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Although the molecular strain emergy can not be rigorously defined
because its numerical values depend on the choice of the reference strain-
-free molecule(s)1, or on the more or less arbitrary choice of the nonbonded
potential functions®, the concept of strain proved very useful in chemistry.
It provides a basis for various empirical force field methods and it is
useful in discussing the reactivity of a series of related molecules. The
aim of this paper is to show that the angular or Baeyer strain arises due to
the bending of the local hybrid orbitals. The details of the variable hy-
bridization method based on the maximum overlap criterion are published
elsewhereB. Briefly, the local hybrid orbital placed on the atom A is of the

form:
1/2
*{Ai = a,;(28) (1-aii) (2p)y4 v

where i refers to the direction in space of the (2p)Ai orbital. It was shown
by the numerous semiempirical SCF-MO calculations that the local hybrid
orbitals are very nearly orthogonal4. Therefore the hybrids (1) are con~
strained in the maximum overlap approach to be orthonormal which yields a set
of conditions:

/2
coseia- = S'ij (2)

where © 1j denotes the angle between the symmetry axes of the hybrids \”\i
and *’AJ' The relationship (2) enables the theoretical determination of

bond angles. The hybridization parameters a,; are calculated by maximizing
the sum of the weighted bond overlaps:

B, = kgg Z- Sec + kGHZ Sc (3)

Cc-C C-H

1/2 1
apg B4 * (1-a§i) (1-a§j)
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where SAB = S\"AWB dv is the overlap integral. The proportionality
congtants kCC and kCH take into account the difference in energy of CC and
CH bonds. Their numerical values are kCC = 121.2 and kCH = 135.9 (in kcal/
mole). It is well known that the hybrid orbitals subject to the orthogonali~
ty conditions (2) can not follow the molecular angles in small ring
compounds, i.e. the so called bent bond appear6. The overlap of the bent
hybrids is relatively poor causing thus increase in molecular energy. This
is the main reason behind the angular strain and its empirical potential
function V = (EJJ/Z)(.L— d!b)2 where k‘; is the bending force constant and
‘-&o is the angular deformation from the standard strain-Iree d"o value.
We correlated the CC bond overlaps with "experimental" strain energies for
twenty characteristic cyeclic and polycyclic hydrocarbons. Since in the case
of bent bonds there are two types of interaction, € and "W , which should
be parametrized separately, the correlation formula was of the form

3 s w w
Eg = kc—c‘L_-Sc--c.‘, + ¥o o L Semc + Lo oo (4)

where Sgic and Sé?; are the & and W components of the total overlap

of the bent bond and Dag is the number of CC bonds. The empirical constants
kCC’ kCC and 1CC were optimized in the sense of the least squares method.
If the double C=C bonds were present in a molecule then two additional
constants kgic and kg:e were necessary in order to describe their & and
W interactions. The experimental estimates of strain energies were taken
from Schleyer et al1. It was tacitly assumed in our calculations that the
enhanced strength of C-H bonds attached to strained carbon rings at least
partially cancels the nonbonded repulsions. The least square fit method
gave the following optimum parameters: kéfc=-18.9, k35;=1110.1, kg:C =
==11.7, kg:6=211.5 and lcc=15.2 (in kecal/mole). We notice that the angular
strain is a consequence of the bending of ‘*’CC hybrids since the constantsa
ké!& and kg:b are large and positive. The additive constant lCC actually
cancels the stabilizing effect of & -bonding. This is most easily seen in
ethane. If one substitutes nCC=1, kdfb=-18.9, lcc=13.2, SS!E:O in the

eqn. (4) and takes into account that the SéEC overlaps is roughly 0.7 it
turns out that the (angular) strain is zero as it should be. The calculated
and "experimental" strain energies are presented in the Table I. Since the
correlation coefficient is 0.996 the probability that the calculated strain
energies are uncorrelated is less than 0.01%. The correlated values are in
fairly good agreement with the experimental ones the standard deviation
being 2.8 kcal/mole. Our results are particularly good for molecules
possesing large H...H nonbonded distances e.g. cubane, 1,3 and 1,4~cyclo-
hexadiene and cyclooctatetraene. The present correlation indicates that the
angular strain is a predominant factor in determining the strain energy in
small cyclic and polyecyclic hydrocarbons and that other types of molecular
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Table I. Comparison between the "experimental" and correlated strain
energiés for sgsome cyclic and polycyclic alkanes and alkenes.

Molecule

cyclobutane
methylcyclobutane
cyclopentane
cyclohexane

cyclobutene
1,2-dimethylcyclobutene
cyclopentadiene
norbornane

norbornene
norbornadiene
1,4-cyclohexadiene
1,3%,5-cycloheptatriene
cyclooctatetraene
1,3-dimethylene~cyclobutane
1,3~cyclohexadiene
bicyclo(2.2.2)octane
cubane

adamantane
methylcyclopentane
1,1~dimethylcyclopentane
bicyclo(1.1.1)pentane

a

A.H.Wertz, J.An.Chem.Soc. 93, 1637 (1971).

Es (corr.)

24.6
24.9
4.5
5.2
29.6
29.6
6.9
17.1
20.7
35.0
1.6
0.8
0.7
28.9
1.3
7.7
167.4
11.9
6.4
7.2
105.2

E (exp.)?

26.9
27.0
7.2
1.4
30.6
29.6
2.9
17.6
27.2
34,7
2.2
2.0
2.5
30.4
1.9
11.0
166.0
6.5
7.87
7.2%
92.7°

the "experimental" estimate of strain energies were tsken from the

Diff.

-2.3
-2.1
-2.7
3.8
-1.0
0
4.0
-0.5
-6.5
0.3
-0.6
2.8
-1.8
-1.5
-0.6
-3.3
1.4
S.4
-1.5
0.0
12.5
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ref.(6)
Y The force field calculation of N.L.Allinger, M.T.Tribble, M.A.Miller and

deformation energy and nonbonded repulsions could be successfully adsorbed
in the empirical parameters. The angular strain is a consequence of the
hybrids® bending. Therefore, the variable hybridization model provides a
simple quantum mechanical rationalization of the empirical force field

methods. This conclusion is substantiated by a comparison between the

natural (or strain-free) bond angles employed in various force field methods

and bond angles calculated by the maximum overlap approximation (MOA)

shown in the Table II. There is a high degree of similarity between the
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Table II. Comparison between the natural bond angles employed in
various force field methods and bond angles calculated
by the maximum overlap approximation (MOA).

Functional group Allinger et al.? Schleyer et a1.? MOA
H &L _(C-C~H)=107.8° 109.5° 109.04°
c-é-n ok  (E-C-H)=111.2° 109.2° 109.90°
H
: & (C-C~E)=112.8° 109.0° 109.5°
c-&-H & (H-C~H)=108.5° 109.1° 108.5°
&, (0-C~C)=110.2° 110.4° 110.5°
¢ & ,(C-C-H)=108.4° 109.2° 109.4°
A (¢] (o] (o]
c-g-ﬂ o (C-C~C)=110.6 110.1 109.5
¢ & (€-C-C)=109.47° 109.47° 109.47°
c-C-C

& ref. (7); P ref. (2)

natural and MOA bond angles. Thus we can say that the maximum overlap local
hybrid orbitals provide a link between the molecular mechanics and rigorous
quantum mechanics.
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