*
(solvent THF). thus, this band was ascribed to the v(C=N) of the ion pairs!?!-122,

The analysis of both 1*N-1°N and H-D isotope effects, combined with approximate
force-field estimates, obtained by CNDO/2 and normal-coordinate calculations, has
led to the conclusion of a planar or practically planar structure for the acetonitrile
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carbanion!22. The decrease in the C=N force constant [k(C=N) = 15.19 mdyn A~1]
and the increase in the C—CN one [k(C—CN) = 6.64 mdyn A~!] of the acetonitrile
carbanion!'??, compared to those of the parent acetonitrile [A(C=N) = 18.40,
k(C—CN) = 5.24 mdyn A~1]9 are also in agreement with the mesomeric structure 18.
All these data qualitatively agree with ab initio calculations, which predicted an all but
planar structure of 18, with an out-of-plane angle of 6° 123,

(18)

The high A(C=N) of [CH,CN]~ (ca. 26 x 103 | mol~! cm™~2) is characteristic of
cyano groups bonded to carbanionic sites and it qualitatively corresponds to the high
{(8p/30Q cn) value of the acetonitrile carbanion, calculated by the CNDO/2 method!??.

Infrared data on some selected carbanions containing cyano groups are collected in
Table 9. As seen there, the v(C=N) of carbanions vary within a very broad frequency
region, viz. 2020-2205 cm™~!, much broader than that of the neutral conjugated
nitriles (Section I1.C.1). The sensitivity of v(C=N) with respect to substituent effects
should be related to the pronounced conjugation of the lone electron pair of the
carbanionic site especially with strong resonance withdrawers (RW in structures
19-21). Augmentation of the statistical weight of the 19-type cannonical structures

RW=CH—C=N <——> RW—CH—C=N -<——— RW—CH=C=N
(19) (20) (21)

determines higher v(C=N) frequencies. Alkyl substituents at the carbanionic site
cause some v(C=N) decrease, mainly because of their positive inductive effects!24129,

TABLE 9. Cyano group frequencies (cm™!) of some carbanions

Counterions
Carbanions v(C=N) and solvents Reference
CH,CN 2049 K*, THF 122
2051, 2061 K*, HMPA 122
CH;CHCN 2040, 2020 (sh.)* K*, THF 124
(CH3),CCN 2020 K*, THF 124
2026 K*, HMPA 124
PhCHCN 2079, 2068 (sh.)’ K*, THF 124
2096 K*, HMPA 124
p-NO,CgH,CHCN 2151 Na*, DMSO 125
R—C(CN), 2106, 2158 Na¥*, DMSO 126
EtOOC— _(li——CN 2144-2148 Na*, DMSO 126
R
O,N— fIZ~CN 2193 K*. DMSO 127
R
(O>N),—CT—CN 2205 Nat, DMF? 128

4Sh. = approximate frequency of the shoulder on the basic band.

PDMF = dimethylformamide.
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The infrared spectra of living polyacrylonitrile show bands at 2030-2050 cm™!,

l
assigned as v(C=N) of carbanionic sites ‘—(‘:'—CN (M = Li*, Na* and K*) in the

M

end-groups’3®13! These values. as well as the weak counterion effect (ca. 10 cm™!
increase from K* to Li*)'3%13! are in complete agreement with the data for carbanions
of saturated nitriles!?*, and point to a close analogy in their structures.

The v(C=N) of carbanions of the type ArCHCN (Ar is phenyl, 2-naphthyl,
1-naphthyl, 1-pyrenyl and 9-anthryl) gradually increase with the increase in conju-
gation ability of the aryl moiety, from 2080 to 2111 cm~! (solvent DMSQ)!?3:132 a5
qualitatively predicted by the HMO C=N bond orders!33, v(C=N) of the carbanions
in a series of alkyl- and aryl-acetonitriles were found to correlate with the C=N
n bond orders, calculated by the PPP MO method!?!'124, Correlating the infrared
characteristics of carbanions may give some insight into the e¢lectronic structure of
these important reaction intermediates, and also into the mechanism of transmission
of substituent effects through a carbanionic site. The v(C=N) of the carbanions of
meta- and para-substituted phenylacetonitriles (22) lie in the 2070-2150 cm~! region
and are found!25:!34 to correlate best with the ¢~ constants (equation 8 and Figure 1)
instead of o (cf. Section 11.C.1). Similar correlations, again with ¢~ giving the best fit,

@2 (23)

are found for the v(C=N) of carbanionic derivatives of «-aryl-B-phenylacrylonitriles,
viz. sodium methoxide adducts (23)'3% and dimeric dianions (24)'%%. These results point

V(C=N) = (42.3c7 + 2085.7) cm™! 8)
R =0.973.5d = 5.2cm™ ' n = 22

- 12_

(24)

to a change in the mechanism of the transmission of substituent effects when a
carbanionic site is placed between the substituents and the cyano group. In the case of
neutral conjugated nitriles the direct resonance between electron-releasing substitu-
ents and the nitrile group plays an important role and, thus, the best-fit correlations
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FIGURE 1. Correlation between v(C=N) and ¢~ values of the carbanions
of various meta- and para-substituted phenylacetonitriles.

of y(C=N) are with ¢*. On the contrary, in the carbanions 22, 23 and 24 the v(C=N)
variations are determined mainly by the competitive conjugation between the
electron-withdrawing substituents and the nitrile group via the carbanionic site; since
¢~ are the best reflection of the relative strength of the electron-withdrawers, the best
fit of these constants in the v(C=N) correlations of the carbanions 22, 23 and 24
appears to be well-grounded. A comparison of the slopes of the v(C=N)/sigma
correlations of substituted benzonitriles and of carbanions 22 showed!3* that introduc-
tion of a carbanionic site as an additional bridge results in more than three-fold
amplification (instead of weakening) of the substituent effects on v(C=N).

Nitrile groups bonded to carbanionic sites show, as a rule, v(C=N) bands of high
intensity. Because of the high reactivity of the carbanions, precise A(C=N) measure-
ments are very difficult; the approximate A(C=N) estimates!21.122.125132 " however,
showed values up to 65 x 1031 mol~! cm~2. In spite of the strong competitive conju-
gation in the dinitroacetonitrile carbanion, even its A (C=N) is more than twice that
of acetonitrile 2. The high A (C=N) values of the carbanions have been related to the
strong migration of the carbanionic charge in the v(C=N) vibration course 102127.135.136_

The spectra of carbanions containing a dicyanomethide fragment —C(CN), show
two v(C=N) bands, corresponding to the symmetrical (+*) and antisymmetrical (v*)
vibration modes of the two vibrationally coupled cyano groups. Increase in the
electron-withdrawing ability of the substituents in the dicyanomethide fragment
(structures 25, 26 and 27) results in increases in both v*(C=N) and v*(C=N)
[carbanion, v'(C=N), v¥(C=N) (cm™')]; 25, 2106, 2158126; 26, 2155, 2185!%7; 27,
2214, 22218 and decreases in the splitting [Av(C=N) = v(C=N) — v&(C=N)].

The spectra of ylides containing dicyanomethide fragments (structures 28, 29 and
30) do also show doublet v(C=N) bands!3-141,
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CeHs - B B

,CEEN LCEEN .C==N
H—c—c.\_/__ CeFgu:C” O,N==CL
CHy0 C==N NessN Ne==N
(25) (26) 27
C==N .C==N CE=N
(Akyl).N—CZ - N—c* - (Alkyl),S—CZ -
3 e ~&- A4 2 AR
CE=N Cz=N C==N
(28) (29) (30)

The normal coordinate analysis of the malononitrile carbanion and its °N iso-
topomer shows®’ that the k(C=N) force constant of this carbanion is higher than that
of the acetonitrile carbanion, and the value of v(C=N) splitting, Av(C=N), is deter-
mined mainly by the electronic vibrational coupling of the two cyano groups via the
carbanionic site.

In spite of the competitive conjugation of the three cyano groups in the tricyano-
methide anion C(CN)s, its k(C=N) value is lower than those of saturated nit-
riles!4%143, but higher than k(C=N) of both malononitrile and acetonitrile carban-
ions®. The two observable y(C=N) bands of this planar anion of D3, symmetry are
somewhat counterion-dependent: 2155-2188 cm~! in the infrared and Raman spectra
and 2209-2224 cm~! in the Raman spectrum!#%,

F. Di- and Tri-anions Containing Cyano Groups

Adding two or three electrons to conjugated systems containing cyano groups
results in further v(C=N) decreases, because of the antibonding character of the
corresponding molecular orbitals with respect to the cyano groups. The v(C=N) bands
of the dianions of aromatic nitriles [ArCN]?~ lie in the 2020-2067 cm~! region
(solvent THF, counterion K*); these bands are broader and by an order stronger
[A(C=N) values of ca. 10° | mol~! cm~2] than those of the corresponding anion-
radicals’®. Because of the delocalization of the antibonding orbitals, the v(C=N)
value increases with the enlarging of the conjugated system, from 2020 cm™! (2-cyano-
naphthalene dianion) to 2067 cm~! (9-cyanoanthracene dianion).

Dianions, derived on metalation of 1,4-bis(cyanomethyl)benzene, 1,4-bis(cyano-
methyl)naphthalene and 9,10-bis(cyanomethyl)anthracene, which correspond to the
dianions of dicyanoquinodimethane and its polycyclic analogues, show single v(C=N)
bands in the 2040-2050 cm™! interval (solvent THF, counterions Li*, Na* and K*).
and doublet y(C=N) bands in the 2047-2078 cm~! region (solvent HMPA, the same
counterions)!?2. The rise of doublets can be ascribed to the presence of s-cis forms of
these dianions, probably favoured in the case of the naphthalene derivative!32, Spectra
of the dianion of 1,1-diphenyl-2,2-dicyanoethylene show a doublet, v*(C=N) and
v$(C=N), at 2085 and 2050 cm~! (solvent DMS()*46,

The vibrational spectra of the dianions of tetracyanoethylene (TCNE) and tetra-
cyanoquinodimethane (TCNQ) have been interpreted in detail (see References 116
and 117 and the works cited therein). The solid state spectra of [TCNE]?~ show two
infrared bands at 2086 and 2146 cm~!, and one Raman band at 2068 cm™'; the
v(C=N) values of the trianion [TCNE]*" are still lower, 1980 and 2033 cm™! (infra-
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red data)'¥’, in accordance with the MO predictions. The normal coordinate analysis
of TCNE, [TCNE]*, [TCNE]?>~ and [TCNE]?** shows a systematic decrease in the
k(C=N) force constant from 17.04 to 12.8 mdyn A~! and increase in k(C—CN)
from 5.32 to 6.34 mdyn A-!; these variations are parallel to the variations in the
C=N and C—CN & bond orders!*’. ,

Because of the broader delocalization of the antibonding electron density, the dianion
[TCNQ]?*" gives higher-frequency v(C=N) bands than [TCNE]?~: 2096 and 2164
cm~! (infrared), and 2096 and 2196 cm~! (Raman); the v(C=N) of the corresponding
trianion [TCNQ]¥ are found at 1901 and 2035 cm™! (infrared)!!6. The k(C=N)
force constant is found to decrease from 16.90 to 13.42 mdyn A~! and kK(C—CN) is
found to increase on the conversion of TCNQ into the corresponding mono-, di- and
tri-anions'!®. The sum of the intensities of the two infrared bands of [TCNQ]?~ is
25 x 10* 1 mol~! cm™2 (solvent acetonitrile), i.e. ca. twice higher than that of
[TCNQJ* "7, The (C=N) band of the dianion of 4,4'-bis(diazocyano)biphenyl at
2090 cm™! (solvent THF) was found to be very strong, A (C=N) = 87 x 10*1 mol™!
cm™~2, while the intensity of the y(C=N) band at 2187 cm™! of the neutral parent
compound is only 0.34 x 10*1 mol~! cm=2 110,

The high intensities and relatively low frequencies of the v(C=N) bands of the
aromatic nitrile dianions, compared to those of the parent compounds, make it
possible to use their infrared spectra to follow some reactions of electron transfer!#3
and vinyl polymerization!%, Infrared frequencies and their isotopic shifts, combined
with CNDO/2, MINDO/3 calculations and normal coordinate analysis were used in a
structural study on the dianions of cyanoacetic acid (31) and cyanoacetamide (32)'45.

2 2—
H 0 H o}
SCu==cl SC=CL
N'%C 0 N-ZC N—H
(31) (32)
v(C=N) = 2113 cm™! v(C=N) = 2093.5 cm™!

. ISOCYANIDES

A. General

Like the C—C=N group in nitriles, the group C—N==C in isocyanides is linear;
the £(N=C) force constant in isocyanides is slightly lower than the k(C=N) in
nitriles:

k(C=N) (mdyn A~!): HCN, 18.70'2; CH,CN, 18.38'%
k(N=C) (mdyn A~"): HNC, 16.405%; CH;NC, 16.67!4

The isocyanide triple bond is longer than the nitrile one, e.g. r(N=C) in CH;NC
is 1.167 A'5! compared to ro(C=N) = 1.157 A of CH;CN!52, Because of the lower
values of the triple-bond force constant, the stretching frequencies of isocyano groups,
v(N=C). are ca. 100 cm~! lower than the v(C=N) of the corresponding nitriles, and
they lie in the 2080-2180 cm™! region. Many infrared data on various isocyanides are
reported in the monographs in References 2, 3 and 153.

It follows from the normal coordinate analysis of CH3NC that, by analogy to the
nitrile case, the next C—NC bond also takes part in the v(N=C) vibration; the partici-
pation of the other internal coordinates is weak®. Thus, the v(N=C) vibration is
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characteristic ¢f the whole C—N==C group, and its frequency variations depend in
general on the variations in both N=C and C—NC bonds.

B. Saturated Isocyanides

The stretching frequencies of C3-bonded isocyano groups lie in the 2130-2170
cm™! region, being usually 20-30 cm~! higher than those of conjugated iso-
cyanides>*!33, The infrared spectrum of the simplest isocyanide. methyl isocyanide.
has been studied in detail (see Reference 149 and references therein). The assignment
of the observed fundamental frequencies is given in Table 10.

The high-accuracy total harmonic force field of this molecule has been determined
by Dunkan and colleagues® by using the exact gas-phase infrared frequencies of seven
methyl isocyanide isotopomers and the Coriolis coupling constants. The stretching
force constants of the C—N=C group of CH;3;NC thus found are: K (C—NC) = 5.448,
k(N=C) = 16.67 mdyn A~!; the same authors reported the following force constants
of the isoelectronic compound, CH3CN: k(C—CN = 5.184; k(C=N) = 18.38 mdyn
A-11%_The much lower value of the (C—N=C) bending force constant in CH;NC,
compared to its analogue. the (C—C=N) bending constant, was ascribed to the
participation of the canonical structure 34.

R—QEE: - R—‘N%
(33) (34)

Lengthening the alkyl chain or increasing the number of the methyl groups at the
a-carbon atom of alkyl isocyanides results in v(N=C) decreases'3*153 similarly to the
nitrile case. Precise v(N=C) measurements in the series (CHj3),CH;_, NC gave the
following values [n, v(N=C) (cm~!)]: 0, 2164.8; 1. 2151.1; 2, 2143.6; 3, 2136.7
(mixed solvent, CCl,—~CD;CN—tetramethylsilane). The v(N=C) lowerings in this
series correlate with the J'(**N-"3C) coupling constants in their 3C-NMR spectra'>>.

Compared to the v(C=N) frequencies, which decrease from gas phase to solution,
as well as with increase in the solvent polarity®!, v(N=C) of isocyanides show a quite
different behaviour!36:157 Precise v(N=C) measurements of 7-butyl isocyanide in 14
solvents show a 10 cm™! increase from hexane to chloroform. v(N=C) values in
chloroform (2141.3 cm™!) and other solvents are even higher than in the gas phase
(2134 cm~")!%7. This solvent effect on v(N=C) can be explained on the basis of the
theory of Drickamer and coworkers!38, by assuming a reverse sign for the quantity
(Bp/Orne) of the v(N=C) stretching vibration. compared to that of carbonyl groups
which show ‘normal’ solvent shifts; the qualitative explanaticn assumes that the more

C:

TABLE 10. Fundamental frequencies (cm™!) in the infrared
spectra of CH3NC and CD3NC (gas-phase data)!4?

Assignment CH3NC CD3NC
vy; v*(CHj3) or (CD3) 2963.41 2134.62
vy, v(N=CO) 2166.26 2165.49
v3; 6°(CH3) or (CD3) 1427.40 1118.04
vy, v(C—N) 944.95 876.79
vs; v¥(CH3) or (CD3) 3014.58 2262.89
vg; 6“(CH3) or (CDs3) 1464.32 1058.72
vy; r(CH3) or (CD3) 1130.34 900.62

vg; B(C—N=C) 262.75 248.87
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polar solvents stabilize the more polar extreme structure 33, and thus favour v(N=C)
increases. Hydrogen-bond formation also favours increases in the statistical weight of
33 and the higher v(N=C) values of ¢-butyl isocyanide found using alcohols as solvents
(2150 em™') can be ascribed to this effect!®7.

The integrated intensities A(N=C) of saturated isocyanides are higher than the
A(C=N) of the corresponding nitriles'>*135; for example, A(N=C) of n-propyl
isocyanide is 9.7 x 10* 1 mol~! cm~2, and A(C=N) of n-propionitrile is 0.6 x 103
1 mol~! em~2 (solvent CCl,)!%%. The higher values of A (N=C) are qualitatively related
to the stronger separation of the electron density in the isocyano group!>®. This
qualitative explanation, however, seems incomplete, as it neglects the participation®
of the polar C—NC bond in the v(N=C) vibration.

C. Conjugated Isocyanides

The complete assignment of the vibrational spectra of vinyl isocyanide (35)!°° and
phenyl isocyanide (36)'%%16! shows a close analogy within the spectra of cyanides and
isocyanides; only the bands relating directly to the C—N==C group are essentially
different [ compound, v(N=C)!>°, (C—NC)'®0 (cm~1)]: 35, 2125, 881; 36, 2130, 1193.
As in the nitrile case, the conjugation leads to a 20-30 cm™! decrease in the v(N=C)
of aryl and vinyl isocyanides, compared to that of saturated isocyanides?3-133-153; thus,
the v(N=C) bands of conjugated isocyanides lie in the 2115-2135 cm~! interval. The
lower v(N=C) of conjugated isocyanides can be qualitatively related!*? to a partici-
pation of canonical structures like 37 which could provoke decreases in both the
multiplicity and force constant of the N=C bond.

=
— N=C
(37)

As in the canonical structure 34, the isocyano group could act as a resonative
electron donor and this possibility has been proved by experimental data'%?. One can
expect, therefore, smooth v(N=C) decreases with increase of conjugation of the
isocyano group in conjugated systems without polar substituents. In fact, the v(N=C)
in a small series of aromatic isocyanides, ArNC, were fcund'®? to decrease with the
increase in the conjugation ability of the respective carbon atom of the parent aromatic
hydrocarbon, qualitatively reflected by the values of the ‘coefficient of conjugation’
(O1)1%4, as follows [Ar, v(N=C)'63, Q;!%4]: Ph, 2133, 0.315; 2-naphthyl, 2128.5,
0.320; 1-naphthyl, 2126.5 (mean value of a doublet), 0.345; 1-pyrenyl, 2118.5, 0.370.
These data point to a close analogy in the conjugation effects on v(N=C) and v(C=N)
(cf. Section II.C.1), in spite of the contrast in their own resonance effects. The
substituent-induced v(N=C) variations in substituted phenyl isocyanides were found
to be very small>!33. On the basis of infrared data reported by Ugi and Meyr!54, the
authors of several monographs*133 assumed as one of the peculiar properties of the
isocyano group the v(N=C) decreases in the presence of electron-withdrawing groups,
and increases in the presence of electron-releasing substituents; this is exactly opposite
to the behaviour of the v(C=N) of substituted benzonitriles. More precise measure-
ments, however, showed!* in spite of the small v(N=C) variations, only partial agree-
ment with the above concept.

The v(N=C) data'®® of some para-substituted phenyl isocyanides [substituent,
v(N=C) in CCl;, v(N=C) in CHCl;3: NO,, 2121, 2128; Cl. 2123, 2130; H, 2125.5,
2133; CH3.2123.5.2129; CH;0. 2123.5,2129; Et,N. 2119, 2125.5] showed v(N=C)
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lowerings in the case of both electron-withdrawing and electron-releasing substituents,
in qualitative agreement with the data in an even smaller series!®. These results could
be related to the ability of the isocyano group to act either as a resonative electron
donor or acceptor, depending on the electronic effect of the para-substituent!'©2,

The intensities A(N=C) of aromatic isocyanides are higher than those of the
saturated ones!>*156; this intensity enhancement is similar, but much smaller than in
the nitrile case. For example, the A(N=C) of n-propyl isocyanide and phenyl iso-
cyanide were found to be 0.97 x 10* and 1.46 x 10* | mol™! cm™2 respectively
(solvent CCl,)'%5. The A (N=C) increase in the case of conjugated isocyanides can be
related to the possibility of mesomeric interactions between the isocyano group and
the conjugated system (see the canonical structure 37) which can provoke increases
in the (0u/00nc) value.

Increasing the solvent polarity from CCly to CHCI; resulted in small (ca. 10%)
A(N=CQC) decreases!>® in contrast to the nitrile case (cf. Section 11.C.2).

Electron donors cause decreases, and electron acceptors as a rule cause increases,
in the A(N=C) of substituted phenyl isocyanides!4, in sharp contrast to the nitrile
case. The A(N=C) changes, however, are relatively smaller [=50% with respect to the
A (N=C) value of the unsubstituted phenyl isocyanide], compared to the A(C=N)
variations in the series of substituted benzonitriles. The A(N=C) variations can be
qualitatively related to decreases or increases in the statistical weight of the polar
canonical structure 37, provoked by electron-donors or electron-acceptors, respect-
ively, in the para position.

The CNDOJ2 calculations of (du/3Qnc) values!® of a series of substituted phenyl
isocyanides show a qualitative agreement with the experimental data: (0p/00nc) is
decreased by donors and increased by acceptors. Hence, the A(N=C) variations are

o+ 6t o-
related to variations in the polar properties of the C—N=C group and to changes in
the resonative interactions between the substituent and the isocyano group.
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Abbreviations

CNDO  Complete Neglect of Differential Overlap
EHMO  Extended Hiickel Molecular Orbital

ESCA Electron Spectroscopy for Chemical Analysis
1IE Tonization Energy

LCBO Linear Combination of Bond Orbitals
MINDO Minimum Neglect of Differential Overlap

PE Photoelectron

PES Photoelectron Spectroscopy
QMO Qualitative Molecular Orbital
SCF Self Consistent Field

. INTRODUCTICON AND SCOPE

Cyano compounds display an impressing variety of interesting chemical and physical
properties, and cyano substituents often inflict drastic changes upon parent
systems!8-38.40.47.80,89.92

The smallest derivative, HCN, and its oligomers are well-known precursors in
prebiological systems®. Acrylonitrile, in contrast to most of the other cyano-
substituted ethylenes, polymerizes easily to yield synthetic fibres!!0. Tetra-
cyanoethylene is the prototype electron acceptor®® and polycyano hydrocarbons
are strong C—H acids’®. On the other hand, neither nitrogen tricyanide nor oxygen
dicyanide have been synthesized so far’. In spite of the small size of the cyano group,
the HNH angle in ammonia opens in cyanamide from 107° to 113.5°; simultaneously
the formally single NC bond in H,N—CN shrinks to a mere 1.34 A%108
Unexpectedly, many X—C=N linkages are bent, e.g. in S(CN),,81-91,

Photoelectron spectroscopy (PES), a technique developed in the past decade!®?,
supplies much information on radical cation states generated by photoionization of
valence electrong!?-11,20,33.37,49,50,85,107_

Via use of Koopman’s theorem, IE, = —ejF %, which links the experimental
ionization potentials /E, to calculated SCF eigenvalues —gJCF 20,3351 thig information
can be correlated with molecular orbital (MO) models, useful to the chemist for
rationalization of molecular properties especially of chemically related compounds!!l.
So far photoelectron spectra of some 70 cyano compounds have been recorded and
interpreted, which are grouped together in this review as specified in Table 1.

Besides accumulating the PE spectroscopic data for cyano compounds scattered in
the literature till the end of 1976 with some extensions to 1981, another purpose of the

TABLE 1. Cyano compounds investigated by PES

Symmetry R References
Monocyano compounds, R—C=N
Cey H— He(1) 8, 20, 41, 42, 49, 57, 68, 83, 94, 104,
107, 111 and He(11) 41, 83
D— 3,107
F— He(1) and He(1r) 9
Ci— 29, 52, 58, 69, 106

Br— 29, 52, 58, 69, 106, 111
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TABLE 1. continued
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Symmetry R References
Coy I— 29, 52, 58, 69, 106, 111
HC=C— 3,107
Csy HaC— 6, 43, 44, 69, 95, 102, 105, 111
D;C— 43,107
FiC 99
CisC— He(1) 69, 90 and He(u1) 90
H3Si— 99
H3C Hg_ 21
Cyy, Cs, C CIH,CCH,— 69
CIH,CCH,— 102
Hz(l:\
C —
H2C/ i 99, 107
H,C=CHCH,— 69, 99
H,C=CH— 6, 59, 69, 96
H,C=CX— 59 (X = H, Cl, CH3, COOR, COCOR)
CH
3
\C_C
- 46
S/ \c—s
\S/
@— 47, 62, 87, 107
Br@ 4,62
C3 ortho: 47, 63
meta: 63
para: 63

ortho, meta, para: 63, 64
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TABLE 1. continued

Symmetry R References
Cayy, Cs, Cy continued
ONO~ ortho, meta, para: 71, 72
HN— 95
(HaC)oN— 95
(CHo)yN— 99
ON— 15
NNN— 5
FP— 27
(HyC)oP— 34,35
(F3C)oP— 34, 35
(HaC)pyAs— 35
HyCS— 99

Dicyano compounds, R(CN),

Do (NC—CN) 1,3, 23, 57, 107, 111
—C=C— 3, 99
—Hg— 21
C2v, Cs H2C< 98
(geminal)
-
(H3C)2C\ 98
~
HC=C__ 59, 96
A
=C_ 99, 105, 106
~
HaCP__ 34, 35
~
F3CP__ 34, 35
~
S 91
e
Te 99
Con Covs G €1 —HoC—CHo— 100
H
~ 7
_C=C__ 14, 59, 96
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TABLE 1. continued

Symmetry R References
Con Cays Cs, H H
C; continued >C=C< 14, 59, 96
FaC
N~
L=C__ 59

|
(H3C)2c|:‘_N:N—C(CH3)2 60

Polycyano compounds, R(CN),, n > 2

~NaA

Ty _C 12
~ -~

Dan _C=C__ 96
N~

C2v /C\ /C\ 96

0

Dy >=<}< 61, 70
-~

Cay PS 34,35 -

following summary is an attempt to improve and to check the often difficult spectro-
scopic assignment by comparative discussion, e.g. by the use of MO parameters
deduced from PES ionization energies. Hopefully, this approach will facilitate and
stimulate further investigation of the interesting cyano compounds.

i. INFORMATION FROM, AND ASSIGNMENT OF, THE PHOTOELECTRON
SPECTRA OF CYANO COMPOUNDS

Photoelectron spectroscopy!-33:85107 deals with the photoionization of a neutral species
M to its cation M*:

M+hv—> Mt + e~ (1

The photon energy kv in excess of the ionization energy IE,(M) is conserved as kinetic
energy of the ejected electron:

hy = IE,,(M) + Ekin(e') (2)

If one chooses, as in most cases, a2 helium(1) discharge lamp as the source of
monochromatic photons with Av = 21.21 eV, all ionization potentials up to 21.21 eV
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can be measured by counting the emitted electrons of specific kinetic energy. For
example, the He(1) PE spectrum (Figure 1) of the 16-valence-electron molecule
acetonitrile displays four bands within the He(1) measurement range up to 21.21 eV,
due to six of the eight expected ionizations®.

The ionization energies are energy differences between the ground state of a
(closed-shell) molecule M and the ground-state or electronically excited states of its
radical cation M"* generated in the photoionization process (equation 1). In general,
vibrational and rotational excitations take place simultaneously and therefore
equation (2) has to be expanded:

IEn =hy — Ekin(e—) - Evib - Erot (3)

Further differences between M and M"* states!!-*3#5 arise predominantly from the
instability of the latter towards changes in structure or spin-orbit coupling in the
resulting doublet states with nonzero angular momentum. Although a detailed
discussion of the underlying principles, e.g. of Franck-Condon transitions between
different potential surfaces3*#3, is beyond the scope of this review, some of the more
frequently observed features in He(I) spectra have to be mentioned because they are
of importance in spectroscopic assignment. The acetonitrile PE spectrum (Figure 1)
shows four different types of bands, which correspond to ionizations (1) + (2), (3), (4)
+ (5), (6) and which represent partly degenerate radical cation states with a variety of
vibrational levels. To begin with, the needle-like band assigned to ionization (3) with
some less distinct vibrational satellites of low intensity is typical for the ejection of a
‘nonbonding’ electron from the nitrogen lone pair, i.e. negligible changes between M
and M"* geometries. The distinct progression of peaks in the first band {ionizations (1)
+ (2)] are caused by M"* vibrations, with, for example, the stretching frequency vén
reduced relative to that of M indicating removal of a ¢y bonding electron. The
broadened third band, which can be deconvoluted into two components (4) and (5),
suggests considerable deformation of the acetonitrile geometry in this cation state: a
Jahn—Teller distortion removes the threefold molecular axis and thereby the
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FIGURE 1. He(1)PE spectrum of H3;CCN?5.
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degeneracy of the 2E state, which originates from predominant methyl group
ionization. Finally, the fourth band [Figure 1, ionization (6)], which represents one of
the remaining 2% states (men, ny and Tcys ionizations have already been assigned),
exhibits no fine structure at all as is often observed3? if vibrational spacing is too small
to be resolved.

Two other PE spectroscopic peculiarities, which are also helpful in assignment, are
illustrated in Figure 2 by bands from cyanogen iodide>2% and hydrogen cyanide33.
Tonization of the p-type iodine lone pairs leads to two 2T states for ICN'*, the
degeneracy of which is removed by spin-orbit coupling!?333585.112 t¢ yield ?[13;, and
[y, spin states’*%®. The two needle-like bands (Figure 2a) accompanied by
low-intensity vibrational satellites are separated by only 0.53 eV relative to the value
AIE = 0.942 eV for the iodine cation I'* (Br*: 0.458 eV, Cl*: 0.110eV; cf. References
19 and 113). Ionization of predominantly C—H bonding electrons of HCN?3 Jeads to
a 2% state susceptible to (pre)dissociation as confirmed by the abruptly ending
vibrational fine structure at 20.3 eV (Figure 2b).

Summarizing, the energy differences between the ground state of a molecule M and
the various states of its radical cation M'* measured by PE spectroscopy supply
experimental information on the latter. Vibrational frequencies v*, band-shape,
band-split by Jahn-Teller distortion or by spin-orbit coupling, predissociation and
other band patterns characterize individual ionizations and thus establish a basis for
spectroscopic assignment. Further advice for assignment can be obtained by recording
spectra with different photon sources (Figure 3), or especially by comparing PE
spectra of chemically related compounds (Figure 4).

In general, intensity arguments should not be overemphasized in the discussion of
PE spectra?%33, Nevertheless, as exemplified by the Ne(1), He(1) and He(11) PE spectra
of S(CN), (Figure 3)°!, cross-section dependent intensity changes3%:83:8.8690 permit
the identification of ionizations, help to deconvolute overlapping bands and give some
hints as to how to discriminate between peaks due to electronically and vibrationally
excited radical cation states. In the case of S(CN),, for example, the varying intensity
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FIGURE 2. (a) First two PE bands of ICN?2¢%; (b) third PE band
of HCN.
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)~ o FIGURE 3. PE spectra, 10-14 eV, of S(CN);
1 13 15 recorded with Ne(1), He(1) and He(i) photon
TE, eV sources.”!

of the first band at 11.34 eV is due to the different 3p ionization cross-sections of the
individual photon sources used and thus further confirms that the sharp peak is due to
ionization of the sulphur lone pair®!.

The PE spectroscopic comparison of chemically related compounds often proves to
be the most valuable tool in the assignment (cf., for example, References 10 and 11).
An excellent example is provided by the diacetylene — cyanogen series'?” (Figure 4):
the two diacetylene = ionizations, clearly identified by their vibrational progressions,
increase in energy upon isoelectronic exchange CH — N due to the higher effective
nuclear charge of nitrogen. In between the n bands the nitrogen lone-pair ionizations
appear, being split only in the cyanogen PE spectrum (Figure 4).

Many of the above PE spectroscopic observations are fairly well reproduced by the
results of appropriate molecular orbital calculations with the missing link being
provided by Koopmans theorem®3:

IE} = — &5CF (4)
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HC=C-C=CH

cps

L

5 FIGURE 4. He(1) PE spectra, 10-16eV, of
IE,eV diacetylene, cyanoacetylene, and cyanogen.

1n 13

which correlates vertical ionization energies IE; with negative eigenvalues —&5°F of the
canonical®” SCF orbitals calculated for the ground state of the molecule M?20:33.51.85
Usually the vertical ionization energies?? are simply assumed to be represented by the
PES band maxima. To evaluate the reliability of Koopmans’ theorem for cyano
compounds, PE spectroscopic ionization potentials and ab initio SCF eigenvalues are
compared for some smaller molecules in Figure 5. For small cyano compounds, the ab
initio SCF eigenvalues do not in all cases correlate reasonably with the PE ionization
energies: sometimes deviations, e.g. for HCCCN, amount up to 3.3 eV, and repeatedly
orbital and radical cation state sequences show a cross-over (Figure 5, O). The
deviations from Koopmans’ theorem (equation 4), a detailed discussion of which is far
beyond the scope of this review, are due to the assumption of a ‘frozen radical cation’
neglecting the different electron correlation energies for M and the individual states of
M" * as well as electron reorganization upon ionization (cf., for example, References 20,
33, 51 and 85). Quite often the electron ejection is accompanied by considerable
structural changes (cf., for example, References 11 and 55). Mispredictions are
therefore expected whenever these effects become large and do not cancel out.
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Nevertheless, failures of Koopmans’ theorem are hard to prove and only few are
known definitively. It has to be pointed out, that sometimes, and particularly for PE
spectra of molecules with numerous overlapping bands and lacking fine structure,
molecular orbital calculations are the only means to achieve at least a tentative
assignment. In addition, MO models allow to rationalize the vast amount of PES data,
to compare chemically related molecules and to correlate other molecular properties
as well.

The smaller the changes during ionization to the radical cation state, i.e. the smaller
the neglects in the calculation and, especially, if these are performed for the
individual radical cation states (cf. Reference, 91) the closer will the results resemble
the PE spectroscopic observations. As an example as to what can be achieved by
today’s quantum mechanics, beyond Koopmans’ theorem, the experimental PE
spectrum of cyanogen is compared to the one calculated by a Greens’ function
perturbations approach?® (Figure 6).

A warning concerning the assignment of PE spectra of cyanogen compounds based
on calculations may be summarized as follows: except for radical cation state
calculations beyond the Hartree—Fock level®, caution seems advisable even
concerning ab initio SCF results. Semiempirical methods are usually not reliable
enough to supply more than an idea of what kind of radical-cation states are to be
expected (cf., for example, Reference 96). This should be kept in mind, especially for
the characteristic ncy/nen ionization region of cyanogen compounds between 13 eV
and 16 eV, where usually numerous PE bands overlap. The most impressive example

N=C-C=N
(exp.)
T i
|
s N=C-C=N
a (calc)
E’) 114 15 16 17

IE, &V ——

FIGURE 6. PE spectrum of cyanogen and its computer
simulation using a Green’s function perturbation calcula-
ion23
tion“”.
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FIGURE 7. He(i) PE spectrum of tetracyanomethane!2.

is supplied by the PE spectrum of tetracyanomethane (Figure 7)2, exhibiting 12 of its
20 valence electron tonizations within the narrow range of only 1.3 eV.

In those cases where neither spectroscopic arguments nor possibly elusive results of
calculations (Figure 5) can provide clues to the assignment of the PE spectra of cyano
compounds, the following procedure based on comparison of equivalent radical cation
states within series of chemically related compounds (cf., for example, References 10
and 13) has proven to be a good way of gaining insight: starting from symmetry-
adapted linear combinations of bond orbitals, the resulting LCBO MO models are
easily parametrized using the PE ionization energies. To illustrate the approach,
cyanogen may serve as an example (Figure 8).

A model to incorporate the 18 valence electrons of cyanogen needs nine orbitals to
occupy, which can be classified in 4ncy, 2ny and 3oncen- Because the He(I) spectrum
(Figure 6) shows only six ionizations, the ncy and ny levels—energetically well
separated from the o levels—may be considered separately in a first approximation.
This holds strongly for the 2n, and the 2=, orbitals, for which one obtains from the PE
spectrum a Coulomb integral acy = 3(13.36 — 15.47) = —14.42 eV and a resonance
integral Benjen = (13.36 ~ 14.42) = —1.06 eV. For the ny levels, interaction with the
o orbitals of same symmetry has to be incorporated into the model to account for the
Any = 0.37 eV split in the PE spectrum (Figure 6).

Although only occupied orbitals are considered within LCBO MO models, for
symmetric cyano compounds a fairly good approximation results because of their
relatively high-lying unoccupied orbitals and their large separation of ey + nyand o
ionizations. The individual parameters obtained are transferable within some limits
and, therefore constitute a useful set for spectroscopic assignments!4969899 Even in
cases where the parameters « and § cannot be adapted, perturbation arguments often
supply interesting information. Thus the LCBO MO approach widely used in the
following discussions, not only helps to assign PE spectra, but allows some
rationalization of bonding within series of cyano compounds.

In summary, cyano compounds, which sometimes exhibit extreme and fascinating
molecular properties, give rise also to peculiar and complicated PE spectra.
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FIGURE 8. LCBO MO models for NC—CN and its n parametrization
using PE ionization energies (cf. Figures 5 and 6).

Assignment to individual radical cation states can be based only with reservation on
ab inirio SCF calculations applying Koopmans’ theorem, because correlation and
relaxation defects may be large, and because numerous ionizations are usually packed
into a narrow measurement range. The best approach is, therefore, to rely on
information from PE spectroscopic band patterns as well as — guided by simple
symmetry-adapted orbital models — on comparison of equivalent radical cation states
along series of chemically related molecules.

llil. = AND o INTERACTIONS IN MONOCYANO DERIVATIVES

Most of the cyano compounds investigated so far by PE spectroscopy are
monosubstituted derivatives R—C=N (cf. Table 1). For easier survey, these are
subdivided here according to their overall symmetry into those belonging to groups
C., and Cs,, and those without an (n = 3)-fold axis. Such a classification
advantageously distinguishes between n systems with or without degenerate ncy
orbitals. For an illustration of the PE spectroscopic assignment procedure using LCBO
MO models to compare radical cation states, the molecules HCN, CH;CN and
NH,CN form a well-suited series of chemically related compounds (Figure 9)%.
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To interpret the PE spectroscopically observed radical cation states of cyano
compounds RCN (R = H, H;C and H,;N), using qualitative symmetry-adapted
LCBO orbitals, one starts advantageously with the 3 HCN"* states (one doubly
degenerate), which result from the ionization of the eight valence electrons. They are
assigned following the results of ab initio calculations (Figure 5) and are denoted
according to the predominant orbital contribution. In acetonitrile, the three additional
occupied methyl group orbitals ncy, (€) and ocyy (a;) have to be incorporated via
interaction with all other basis orbitals of the same symmetry. This leads in a
self-explanatory way to the acetonitrile splitting scheme (Figure 9) in which the mixing
of the two e-type orbitals, neny and neys, represents one of the classical examples of
hyperconjugation®®. The molecules H3C— C=N and H,N—C=N are isoelectronic:
formally one of the CH protons has been ‘dislocated’ into the nitrogen nucleus. The
higher effective nuclear charge raises most ionization potentials, though to different
extents. Both ncn ionization energies increase up to 2 eV, while ny stays almost
constant. The orbital correlations between HyC—C=N and H,N—C=N are obvious,
once the amino lone pair has been generated isoelectronically from a CH bond.

Obviously, LCBO orbitals and their correlation by symmetry and by perturbation
arguments, as exemplified for H—C=N, H3;C—C=N and H,N—C=N (Figure 9),
are a valuable aid in assigning PE spectra. The corroborated MO models may be used
to interpret other molecular properties as well. Therefore, such a simple and useful
approach will be preferred for the interpretation of the radical cation states of the
monocyano compounds. The individual discussions are based on the quoted literature
assignments referred to for details. Whenever possible, unpublished PE spectra®%-100
will be presented in the figures.
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A. Linear Molecules

Within the series of cyano compounds, there is one purely inductive perturbation?
of the —C=N group known: the deprotonation of HCN or, vice versa, the
protonation of “CN (Figure 10).

Although solid-state ESCA”® and gas-phase PES data are of limited comparability,
obviously the additional p* point charge produces the following stabilizations: the
most distant nitrogen lone pair is least affected, the ncy ionization energies increase by
~4.6 eV and ~neglecting the formal orbital noncrossing (Figure 10, point O) -
formation of the oy bond by nc- protonation expectedly leads to a tremendous
change.

From the differences between the isoelectronic species “"CN/HCN one expects that
in linear compounds RCN the substituents R will affect the individual levels in the
order ny = constant <€ ncy < ore. This is confirmed by the PE spectroscopic
comparison of HCN with cyanoacetylene (Figure 5) and the cyanogen halides (Figure
11).

In the derivatives R—C=N (Figure 11), expansion of the = system as well as of the
o framework leaves the nitrogen lone pair ionization largely unaffected (Figure 11:
IE, = 13.8 = 0.7 eV; cf. also Figure 2), leads to considerable split of the n ionizations
AIE . > 2.5 eV and shifts the lowest ¢ ionization by more than 5 eV between 22.3 eV
and 16.7 eV. In detail, comparison between HCN and FCN shows that the n ionizations
remain constant — a good example of the ‘perfluoro effect’?®#3, On switching from
FCN to CICN, the sequence of n radical cation states is reversed according to the
predominant orbital character. From CICN to ICN the n and ny ionizations are shifted
nearly parallel to lower ionization energies while increasing spin orbit coupling is
observed. Both doubly degenerate 21N states of BrCN* and ICN™ are split into I13/; and
M1y, spin states and according to a simple prediction, the sum of the splittings
approximately resembles the values ATlls;;, found in other cases, e.g. for
corresponding methyl halides H;C—X?? (Table 2).

The X—CN PE spectra exhibit pronounced vibrational fine structures (cf., for
example, Figure 2 or 3), the careful analysis of which allows an estimate of bond-
length changes Ad, e.g. for the XCN™ °I1 ground state®® (Table 3). The differences
estimated are in accord with qualitative MO considerations. Thus, on removal of
a bonding electron, the CN bond is always lengthened, the shortening Adxc
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in the halides nicely reflects the antibonding X/CN interaction in the highest occupied
orbital (cf., for example, Figure 9). Decreasing n interaction with increasing bond
length dyc in the order Cl < Br < I also fits into the MO picture.

LCBO MO models (Figure 9) for the compounds RCN in Figure 11 can be
parametrized using PE ionization potentials, if an estimate is available for one of the
three unknowns acn, o, and, fycn, which have to be determined from two ionization

TABLE 2. PE spectroscopically observed spin-orbit splittings in X—CN and X—CH?3

X—CN X—CHj
2 -

X AHS}%, 12 Al—1%/)2, 12 ZAM32,1/2 ZATl32, 172

Br -0.18 eV ~0.09 eV —0.27 eV —-0.30 eV

1 —-0.53 eV ~0.15 eV —-0.68 eV ~0.64 eV

TABLE 3. Bond lengths in cyanogen compounds and estimated changes upon ionization®®

X dxc (A) den (A) Adxc (A) Aden (A)

H 1.064 1.156 +0.02 +0.06

Cl 1.631 1.159 -0.076 +0.048

Br 1.789 1.158 -0.070 +0.059
-0.048 +0.013(*13)2)

1 1.994 1.159 {_0.060 20,021 (4T )
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potentials. In the case of cyanoacetylene, for instance, an interaction parameter can
be tra_nsferred from the closely related dicyanoacetylene!%’. From three n ionization
energies, that of the radical cation state 2[1, may serve as an intramolecular standard,

acy = —13.89 eV (Figure 12) and therefore permit unequivocal evaluation of the
parameter fccpen as defined by the secular determinant:

acc — € Becpon||_ 0 (5)
Becppen aen — €
with ¢ = —11.81 eV or —14.95 eV from the PE spectrum of NC—C=C—CN%.

Normalization BCC/ZCN-I/‘/E = Bccjen yields the interaction parameter for cyano-
acetylene (Figure 12).

Inserting fc=cjc=~ = —1.05 eV into the second-order LCBO MO determinant
for cyanoacetylene yields An =0.60eV, and acc= —12.20eV as well as
acn = —13.44 eV. Comparison of parameters acc and acy for acetylene and some
linear cyano compounds deduced from their PE spectra® (Table 4) reflects the n
stabilization due to the larger effective nuclear charge of nitrogen. The general
parametrization procedure used above®® has been applied successfully to numerous
other linear compounds like haloacetylenes Hal—(C=C)—Hal’?® or
Hal—(C=C),—H%., Contrary to the near perfect estimate of ionization potentials,

NC-C=C-CN H-C=C-CN
1160
A 11.81 /49
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FIGURE 12. LCBO MO models for cyanoacetylenes and their PE
spectroscopic parametrization.

TABLE 4. PE spectroscopic parameters for some cyanogen compounds

H—C=C—H H—C=C—C=N H—C=N N=C—C=C—C=N N=C—C=N

ace (€V) —11.40 -12.20 — -12.87 —
acn (eV) — ~13.44 ~13.60 —13.89 —-14.42
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rather poor wave functions result, and the basis set needs improvement by including
antibonding orbitals if phenomena like spin orbit coupling are to be reproducea
correctly>3,

B. C;, Molecules

Seven cyano compounds with overall C,, symmetry are listed in Table 1: except for
silyl cyanide H3;Si—C=N and the methylmercury compound, they are acetonitrile
derivatives R;C—C=N with R = H, D, F, Cl and CHs. The PE spectra of H3SiCN
and F3CCN (Figure 13) have not yet been published®®. Numerical values for ionization
energies are included in the Figures 14 [H3CCN + H3SiCN] and 15 [CI;CCN +
F3;CCN].

As is obvious from the CH3;CN PE spectrum (Figure 1), 2[1 radical cation states
remain doubly degenerate [(1) + (2)] unless Jahn—Teller distortion removes the
threefold axis[(4) + (5)]. Starting from the PE spectrum of acetonitrile (Figure 1) and

cps

F,CCN
cps
10 15 IE, eV
Ten N Ne
I A\
g NP oy -15 -20

J

FIGURE 13. He(1) PE spectra of H3Si—C=N and F;C—C=N
with CNDO assignment (cf. Figures 14 and 15)9.
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TABLE 5. Vibrational frequencies (cm™!) of H3CCN, D3CCN and their radical cations

v(H) v (H)
Vibrational mode v(H) v(D) (D) vi(H) vT(D) vH(D)
vo> (CN stretch) 2249 1990 1.13 2010 1990 1.0
v3 (CHj3 def.) 1376 1070 1.29 1430 1070 1.3
v4 (CC stretch) 918 810 1.13 810 810 1.0

its MO interpretation (Figure 9), the following radical cation state comparisons will be
discussed: (i) H;C—C=N vs. D;C—C=N, (i/) H;C—C=N vs. H3Si—C=N and
@iii) Cl3C—C=N vs. F;C—C=N - the latter two based largely on results of CNDO
calculations.

(i) Deuteration of acetonitrile*>197 expectedly does not change the vertical
ionization potentials within a measurement precision of about =20 meV. However,
vibrational fine structure differences help to assign the individual vibrational modes,
for instance in the radical cation ground state at IE | = 12.21 eV (Table 5). From the
ratio vt(H)/v*(D) for vs*, closely resembling the theoretical value, hydrogen
involvement in the CH.CN** ground state is evident and the increase in
v3(H) = 1376 cm~! to v3*(H) = 1430 cm™! can be interpreted by an antibonding
admixture of mcy, as predicted by the hyperconjugation model for the highest
occupied orbital ney — men, (cf. Figure 9). This = interaction has been parametrized
PE spectroscopically by transferring the resonance integral pfy;ccn from
dicyanomethane (Section IV) in close analogy to the procedure applied to
cyanoacetylene (Figure 12)%%.

(ii) C— Si exchange in H;C—C=N/H;3Si—C=N does not change the sequence
of radical cation states, which is fully reproduced by the results of modified®® CNDO
calculations with 3dg; basis functions. (Figure 14). Although, as usual, no numerical

H H H H
N hY \ N
H—C-C=N H-=Si-C=N H—C-C=N H-=Si-C=N
HY HY ] 1 o tse
12F g2 12.21 £ CNDO r
F%¢e) B2 s &
BrEG,) 1_3_"&,/”11328% -3} () 1317
L S0V "eN RN
14 S~ —1al ~..1388 ZCN_ "o,
7 //———
154 5 ya 151 1ags -~ 1405
s (22 156 nyida,)
Be) {7y —==
16 -‘]_6—5 // _16‘
: // "1647 g
1 w74, -17E VR
E(2A1) —_— /////
I eV Y 18t ¥
7
_19L 7 -19.13
*© .y, (1e) 19297 %Csi
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FIGURE 14. lonization energies /E,Y of acetonitrile and silyl cyanide together with
corresponding CNDO eigenvalues —&§™ PO (basis set including 3dg;)%.
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correspondence /E,,; _$NPO is achieved, the radical cation state correlation lines are
fully reflected by the orbital movements. Beginning with the two n states X(°E) and
B(®E), the hyperconjugative n split is reduced as the bond lengths increase from
dcc = 1.458 A to dg;c = 1.848 A1U3; uy is only slightly shifted upwards corresponding
to the decrease in ionization of the A(2A;) state, and the lowering of the C(*A,) state
i.e. the raise of the o(3a;) orbital can be traced back predominantly to the smaller
effective nuclear charge of silicon®¢. Accordingly, the calculated charge distributions
differ considerably:

+.04 +16 -13 —.06
-37 —-.25 +.58 -14
H H
H—C—C=N H—Si—C=N (6)
H( H(
picalcy = 3.71 D ulcale) = 2.01D
ulexp) = 3.92 D uiexp) = (unknown)

+

5~ B 5 8-
reversing the nature of the central bond from —C—C= to Si—C=. Because
participation of 3dg; polarization functions is somewhat exaggerated in most of the
available CNDO versions®®, the dipole moment pg(calc.) = 3.37 D predicted by
CNDO without 3dg; orbitals in the basis set might be more reliable.

(iii) A comparison of trichloro- and trifluoro-acetonitrile radical-cation states — as
examples for larger and more complex molecules — is presented in Figure 15. The
assignment of the rather featureless PE spectra (Figure 13) follows the CNDO results
in an almost self-explanatory way: orbitals n¢ are above and ng are below ncy and nyy;
both mixing with ncy in a way that the rather small difference of only 0.5 eV between
the chloro and the fluoro derivatives can be rationalized immediately. The halogen
lone-pair sequence expected from exclusive ny splitting, a, < e <e < a;13 has to be
modified according to the CNDO calculations by taking into account additional
interactions with other e- and a,-type orbitals. The Cl;C—C=N assignment has been
supported by the intensity changes found in the He(11) spectrum® (cf. Figure 3). The

almost constant ncy and ny ionizations are in accord with CNDO charge
distributions®”:

—08 +16 —25 +.11
+.26 19 +78 —15
Cl F
a [N
Cl=C—C=N F—C—C=N (7
c” o
ulcale.)= 1.95D plcalc)= 0.75D
uiexp.)= 2.0 D ulexp)= 1.33D

displaying only small differences for the CN groups in both derivatives, but an

approximately threefold positive charge of the X3C carbon due to the fluorine o
acceptor properties.

C. Molecules of Low Symmetry

Most of the monocyano derivatives R—C=N, whose PE spectra have been
investigated (Table 1), belong to point groups C,,, C; or C;, and therefore their main
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characteristic is the removal of the ncn degeneracy. Correspondingly, the number of
bands in the PE spectra increases substantially as illustrated by comparison of the
spectra of the linear cyanoacetylene!®” with that of acrylonitrile having low
symmetry®® (Figure 16).

Within an LCBO MO model, two of the four n orbitals of cyanoacetylene remain = in
acrylonitrile, which belongs to the point group Cg the a”-type orbitals ncc and nen,
perpendicular to the molecular plane and inductively shifted, but with nearly constant
split. As visualized by the diagrams (Figure 16) all other orbitals are considerably
mixed. For instance, the second ocn(8a") orbital results from one of the former doubly
degenerate cyanoacetylene ncy orbitals by antibonding admixture of numerous other
a’-type orbitals and is accordingly destabilized. The same argument applies to the
nitrogen lone-pair orbital ny(7a’). On the other hand, the three o counterparts can still
be recognized as former ethylene o orbitals (D, by, 35 and by, 'Y). With an unshifted
reference orbital missing, the acrylonitrile LCBO MO model can only be
PES-parametrized after extensive radical cation state comparison with the other
closely related n and cyano systems”. What else can be done to substantiate the PE
assignment for acrylonitrile as deduced from radical cation state comparison with
cyanoacetylene, based on a LCBO MO model and perturbation arguments? Addi-
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FIGURE 16. He(1) PE spectrum of acrylonitrile”® and assignment by
radical cation state comparison with cyanoacetylene and LCBO MO
diagrams.

tional evidence is supplied by the vibrational fine structure in the first three PE bands
(Figure 17): the reduced frequencies observed relative to, for example, the ground-
state stretching vibrations vey = 2239 cm™! and vee = 1615 cm™! correspond to
ionization of n bonding electrons, whereas the nitrogen lone-pair ionization is accom-
panied by CC(N) stretching and CH deformation vibrations”®.

Numerous additional radical cation state comparisons can be carried out by
designing series of chemically related compounds around acrylonitrile, such as the
other cyanoethylenes discussed in Sections I'V and V or methyl-substituted derivatives,
including also more formally the isomeric allyl cyanide (Figure 18). The first four
assigned ionizations in the PE spectra of methyl-substituted acrylonitrile derivatives?
are more or less lowered relative to the parent compound (Figure 18) as expected
from orbital perturbation arguments: both methyl-group effects on trans substitution,
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FIGURE 17. Expanded record of the first three PE bands
of acrylonitrile with radical cation vibrations v+ (em™1)%,

the larger shift of the upper ncc orbital and the smaller shift of the lower néy orbital
can be rationalized by the larger or smaller orbital coefficients at this centre in the
butadiene-like C=C—C=N = system’. Negligible changes are observed for the
in-plane cyano n orbital ncy as well as for the nitrogen lone pair. The ionization
energies for allyl cyanide with the nec and ncy subsystems separated by a methylene
group and of probably preferred nonplanar conformation, are nevertheless
comparable to those of acrylonitrile itself, suggesting that either ncc/on conjugation is
only small or that several counteracting effects almost cancel each other.

The conclusion from the detailed discussion of the PE spectroscopic assignment for
acrylonitrile is: for low-symmetry molecules, because of their complex molecular

H_ CN H___CN H__CN H, CH,CN
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FIGURE 18. Correlation of the four lowest PES ionization
energies IE,, of some cyano-substituted ethylene derivatives.
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orbital interaction schemes, every possible method of PE assignment and
consideration has to be applied. The cornerstone will be, in general, the comparison of
analogous radical cation states within series of chemically related compounds (cf., for
example, Figures 4, 11, 12, 14, 15 or 16). Therefore, improvement of the orbital
perturbation models applied is important3* and, especially for cyano compounds, the
‘united atom’ approach, e.g. linking corresponding N and CH derivatives®’, may prove
useful. Among numerous other contributions, the parametrization of inductive and
conjugative CN substituent effects for benzene derivatives®? as well as for other n%
and o systems”® may be quoted for & perturbation. Band-shape analysis, especially for
vibrational fine structures (Figure 2b or 17), often supplies a clue for assignment, e.g.
detailed vibrational analysis of the benzonitrile PE spectrum in comparison to that of
phenylacetylene leads to a reassignment?’. Although, as pointed out repeatedly,
considerable Koopmans® defects (Figure 5) may arise from neglections in even ab
initio SCF calculations (cf., for example, References 5, 6 and 74) sometimes simpler
semiempirical calculations with reparametrized program versions®® yield reasonable
(although not reliable) results (cf. Figures 14 and 15).

Bearing in mind the preceding restrictive remarks and referring for all details to the
literature quoted, the following PE spectroscopic highlights of the essential classes of
low-symmetry monocyano compounds (Table 1) are summarized.

1. Alkyl cyanides

No split Ancy if observed PE spectroscopically®®-192 although the conformations of
ethyl and isopropyl cyanides exhibit at best Cg symmetry. As in acetonitrile (Figures 1
and 14), the first two ionizations are ncy and ny (Table 6). Increasing methyl sub-
stitution causes shifts of Ancy ~ Anyg ~ 0.5 eV. In the corresponding chloroalkyl
derivatives'?2, the first ionization potentials are increased to, for example, 13.06 eV
for CIH,C—C=N and 12.6 eV for CIH,C—H,C—C=N!%2 (cf. also Figure 15).

2. Benzonitrile and cyanopyridine derivatives

Benzonitrile may serve as a prototype for larger cyano-substituted = systems. The
molecule has a total of 38 valence electrons, and from its 19 ionizations about 11 are
expected within the He(l) measurement region - those with considerable 2s
contribution are usually found outside!?. From a symmetry-adapted LCBO MO
model, the following types of radical cation states are expected:

{Cs,) I = 9A, + 1A, + 3By + 6B,

T (1A, + 3By)

(8)

o1 (9A + 6B,)
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TABLE 6. PES lonization energies, [E (eV), of various alkyl cyanides, RCN
R IE(nceN) IE(nyN) Reference
CH; 12.21 13.14 95
CH;CH, 12.11 12.91 69, 102
(CH;),CH 12.0¢ 12.7° 102
(CH3)3C 11.7 12.6 102

Estimated from Ref. 102.

Further predictions are: the benzene n(a,) orbital is of unique symmetry type and,
therefore, should allow to read off the inductive lowering by the electron-withdrawing
cyano group; ny is expected around 13 eV and the no longer degenerate ncy (in-plane)
and néy (perpendicular to the molecular plane) ionizations should split around

12.2 eV (see above).

The PE spectrum of benzonitrile presented together with that of the isoelectronic
4-cyanopyridine in Figure 19, shows most probably 12 ionizations, e.g. two bands
overlapping at ~10 eV and five bands between 11.5 eV and 14 eV.

cps

10 ' 15
IE,ev —>

20

FIGURE 19. He(i) PE spectra of benzonitrile*’ and

4-cyanopyridine®4.
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FIGURE 20. Correlation of PE ionization energies, IE, of benzene!l, benzonitrile*’ and the
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The assignment of the benzonitrile PE spectrum constitutes a transparent example
for the application of some cyano perturbation arguments (Figure 20). Starting from
the first five benzene radical cation states as well as from the approximate ncy and ny
ionization energies, an obvious sequence proposal develops. From the 0.9 eV increase
of n(la,) an ~1 eV inductive stabilization®? of all corresponding orbitals is deduced.
The n(b;) interaction amounts to ~0.4 eV as gathered from the split between n;(3b;)
and n,(1a,) as well as from the lowering of n;(1b,) from 12.25 eV to 13.42 eV caused
by the inductive cyano group effect and by n,/ncy stabilization. In between, the ny
orbital stays at 13 eV (Table 6), and the n&y/néy orbitals with o and = ring contribu-
tions are placed around 12.2 eV. This tentative assignment is in full accord with an
elaborate vibrational fine-structure analysis*’ and additionally supported by the
methyl substitution effects (Figure 20)9%3,

According to the benzene n orbital coefficients (Figure 20), ortho and meta methyl
substitution effects on n,(3b;) and n,(1a;) orbitals should be of the same size (Figure
20), whereas in the para derivative n,(1a,) is less perturbed than n;(3b;). The PE
assignment scheme developed (Figure 20) can be applied to all other chemically
related compounds, for instance, to rationalize the radical catlon state sequences of
isoelectronic o-, m- and p-cyanopyridine derivatives (Figure 21)%*

The pronounced ionization energy shifts between the isomeric cyanopyridines
(Figure 21) can be rationalized as follows: relative to benzonitrile, aza substitution
increases all ionization potentials due to the hlgher effective nuclear charge of
nitrogen*® and the largest effect expectedly occurs in 4-cyanopyridine, reducing Ans,
to only 0.48 eV. As in pyridine itself, the first ionization then originates from the
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Correlation of lower n ionization energies for benzonitrile*’, the

nitrogen lone pair, which in ortho and mera derivatives is interspersed among the n
levels. Independent confirmation of the assignment is supplied by several observed
vibrational fine structures® as well as by yet another series of chemically related
compounds, the N-oxide derivatives (Figure 22). Again, the ionization patterns of
ortho and meta derivatives are almost identical, whereas on para substitution only a
small n split of AIE3, = 0.74 eV results. The latter is due to a considerable inductive
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FIGURE 23. He(1) PE spectra of cyanamide®® and methyl thio-
cyanate®®, together with some of their structural parameters.

lowering of ns(b;) of benzonitrile due to the N-oxide perturbation and, because the
overall symmetry still remains C,, no conjugative lift of the n,(1a,) level. The PES assign-
ment of the cyanopyridine-N-oxides is supported by vibrational fine structures and by
MINDO II orbital energies which yield linear regressions IEY/ —&{™PO with small
standard deviations’!,

3. Group V monocyano compounds R,E—C=N

PE spectra of seven derivatives (Table 1) have so far been recorded; the one of the
parent molecule cyanamide®’ is shown in Figure 23 for illustration. Its assignment by

TABLE 7. PES jonization energies, /E(eV), for various monocyano compounds, R;N—C=N

R N— IE(nnRs) IE(nen) IE(ncw) IE(r&)
HoN— 10.65 12.50 12.98 14.23
(H3C)oN— 9.44 11.87 12.55 12.79
2
C
H,C ™ 7\
N— 9.05 11.60 12.24 12.65
HQC \C/

Hy
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an isoelectronic ‘united atom’ perturbation CH — N from acetonitrile has served as an
introductory example for the application of LCBO MO models (Figure 9). PES
ionization energies have also been recorded for dimethylcyanamide® and 1-cyano-
pyrrolidine®® (Table 7).

Cyanamide, unique among other cyano compounds, shows a lower first ionization
energy than ammonia (JE, = 10.85 eV!%7) and its two = radical cation states, t:and
ncx are separated by 1.73 eV, the largest gap for a monocyano compound observed so
far. In the dimethyl derivative, obviously considerable differences exist which are also
reflected in other molecular properties: in cyanamide, the inversion barrier has been
reduced from 5.8 kcal/mol for H3N to 2 kcal/mol, but dimethylcyanamide is assumed
to be planar (cf. Reference®®). The charge distribution can be satisfactorily repro-
duced by CNDO calculations® [ cf. also (6 and (7)]:

+.27 +.27 +.25 +.28
—-27 -—-.30 —.20 —33
(H),—N—C=N {H3C),—N—C=N
(9)
ulcalc) = 4.24 D plcalc) = 4.36 D
ulexp) = 4.32 D ulexp) = 4.06 D

PE spectra of cyano-phosphorous and -arsenic compounds are much more difficult
to interpret. Parent compounds like H,NCN are lacking and additional bands overlap
with the ionizations ncy and ny. Tentative assignments?”-3435 are shown in Table 8.
Comparison of the ionization energies of derivatives R,E—C=Nfor E = N, P and As
reveals that their radical cation ground-state energies increase contrary to expectation
from the effective nuclear charge of the central atom E3°.

4. Methyl thiocyanate

H;C—S—C=N is the only thiocyanate of which a PE spectrum (Figure 23) has
been recorded so far®. The two bond distances d¢s (Figure 23) differ by 140 pm?8,
therefore, the corresponding ionizations with large ocg contribution are more than
3 eV apart following the assignment based largely on the extensive vibrational fine
structures (Table 9). Furthermore, both the ng and the ny lone-pair ionizations are
easily identified by the needle-like band-shapes (Figure 23), characteristic of ejection
of nonbonding electrons. Relative to dimethyl sulphide!V?, the ng radical cation state
of H3;CSCN is stabilized by 1.3 eV. The two ncy states are separated by 0.7 eV.

TABLE 8. PES ionization energies, /E(eV), for various cyano compounds X,E—C=N

XZE_ IE(nE) IE(GXE) IE(nN) [E(‘IICN)
F,P— 11.9 (19.2)? 13.5 14.0
(F3C),P— 11.72 13.1 13.6 14.0
(H;C),P— 9.80 11.85 12.11 12.75

(H3C),As— 9.82 11.4 11.99 12.43
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TABLE 9. PES assignment for H3C—S—C=N as based on vibrational fine structure

IEY (eV) MO C, vt (em™Y) v (cm~1)?

10.02 ns 3a” 2000 2173 (C=N stretch)
720 705,674 (C—S—C stretch)

12.04 ocs 8a’ 1440 1436,1328 (CHj3 deformation)

12.78 ny 7a’

12.93 en 6a’ 1920 2173 (C=N stretch)
640 705,674 (C—S—C stretch)

13.67 TCN 2a” 1280 1436,1328 (CH 3 deformation)

15.1

15.7

16.9

9Taken from Ref. 28.

5. Cyanogen azide and nitroso cyanide

To conclude this section, the PE spectra of two somewhat unusual monocyano
compounds are presented: NNN—C=N> and ON—C=N!% (Figure 24).
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FIGURE 24. He(1) PE spectra of cyanogen azide® and
nitroso cyanide!%, together with some of their structural
parameters.
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Both compounds are quite explosive and their structures with bent N—CN groups are
well-established by electron diffraction and/or microwave studies?-26-31,

For N;—C=N with its 24 valence electrons, seven (p-type) ionizations are expected
and found within the He(I) region up to 21.21 eV (Figure 24). A complete assignment?
has been achieved based on vibrational fine-structure analysis, intensity changes
relative to the Ne(1) PE spectrum, an ab initio SCF calculation and radical cation
state comparison with HNj;. In simplified orbital notation, the sequence n3(3a”) <
n(NZ)N(CN)(14a') < nCN(12a') < T[C=N(13a’) < nz(Za") < I’IN(NszN)(lla”) < nl(la") reSUltS,
including another ‘breakdown’ example of Koopmans’ theorem?,

The He(1) PE spectrum of the 20 valence electron molecule ON—C=N expectedly
displays six separated (p-type) ionizations (Figure 24). The tentative assignment!'%®
according to an STO-3G ab initio calculation yields the sequence ng(12a’) < n,(2a") <
nén(11a’) < nen(10a’) < my(la”) < ono(9a’) < ono(8a’). A CNDO/2  calculation
suggests the same radical cation state sequence of increasing energy, and a subsequent
configuration interaction almost reproduced the first of the UV absorption maxima

reported (exp., 1.69 €V and 5.74 V32, calc. 1.79 eV and 7.17 eV) for the blue gas
ON—C=N.

IV. DICYANO COMPOUNDS AND MO PARAMETERS

PE spectra of three linear dicyano compounds NC—CN, NC—C=C—CN .and
NC—Hg—CN have been published so far (Table 1). The first two have already been
discussed (cf. Figures 4, 5, 8 and 12). The PE spectrum of cyanogen and its assignment
has been particularly thoroughly investigated!32357107.111 3pd achieved by radical
cation state comparison along a series of isoelectronic and chemically related molecules
{(Figure 4), with a highly sophisticated Green-function perturbation calculation (Figure
5) as well as by PE spectroscopic parameterization of symmetry-adapted QMO models
(Figure 8).

He(1)
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FIGURE 25. Heg? and He(nm) PE spectra of
dicyanomethane %101,
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FIGURE 26. Orbital interactions for germinal cyano groups.

Contrary to the relatively simple PE spectra of the linear dicyano compounds, the
bent ones exhibit complex PE spectra with partially overlapping bands. In addition,
their less simple interaction schemes make it more difficult to obtain PE spectroscopic
MO parameters. As a prototype, malononitrile is chosen to demonstrate how its
He(1) and He(11) PE spectra (Figure 25) can be assigned by a somewhat shrewd
parametrization procedure?®.

In dicyano compounds of C,, symmetry, all degeneracies found in linear molecules
are lifted by ‘through-space’® interactions An, and An, (Figure 26). The orbital energy
splits Ar, and An, depend on the NC—X bond distance to the central atom X, and on
the bond angle NC—*X—CN As an approx1mat10n, Slater-type orbital overlap
integrals yield the angular dependence® shown in Figure 27. Increasing angle CXC
decreases orbital separation and the ratio An,/An, approaches its limit of 1 at 180°.
The relatively moderate changes calculated for An, suggest it as a suitable independent
variable. Altogether, for the empirical MO parametrization®®, two more parameters
are needed than PE data are available. Therefore, the relation An,/Angevaluated from
EHMO overlap calculations has been incorporated as the additional parameter
needed.

The additional ‘through-bond (tb)’>® interactions between combinations of the two

EJ \bZ
\02 %
t
— =0y AN SNRVAY | S
e
/b1 /
i

90 100 M0 120 130 cXc, deg.
045 046 048 052 059 Am/Aw,

FIGURE 27. Dependence of orbital energy splits An, a"ld
Angon the bond angle NC—X—CN in dicyano compounds®?
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FIGURE 28. Through-bond (tb) inter-
actions between the two geminal CN
groups and the molecular skeleton in
dicyano compounds.

geminal CN groups and the molecularskeleton are defined in Figure 28. Forsmalldicyano
molecules, tcn(ay) is the only occupied orbital of this symmetry and, therefore, can
serve as an internal reference. The other ncy orbitals are shifted to an extent which is
difficult to estimate. Their relative amounts might be gathered from an EHMO

calculation for the still unknown O(CN), molecule®® (Figure 29). From this diagram
* the ordertb(b,) > tb(a;) > tb(b,) is read off. Furthermore the tb(b;) and tb(a,) values
approach each other to become identical for linear arrangement. The through-bond
interaction term tb(b,) remains fairly constant up to 120°, decreases and finally
vanishes at 180°. Comparison with the splitting scheme above shows that th(b) is the
most effective interaction.

Application of the parametrization procedure outlined above!4939899 together with
arguments concerning band-shape or vibrational fine structures and especially
radical cation state comparisons within the series of related molecules permitted the
assignment of the PE spectra of H,C(CN),*®. H,C=C(CN),*> and OC(CN),*”
(Figure 30). In addition, the PE spectrum of S(CN), has been recorded with Ne(1),
He(1) and He(11) radiation sources, discussed in detail and assigned on the basis of an
elaborate ab initio calculation®!, dealing also with its rather queer structure, which

tb, eV ‘-

osf '

15(b,)

O.1-I . ' L

90 100 10 120 CRC,deq.

FIGURE 29. EHMO calculation for the
unknown O(CN), molecule®’.
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exhibits, like malononitrile, bent C—C—N linkages?!.

1701 A 1157A 1 1.468 A 1167 A
N H,A _~N

S ﬁc 1.088 A c———/c
/ 98°22’ / 109°22’ /
C=" 408°24 Ca—

116°42'
N/ﬂ/ N/d/

dcc“’ze A dC""C~2‘4 A

(10)

The comparative PES assignment of the geminal dicyano compounds is displayed in

Figure 30; the parameters deduced and used are summarized in Table 10.

As one extracts from the MO parameters (Table 10), large splittings Ar, and Ang
are observed for H,C(CN), with the shortest distance between the cyano groups. In
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FIGURE 30. Correlation of PE ionization energies, IE,, of geminal dicyano
compounds®®.
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TABLE 10. PE spectroscopic MO parameters for geminal dicyano compounds X(CN),
e

X s’ H,C=C o=c’ H,CT
ATy 0.3 0.3 0.3 0.5
Ang 0.7 0.6 0.6 1.0
th(ay) 0.03 0.7 0.1 0.6
th(b;) -1.1 -0.7 1.0 1.7
tb(by) 0.1 0.8 0.3 0.5
Bx/2cN -1.8 -14 -1.4 —2.2
ax —12.5 ~12.0 -15.7 -16.4
acN —-13.7 -14.0 -14.6 —-14.1

H;CC(CN), and OC(CN), the relatively large angle CXC leads to reduced
interactions, in S(CN), to the large bond distance dgsc. For the same reason,
interactions tb(a;) and tb(b,) are rather small in S(CN),, whereas 16 (b;) is fairly large —
probably due to the diffuseness of the interacting n-type sulphur lone-pair orbital. The
smaller values tb{(a;) and tb(b,) for OC(CN), compared to those for H,CC(CN), and
H,C(CN); are in accord with the large energy separation between ncy and the nco and
o orbitals. Another point of view is supplied by the parameters acy and Bx;2cn, Which
describe the interaction between the two by orbitals [cf. (5)]:

ax =& Pxpon |2 (11)

Bxjppcn  acn — &

The second-order secular determinant also takes into account the energy separation
ax — acy of the basis orbitals. The results (Table 10) suggest that conjugation wen/ncc
and ncn/mco are about equal and smaller than nen/ns and, above all, as
hyperconjugation ncn/ney,- The values ax (Table 10) are lowered by 1.5eVto2.2 eV
relative to the ones for the parent molecules!?”: acc = —10.5 eV for H,C=CH,,
aco = —14.1 eV for H,C=0, ag = ~10.5 eV for H,S and acy = —~14.2 eV for CH,
or C,Hg. The ncy values range between —13.7 eV and —14.6 eV, reflecting the
electron-donating or -withdrawing character of the skeleton X, as confirmed by the
dipole moments’84

H,C(CN); S(CN), OC(CN), 12
(D) 374 3.02 1.5

The correlation diagram of the PES ioni-ation energies of geminal dicyano
compounds (Figure 30) reveals an increase in the ncn(b;) orbital from S(CN), to
H,C(CN),, by a sudden change from stabilizing interaction with ng and ncc to a
destabilizing one with r¢g or by hyperconjugation.

The ny ionizations (Figure 30), also observed within the = ionization region, have not
been included into the parametrization procedure, because ny and ncy orbitals are
orthogonal to each other, and their mutual interactions are, therefore, only due to
perturbations via the molecular skeleton. Finally, estimates of the nen/ny interactions
show that these are close to the uncertainty limit =0.1 eV of PE spectroscopically
derived MO parameters and, therefore, can be neglected in most cases®.

For all other recorded PE spectra of geminal dicyano compounds (Table 1), no
detailed assignment could be achieved due to strongly overlapping bands. For
derivatives Hal,C(CN), with Hal = Cl, Br® only a crude subdivision into ny, and
Ten/Ny lonization regions has so far been possible. The H3;CP(CN), and FiCP(CN),
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PE spectra®® exhibit separate np bands at 10.85 eV and 11.81 eV. The Te(CN), PE
spectrum has also been recorded using a heated inlet system®, but the only
straightforward assignment identifies the 10.3 eV band as due to the lone pair nre
ionization. After only a few runs., the spectrometer used has been heavily
contaminated?’.

Other dicyano compounds like cis- and trans-NC—HC=CH—CN have been
discussed in detail on the basis of symmetry-adapted and PES-parametrized MO
models!4?6, and will partly be covered in context with other cyanoethylenes in Section
V (Figures 31 and 32). In trans-NC(F;C)C=C(CF;)CN, the nc—c band is shifted
by about 0.7 eV to higher energies, while the ny and ncy bands are shifted by only
about 0.4 eV, due to their larger distance to the centre of substitution®®. No such
simple assignments are possible for the PE spectra of NC—CH,CH;,—CN%
and azoisobutyronitrile®®, for which several conformers are imaginable. The
trans-NCCH,—CH=—CH-—CH,CN PE spectrum closely resembles that of allyl
cyanide®. Summarizing, for all these molecules the ncy and ny ionization bands,
differently structured and therefore characteristic for the individual cyano
compound, are found within the 12-14 eV region.

V. POLYCYANO COMPOUNDS

PE spectra of five polycyano compounds have been reported so far (Table 1), of
which those of the prototype molecules tetracyanoethylene (Figure 31) and
tetracyanomethane (Figure 7) will be discussed in more detail.

For comparison, the (NC),C=C(CN), PE spectrum is displayed together with the
ones of all other cyanoethylenes reported!4% in Figure 31. The increase in complexity
with increasing molecular size, i.e. increasing number of ionizations from 7 for
H,C=CH—CN (cf. Figure 15) to at least 14 for (NC),C=C(CN), is obvious. Most of
them are compressed, however, into a relatively small and only slightly shifting region
between 11 eV and 16 eV (Figures 31 and 32). In the ncn/ny region of the TCNE PE
spectrum 11 bands are more or less overlapping. The only ionization shifted out of the
1.7 eV area leads to the 2B, radical cation state and can be rationalized in MO terms
by strong conjugation with the mncc(b,,) orbital®®. Remaining are three mey
perpendicular to the molecular plane, four néy in the molecular plane and four almost
unsplit ny ionizations (Figure 32). The comparison of the cyanoethylene spectra
(Figure 31) clearly demonstrates that the PE spectra represent molecular fingerprints
which could be used analytically to identify compounds in the gaseous phase (cf.
Section VI.B). The PES assignment is based predominantly on a radical cation state
comparison along the series (Figures 33 and 16) supported by PE-parametrized MO
model as well as by vibrational fine structure analysis!*%6

The ncy ionization pattern of TCNE (Figure 32) is squeezed within 1.7 eV and its
assignment®® could only be achieved transferring PE spectroscopic parameters (Table
10) deduced from the spectra of simpler cyano derivatives (cf. Section IV), whereby
the parameter ﬁCC/”CN = (\ 2) BCC/CN = (1/\/2) ﬂCC/ACN had to be normalized. The
parameter sets of cyanoethylenes are summarized in Table 11. Within the parameter
sets (Table 11), the inductive lowering of acc and acy with increasing numbers of
cyano groups is quite remarkable and nonadditive. Compared to the smaller = splits,
inductive effects clearly play an important role in cyano substitution.

Tetracyanoethylene oxide (TCNEO) belongs to a lower symmetry group than
TCNE and, accordingly, its interaction scheme is more complex. Its PE spectrum®
could therefore only be assigned by Koopmans’ correlation with semiempirical SCF
eigenvalues, a procedure which often proved not reliable enough for cyano
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A H
cps N CN

FIGURE 31. Comparison of the PE spectra of
cyanoethylenes (dotted lines: = and ny
ionization retion)?.

compounds®. The same reservation holds for the D,, molecule TCNQ (7,7',8,8'-
tetracyano-p-quinodimethane) as far as the assignment of its PE spectrum5%-70 is
concerned. Both TCNE and TCNQ PE spectra resemble each other to some extent
especially in the ncy and ny part.

An extreme example of a complex PE spectrum is that of tetracyanomethane
(Figure 7), hiding 12 ionizations under two PE bands!2. Its assignment was
cumbersome, because many semiempirical and nonempirical SCF MO calculations did
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ionization region assignment”®.

not converge except for a modified CNDO version!2. Finally, a reasonable assignment
was achieved by the PE spectroscopic parametrization of a symmetry-adapted LCBO
MO model (Figure 34a), which allowed a radical cation state comparison with the
chemically related tetrahalogenomethanes (Figure 34b); the extra nitrogen electron
gives rise to the additional ionizations t, and a;'?. All ncy ionizations in C(CN)4 [and
also in P(CN);, the other PE spectroscopically investigated3® polycyano compound (cf.
Table 1)] occur within a narrow energy interval of less than 2 eV.
The calculated CNDO (mod.) atomic charges for C(CN),:

+0.13 +0.22 —-0.26

c C N

(13)

especially the considerable positive ones at the cyano carbon atoms, are in accord with

the somewhat puzzling reactivity of tetracyanomethane as exemplified by the reaction
with LiCl:

CICN), + LiCIl — LiC(CN)3 + CICN (14)

acting, in more general terms, as if it contains a positive cyano group.

TABLE 11. PE spectroscopic MO parameters (eV) for cyanoethylenes®®

CN CN NC CN
>—< NC CN  NC CN NC CN
ace -11.3 -11.9 -11.9 ~12.0 —-12.9
aen —-13.1 —13.7 ~13.7 -14.0 —-14.5
Amy — 0.3 0.0 0.3 —
Ang — 0.9 0.0 0.6 —
Axcc 0.8 1.4 1.4 1.5 2.4
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FIGURE 33. PE spectroscopic assignments for the cyanoethylenes (cf.
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Vi. CONCLUDING REMARKS

This review summarizes the low-energy photoelectron spectroscopic data of some 70
molecules containing cyano groups. For all classes of compounds investigated, the PE
spectra of typical molecules have been represented and their assignment by
radical cation state comparison of mutually corresponding compounds, by spectro-
scopic information like band-shape and vibrational fine structure and by MO
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models has been discussed. Concerning MO theory, calculations for cyano
compounds, if they converge at all, proved to be unreliable in many cases, and,
therefore, PES-parametrization procedures of symmetry-adapted models have been
emphasized.

Considering the present situation in this special research area with most of the
prototype molecules investigated, two smaller sections should round off this
compilation: a guide for the nonspecialist on available PES information on cyano
compounds, and some comments on the analytical applications now possible,

especially with regard to the optimization of gas-phase reactions involving molecules
with cyano groups.

A. Characteristics of Photoelectron Spectra of Cyano Compounds and Their

Yy
Interpretation

The results of PE spectroscopic investigations can be summarized in two ways:
according to typical ionizations or to classes of compounds as specified by molecular
symmetry.

The typical ionizations are advantageously subdivided into those leading to ncy or
ny radical cation states:

ncy lonizations are found between 11.6 eV (pyrrolidino cyanamide) and
16.1 eV (TCNE). The corresponding radical/cation states can be energetically
degenerate, and many either occur within only a narrow energy region even for
several CN groups [C(CN),] or are separated up to 2.7 eV (TCNE). In many cases,
Tcn 10onization bands can be identified by their pronounced vibrational fine structure
(vent ~ 2000 cm™!); broad and poorly structured bands (H;SiCN) are rarely
observed. So far no measurable Jahn—Teller distortions following ncy ionization are
known.

ny lonizations from CN groups normally give rise to one or more sharp band(s)
between 12.0 eV (Me,AsCN) and 15.2 eV [C(CN),], i.e. within the mcnionization
region. ny Ionizations from two or more CN groups may be energetically degenerate
(trans-NCHC=CHCN) or split up to 0.8 eV [S(CN),].

nen/ny Interactions have been proven to be very small. This finding may be
explained by their local orthogonality. Within MO terminology, their relatively
large orbital energy separation is removed in the PE spectra to a large extent due to
different ncy and ny Koopmans’ defects, resulting in a somewhat misleading region
of ny and ncy ionizations.

For a subdivision according to molecular shape, both the number of cyano groups
and the molecular symmetry are well suited:

Linear monocyano compounds (C.,) show degenerate ncy ionizations, which are
split by spin-orbit coupling if substituted by heavier halogens. Structural parameters
of several cations can be derived from the pronounced vibrational fine structures of
the ncn bands. The ny ionizations display sharp peaks with low-intensity satellites,
FCN being an exception.

Monocyano compounds with a threefold axis (Cj3,) also exhibit degenerate ney
ionizations between 11.7 eV (Me3CCN) and 14.3 eV (F;CCN). Their vibrational
fine structure may be pronounced (CH;CN) or unresolved (F3CCN). Similar
behaviour is observed for the cyano nitrogen lone-pair ionization. Contrary to men
ionizations, Jahn-Teller distortion has been observed (H;CCN).

Planar monocyano compounds give rise 10 two ncy ionizations, one from the
in-plane n bond n&y and the other from the vertical n'-yorbital. Their ionization
patterns can be rationalized within PE spectroscopically parametrized MO models
(H,C=CHCN) or applying perturbation arguments starting from the parent
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n-systems. The benzonitrile PE spectrum with its elaborate vibrational fine
structures is a good starting point for the discussion of the tolunitriles, cyano-
pyridines and cyanopyridine-N-oxides. Some smaller molecules like Ns—CN and
ON—CN constitute interesting bonding problems with their X—C=N linkages bent.
Some low-symmetry monocyano compounds surprisingly display no measurable
nen band separations [H;C—CH,—CN or (H;C),PCN], while others show nen
splits up to 1.7 eV (H,NCN). For several compounds more than one conformer has
to be considered, but no complications have been observed in the PE spectra except
for band-broadening and vanishing vibrational structures. Unexpectedly, the ny
ionization energy of NH; decreases upon CN substitution (severe geometry change)
and the nyx ionizations increase in compounds (H;C),X—CN in the series from
X=N to X=As.

Dicyano compounds of at least C,, or C,, symmetry have been the starting point
for PE spectroscopic MO parametrization, providing internal reference ionizations.
The difficult PE spectroscopic assignment for geminal dicyano compounds is
supported by reports with different irradiation sources, vibrational fine structure
and consistency of the final parameter set. Accordingly, nen/ntecc and men/mco
interactions in H;C—=C(CN), and OC(CN), are almost equal (8 = —1.4 eV), but
smaller than the ncy/ng interaction in S(CN); or the hyperconjugation in H,C(CN),
(—2.2 eV). Detailed assignments are also available for (CN),, (H;C),C(CN), and
the disubstituted ethylenes and acetylenes. ’

Polycyano compounds give rise to complex PE spectra characterized by many
overlapping bands. Detailed assignment for TCNE or C(CN), fits into radical cation
state correlations with similar compounds, thus confirming the spectroscopic
interpretation.

The main difficulties in interpreting the PE spectra of cyano compounds, together
with proposals for their solution, are:

Deconvolution of PE spectra, which is one of the main problems for larger
molecules, especially for di- and poly-cyano derivatives.

Cyano substitution effects, which are sometimes hard to predict and unexpected,
e.g. the 8.6 eV shift of the ocs ionization from S(CHj3)» to S(CN), or the decrease
in ny ionization from NH; to H,NCN. Sometimes, large molecular structure
changes are observed.

Nonconvergence o f MO calculations, which often occurs for cyano compounds. MO
calculations can provide, if their reliability can be tested, e.g. by radical cation state
comparison, a useful basis for the rationalization of molecular properties. Nevertheless
many approximations, at least within the framework of semiempirical procedures,
prove to be invalid for the strongly polar CN structures and may produce mispredic-
tions. In addition, high-quality Hartree~-Fock calculations often reveal a breakdown of
Koopmans’ theorem for cyano compounds, i.e. differences between the PE band
and Hartree—Fock orbital sequences are registered. Koopmans’ defects, i.e.
deviations between ionization and orbital energy, may range from —1.65 eV (HCN)
to —2.8 eV (HC=CCN) for ny ionizations and from +0.09 eV (FCN) to —1.8 eV
(H5CCN) for ren. They are probably due to large changes in electron correlation
upon ionization of the fairly localized cyano group. If, however, correlation is
included in the calculation e.g. for HCN or NCCN, satisfactory numerical
reproduction of ionization energies is achieved, and the PE spectrum of NCCN has
recently been computer-simulated.

PE parametrization of MO models has successfully been applied to cyanogen,
cyanoacetylenes, cyanoethylenes, cyanomethanes, and other high-symmetry
dicyano compounds. The resulting set of PE spectroscopically evaluated parameters
is consistent and the estimated CN substituent effects can be described as strongly
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electron-withdrawing (inductive stabilization). Conjugation effects, on the other
hand, are relatively small. Changes inflicted by cyano substituents range between
the effects for fluorine and chlorine substitution and, although deduced from PE
spectra for PE spectroscopic purpose, they have proved to be useful in the
discussion of other molecular properties of cyano compounds.
Although many of the inherent difficulties may be hidden behind the more simplified
descriptions in this review, the PE spectroscopic and theoretical results on cyano
compounds constitute a framework, within which further investigations may be
undertaken. There is still a number of interesting compounds awaiting PES
investigation. Altogether, the wealth of experimental and theoretical data should

improve our chemical intuition about known and, as for instance N(CN); (still)
unknown cyano compounds.

B. Photoelectron Spectra of Cyane Compounds and Their Analytical
Application to the Optimization of Gas-phase Reactions

Photoelectron spectra supply, as repeatedly pointed out (cf., for example, Figure 31)
fingerprints of molecules. If, therefore, characteristic PE bands of two molecules do
not overlap, both can be detected qualitatively in mixtures as well as quantitatively
determined, assuming that band intensity changes are proportional to changes in
concentrations. This simple and elegant analytical approach also permits, if starting
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_Product bands are separated, the follow-up and optimization of gas-phase
reactions'>!7. One example of a thermal decomposition and another of an attempted
gas-phase synthesis will illustrate the future potential of PE spectroscopy as an
analytical tool especially for poisonous compounds.

Example 1: Pyrolysis of TCNE. Tetracyanoethylene® has been found to undergo
decomposition at 1300 K, completed at 1400 K*°. Comparison of the PE spectra of
the pyrolysis products (Figure 35) with the one of TCNE (Figure 31) shows that no
starting material is present at the end of the reaction. Further comparison with PE
spectra of presumable products quickly reveals cyanogen (Figure 6) and
dicyanoacetylene (Figure 12). The reaction verified PE spectroscopically:

~ - K
C:C 1400

NC—CN + NC—C=C—CN (15)

has already been reported in the literature?>?° yielding about 50%
dicyanoacetylene.

Example 2: Reaction of XH + NCCN. For oxidations with cyanogen, which

cpsA ﬁ H3C‘CN cpsA H C,CN
+ AN
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FIGURE 37. PE spectra of CHyCN/NCCN mixtures heated to 1300 K in the ratio
1:1 (a) and 10 : 1 (b), as well as of malononitrile at 300 K (c) and 1300 K (d).
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produce hydrogen cyanide:

NC—CN + XH

X—CN + HCN (16)

PE spectroscopy is probably the most convenient method of following the reaction.
Calibration of the analytical procedure!® can either be achieved by PE spectroscopic
records of appropriate mixtures (Figure 36a and b) or by computer simulation
(Figure 36c and d). As is obvious from Figure 36 the relative intensities of the peaks
at 13.3 eV (NCCN) and 13.6 eV (HCN + NCCN) are best suited for analytical
comparison, and the ranges of detectability stretch from some 25 HCN in 75 NCCN
to 2 NCCN in 98 HCN.

The PES analytical method can be calibrated within about two days and permits
an easy screening of many gas-phase reactions®. If, for instance, acetonitrile and
cyanogen are heated in a flow system'® to 1300 K, an increase of the 13.6 eV peak is
observed'® indicating the formation of HCN (Figure 37). On tenfold increase of the
CH;CN pressure, the NCCN PE bands disappear completely (Figure 37b) and
outside the oven-zone a graphite film forms. According to the PE spectroscopic
analysis, the reaction of acetonitrile and cyanogen does not yield any malononitrile
under the conditions applied, but rather hydrogen cyanide and elemental carbon:

CH,(CN),
CHLCN + NCCN-—JﬁEﬁ«ifi: ‘1mox (17)
HCN + (C)

The malononitrile pyrolysis carried out in addittion (Figure 37c and d) confirms that
at the CH;CN/NCCN reaction temperature of 1300 K decomposition to HCN and
carbon already takes place!®.

The future of PE spectroscopy in general, and especially of cyano compounds, may

well lie in a predominantly analytical application'®, e.g. the optimization 1o7f
heterogeneously catalysed reactions such as the cyanation of benzene with cyanogen*’.
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I. INTRODUCTION

Radiation chemistry is the study of the chemical effects produced in a system by the
absorption of ionizing radiation. This definition includes the chemical effects due to
radiation from radioactive sources, high-energy charged particles and short-
wavelength (less than about 400 A)! electromagnetic radiation from accelerators. The
principal characteristic of high-energy radiation is that it causes ionization in all
materials. This makes the distinction between radiation chemistry and photo-
chemistry?3. Photochemistry deals with longer wavelength electromagnetic radiation
which has lower energy (less than about 30 eV). This relatively low energy leads in
many cases only to the excitation of the molecules and does not produce ions. Usually,
the energy of the particles and photons applied in radiation chemistry is much higher.
The whole energy is not absorbed by a single molecule, as in photochemistry, but
rather distributed over several molecules, along the track of the ionizing particle or
photon. The high-energy photons and particles are not selective and may ionize,
excite or dissociate any molecule lying in their path.

The high-energy photons or particles lose energy in successive events and produce
primary electrons which produce several secondary electrons with lower energies®.
The chemical effects of ionizing radiation occur almost exclusively through the
secondary electrons most of which have less than 100 eV. These electrons will cause
ionization and excitation of the surrounding molecules and will lose energy till they
reach thermal energies. In many solvents these thermal elecjrons polarize the solvent
and are bound in a stable quantum state to it; these electrons are called solvated
electrons.

The study of radiation chemistry may be divided, from the experimental point of
view, into two parts. The first is the study of unstable intermediates which have short
lifetimes and thus cannot be studied by the usual chemical methods. The second is the
study of the final radiolytic products which can be measured by common chemical
techniques.

One way to make the short-lived intermediates amenable to study is to increase
their lifetimes, usually by irradiating in the solid state and at very low temperatures.
Then, the intermediates can be measured after irradiation by optical absorption
spectroscopy or ESR. Another method of making the lifetime longer in the liquid
phase, is by adding compounds which upon addition of radicals produce long-lived
radicals; this method is called spin trapping®. More common in the liquid phase is
pulse radiolysis®’. In this technique electron accelerators which can deliver intense
pulses of electrons lasting a very short time (nsec up to psec) are used. Each single
pulse can produce concentration of intermediates which are high enough to be studied
by methods such as light absorption spectroscopy or electrical conductivity.

The yields of radiolytic products are always expressed by the G value. The G value
is defined as the number of particles (molecules, radicals, ions) produced or consumed
per 100 eV of energy absorbed in the system. The unit used for the absorbed energy
(dose) is the rad, defined as 1 rad = 100 erg g™! = 6.243 x 1083 eV g7l

The radiation chemistry of the three different triple bonds (C=C, C=N, N=N™)
have much in common, in that in all the systems the radicals formed by the radiolysis
of the compounds or the solvent add to the triple bonds. In the case of solvated
electrons, the electron adds to the triple bond to form the anion radical which now
contains a double bond. Although the radiation chemistry of the triple bond is similar
to the radiolysis of the olefinic double bond?, since the main process is addition to the
n bonds, it has to be remembered that the triple bonds, both C=C and C=N, are less
reactive than the C=C double bond. In both acrylonitrile (CH,—~CH—CN) and in
vinylacetylene (CH,—CH—C=CH) the main reaction is addition to the double bond
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and only a very small fraction of the radicals are added to the triple bond®. This
preference is more prominent in acrylonitrile than in vinylacetylene.

li. RADIOLYSIS OF ALKYNES
A. Radiolysis of Acetylene in the Gaseous Phase

1. General

The radiolysis of several alkyne systems have been studied!V; however, only
acetylene has been studied sufficiently to draw conclusions on the mechanism of the
reaction!! *, The action of ionizing particles on acetylene was first observed in 1874,
when on passing a discharge through acetylene, unreactive and insoluble products
were observed!?, Lind and his coworkers!®!* showed that radiolysis of gaseous
acetylene results in the formation of a polymeric substance, cuprene, with the general
formula of (CH),. Mund and Rosenblum!3:1¢ found that besides cuprene, benzene is
also a major product in the radiolysis of gaseous acetylene. These two products,
cuprene and benzene, are the only products of importance at moderate conversion and
they are formed in a ratio of about 4:1 in terms of C,H, consumed. Little or no extra
gaseous products are formed. The G value for acetylene disappearance is about 70 for
various radiations, approximately independent of dose, dose rate and acetylene
pressure”-17:18; the measure of acetylene disappearance was for a time used as a
gas-phase dosimeter.

A very interesting finding in the radiolysis of acetylene is that the ratio of the
number of molecules consumed to the number of ion pairs produced by the radiolysis
(ion-pair yield) is remarkably constant under a variety of experimental conditions.
This constancy of the ion-pair yield (~20) was explained by the ion-cluster theory?20:21,
In this theory an ionized acetylene molecule forms a cluster involving 19 neutral
acetylene molecules which react to form a polymer. The formation of acetylene ions
were shown later by mass spectrometry. Munson has shown that acetylene ions,
C,H,*, constitute about 75% of the ions in the mass spectrum of acetylene®*:

C2H2 — " NN—> C2H2+ + e

(CoHalag™ + €7 ——  CyoHyg

(The symbol -~ is used to symbolize reactions brought about by the absorption of
ionizing radiation.)

Later work has raised objections to the adoption of the ion-cluster theory. Eyring
and collaborators?? calculated that large clusters were theoretically improbable. They
drew attention to the possible formation of excited states; both the ions and the excited
molecules are capable of giving rise to free radicals which can initiate chain-reactions.
However, the later mechanisms which neglect the cluster formation do not give an
alternative explanation for the constancy of the ion-pair yield.

*The radiation-induced polymerization of acetylene derivatives, mainly phenylacetylene, was
reviewed recently by Chauser and coworkers'?.
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2. Benzene formation

The relative extent of formation of cuprene and benzene has been found to be
dependent on the pressure, temperature and dose rate. Dorfman and Wahl?* studied
the products of the radiolysis of acetylene in a large excess of helium. In this system
only cuprene was formed and no benzene was found. Dorfman and coworkers!?-24
suggested that there are two parallel processes occurring in irradiated acetylene, the
one leading to benzene and the other to cuprene. In the case of excess of helium,
almost all the energy would be absorbed in helium and thus it could be concluded that
the energy transferred led only to the formation of cuprene precursors and not to
benzene precursors. Since ionized helium atoms are known to produce acetylene ions
it can be concluded that benzene is formed through an excited acetylene molecule and
the authors suggested that the acetylene molecule was probably in a triplet state:

C2H2 —NN—s C2H2*

CoHp' + CoHp  ——  (CHaly® —2%> CgHg

The energy transferred from the ionized and excited states of helium to acetylene
does not produce these excited species, and leads only to the ionization of acetylene.
It was found that the addition of large excesses of argon, krypton or xenon reduced
the ratio of benzene to polymer yields. These experiments showed that while the yield
of benzene was the same as expected from the energy absorbed directly by acetylene,
the yield of the polymer increased considerably, due to energy transfer from the noble-
gas excited atoms and ions!7-2*23, These results excluded the possibility of formation
of benzene via acetylene ions. Further proof was obtained by McLaren>? who found
that the yield of benzene was not affected by large additions of nitrous oxide.

Irradiating acetylene at low pressures decreased sharply the fraction of consumed
acetylene which was transformed to benzene?*. This was explained as being due to the
larger number of excited acetylene molecules which were deexcited by collision with
the wall of the vessel before they had a chance to react with other molecules. This was
further proven by the lower pressure required to show this effect in a spherical vessel
compared to a cylindrical irradiation vessel. It was estimated from the pressure and the
fraction producing benzene that the lifetime of the benzene precursors is at least
10~*%s, which is consistent with the assumption that they are triplet states.

Decreasing the pressure of acetylene in photopolymerization?>-26 led to a decrease in
the yields of both benzene and cuprene, maintaining the ratio of benzene to cuprene
constant, even at low pressures. Since in this system only excited states of acetylene
were formed, the yields of both products decreased with the pressure. This shows that
the precursor of benzene is excited acetylene, while cuprene is formed both from
excited acetylene and acetylene ions.

However. there is some evidence that benzene formation proceeds, at least in part,
by a radical mechanism. Mains and coworkers®’ irradiated an equimolar mixture of
C,H; and C>D; and found about 27% of the benzene molecules with an odd number
of deuterium atoms (6.6% CHsD., 12% C¢H3D3 and 8.6% C¢HDs). The odd number
of deuterium atoms can only be produced by a sequence of reactions involving C—H
bond ruptures at some step.

The same authors studied the irradiation of mixtures of acetylene with radical
scavengers. They found that the addition of oxygen or iodine to acetylene suppressed
completely the formation of benzene during irradiation, thus indicating at least one

step involving radicals. The authors postulated the formation of (C¢H5)" which can
decompose via cyclization:
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This reaction competed with the recombination of two radicals
(CgHy)” + R© ———  products

which explains why benzene formation decreased with increasing dose rate leading to
higher radical concentration.

Shida and coworkers?®2? studied the radiolysis and both the direct photolysis and
the mercury-sensitized photolysis of equimolar C;H,~C,D, mixtures. They found that
the distribution of the various benzene molecules C¢H, Dg_, was independent of
pressure and that the same distribution was obtained in radiolysis and in photolysis.
These results suggest that benzene is formed through the same mechanism irrespective
of the kind of the active rays. Both can be explained by a modified excited-molecule
mechanism?%30 or more favourably by the free-radical mechanism?3!-32,

A similar study3® on the involvement of radicals in benzene formation used a
mixture of 13C,H, with 12C,H, and led to the result that there was no cleavage of the
carbon—carbon triple bond in the production of benzene.

Futrell and Sieck?* found that neon was the only noble gas which sensitized to any
extent the formation of benzene, i.e., the energy absorbed originally in the noble gas
led to the formation of benzene. They explained this by the findings that xenon and
krypton ions produced, by charge exchange to acetylene, C,H," ions, neon ions
produced C,H* ions and helium ions led to C,* ions. They claimed that only the
formation of C,H™ ions is accompanied by hydrogen atom formation and suggested
that energy transfer from helium led to C, + H; rather than producing hydrogen
atoms, which are known to initiate the polymerization of acetylene to benzene3?:

H 4+ CoHp ——— (CoHg)' —22>  (CuHg) —22> (CHp) — CgHg + H°

In conclusion, the radical mechanism seems to be the preferable one and the
difference between benzene and polymer formation probably lies in the different
precursors which yield the radicals.

3. Polymer formation

The polymer formed from acetylene by irradiation or other means is generally
referred to as cuprene, although the method of formation influences its properties.
Prepared by irradiation, cuprene is a white-yellowish powder insoluble in all common
solvents, which neither melts nor sublimes. It is inflammable and will absorb oxygen
(up to 25% by weight) when exposed to air. Deuteroacetylene is polymerized at the
same rate as acetylene!#!7, When the polymer is formed under special conditions
some crystallinity can be detected; however, as ordinarily produced, the polymer
appears amorphous3’,

The studies of Dorfman and coworkers!”-24, Futrell and Sieck?* and others have
shown that energy absorbed by rare gases leads to formation of cuprene. However,
no correlation has been found between the sensitization of the polymerization and the
yield of C,H,* ions formed by charge transfer from noble-gas ions in mass spec-
troscopy3*. In polymerization by y-radiation krypton was found to be a better
sensitizer than xenon or argon, while its efficiency for charge transfer was found to be
the lowest one. This led to the conclusion that ions do not play a major role in the
polymerization. A similar conclusion that the major polymer forming mechanism is
not ionic in character has been reached by Field'® on the basis of the observed
temperature coefficient of the reaction. Thus it has to be concluded that the sensi-
tization occurs through excitation or dissociation of acetylene molecules by noble-gas
ions or excited atoms. Benzene, whose ionization potential is below that of acetylene,
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was found to retard the polymerization3®. This indicates that ions play at least a partial
role in the polymerization of pure acetylene. Jones®? has studied the infrared absorp-
tion spectrum of cuprene formed by radiolysis (Figure 1). The infrared absorption
spectrum was found to be largely characteristic of aromaticity, indicating the
cyclization to form aromatic nuclei is not an exclusive property of the reaction path
leading to the formation of benzene. Jones suggested that the polymer’s lack of colour-
depth was also a demonstration of the absence of an extended, conjugated, aliphatic
system of multiple bonds (as it is in the carotenoids). The physical properties of
cuprene (insolubility, infusibility and non-volatility) appear to be due to a three-
dimensional network. Jones suggested that this should be a three-dimensional network
of benzenoid rings, probably joined by short, conjugated aliphatic chains and acety-
lenic linkages, and appended by phenyl and HC=C— groups. The aliphatic double
and triple bonds would account for the large affinity which the polymer showed for
oxygen. Jones suggested that aromatization took place at a later stage by a migration
of hydrogen atoms. It is interesting to note that the IR spectrum of cuprene is very
similar to that of a polymer obtained by irradiation of benzene. Briggs and Back3®
have studied the effect of electric fields applied during the y-irradiation of ac ‘ylene
and found two interesting results. The first observation was that while in the absence
of the electric field a thin white adherent deposit of cuprene was formed on the
bottom surface of the vessel, when a saturation voltage was applied during the
irradiation no such deposit of cuprene was observed and a discolouration of the anode
suggested formation of a thin film on the surface of the anode. The second finding was
that the presence of an electric field had virtually no effect on the rate of disappearance
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FIGURE 1. Infrared absorption spectrum of cuprene. Reproduced with
permission from A. R. Jones, J. Chem. Phys., 23, 953 (1960).
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of acetylene, as reflected by the change in pressure. The second observation indicates
a nonionic mechanism of polymer formation, but unfortunately this is not conclusive
since the lack of effect of a field on the rate of polymerization is also compatible with
a short-chain ionic polymerization in which chains are terminated before the ionic
chain carriers can be removed by the field. The observation that electric fields
approaching the ion-multiplication region caused no enhancement of the rate of
polymerization indicates that low-lying excited states of acetylene do not make an
important contribution to the reaction®. Electron microscopy photographs of
cuprene particles (Figure 2) showed that cuprene was formed in spherical particles,
fairly uniform in size. with an average diameter around 300 nm. There were no
apparent differences between particles formed in the presence and absence of an
electric field.

This indicates that the electric field removes the particles after they have been
formed, due to some charges on the polymer molecules. The simplest and most
plausible explanation of the effect of the field appears to be a competition between
the sedimentation of the particles due to gravity and their horizontal drift in the
electric field. Using the average size of the particles and a typical solid hydrocarbon
density of 0.7 g cm™3 leads to an average particle mass of about 1 x 10~!* g, corre-
sponding to a molecular weight of 6 x 10% and containing 2.3 x 108 molecules of
C,H,. Using the observed values of G(—C,H,) = 80 and 25.3 eV/ion pair means that
each molecule of cuprene is due to the formation of 107 ion pairs. It is unlikely that all
these charges are on the cuprene molecule. especially since the discolouration of the
anode shows that the cuprene molecule is negatively charged. Lifetime measurements
indicated that most of the negative charge carriers in the system were free electrons?.
The intensity of the electric field needed to obtain saturation was shown to indicate a
single charge on the cuprene molecule. Briggs and Back?®® suggested a four-stage
mechanism for the polymerization of acetylene without decision between an ionic and
a nonionic process.

(1) Primary polvmerization of acetylene to form polyunsaturated hydrocarbons
with molecular weights in the C,—C,; range. Taking a reasonable value of G (chain
initiation) = 4, and the observed G(—C,H,) = 80, this means that each chain initiator

FIGURE 2. Electron microscope photographs of cuprene formed in the radiolysis of
acetylene. Magnifications about (a) x 18,000 and (b) x 3500. Reproduced with permission
from I. P. Briggs and R. A. Back, Can. J. Chem., 49, 3789 (1971).
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consumes 20 molecules of acetylene. To give low molecular weights of C4—C,
appreciable chain transfer to the C;H,; monomer would be required. However, this
range of C,—C,, seems arbitrary. The near independence of the polymerization on the
dose rate and the pressure indicates self-termination of the chain by cyclization or
other rearrangements.

(2) Secondary polymerization of the initially formed polyenes. These would tend to
be much more reactive than acetylene, and would rapidly attain a low steady-state
concentration, with their rate of formation remaining the rate-determining step.

(3) Physical condensation of the polymers formed by the primary and secondary
polymerization. The spherical shape of the cuprene particles strongly suggests initial
condensation as liquid droplets. Condensation as a liquid at room temperature and at
the low conversion at which cuprene is observed would require a carbon number of
about 20.

(4) Rapid and extensive polymerization and cross-linking in the liquid polyene
droplets, induced by radiation and leading to the final intractable cuprene product.

It seems possible that in this complex system of processes both ions and free radicals
might play a part, although one or the other might be predominant in a particular
stage of the reaction.

To further test their suggested mechanism Back and his coworkers*® studied the
radiation chemistry of acetylene at a very high dose-rate from an electron accelerator,
yielding 108 eV g~!s~!, compared to previous studies with dose-rates of 1016-108eV
g~ s~L. The high dose-rate should reduce the length of ionic and free-radical chains,
which have bimolecular termination steps, but should have a lesser effect on biradical
chains which have predominantly unimolecular termination steps. Furthermore, the
short lifetime of ions and free radicals at the high dose-rate might reduce the con-
sumption of primary products by these species, enabling the identification of the
primary products. The main products observed relative to benzene (1.0) are: diacety-
lene (5.63), vinylacetylene (2.81), n-propylacetylene (0.50), triacetylene (1.25),
HC=C—CH—CH—C=CH (0.37), HC=C—CH,CH,—C=CH (0.64), various C,
compounds (1.28) and some Cg and Cg compounds. Conversion to G values can be
done by using G(benzene) = 0.31. Irradiation with a dose of 100 Mrad did not lead
to formation of observable cuprene-like polymers, in direct contrast to the low dose-
rate behaviour where cuprene was seen to settle out after a dose of a few megarads.
The yields of all the products examined was found to be independent of the number of
the pulses. This implies that no secondary reactions of these products were occurring.
Thus the second stage of the mechanism is suppressed and the products observed are
from the first stage alone. The average ion lifetimes for such high dose-rates were
estimated to be of the order of 3 x 107%s which would limit even the primary
polymerization process to only a few steps whereas usually the primary polymerization
can lead to longer chains. These results support the previously suggested explanation,
for the formation of benzene as the sole product of low molecular weight, that it is due
to its relative unreactivity toward secondary polymerization. It seems probable that
many of the volatile polyunsaturated compounds observed in the high dose-rate
studies are transient intermediates in the low-intensity radiolysis. However, the dis-
tribution of the primary products might be quite different in the two systems, since the
primary polymerization may have been much attenuated at the high intensity. The
average radiolytic yield of benzene is very much smaller in the high-intensity system
(G = 0.31 compared to 5 = 1) reflecting the reduced extent of primary polymeriza-
tion. Willis and coworkers*® gave also the main ion-molecule sequences which are
possible, calculated from high-pressure mass spectrometry studies*! and the value of
24 eV per ion pair#? (Table 1). However, these processes do not agree so well with the
observed yields of the various products.
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B. Radiolysis of Acetylene in the Liquid Phase

In contrast to the gaseous phase, very little work has been done in the liquid phase.
Tabata and coworkers*® found that y-radiation-induced (~5 Mrad) polymerization of
liquid acetylene (—78°C) gives a polymer which is an orange-yellow bulky powder. It
is insoluble in benzene, toluene, acetone, pyridine and methanol while soluble in
aniline, dimethylformamide and isopropylamine. Larger doses of above 10 Mrad lead
to a polymer which is insoluble even in the latter solvents, probably due to the cross-
linking of the polyacetylene by further irradiation. Measurement of the intrinsic
viscosity showed that it increases with the irradiation dose.

In contrast to the polymer obtained by the gas-phase polymerization, the infrared
spectra of the polymer produced in the liquid phase did not show the band of the
benzenoid rings. The main absorption is at 770 em™! which is assigned to the cis form
of the olefinic linkage. The spectra and the solubilities indicated that the polymer
should be a linear polymer, mainly with cis structure.

The following two findings showed that this polymerization did not proceed by a
radical mechanism: ‘

(1) The initial rate of polymerization was found to be proportional to the dose
rate (3.10°-10° rad h™!), while for a homogenous radical mechanism in nonviscous
media it is proportional to the square root of the dose-rate.

(2) The addition of radical scavengers such as benzoquinone and diphenyl picryl
hydrazide did not reduce the rate of polymerization.

The decision between cationic and anionic mechanisms was made on the basis of
the effect of various solvents. Dimethylformamide, which is known to accelerate an
ionic polymerizations, was found to retard the y-induced polymerization of liquid
acetylene. On the other hand, methylene chloride was found to accelerate considerably
the rate of polymerization. Since it is well known that methylene chloride favours a
cationic polymerization, it can be concluded that polymerization of acetylene in the
liquid phase proceeds by a cationic mechanism.

Another difference between the gas and the liquid phase is that while about 20% of
the consumed acetylene is converted to benzene in the gas phase, no formation of
benzene was detected in the liquid phase.

The differences in benzene and polymer formations were explained as due to the
fact that while in the gas phase the dominant species are excited states and radicals
which can cyclize to form the benzene molecule or benzoid rings with side-chains
which continue to polymerize, the active species in the liquid phase are ions which
cannot form the benzoid rings by hydrogen transfer.

C. Radiolysis of Acetylene in the Solid Phase

y-Induced polymerization of solid acetylene at —196°C led to a deep-brown rigid
material*3. The polymer was insoluble in all common solvents, but slightly swelled in
dimethylformamide. The infrared spectrum contained neither the benzoid ring band,
found in the gas phase, nor the 770 cm™! band appearing in the liquid-phase polymer.
Hence, it was suggested that solid-state polymerization led mainly to the trans form of
polyacetylene. The authors*3 suggested that the mechanism of polymerization at such
low temperatures occurs through collective excitation of the monomer crystal, leading
to a different structure than do chain-reactions, which govern the formation of the
polymer in the liquid phase.
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D. Radiolysis of Acetylene in Aqueous Solution

Irradiation of aqueous solutions leads to the formation of hydrated electrons
(eay G = 2.6), hydrogen atoms (G = 0.55) and hydroxyl radicals (G = 2.6) which
react with the solutes*4.

Clay and collaborators** measured the final products obtained in the y-irradiation
of aqueous solutions of acetylene. Irradiation of water saturated with acetylene
(1 atm.) in the absence of oxygen at pH 1.2 yielded a yellow-white solid polymer and
several aldehydes: acetaldehyde, crotonaldehyde and glycolaldehyde, each about
G = 0.2, and a lower yield of formaldehyde. An unidentified additional product which
absorbs in the region of 200 nm was suggested to be a conjugated polyenic compound.
Irradiation in the presence of oxygen led to the formation of glyoxal as the almost
only organic product. The initial yields of glyoxal are strongly dependent on the
concentration of acetylene. This dependence, together with the high yields of glyoxal
(G = 14 at pH 1.2), suggests the existence of chain-reactions for the production of
glyoxal.

Neta and Fessenden“S studied the pulse radiolysis of aqueous solutions of acetylene
dicarboxylate ion, followed by ESR spectroscopy. They found that the hydrated
electron added to the C=C triple bond to form an anion radical, which underwent
rapid protonation to form a vinyl-type radical, observed in the ESR spectra:

TOL—C=C—CO;+ 654 —— ~0L—C=C—C0y~ —N

~0,C —CH=C—CO,~

The -OH radicals added to the triple bond to form an enol-type radical which
isomerized to the keto form, and the latter was observed in the ESR spectra:

OH

| .
~0,C—C=C—CO,~ + OH “0,t—C=C—C0,”~

1
~0,c—C—CH—CO,~

The mechanism of the addition of the -OH radical to the C=C triple bond in acety-
lene was studied extensively by Anderson and Schulte-Frohlinde*’ using pulse
radiolysis followed by UV absorption spectroscopy. Besides acetylene as a solute they
also used N,0O, in order to convert all the hydrated electrons to hydroxyl radicals:

aq

At low doses and high concentration of acetylene they found the formation of
species A with an absorption peak probably below 200 nm. Species A decayed
to form species B, which had a maximum absorption at 295 nm. The rate of formation
of B was found to be proportional to the concentration of C,H,, indicating that B was
formed by the reaction of A with one molecule of acetylene. The rate of decay of B
was found to be equal to the rate of formation of a new species C which had a
maximum absorption at 260 nm, indicating that B decayed to C. Assuming the
sequence of the pseudo-first-order reactions:

kq k2

A B C

e
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and analysing the rate of formation of C for the measurement of k5, it was found that
k3 is proportional to the concentration of acetylene, indicating that C was formed due
to the reaction of B with a C,H; molecule. The decay of C was found to follow second-
order kinetics indicating the termination of two C molecules together. The scheme of
the reactions at low doses and high acetylene concentrations can thus be written as:

OH + CoH, ——— A

A+ CH, —— B

B+ CHp, —— C

c+¢C products

A was assumed to be the B-hydroxyvinyl radical HC(OH)—CH rather than the keto
form, the formylmethyl radical O—=CH—CH,, since the spectra did not agree with
previous measurements of the latter. B was supposed to be the 1-hydroxy-1,3-
butadienyl-4 radical and C was suggested as the 1-hydroxy-1,3,5-hexatrienyl-6 radical.
This is supported by the similarity of the UV absorption maximum of C (~260 nm) to
that of 1,3,5-hexatriene. The products formed by the recombination of two C radicals
are unknown. It is reasonable to assume that they continue to polymerize to form the
white polymer found by Clay and coworkers*.

Since Neta and Fessenden?®® found that at pH 7-14, the radical obtained by the
addition of -OH to acetylenedicarboxylate ion existed mainly in the keto form, the
effect of the pH was studied by Anderson and Schulte-Frohlinde*’, Below pH 6, the
spectra of A, B and C were found to be independent of pH and acetylene concen-
tration. On increasing the pH from 8 to 10 the spectra of the transients were changed
progressively to that of a new species. Above pH 10 this was found immediately after
the pulse, and was the same as found previously for the formylmethyl radical, indi-

cating that OH™ catalyses the isomerization of the B-hydroxyvinyl radical to the keto
form:

OH 0
H—C=CH —— H—C—CH,

Studies of solutions containing both acetylene and ethylene glycol showed that the
reaction of the formylmethyl radical with acetylene is quite slow, its rate constant
being at least a hundred-fold slower than that of the B-hydroxyvinyl radical.

Since species A decays to B by reaction with a molecule of acetylene, this decay can
be suppressed by using low C,H, concentrations, thus favouring decay by combi-
nation of two A radicals. Another way of doing this, is to increase the dose rate, which
leads to higher concentration of the radicals. Studies with low concentrations of acety-
lene in slightly acidic solution showed the formation of a relatively long-lived transient
(several minutes), with a maximum absorption of 240 nm, by a second-order reaction.
The latter transient is probably the dimer of A, which rearranges slowly to succin-
aldehyde, found in considerable yields in solutions of low concentrations of C,H,
or at high dose rates*”:

2 H(li-——CH H(i::CH—CHzcllH ﬁ 0
1l
HO HO OH H—C—CHp,— CHy,—C—H
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E. Radiation-induced Cross-linking with Acetylene

Mitsui and collaborators*$-3! found that irradiation of polyethylene with acetylene
leads to cross-linking of the polymer. They found that the weight of the polymer
increases linearly with the radiation dose. Since the weight of polyethylene irradiated
in vacuo remains essentially unaltered, and since bulk polymerization of acetylene
hardly occurs at all under their conditions (acetylene pressure 3 kg cm~2 and %°Co
y-rays of 1.1 x 10° rad h™!) it seems reasonable that the extra weight is due to the
addition of acetylene to the polyethylene, induced by the y-irradiation. The cross-
linking of the polyethylene can be expected to be induced by addition of polymer
radicals, resulting from C—H and C—C bond scission by ionizing radiation, to the
triple bond of acetylene. G(—C,H,j was found to be always larger than G(radicals),
especially at the lower temperatures (at 30°C the ratio is 20.7 while at 200°C it is
only 1.6), indicating that the addition of acetylene is a chain-reaction.

Irradiation of polyethylene in the presence of acetylene leads to significantly larger
gel fraction than irradiation of polyethylene in vacuo. The radiolytic yield of the cross-
linking calculated from the gel fraction by Charlesby and Pinner’s equation? is larger
in the presence of acetylene than in vacuo, the effect being larger the lower the
temperature in the range 30-200°C. This acceleration of y-induced cross-linking by
acetylene was found to be further increased by the addition of some fluorine-contain-
ing monomers>’.

lll. RADIOLYSIS OF NITRILES

A. General

Most of the work done on the radiolysis of nitriles has been on acetonitrile (except
acrylonitrile, in which the active group is the olefinic double bond and not the CN
group). Hence, this section deals mainly with the radiolysis of acetonitrile as a
representative of the nitriles, with the radiolysis of benzonitrile given in order to show
the effect of the aromatic ring.

The radiation chemistry of aqueous solutions of nitriles is possibly connected to
prebiotic chemistry>*>3 and has been studied quite intensively, including cyanide ions
and HCN which can be considered as the simplest nitriles.

The radiation chemistry of nitriles is similar to that of acetylenes, in that in both
compounds the main reaction of the initial species is addition to the tripie bond.
However, the final products are very different as can be judged from the observed
degree of polymerization (4-5 in acetonitrile compared to above 100 in acetylene and
methylacetylene) and the higher G value in acetylene.

B. Radiolysis of Acetonitrile in the Gaseous Phase

The radiolysis of acetonitrile (CH3CN) in the gaseous phase has not been studied
but some of the initial transient species can be deduced from the products of low-
energy electron impact on CH;CN. Sugiura and Arakawa>® have observed the for-
mation of a negative ion, CH;CN~, in a mixture of CH3CN vapour and various rare
gases by electron impact. They ascribed the formation of the ion to the reaction of
rare gas atoms (He, Ne, Ar, Kr and Xe) in excited Rydberg states:

A™ + e”

e + A

A™* + CH4CN A* + CHaCN™
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where A represents a rare-gas atom. The onsets of the processes is correlated with
the ionization potentials of the rare-gas atoms. Similar results were obtained for a
CH;CN/Ar mixture by Stockdale and coworkers®”. They also observed the production
of CH,CN~ with an intensity of 20 times the CH;CN~ current. They suggested that
this ion was also produced by the excited argon atom in the Rydberg states:

Ar** + CHLCN

CH,CN™ + ArH*

Electron impact on pure CH3CN36-38 Jed to the formation of CN~, CH,CN~ and
mass-41 ions (13CH,CN~ or CH3CN~). The peak of CH,CN~ occurs with 4.0 eV
electrons and the mass-41 peak at the same energy can be accounted for in terms of
the expected abundance of CH,CN~ containing one 13C atom. However above ~8 eV
the fraction of mass-41 ions is too large by about a factor of 4. About 75% of mass-41
ions are due to CH;CN~ jons. Sugiura and Arakawa’® found that the CH;CN~
intensity exhibited a second-order dependence on the gas pressure, suggesting that
these ions are formed by capture of electrons from CH3;CN molecules (or a fragment
of them) in highly excited Rydberg states:

e + CH CN —— Y™ +Z + e
Y** + CHCN —— Y* + CH, CN™

Shibata and coworkers>® observed the formation of the highly excited atoms, H**,
C** and N** when CH;CN was bombarded with electrons of 20-100 eV.

CN-~ ions are produced with two peaks at ~3 and ~8 eV. Both peaks behave like
dissociative attachment:

e + CHgCN ——> CHy + CN~

They are proportional to CH;CN pressure and fall off with delay time between
electron beam and ion extraction pulses®”.

The positive ions produced in pure CH3CN have been studied in several mass
spectrometric investigations$9-%2, The main ions produced are CH3;CN™* (100),
CH,CN™ (82), CH;CNH™* (62), CHCN* (20) and CCN* (11). The numbers in the
brackets are the relative intensities and are the average of the results of References
61 and 62.

C. Initial Species Formed in the Radiolysis of Liquid Acetonitrile

Singh and collaborators® studied the flash photolysis and pulse radiolysis of
solutions of amines in acetonitrile and reported that spectra of solvated electrons
with A ~ 700 nm were detected. However, Hayon®* studied the pulse radiolysis of
oxygen-free pure liquid acetonitrile and was unable to detect any transient spectrum
in the wavelength range 280-800 nm, appropriate for the solvated electron. Below
280 nm a weak transient was found, probably due to -CH,CN radical. Hayon%
determined the yield of electrons (or other forms of reducing agents) in various polar
organic liquids by measuring the intensity of the spectra of anthracene anions formed
in the solutions of anthracene in these liquids. For liquid acetonitrile he obtained 1.55,
and using pyrene instead of anthracene he obtained 1.6. The yield of triplet excited
states of the same liquids was determined by using naphthalene as scavanger and the
measurement of the triplet spectrum of naphthalene; the yield for liquid acetonitrile
was found to be 0.3. Bell and coworkers® have measured the pulse radiolysis of liquid
acetonitrile under various conditions in order to clarify the character of the reducing
species responsible for the formation of the radical anions of anthracene, pyrene,
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4-nitrobenzyl compounds® and other electron-accepting compounds, in the radiolysis
of their solutions in acetonitrile. Pulse radiolysis of pure liquid acetonitrile at room
temperature showed the existence of two species. The one with a strong absorption at
1450 nm showed reducing properties, while the other with a very weak absorption
below 500 nm had no reducing characteristics and was assigned to the -CH,CN
radical, as was suggested by Hayon®* for the absorption below 280 nm. The reducing
capabilities were proven by the decrease of the initial peak at 1450 nm and by its
enhanced rate of decay when the liquid acetonitrile contained electron-acceptor
compounds, such as N,O, O,, pyrene, biphenyl, rrans-stilbene and others, sub-
sequently followed by the formation of the known absorption of the radical anions of
the solutes. The rate of the decay at 1450 nm and the rate of the formation of the
radical anion were equal and showed a linear dependence on the concentration of the
solute. This formation of the radical anion competed with the decay of the 1450 nm
species by the impurities in the liquid. The study of this competition as a function of
the solute concentration led to G(reducing agents) = 1.03, in contrast to Hayon’s%
results of 1.55-1.6, although the same extinction coefficient for the pyrene radical
anion was used. Hayon did not consider the impurities in CH3;CN whereas Bell and
coworkers® did, and hence it was expected that their yields would be higher, in
contrast to their reported values. A reasonable explanation for this disagreement may
lie in the different methods of dose measurements.

The pulse radiolysis of pure liquid acetonitrile at —40°C showed®’ a reduction in the
peak at 1450 nm and a formation of a peak at 550 nm, both species having reducing
properties. This trend was inverted at +62°C, where the 1450 nm peak was higher and
the absorption at 550 nm smaller than at room temperature. The optical absorption
at 1450 nm as a function of temperature was found to be a sigmoid shape function
which suggested the existence of two reducing species, maintaining an equilibrium.
The one favoured at high temperatures, which absorbs at 1450 nm, was designated the
R-species, and the other one absorbing at 550 nm was called the Z-species. The
dependenceof the yield of R on the temperature yields an overall enthalpy change of
8.3 kcal mol~1.

R Z (—8.3 kcal mol_1)

This assumption of two reducing species in equilibrium also explains the non-
Arrhenius behaviour of the rate constant for the decay of the absorption at 1450 nm
and the finding that below 20°C the rate of decay of R is not equal to the rate of
formation of the radical anion of the solute. The chemical identities of R and Z may
be as shown below:

R — Z7

CHaCN +e,” == (CH4CN)™ (—8.3 kcal mol™")

or:  CHaCN + (CHZCN)~ (CHZCN),~ (8.3 keal mol™")

Bell and coworkers®3 rejected the first possibility on the following grounds:

(1) Low concentration (<1%) of CH;O0H and H,O in acetonitrite was found to
reduce the initial yield of the R species as well as to enhance its rate of decay. This
indicates that CH;0H and H,O react with R and with its precursor (a quasi-free or
epithermal electron) without the formation of any observable products. However,
solvated electrons in pure H,0 or CH;0H are stable (though reactive) entities if they
are produced from quasi-free electrons via a physical trapping mechanism. If R is a
solvated electron it would be expected that small amounts of H,O or CH;0H wquld
cause spectral shifts, but no enhancement of decay. This implies that R is an anion
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which can undergo a proton transfer:

(CHLCN)™ + R'OH

CH,C=NH + R0~

(2) The absorption spectrum of R at low concentration (~5%) of CH;CN in toluene
or tetrahydrofuran is identical with that in pure CH;CN. If R is a solvated electron its
spectrum is expected to be influenced by the change of the polarity of the solution, as
was found by Baxendale and coworkers®7-%8,

Thus Bell and coworkers® concluded that there are two reducing entities
(CH5CN)™ and (CH;CN),™ and no solvated electrons are formed. The reducing
species, R, decayed following first-order kinetics; however, the rate constants were
found to depend on the method of purification of CH;CN, indicating that the reducing
agents mainly reacted with the impurities present in CH3;CN.

Baptista and Burrows®® detected the absorption of amine radical cations in the pulse
radiolysis of solutions of several amines in acetonitrile. This absorption was observed
to build up after the electron pulse, following pseudo-first-order kinetics. The
pseudo-first-order rate constant was found to be proportional to the concentration of
the amine. They suggested that these radicals were formed by an electron transfer to
acetonitrile radical cations or cation dimers, which are formed by the radiolysis. They
found the yield of these cations to be 0.2. However, Bell and coworkers® found that
the irradiation of solutions of pyrene or trans-stilbene in CH;CN, containing also 1%
nitromethane to remove the anionic species, yielded only very weak absorptions in the
region of the aromatic cation bands. The intensities were less than 1% of the absorp-
tion intensities in the absence of nitromethane. This shows clearly that the radiation-
induced hole in CH3;CN very rapidly loses its ability to oxidize aromatic hydrocarbons.
Solutes with a lower oxidation potential, such as the amines, are oxidized by the milder
oxidizing species which are present, e.g. +CH,CN.

Mao and Kevan’® studied the radicals formed during the y-radiolysis of several
liquid-phase aliphatic nitriles, using ‘spin trapping’ of the radicals by their addition to
phenyl z-butyl nitrone (PBN) to form radicals stable in solution. The radicals were
found to be very stable (they lasted for several days) and their ESR spectra were
measured. In CH;CN solution, only the adduct of CH,CN was detected, but no
*CHj; adduct and H adduct were observed. Mao and Kevan believed that their results
demonstrated the absence of -CHj radicals. Similarly they were not able to detect
the C,Hs+ adduct from propionitrile. H-adducts were observed in the radiolysis of
propionitrile and succinonitrile but the signals were always weak and required high
PBN concentrations, indicating a fast reaction of H-atoms. Thus, the absence of
H-adducts does not indicate their absence in the radiolysis of CH3CN. However, Mao
and Kevan did not mention the possibility of observing the adduct of CH3;CHN or
CH;CNH produced by the reaction of H-atoms with CH;CN.

D. Initial Species Formed in the Radiolysis of Solid Acetonitrile

The y-irradiation of solid CH;CN at 77 K produces - CH,CN radicals and a photo-
bleachable species, which on illumination gives -CHj radicals’'-73. This paramagnetic
photobleachable species was initially referred to as dipole-trapped electrons’75;
however, it has been shown’® that this concept is unnecessary and that the species is
better described as a radical anion, as was confirmed later’’. Later works’-80 have
established that the photobleachable species in y-irradiated acetonitrile at 77 K differs
according to the nature of the crystalline phase. Acetonitrile has two crystalline
phases, designated Crystal I and Crystal I1 with a transition temperature of 216.9 K
approximately 12 K below the melting temperature of 229.3 K. Sudden cooling of
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liquid acetonitrile to 77 K by immersion in liquid nitrogen results in the formation of
Crystal I, the high-temperature phase, metastable indefinitely at 77 K, while slow
cooling, allowing the phase transition, produces Crystal I at 77 K. In Crystal I the
radiation-induced colour centre (An. = 510nm) is the dimer radical anion
(CH3CN);™, whereas in Crystal II the corresponding light-sensitive species (Amax =
430 nm) is the monomer radical anion CH3;CN~. Either of these species yields on
illumination with visible light methyl radicals and cyanide anions. These dissociations
can be reversed by a thermal reaction to regenerate the acetonitrile radical anions75:

(CHZCN), = “CHy + CN™ + CHLCN

hv

CH4CN=

“CHy + CN™

In both crystalline forms the methyl radicals readily abstract a hydrogen atom from
neighbouring acetonitrile molecules to form methane and -CH,CN radicals”3:

“CHz + CHyCN  ———  CH, + "CH,CN

The activation energy for this reaction was found to be 1.4738% or 1.68! kcal mol~! in
marked contrast to the value of 10 kcal mol~! found in the gas phase at 373-573 K82,
LeRoy and coworkers®® have suggested that the low energy of activation at low
temperatures is due to quantum-mechanical tunnelling. Sargent and collaborators®!
prepared -CHj radicals in solid CH3CN by 185 nm photolysis of acetonitrile at 77 K
and found that these radicals did not decay at 77 K and decayed only at higher
temperatures (120 K). They suggested that the low activation energy is due to the
existence of methyl radicals weakly associated with cyanide ion and not to free methyl
radicals. Part of the activation energy of abstraction of an H-atom by «CHj radicals is
due to the conversion of the methyl group from sp? in the radical to sp® in methane.
They assumed that the CH;—CN~ pair is likely to be intermediate between sp? and
sp>. This explanation was seriously criticized by Sprague and coworkers84. They found
from the '*C splitting of the -CDj radicals derived from illumination of irradiated
13CD5CN in either of the crystalline forms that the -CDj; radical is a planar one.
Besides, 13C splitting showed that the Me-:-CN~ recoil distance is greater in Crystal I
than in Crystal II, while the rate constant for abstraction of hydrogen is much larger
(>10) in the case of Crystal I, thus contradicting the effect of CN~ on the reactivity.
The main proof for the quantum-mechanical tunneliling is the exceptionally large
deuterium isotope effect on the abstraction, which was found to be at least 28,000%,
almost 20 times greater than the maximum effect in the absence of tunnelling. England
and Symons’® have found some evidence for the formation also of CH;CHN; this is
similar to their findings of the H-adduct H,CN which is the major paramagnetic
species in HCN irradiated at 77 K7.

E. Final Products in the Radiolysis of Liquid Acetonitrile

Cherniak and coworkers® irradiated liquid acetonitrile in the presence of ferric
chloride and reported a radical yield of about 7.0 radicals/100 eV, suggesting the
importance of radicals in the radiation chemistry of acetonitrile. The yields of the
final products were studied independently by Bradley and Wilkinson®’ and by
Ayscough and collaborators®® using various scavengers and for various doses and
dose-rates. The main product of the radiolysis of acetonitrile at room temperature is a
solid short-chain polymer (G = 4.888 or 6.0%7). No solid product was deposited until
the irradiated acetonitrile was exposed to air®’; in this process oxygen was absorbed.
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This solid product is composed of at least two compounds. Ayscough and coworkers88
found that only 85% of the polymer was soluble in alcohol. Bradley and Wilkinson®’
eluted, in partition chromatography with 15% methanol in water, only 96%
(by weight) of the polymer. The elemental compositions of the alcohol-soluble and
insoluble fractions are almost the same, C,H, ¢oN; 040014 and CsHa; oNg.0600.13,
respectively® (overall composition C,H,;NOj;4), while Bradley and Wilkinson
obtained C,H; 7sNOg ;. The average molecular weight was measured by cryoscopic
measurement in dimethylformamide®” and in phenol®”#%. Bradley and Wilkinson
reported a molecular weight of 165 while Ayscough and coworkers obtained 185 * 5;
thus the first suggested that the solid is a tetramer of CH3CN while the second
preferred a pentamer, although their molecular weight corresponds to a mixture of
pentamers and tetramers (molecular weight CH,CN = 41).

Other products are hydrogen (G = 0.7) and succinonitrile (0.7 in molecules of
CH;CN). Propionitrile was detected only with high dose rates, G = 0.34 at 10'3eV
cc™!s1, while at lower dose rates, 106 eV cc~! s~1, its yield was less than 0.0187. On
the other hand, the increase of the dose rate decreased the yield of methane (0.78 at
1013 eV ee!'s™1, 0.68 at 10'¢ and 0.28 at 10'8). No HCN was detected by Bradley and
Wilkinson®” (G < 0.02), while Ayscough and coworkers8® obtained a dose-dependent
yield of 0.12—-0.36 which increased in the presence of I, as a scavenger. Cyanogen was
belowgghe limit of detection (0.001) except in the presence of I, where G = 0.02 was
found®s.

The addition of radical scavengers has a marked influence on the yields of the
polymer and of methane. p-Benzoquinone was found to eliminate the formation of
more than 95% of the solid radiolysis products (mainly polymer and about 10%
succinonitrile)®’, and 0.15M I, was found to decrease the yield of the polymer from
4.8 to 0.6588. 1, and DPPH®8, quinones and chioranil®” reduced considerably the yield
of methane to 0.12%. On the other hand, the yield of hydrogen was reduced by less
than 10%. It can be concluded that most of the products are formed by radical
processes.

Two possible routes of producing radicals from CH;CN are by breaking the C—H
or the C—C bonds:

\

CHCN  ——> -CHg + -CN

CHCN  —— -CH,CN + H

Both radicals were found in the solid state, although -CH; was formed only by a
following illumination, whereas only -CH,CN was found in the liquid-phase ESR
spin-trapping studies. The analysis of the final products showed also that the first
reaction has at most a negligible contribution. No evidence for the reaction of -CN
radicals was found. If cyano radicals were contributing to the formation of the solid
product, the ratio of nitrogen to carbon in the solid would be greater than in aceto-
nitrile, whereas the experimental results showed the same ratio. Other possible
products of -CN radicals are cyanogen, methyl isocyanide and malononitrile but none
of them were found in the irradiated acetonitrile. The yields of HCN are not certain,
due to the disagreement between the results of the two groups, but in any case they
are very small compared to G(radicals) = 7.0. This supports the findings of Mao and
Kevan’0 that only CH,CN (no +CHj3) could be found in irradiated liquid acetonitrile.
This can be expected also from the yields of the radiolysis of liquid ethane, where the
intensities of the lines in the ESR spectrum indicate that the methyl radical concen-
tration is 4% of that of the ethyl radicals, corresponding to only 2% C—C bond
rupture®®. In the case of CH3;CN the C—C bond dissociation energy is considerably
higher than in ethane®, while the presence of the CN group weakens the C—H bond
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by about 5.5 kcal mol~!, due to resonance stabilization of the RCHCN radical?!92,
Allylic C—H bonds, whose strengths are lower, are less stable to irradiation®3, and
the same will be expected for H—CH,CN. The formation of CH,CN radicals was
also confirmed by the detection of iodoacetonitrile in irradiated solutions of I, in
acetonitrile88,

Methane was suggested as being produced by methyl radicals abstracting atoms from
CH;CN molecules, since radical scavengers reduced its yield considerably. The methyl
radicals were also considered to be the precursors of propionitrile, by combination of
*CHj; and -CH,CN radicals, supported by the results that propionitrile was formed
only at high dose-rates, which would form high concentration of radicals and would
favour radical combination, together with reduction in the yield of methane. The exis-
tence of - CHj radicals was also proven by finding CH;l in the irradiated acetonitrile
solutions of iodine.

One of the yet unsolved questions is what happened to the +CN radicals or anions
which were formed parallel to these -CHj radicals. None of the studies solved the
material balance of +CHj; and -CN. CH, (G = 0.65) and CH3;CH,CN (G = 0.16)%8
which are derived from -CHj3 are not balanced by HCN (0.2). According to Bradley
and Wilkinson®7, the imbalance was 0.62-0.78 vs. <0.02. If the missing +CN would
take part in the formation of the polymer, it would make the C:N ratio 1.9 instead of
the observed 2.0; a difference much larger than the experimental error. The presence
of +CHj; but not -CN radicals was suggested as due to reactions such as

R-+ CHyCN  ———  (RCH3CN) ——— RNC + CH,

where R is probably -CH,CN. Since malononitrile was not detected, it was suggested®”
that RNC is an unstable volatile isocyanide. The presence of such a product was
detected at low doses by gas chromatography?®’, but it was not found at high doses.

The formation of the major part of H, cannot be explained by radical reactions,
since it is also formed in the presence of radical scavengers, and it was suggested to be
the product of a molecular elimination process of ions or excited molecules. A similar
situation was found in the irradiation of ethane where most of the H, molecules came
from a single molecule of ethane%. In ethane irradiated at 1470 and 1295 A the
hydrogen was not only formed from a single molecule, but came preferentially from
the same carbon atom of the molecule®®. Bradley and Wilkinson3” suggested a
neutralization process, such as

CH3CN+ + CHiCN —> Hs + products

The relatively low yield of molecular hydrogen indicates that most of the H-atoms,
formed together with the - CH,CN radicals, are not abstracting hydrogen and probably
add to the triple C=N bonds to form CH3;CH=N or CH;C==NH. The first of these
radicals was identified later in the reaction of H-atoms with CH3CN in aqueous
solution®’. The presence of radical scavengers reduced G(H,) from 0.67 to 0.61%
indicating that the yield of hydrogen atoms reacting by abstraction is 0.06. The total
yield of hydrogen atoms produced in the irradiation is about 3.5 (half of the total
yield of the radicals), i.e. 2% of hydrogen atoms react by abstracting hydrogen, in good
agreement with the value of 3 = 1% obtained in aqueous solutions®’%8.

An interesting question is why the increase of the dose-rate led only to enhanced
combination of -CH; + -CH,CN, and not to +CH3 + -CHj or «CH,CN + -CH,CN.
The product of the first reaction, C;Hg, was not detected at all while the yield of the
second product, succinonitrile, increased only very little upon increase of the dose-
rate. This seems to indicate a formation of a -CH,CN radical and a -CHj radical in
close proximity, in a spur.



206 Zeev B. Alfassi

These results, together with the fact®® that radical scavengers removed only 40% of
the yield of succinonitrile, indicate that a considerable part of the succinonitrile was
not formed by combination of two -CH,CN radicals. Another possible route is that
suggested by Bradley and Wilkinson®’ for the formation of molecular H,:

CH5CN* + CH4CN (CHaCN),*

where (CH3CN),* is the dimer cation suggested by Baptista and Burrows®.

(CHaCN)y" + CHaCN  ——— (CH,CN), + Hy + CHCN*

The total yield of radicals was found to be 7.086%7 or 6.0%8, in the presence of radical
scavengers. Except for propionitrile and succinonitrile, no product was ascribed as
arising from radical recombination, and this left at least 5—-6 radicals/100 eV to form
the polymer. Since G(polymer) is 4.8-6.0, it was suggested®” that the only combi-
nation and dimerization of these free radicals should lead to the formation of the
polymer. However, this material balance seems to be fortuitous, since it seems
unreasonable to assume only reaction of the radicals between themselves and to
neglect their reaction with molecules of the solvent. The yield of the radicals in an

unscavenged system can be lower than in a scavenged system due to disproportion-
ation of radicals:

CHsCN ———> H + -CH,CN
H + CHECN —— CH4CHN-

“CHoCN + CH,CHN- ——> 2 CH4CN

The ultraviolet spectrum of the polymer®’ is consistent with that expected from a
conjugated system of carbon and nitrogen atoms with the presence of cyano, imine
and amine groups. The infrared spectrum®® suggests that the main chain has the
repeating unit —C=N—C=N and other absorptions are of =NH stretching and

—CH,— deformation. These observations are compatible with several structures, e.g.
1 and 288,

NH CHg
\\C—C/
/ AN

e

CH C—CH

(‘:HC" \é—N// ’
Y
NEC—CHQ’*(C:N)a—H Nﬁ

(1) e

However, these structures do not explain the deficiency in hydrogen found in the
elemental analysis, C,NH, 7 or C;NH, g, while C,NHj3 would fit these structures, which
are oligomers of CH;CN without any H elimination. The elementary analyses together
with the molecular weight indicate a formula CgN4H;,, which is impossible, due to
its odd number of electrons. Thus it is reasonable to assume that this tetramer is a
mixture of CgN;H,> and CgN H,p, of which the first fits the suggested structures.
In conclusion, the available data on the radiolysis of liquid acetonitrile are insufficient
from both the point of view of material balance and that of the structure of the
polymer.
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F. Radiolysis of Benzonitrile

Pulse radiolysis of benzonitrile® leads to transitory spectra which show the exist-
ence of three species: (1) a short-lived species (10 ns half-life) absorbing at 400-600
nm; (2) a 30 ns half-life species absorbing at 380~520 nm; (3) a long-lived absorp-
tion dominating the spectrum below 400 nm. No definite identification of the species
was made; however, the short-lived species (1) and (2) were suggested to be the
benzonitrile ions (anion or cation) and an excited singlet state or excimer of benzo-
nitrile. The long-lived species was suggested to be the triplet state of benzonitrile.

The existence of the suggested various transient species was proven in solutions of
benzonitrile in several solvents and in benzonitrile solutions of various solutes. Pulse
radiolysis of cyclohexane or methanol solutions of benzonitrile showed the spectra of
the benzonitrile anion®>1% at about 400 nm. In benzene solutions, singlet and triplet
excited states of benzonitrile were observed.

Hayon®%* studied the formation of the anthracene anion in benzonitrile solutions
and obtained G(e™) = 1.40. He also measured the yield of triplet excited states of
liquid benzonitrile by the formation of triplet naphthalene and obtained G(triplet) =
1.07.

Kira and Thomas®® showed that in benzonitrile solutions of anthracene, both
anthracene anions and cations were produced, since ammonia enhanced the absorp-
tion near 660 nm and depressed the absorption of the 740 nm peak. From the absorp-
tion of benzonitrile solutions of trans-stilbene, where only the cation of the solute is
formed!®!, it was concluded® that the yield of benzonitrile cation is 1.4. From the
absorption of solutions of pyrene, where the cation exists as the dimer cation, and its
absorption does not interfere with that of the anion, and of 1,2-benzanthracene, where
only the anion and the triplet excited state exists, it was found that the yield of the
reducing agent was 0.5. The finding that anions of anthracene, pyrene, perylene and
1,2-benzanthracene were formed in solutions of benzonitrile, but not the anion of
trans-stilbene, show that the formation of the solute anion takes place only for solute
molecules with high electron affinity. This selectivity implies that the solute anions are
formed by the reaction of the solute molecule with benzonitrile anion and not with an
electron®. This conclusion is confirmed by the fact that the yield of the solute anion
was decreased by SF¢ but not by N,O. If the solute actually scavenged electrons to
form the anion, N,O as well as SF4 should decrease the yield of the solute anion. The
decrease of the yield in the presence of SFg but not in the presence of N,O can be
explained by the scavenging of benzonitrile anions by SFs, which has a large electron
affinity.

The yield of singlet excited states of 1,1'-binaphthyl in benzonitrile solutions was
found to be 1.4 from which 50% undergo intersystem crossing to triplet excited states.
This 0.7 is added to the 1.7 formed directly from the triplet state of benzonitrile. A
similar yield, 1.7, was found for a solution of pyrene, in contrast to the 1.1 found by
Hayon®* for anthracene.

The reaction scheme is probably®:

PACN —VW—>  PhCN* + e~

PhCN + &= —— PhCN™

PhCN* + e~ excited states

PACN* + PACNT —— 2 PhCN
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TABLE 2. Radiolytic yields from benzonitrile 92

Product G x 10?2
Hydrogen 0.96
Acetylene 0.55
HCN 1.3
Benzene 0.36
Dicyanobenzenes 1.57
Cyanobiphenyls 1.66
Dicyanobiphenyls 8.5

No information exists as to whether the cation and the anion are in monomeric or
dimeric forms. The increase of the yield of the anion in the presence of ammonia is
probably due to scavenging of benzonitrile cation by ammonia, with formation of a
less mobile cation which will neutralize less electrons, thus enhancing the rate of for-
mation of the anions. This also explains the depression of the triplet yield by ammonia
since the excited states are formed, at least partly, by the neutralization process.

The sum of the G values for ions and excited states in benzonitrile, 4.5, is close
to the G values reported for benzene, benzyl alcohol and toluene.

The final products of the radiolysis of benzonitrile were studied by Knight!92, and
are given in Table 2, where for the last three products the yield is the total yield for
the various isomers.

As can be seen from this table, the ylelds are very low compared to those found
with acetonitrile. This resembles the behaviour of benzene, which gives much lower
yields of products than saturated hydrocarbons or olefin51°3, the main product being a
polymer!%. Similarly, a polymer is expected to be the main product in irradiated
benzonitrile but its formation was not measured. The main products determined were
the various dicyanobiphenyls probably produced by the combination of two C¢H4CN-
radicals, indicating that in benzonitrile also, the main reaction is the rupture of C—H
rather than C—CN bonds. However, the formation of dicyanobenzenes and cyano-
biphenyls indicates C—CN bond rupture also. The yields of hydrogen and acetylene
are about one fourth of those found for benzene!%, indicating some stabilization of the
benzenoid ring by the CN group. (The extra HCN is less than the difference in
H; ¢+ C;H;). Cyanogen and nitrogen were not detected, indicating G values lower
than 2 x 107*and 4 x 1073, respectively. Nitrogen was reported as a product in the-
radiolysis of all three isomers of tolunitrile!%; this effect of the methy! group is as yet
unexplained.

All the three isomeric dicyanobenzenes were found in the irradiated benzonitrile in
the ratio 1:1:1.7 for ortho:meta:para positions. Also, the three isomers of cyano-
biphenyl were formed in the ratio of 1.4:1:1.9 for the ortho:meta:para positions. This
shows that radiation-induced phenylation of benzonitrile is similar to free-radical
phenylation!% by chemically produced phenyl radicals, in that all positions are
attacked and that ortho/para positions are favoured. However, in ‘chemical’ pheny-
lation the ortho/para positions are more favoured (6:1), indicating, possibly, the
participation of ions or excited states in radiolysis-induced phenylation.

All the six isomeric dicyanobiphenyls (one cyano group per phenyl ring) were
detected as radiolytic products. Their yields do not agree with those calculated for
random fragmentation followed by a random substitution, although the calculations
predict correctly the most and least favoured i