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Abstract—Calculations within the CNDO/2 approximation have been performed on HCN and
HC=CH oriented in a variety of ways with respect to each other. Total electronic energies and
partitioned energies have been obtained which predict that an intermediate forms. Additional calcula-
tions on a variety of related configurations have also been carried out and a qualitative mechanism for
the homogeneous, high temperature formation of both acrylonitrile and propiolonitrile from HCN and

HCCH has been proposed.

INTRODUCTION

The formation of nitriles, particularly by conve-
nient and inexpensive routes, is of great practical
interest. For example, both adiponitrile and ac-
rylonitrile are precursors to widely used polymeric
products, and as such their production is of great
concern to the chemical industry. Our interest in
the physical and chemical properties of molecules
containing the C=N bond has led to the study,
through quantum chemical means, of the manner in
which such molecules react. Hydrocyanic acid
(HCN) is the simplest uncharged, closed-shell nit-
rile, and in addition, one on which substantial ex-
perimental and theoretical studies have been per-
formed. In addition, the reactions of HCN are of
substantial practical utility. It is well known that the
addition of HCN to acetylene over solid catalysts at
300-800°C produces acrylonitrile.'! Numerous pa-
tents on this process exist.’ A recent theoretical
study on this reaction has been performed.’ How-
ever, it has been pointed out by Krebaum® that none
of the many patents mentions formation of
acetylenic nitriles under any conditions but several
workers concede unattractive yields of acrylonitrile
in the range of 700-900° in the absence of catalysts.
Krebaum demonstrates that, at 770 to 975° and in
the absence of added catalysts, acetylene and hyd-
rocyanic acid react to form propiolonitrile, ac-
rylonitrile, cyanogen, and hydrogen. As the temper-
ature is increased the yield of propiolonitrile in-
creases while the yield of acrylonitrile decreases.
For example, the thermal cyanation of acetylene
with hydrocyanic acid produces, at 770°, yields of 2
and 22% of P and A, respectively based on C,H,
converted while at 900°C the yields have reversed
to 31 and 21, respectively. Further, pyrolysis of ac-
rylonitrile at 770 to 935° gave low yields of prop-
iolonitrile, suggesting that acrylonitrile is not an in-
termediate in the production of propiolonitrile.

t1 hartree =27-2097 eV =627-709 kcal mole™"'.

The present work was initiated in an attempt to
elucidate the mechanism of the process of forma-
tion of both acrylonitrile and propiolonitrile (es-
pecially in the light of Krebaum’s demonstration
that the presence of a catalyst is not necessary) by
means of semi-empirical quantum chemical calcula-
tions (in this case, CNDO/2 calculations®) and appli-
cation of a technique for the partitioning of the total
electronic energy.*” The calculations were carried
out using the original parameters with a modifica-
tion to calculate energy partitioning. Both closed-
shell and open-shell versions of CNDO/2 were
employed.

RESULTS AND DISCUSSION

Nuclear configurations for the reactant and pro-
duct molecules are given in Table 1. The notation
for other configurations is given in Fig 1. Calcula-
tions were also performed on CN", the CN radical,
the H—C=C- radical, and acrylonitrile with one of
the hydrogen atoms or the CN group removed to
form a radical or an ion. In these calculations the
geometry employed for the radicals or ions is that
given for the parent molecule in Table 1. A com-
plete energy surface for the interaction between
hydrogen cyanide and acetylene was determined.
HCN was allowed to approach HCCH with the
axes of these linear molecules at various angles and
distances from each other. For these calculations
the molecular geometry of the two molecules was
kept fixed at the values given in Table 1.

The configuration (9 of Fig 1) of the two
molecules which produced the lowest total elec-
tronic energy, — 34-7163 hartree, was that in which
the internuclear axis of HCN was perpendicular to
that of HCCH and 2-43 bohr from it. The center of
the CN bond was approximately over the center of
the CC bond of acetylene. For purposes of com-
parison, it is recorded that the ‘‘parallel”” configura-
tion gave an energy of —34-5755 hartree.
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Table 1. Nuclear configurations and labelling of atoms employed for reactants

and products
Nugclear configuration and iabelling
Molecule of atoms
HCN* H——Cy=——==
2009 2183
HCCHQ HI_'_CI==(:2__'H1
2278 2188
121-7°
CH;C}'{CFIlu %CI 2‘—30:?.2.2-63\‘9’
i : C;y \
DN
CHCCCN" H——C=—=C,——C,=—=N
1998 2278 2 603 2-189

All bond lengths are given in bohr, where 1 bohr=0-529 A.

H CN H CN
~ ~
c=c~ c=c_
. C=C_
H
1 2
H CN H CN
c=c Se=cZ
H H
s 6
N
Hg\c Ha\é
t ]
N A
INe [
H—C—C A
9 H, 10
-C H;‘\c
‘SQN\ /H2 I\a\
/=C; \
\ // I/@ .
H, /C‘ HI—Cr—Cz
13 14
Fig 1.

In addition, calculations were performed on con-
figuration 9 in which the C;N bond is moved so that
the H,C;N angle is 90° and the C;N bond is perpen-
dicular to the HCCH axis (configuration 10, Table
2). Calculations were also performed on configura-
tion 9 with either a H atom or a proton removed
from one of two positions (configurations 13 to 16
of Fig 1) and with the C;H; or C,H; internuclear dis-
tances increased to 2-509 hartree.

. /CN H\ /H
/C=C\ /C= .
H H H
3 4
CN H H
‘ce=c_ Se=c;
H H H
7 8
9 9
with with
CsH; =2-509a.u. C,H; = 2-509a.u.
11 12
H
3\C
°C3 3
\Q/N\\ M, I\\\
\ //C2 I /« ®
_Ci H —C—C,
H,
15 16

Nuclear configurations of intermediates.

Table 2 presents a summary of the calculated
total electronic energies with their partitioned total
one-center terms and two-center Exg terms where

hs =22 P.BLS..
b

It is this latter term which has been demonstrated®’
to be characteristic of the particular bond con-
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sidered. As has been mentioned, the configuration
(containing HCN and HCCH) for which the lowest
energy is produced is that in which these two
molecules have a perpendicular orientation. It is
interesting to note that the total elecironic energy
of this configuration 9 is lower than the sum of

those of HCN and HCCH. Hence, it seems not un-

rancanahle ta cngoact that a ctructiira racamhli
reastnad:e (¢ suggest nal a strudiure resemaoiing

that of configuration 9 may form. Of course its
lifetime may be very short. It may also be noted
that acrylonitrile has a somewhat lower energy than
9.

It is of interest to examine the two-center Eig
terms for 9. — EXp for both the pairs C,C; and C:N is
shown to be much smaller than that found with the
individual molecules HCCH and HCN, thus sug-
gesting a weakening of these bonds. However, the
corresponding values for C,C;, C\N, C,C; and CN,
the pairs involved with the linking of HCN and
HCCH together, are increased from zero to signifi-
cant quantities. Aithough —Ejs is a function of
bond length, it has been shown®’ that values for
C—C and C—N lie in the region of 10 to 1-5.
Hence values given in Table 2 for the pairs of atoms
linking HCN and HCCH reflect bonding equivalent
to somewhat less than a classical single bond.

At tha hich tamnaraturae onngiderad hy Krao
B LS S L - IWHIPWIALULYO  VUVLISIUWL WG vy AnE W

baum’ it is not unreasonable to suggest that configu-
ration 9 may pass through a number of different
vibrational variations, one of which is labelled con-
figuration 10A. Here there are essentially only two
atom-pair linkages between the reactant molecules,
namely C,C; and C,C.. Both of these reflect, in their
EXs values, somewhat stronger binding than found
for the corresponding pairs in 9.

In order to provide some hypothesis as to the
next step in the mechanism it is of value to consider
the various possibilities at temperatures of 770 to
975°. Let us assume that 9 and its vibrationally dis-
torted form 10 may exist as metastabie inter-
mediates. At such high temperatures the most likely
occurrence presumably is that of the intermediate
“decomposing” to form the two reactant
molecules. This may account for the relatively low
conversions found by Krebaum® at 720°. There is
also the nnemh:htv that ane of the hondg (other than

those lmkmg HCN and HCCH to each other) might
break. As evidenced by the sizes of the Ej; terms,
considerable bonding energy still exists in the C;N;
and C,C, terms. In addition each of the atoms, C,,
C,, C;, and N, is apparently bonded to more than
one other in this list, thus providing further reason
for suggesting that the C;N; and C,C, pairs are less
likely to break. If such arguments are valid, con-
figuration 9 is more probable than 10, as further evi-
denced by the total elecironic energies. Further, it
then appears possible that a C—H bond scission
might occur. On the basis of the similarity between

R . s
Ecy values for the various C—H bonds it appears

¥ D REL s
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reasonable to suggest that breaking of these is ap-
proximately equally probable.

Calculations were performed on configurations
13 to 16 to examine the effect of removing either an
I‘l atomora pl'()l()ﬂ Il'()m Cllnéf ine bz or L} pUSl"
tion. The results suggest that the radical forms are
more stable (the presence of an additional electron

. .. . .
in thoe innic farme munct ha kant in mind) than tha
in ine 1I0nC Iorms Mmust o€ KCpt I MminG; inan ind

jonic configurations, while the E}p values for a
given directly bonded pair vary little from one form
to the other.

It thus appears possible to consider the mechan-
ism for the formation of acrylonitrile and prop-
iolonitrile in the following manner. HCN and
HCCH react to form the metastable intermediate
(9) which can, of course, revert to the reactants at
high temperatures or alternatively, perhaps through
a vibrationally excited form of 9, such as 10, form
unstable radicals such as 13 and 14 by loss of a
hydrogen atom. These configurations may then be
converted to one or more of configurations 1, 2 and
3 from which acrylonitrile can form on addition of a
hydrogen atom. Altematively either conﬁgurations
13 and 14 or configurations 1, 2, 3 may lose a second
hydrogen atom and be converted to propiolonitrile.

The preser}t mechanism supports the contention
nf Krahanm

mediate in the formation of propiolonitrile. In addi-
tion, the conventional mechanism involving the for-
mation of H atoms from HCN and the subsequent
attack of such radicals on the triple CC bond ap-
pears to be less favourable than the preliminary for-
mation of the intermediate 9 of lower total elec-
tronic energy followed by loss of one or more H
atoms. Since the intermediate 9 is predicted to form
spontaneously from the reactants, and the configu-
rations 1, 2 and 3 form from 13 or 14 with relatively
little change in energy, the activation energy for the
overall reaction presumably is encountered in the
passage of 9 to 13 to 14 and is estimated to be
approximately 200 kcal mole™'. Finally, the nature
of the assumptions involved in this work should be
éi‘l‘l‘pnaSiZeu The method emp.oyeu involves semii-
empirical solutions of the electronic part of the

Schrodinger equation after application of the
Rorn-Onnenheimer annrnxnmmmn Hence onlv

Rorn-Oppenheimer proximation. Hence only
electronic energies are cons:dered and no account
is taken of the influence of the temperatures of 700
to 900°, on the “nuclear™ energies, such as those
associated with tramslation and rotation. Further
the present method considers only the encounter
between two isolated molecules, each in their elec-
tronic ground states. Although it may be argued
that the greater part of energy changes in a reaction
probably are electronic in nature, nevertheless only
semi-quantitative or qualitative significance may be
attached to the present results.

that anrvlanitrile e nat an intoer.
nal acry:ioniiru€ 15 not an el
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