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Abstract: An analysis of the forces responsible for internal rotation barriers in ethane-like molecules is carried out in terms of a
linear combination of bond orbitals (LCBO) representation of approximate self-consistent field molecular orbitals. The pri-
mary contributions to the barrier are found to arise from vicinal interactions between orbitals of bond and antibond type. The
preference for staggered conformations in these molecules is traced to the differential stabilizing effects of cis and trans bond-
antibond interactions, which in turn can be rationalized from the general shapes of these localized orbitals. Various chemical
trends and “effects” of conformational analysis are analyzed from this point of view, and relationships to previous work on the

barrier origin are discussed.

I. Introduction

The existence of energy barriers hindering internal rotation
about single bonds has been recognized for some 40 years,2 but
the nature of the forces responsible for these barriers has re-
mained controversial.® It has sometimes appeared that the
barrier results from the interplay of so many factors that no
“simple” picture of its origin is possible. Existing theories of
the rotation barrier are surveyed in comprehensive review ar-
ticles.*-8 Here we wish to describe the barrier interactions in
terms of a novel method for analyzing delocalized molecular
orbitals.

We first review the evidence to indicate that the origin of
the barrier is to be found within the Hartree-Fock self-con-
sistent field framework, and even within successive approxi-
mations of the self-consistent field molecular-orbital
(SCF-MO) theory. A computational method is described
which permits the analysis of the delocalized SCF-MOs in
terms of localized bond orbitals (BOs), representing localized
bonds, antibonds, and lone pairs of the form suggested by el-
ementary valence theory, Such an analysis was in the present
case implemented in the INDO (intermediate neglect of dif-
ferential overlap) approximation of SCF-MO theory. The
bond-orbital analysis points to the primary role of the anti-
bonds in the barrier formation, and suggests the importance
of the conformational asymmetry of the bond-antibond in-
teractions, which differentially stabilize the staggered and
eclipsed geometries. This general picture provides a rationale
for several empirical principles of conformational analysis,
including “gauche effects”, “anomeric effects”, and the general
dependence on substituent electronegativity. The relationship
to previous analyses of the barrier origin is discussed in a
concluding section.

II. Rotation Barrier in Hartree-Fock SCF-MO Theory

The Hartree-Fock SCF wave function &yr for a closed-shell
molecule is the determinantal product of the doubly occupied
molecular orbitals (MOs) ¢;. The associated Hartree-Fock
energy Enr = (Pur| #| Pur) /(Pur| Pur) for the system with
Hamiltonian # may be written in the form

(2.1)

where ¢; is the orbital energy associated with the ith occupied
MO ¢;, Ve is the sum of electron-electron repulsions (as
represented in terms of the usual Coulomb and exchange in-
tegrals J;;, Kij)
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and V,, is the sum of nuclear-nuclear repulsions. The sub-
traction of V. in (2.1) results, as is well-known, from the im-
plied overcounting of electron-electron repulsions when the
orbital energies are summed to approximate the total electronic
energy.
Each orbital energy ¢; is an eigenvalue of the effective one-
electron operator (Fock operator) hegr associated with eigen-
function ¢;

(2.2)

hetidi = € i (2.3)

The Hartree-Fock approximation therefore permits a con-
ceptually useful breakdown of the many-electron interactions
into a set of one-electron equations (2.3), but omits the elec-
tronic correlation effects which correct for the approximation
of self-consistent averaging over the electron-pair repulsions.
In practice, eq 2.3 is treated variationally in terms of a finite
basis set of atomic.orbitals to give approximate SCF-MOs in
a linear combination of atomic orbitals (LCAO) form.

In 1963, Pitzer and Lipscomb’s® minimal-basis SCF cal-
culation on ethane provided the first numerical evidence that
the origin of rotation barriers might be found within the
framework of the SCF-MO approximation. There was initial
reason to regard the calculated barrier of 3.3 kcal/mol with
distrust, for the total energy of each conformer—some 50 000
kcal/mol— depends markedly on such neglected factors as
electron correlation, basis-set augmentation, exponent varia-
tion, and geometry optimization. Nevertheless, subsequent
investigations have shown the ethane barrier to be remarkably
insensitive to such refinements.'? There now seems little doubt
that the underlying mechanism of “typical” barriers is to be
found within SCF-MO theory.

In the present work we have made use of the well-known
INDO!! form of approximate molecular orbital theory. The
INDO barrier for ethane itself is compared with the mini-
mal-basis ab initio result in Figure la. It can be seen that
INDO underestimates the barrier height (2.2 instead of 3.3
kcal/mol), but is otherwise in rough agreement with the ab
initio potential, as is also found for other simple threefold
barriers. In Figures 1b-g we have compared INDO and ab
initio potentials (the latter calculated by Radom et al.'?) for
some molecules expected to represent unusual extremes of
barrier behavior. For example, in NH>CH,F (Figure 1b), the
two outer minima of the usual threefold barrier nearly disap-
pear, while the central (trans) minimum is much deeper; the
INDO curve, although too low overall, exhibits these same
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Table I. Energy Decomposition of INDO-SCF Rotation Barrier
for Some Simple Molecules, Based on Equation 2.4

barrier.
molecule 2Z:(A¢) —AVee AVan kcal/mol
CH;CHj, 0.0034 -0.0074 0.0076 2.26
CH3NH,; 0.0014 —0.0042 0.0052 1.51
CH,;0H 0.0014 -0.0028 0.0026 0.75

a All quantities in atomic units unless stated otherwise.

features. Figure 1cillustrates a contrary case (CH,FOH) in
which the central minimum is lost while the two outer (gauche)
minima are stabilized; the INDO curve (though again too low)
shows these features properly. Figures Id and le for NH,OH
and NH,OF, respectively, exhibit unusual cases of stable
eclipsed conformations; in the NH,OH case the eclipsed form
actually appears as the most stable conformation, while in
NH,OF it forms a secondary minimum, as is also shown in the
INDO curves. Finally, in Figures 1fand 1g we show examples
of barriers for molecules (NH,NHF and NHFOH) of lower
symmetry. INDO predicts approximately the right stable
conformation in the former case (though the overall barrier
is again far too low), but gives the wrong conformation in the
latter case, where it is difficult to recognize even the qualitative
similarities of the barrier profiles. Despite the failures in several
cases, it seems fair to conclude that INDO includes at least the
qualitative features of the actual barrier interactions, and that
an understanding of the INDO barriers is a useful step toward
understanding the nature of the barrier forces in higher levels
of molecular orbital theory.

Indeed, it is found'? that a qualitatively useful picture of
barrier potentials persists even in cruder approximations (such
as extended Hiickel theory), and such methods are widely
employed to investigate conformational properties of large
molecules.'4 It is remarkable that the small conformational
energy differences can appear reasonably constant in spite of
rather gross changes in overall energy, orbital energies and
orderings, polarities, and other changes associated with these
successive levels of approximation. This invariant character
is one of the more puzzling aspects which a theory of the barrier
origin should seek to explain.

The success of pseudopotential methods'> (as well as the
semiempirical methods mentioned above, which also neglect
core electrons) indicates that core electrons do not play a sig-
nificant role in the barrier mechanism. Furthermore, the
available evidence suggests the insensitivity of the ethane
barrier to small geometry changes. However, two such factors
that are individually unimportant can interact to give an ap-
parent (but spurious) dependence on conformation. For ex-
ample, when the ethane geometry is carefully optimized at each
torsional angle, the core energies (which depend strongly on
C-C bond length) show a dependence on the torsional angle
which is about three times as large as the total rotation bar-
rier.'® though the barrier itself is scarcely affected. For this
reason we consider it preferable to keep the molecular geom-
etry fixed (except for the torsional angle). and we have followed
the work of Pople and Gordon'” in adopting idealized bond
lengths and angles for all the molecules considered.

Each component of the total energy expression (2.1) may
be examined for its dependence on the dihedral angle o of in-
ternal rotation:

Eyp(a), €(a), Veela), Vion(a)
In particular, the total barrier height Eyg = Eyr(eclipsed) —
Enr(staggered) may be decomposed in the usual way'® into
separate contributions AVp,, AV, and A¢; in the form

oce
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Figure 1. Comparison of ab initio (solid line —) and INDO (dashed line
---) SCF-MO barrier potentials for some ethane-like molecules: (a)
CH;3CHa. (b) NH,CH5F, (¢) CHyFOH, (d) NH>OH, (e¢) NH>OF, (f)
NH>NHF, (g) NHFOH. The ordinates (potential energy) and abscissas
(torsional angle) are each on the scale of 0-10 kcal/mol and 0-360°, re-
spectively. Also shown for each molecule is the ““a only’’ INDO barrier
(dotted line ----+) which results when antibonds are omitted from the basis
set: see section IVA,

as shown for some simple barriers (in the INDO approxima-
tion) in Table I. The entries show that most of the barrier arises
from the conformational dependence of the orbital energies,
rather than from the Ve and V;, terms, which approximately
cancel. (This near cancellation of AV, and AV, is of course
implied by the partial success of extended Hiickel and related
methods which employ only the orbital energies to calculate
the total energy.) The initial objective is therefore to under-
stand the conformational dependence of the SCF orbital
energies ¢;. For this purpose we describe a method of analyzing
these orbital energies in terms of the interactions of localized
bonds, antibonds, and lone pairs in the following section.
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Table II. Diagonal INDO Matrix Elements H,, (au) for CH
Bonds in Various Molecules, 1llustrating the Approximate
Transferability of Bond Orbital Energies

CH bond CH bond

molecule energy molecule energy
CH, —0.861 CH;NH, —0.865
CH;CH; —0.862 0.877
-0.864 CH,0H -0.879

CH3CH,CH; —0.865 —0.881
—-0.866 CH,FCH; —0.884

CH,F, —0.942 —-0.896

I11. LCBO-MO Theory

Conceptual analysis of the delocalized SCF-MOs is facil-
itated by writing them in a linear combination of bond orbitals
(LCBO) form. The LCBO-MO approach has been previously
employed to discuss “through-bonds” interactions!® and the
phase-extended principles of maximum overlap which are
useful in interpreting such interactions.2® Detailed computa-
tional aspects of the LCBO-MO method are described in a
forthcoming paper,2! but we summarize those features which
are pertinent to the present discussion.

The SCF-MOs are usually expressed as linear combinations
of atomic orbitals (AOs) x,

3.1)

which we take to be orthonormal, {x.|x,) = 8,.. The coeffi-
cients a;, are obtained from the eigenvectors a; of the SCF
eigenvalue equation

d)i = Z aiu.Xn
u

Ha, = ¢a; (3.2a)

with matrix elements

ﬁuv = (Xy.lhcffIXv) (32b)

Because the customary AOs are neither hybridized nor ori-
ented in a manner corresponding to the local bonding re-
quirements, the matrix elements H,, are not readily trans-
ferable from one bonding environment to another, nor do they
exhibit a simple pattern. For this reason the LCAO represen-
tation (3.1) is often inconvenient for conceptual purposes.

A more suitable basis set for describing ¢ electrons is ob-
tained by first hybridizing the primitive x,’s on each atom, and
orienting these hybrids toward the neighboring atoms to be
bonded. The directed hybrid orbitals h, are then formed into
appropriate in-phase and out of phase linear combinations

0u = 2"Y2(hy+ h,) (3.3a)

= 272k, ~ h) (3.3b)
of bond and antibond type, or are left as lone-pair orbitals
(3.3¢)

in the manner suggested by elementary valence theory. We
denote these bond orbitals (BOs)—whether of bond (g), an-
tibond (o*), or lone-pair (n) type—by the symbol Q;.

g, bond

o*, antibond

Q,‘ = . 3,
n, lone pair (3.4)

n,=h,

The AOs x, and BOs €; are connected by a unitary trans-
formation U:

U
{xu} =10} (3.52)
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of the form

Q= Z UiuXu (35b)
n

The transformed basis set {Q;} leads to the transformed ei-

genvalue equation

Hb,‘ = éib,' (363.)

with matrix elements
Hij = (Qi|hess| Q) (3.6b)

The transformed eigenvalue equation (3.6) leads to the same
set of orbital energies and molecular orbitals as before, but the
latter are now expressed in LCBO form:
¢ =2 b;Q (3.7
J
where the LCBO coefficients b;; are related to those of the
LCAO expansion (3.1) by

b,‘j = Z U*j“a,-u
u

In the BO basis (3.6b), the diagonal elements H;; of the ef-
fective Hamiltonian operator represent the electronic energies
of localized bonds, antibonds, or lone pairs, and are found to
be reasonably transferable from one molecule to another, as
elementary valence theory would suggest. Table II exhibits this
transferability for a C-H bond orbital in various small mole-
cules (as calculated in the INDO-SCF-MO approximation),
showing the variation to be of the order of a few percent. The
off-diagonal H;;’s are small (typically an order of magnitude
less than corresponding H;;'s), and represent the weak inter-
actions of the localized bond orbitals which give rise to the
delocalization of the final molecular orbital. In the LCBO-MO
expansion (3.7), the delocalized MOs ¢; are therefore ex-
pressed directly as superpositions of the localized bonds, an-
tibonds, and lone pairs which are the “unperturbed” units of
the ¢ electronic structure.

One should distinguish between the foregoing LCBO theory
of the “canonical” molecular orbitals (CMOs) and the theory
of “localized” molecular orbitals (LMOs) as developed by
Edmiston and Ruedenberg, Boys, and others.22 The LMOs are
obtained by mixing together delocalized CMOs

LMO = 3 (coef) - (CMO) (3.9a)

to obtain more localized entities, whereas the LCBO expansion
(3.7) is of the form

CMO = 3 (coef) - (BO)

(3.8)

(3.9b)

showing that CMOs are decomposed into (rather than mixed
together to form) the localized functions. The LMOs are less
useful for the present purposes; although any nonsingular linear
transformation of CMOs would lead to the same wave function
and total energy, only the CMOs themselves have the direct
spectroscopic significance associated with Koopmans’ theorem
and with their role as eigenfunctions of the effective Hamil-
tonian operator of the system.23 However, the LCBO analysis
allows one to make contact with the localized entities which
were sought in the LMO transformation. In effect, the
LCBO-MO technique brings a set of valence-bond-like con-
cepts into the analysis of delocalized molecular orbitals.

IV. LCBO Analysis of the Ethane Barrier in INDO-SCF-
MO Theory

A. Bond-Antibond Partitioning of the Fock Matrix. Using
the INDO-SCF-MO method, we investigated the rotation
barrier of ethane in the LCBO framework. The calculations
were made in the rigid-rotor approximation, with idealized



Brunck, Weinhold | Barriers to Internal Rotation about Single Bonds 1703

Table I1I. Geometry Dependence of INDO-SCF Rotation Barrier
for Ethane

C-Cbond C-Hbond 2Z;(A¢), rotation barrier, %
length, A length, A au au (kcal/mol)  change
1.536 1.093 0.0034 0.0036 (2.26)
1.536 1.043 0.0032 0.0033 (2.07) -8
1.536 1.143 0.0036 0.0038 (2.38) +5
1.486 1.093 0.0038 0.0043 (2.70) +19
1.586 1.093 0.0030 0.0030 (1.86) -18

geometries (C-C = 1.536 A, C-H = 1.093 A, tetrahedral
angles), The INDO barrier is then 2.26 kcal/mol, rather less
than the experimental value of about 2.9 kcal/mol, 2 but within
the general range of values calculated by various ab initio and
semiempirical SCF procedures. The insensitivity to small ge-
ometry changes is indicated in Table 111, where the INDO
barrier is seen to change by less than about 20% under 0.050-A
distortions of C-C and C-H bond lengths.

In the LCBO framework, the basis set divides naturally into
bonding () and antibonding (o*) components, thus permitting
a partitioning of the effective Hamiltonian matrix H into
bonding and antibonding blocks:

(4.1)

Inclusion of the full (¢ + ¢*) BO basis simply recovers the
“exact” SCF result, since it corresponds to a unitary trans-
formation of the original AO basis. But the effects of individual
bonds and antibonds may now be examined by truncating the
matrix in various ways. For example, in the interpretation of
through-bond effects,'? it was found that antibonding BOs play
no significant role in the general shape or energy of the occu-
pied MOs, and that truncation of the BO basis to the bonding
orbitals alone

H,,b; (o) = ¢;(o)p; (o) (4.2a)

gives a qualitatively correct picture of these interactions. In
this approximation the molecular orbitals take the form

g
d)’.(a) = g b’,j(a)Qj(a)
J

where, as indicated, the index j runs only over ;’s of bonding
type.

Although the antibonds superficially have little effect on the
occupied molecular orbitals, they nevertheless make significant
contributions to the rotation barrier. This can be seen most
readily in Figures la-g, where we have also plotted (as the
dotted curves marked “o only”) the barriers which result when
antibonds are omitted from the basis set. It is evident that these
latter curves bear little resemblance to the full SCF barrier
potentials, and that the omitted bond-antibond (and, to a lesser
extent, antibond-antibond) interaction terms must constitute
the dominant contribution to the INDO rotation barrier. The
same conclusion can be drawn from the entries of Table IV,
which shows the energy contributions of eq 2.1 as calculated
with and without the antibonds. We have included the results
{)or an “unpolarized” basis (3.3) as well as for a “polarized”

asis:

(4.2b)

0P = N+ (1= A2)/2h, (4.3a)
0, P = (1 = \2)1/2h, — \h, (4.3b)

in which the parameter A = 0.659 is chosen to reflect the
electronegativity differences in the C-H bond (with u = C, »
= H). In general, such a parameter can be adjusted to give the

$0.0031 +0.0031  €g(e")  +0.0020 +0.0020
-0.0003 ayg(ayp 0.0000
~0.0030 ~0.0030 €, (€'}  -0.0014 ~0.004
+0.0009 0,y (03) +0.0007
-0.0005 g (ay) ~0.0002
POLARIZED o FULL o+ 0"
BASIS BASIS

Figure 2. General pattern of INDO valence orbital energy levels and their
barrier contributions Ae; for ethane, as calculated with omission (left) and
inclusion (right) of antibonds. Each orbital is labeled with the symmetry
designation of the D34 (staggered) and D3, (eclipsed) point groups, with
all energy contributions expressed in atomic units.

Table IV. INDO Rotation Barrier and Energy Components for
Ethane, Calculated with Various Basis Sets (See Text)?

barrier,

basis set 22:(A¢) —AVee AVan kcal/mol
o + o* (full) 0.0034 -0.0074 0.0076 2.26
polarized ¢ 0.0006 —-0.0078 0.0076 0.25
unpolarized ¢ 0.0002 -0.0074 0.0076 0.25

2 All quantities in atomic units unless stated otherwise.

unigue set of bonds and antibonds for which the contribution
of antibonds to the occupied MOs is a minimum.2! As can be
seen from Table IV, the terms are relatively insensitive to this
polarization, but the effect of omitting the antibonds is in each
case to reduce the barrier to an unphysically small value.

B. Bond-Bond Interactions. A general picture of the origin
of the rotation barrier can now be constructed in terms of the
LCBO decomposition into bond-bond and bond-antibond
contributions (the antibond-antibond terms being of lesser
importance). Let us first examine the structure of the occupied
MOs in terms of the €,() bond-type BOs (the o basis) alone.
Figure 2 shows the relative energies and degeneracies of the
seven occupied valence MOs of ethane, as calculated in the
polarized o basis and full (¢ + o*) basis. With each orbital is
given its contribution Ae; to the rotation barrier. Figure 2 in-
dicates that the two pairs of degenerate e orbitals are most
sensitive to the dihedral rotation angle «, as has previously been
noted.?> That this should be so can be seen from the qualitative
forms of these MOs in terms of their constituent BOs; the lower
pair is predominantly the /n-phase combination of vicinal C-H
bonds (as shown (4.4a) in the eclipsed geometry) while the
upper pair is the corresponding out of phase combination
(4.4b). The orbitals (4.4a) will evidently favor the eclipsed

Cb C/C Qj—c® (44a)
AU_ P
Cb——(f Qj_c® (44Db)

conformation as shown, which gives additional overlap remi-
niscent of the « overlap in ethylene. However, the other pair
(4.4b) should prefer the staggered conformation by nearly the
same energy difference, since the eclipsed conformation brings
the C-H bond orbitals into a more antibonding (destabilizing)
arrangement. Since these orbitals are fully occupied, the net
result is that upper and lower e levels make nearly canceling
contributions to the rotation barrier when only the bond-bond
interactions are considered.



1704

s .,
- o
3
>
o Ho*o* ~Hoo
@ -0.5+
c
w i

ok =io

Figure 3. General distribution of bond and antibond orbital energies in
hydrocarbons, illustrating the large energy separation of H ys¢+ and H ,,
elements.
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CIS BOND-ANTIBOND INTERACTION
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Figure 4. Interaction of vicinal CH bond and antibond orbitals in ethane
for the trans (a) and cis (b) orientation. Solid (dashed) lines represent

JL_

(a) trans {b) cis
orbital amplitude contours of positive (negative) phase, each contour (to
the outermost at 0.2) corresponding to half the amplitude of the preceding
one. Dots indicate the positions of the nuclei.

[That it is primarily the degenerate e levels which are sen-
sitive to torsional angle can be understood2’ from the fact that
the nondegenerate levels necessarily possess the full threefold
symmetry at each end of the molecule, so that the gain or loss
of overlap is less than in the asymmetric orbitals (4.4).]

C. Bond-Antibond Interactions. To see how this picture is
altered as the antibonds are brought into the basis set, one may
use simple second-order perturbation theory to estimate the
energy lowering ¢, of a bond orbital ¢ due to its interaction
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T Y A\l - Y

BOND-ANTIBOND INTERACTION (o.u.)

Fu 4 1 L A
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DIHEDRAL ANGLE

Figure 5. Calculated bond-antibond interaction matrix element H ,,» for
vicinal CH bond and antibond in ethane (in the INDO-SCF-MO ap-
proximation), shown as a function of torsional angle (0° = cis, 180° =
trans).

with an antibonding level g*:
Haa*z
Hovon — Hoy

This estimate should be reasonably adequate in the present
case, since the off-diagonal bond-antibond interaction ele-
ments H .+ are indeed small relative to the diagonal elements,
and the bonding and antibonding manifolds are well separated
in energy as depicted in Figure 3, so that the energy denomi-
nator in eq 4.5 is large (of order unity). Thus, the formal re-
quirements of low-order perturbation theory are well satis-
fied,

As Figure 3 suggests, the energy denominators in (4.5) are
roughly equal for any pair of orbitals chosen from the o and
o* C-H manifolds, so that little significant stabilization can
be expected from this source. However, the vicinal bond-
antibond interaction matrix elements H .+ of the numerator
can depend markedly on conformation, and thus give rise to
significant differential stabilization of the staggered and
eclipsed geometries.

The conformational asymmetry of the bond-antibond in-
teractions is pictured in Figure 4, where we show a bond and
an antibond orbital as oriented in a mutually trans or cis ar-
rangement in Figures 4a and 4b, respectively. It is clear that
these interactions must be different. Simple considerations of
overlap suggest (correctly) that the trans bond-antibond in-
teraction is stronger (more stabilizing) than is the cis inter-
action.?® In ethane, the INDO numerical values of the nu-
merators in (4.5) are, in au

H ,,+*(trans) = 0.0045, H,»2(cis) = 0.0028  (4.6)

suggesting that a trans go* interaction will be about 60% more
effective in lowering the orbital energy than will a corre-
sponding cis interaction. While the differences are small in an
absolute sense, they are precisely of the order of barrier ener-
gies, and they could be expected to appear in a consistent way
in ethane-like molecules. The full torsional dependence of an
INDO bond-antibond interaction element H ;. for ethane is
shown in Figure 5. One can also see from this figure that the
remaining oo* interactions, at 60° in the staggered confor-
mation or 120° in the eclipsed, are smaller and more nearly
canceling than are the cis and trans interactions on which we
concentrate.

It can then be understood why the staggered conformation
is energetically favored by the bond-antibond interactions,

be, =

(4.5)
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since only in this form are C-H bonds and antibonds arranged
in the favorable trans orientation. We have attempted to
crudely represent the effect of antibonds in a kind of “‘corre-
lation diagram” in Figure 6, where the orbital energies of the
degenerate ¢ orbitals in both staggered (S) and eclipsed (E)
geometries are plotted against the extent of “antibond par-
ticipation”. As antibonds are brought into interaction with
bonds (passing to the right of the diagram), the S levels are
more stabilized by the trans go* interaction; this tends to in-
crease the preference of the upper orbitals for the S confor-
mation while diminishing that of the lower orbitals for the E
form, thus leading to net stabilization of the staggered con-
former. Such considerations draw attention not to any “re-
pulsions” leading to a “‘barrier”, but rather to the stabilizing
interactions leading to energy “wells” or “‘valleys” at those
favorable dihedral angles where the number of trans bond-
antibond interactions is maximized.

Such arguments also suggest why the rotation barrier should
appear with consistency in many levels of molecular orbital
theory. In any LCAO calculation having at least a minimal
basis of AOs, the basis set implicitly contains both the im-
portant bonds and antibonds. As long as these orbitals have
approximately the correct shape (as shown in Figure 4), and
as long as the energy denominator of (4.5) (i.e., the gross
separation of bonding and antibonding manifolds) is roughly
correct, one could expect a barrier contribution of roughly the
correct magnitude. Such qualitative features of the orbital
interactions should persist even in crude levels of molecular
orbital theory,

V. General Characteristics of Bond-Antibond Interactions.
Gauche Effects, Anomeric Effects, and Related Aspects of
Conformational Analysis

A. Bond-Antibond Interactions. A useful energy decompo-
sition scheme should make it possible to rationalize and predict
various chemical trends in barrier potentials. The LCBO
theory leads (when bond-bond interaction terms are small)
to a decomposition of these potentials in terms of an approxi-
mately additive set of bond-antibond interactions

2
Ao [+ AEwond-bond]

vicinal pairs, €g* — €4

AF = (5.1)
each of which depends in a definite way on the chemical sub-
stituents. In this section we wish to draw out some of the
chemical trends and rules of conformation preference that are
suggested by this picture.

It is a crude but useful first approximation to neglect the
energy denominators of (5.1), since variations in e, or e, are
usually small compared to their overall separation, and these
denominators therefore have only a secondary influence on
conformational preferences. It is also useful to recall the crude
proportionality of Hamiltonian matrix elements H ;.= to the
overlap of the (nonorthogonalized) orbitals

H o+ « S,,+(nonorthogonal)

which allows the strengths of the bond-antibond interactions
to be crudely discussed in terms of the general shapes of these
orbitals.

Consider first the case of a monosubstituted ethane
CH3;CH3X. Relative to ethane itself, two of the six vicinal
ocH-0*cy interactions are replaced by one each of ccy-o¥cx
and ocx-o*cy type. If the substituent bond polarity is C*X—,
one expects the bond orbital ocx to be primarily concentrated
on the ligand X, while the antibond o*cx is correspondingly
concentrated on the axial C. The ocx-o*ch interactions should
therefore be somewhat weaker (less stabilizing) and the
ocH-o*cx interactions somewhat stronger (more stabilizing)
than ordinary ocy-o*cy interations. Conversely, if the axial
C is replaced by some atom M to give a bond of polarity
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Figure 6. Schematic “correlation diagram” for degenerate e orbitals of
ethane, showing preferential stabilization of staggered conformation with
increased “antibond participation’’. See text.

Table V. Typical Matrix Elements H ,,+* (au) for Various Types of
¢ (Row) and ¢* (Column) Orbitals?

antibond
bond o*cx o*CH o*MH
n 0.0112 0.0071 0.0049
0.0111 0.0046 0.0021
OMH 0.0073 0.0050 0.0034
0.0087 0.0031 0.0011
OCH 0.0067 0.0045 0.0034
0.0080 0.0028 0.0012
oCX 0.0042 0.0030 0.0021
0.0050 0.0014 0.0004

@ The upper and lower entry represent the trans and cis value, re-
spectively. These orbitals are chosen from various molecules, with X
= fluorine, M = nitrogen, n = nitrogen lone pair. Note that particular
matrix elements will have slightly different values in different mo-
lecular environments.

M~HT, one could expect opu-o*ch and ocy—oa*mu to be
more and less stabilizing, respectively, than ocy-o*ch. By the
same reasoning, omy-o*cx should be still more stabilizing,
and ocx-o*my still less stabilizing, than ecy-o*cy, and the
most favorable interaction would occur in the case of a lone-
pair orbital n interacting with the o*cx antibond. One can say
in general that the bond-antibond stabilization energy should
be greater as the bond is chosen from

N> oMH > 0CH > 0CX (5.2)
and as the antibond is chosen from
o*cx > o*cy > o*Mu (5.3)

These trends are numerically illustrated in Table V with
INDO Hamiltonian matrix elements for the various interaction
types, with X = fluorine and M = nitrogen. Note that inter-
actions involving CH (or MH) bonds are stronger than might
be expected from polarity considerations alone, owing to the
shorter H covalent radius. It is evident from Table V that the
bond-antibond interactions vary systematically in the manner
suggested by (5.2) and (5.3). Itis also apparent that the relative
differences can be quite large; for example, the trans n-o*cr
interaction is approximately five times larger than that for
ocrF-o*NH, and the corresponding cis differences are still
larger. While one should not attribute great quantitative sig-
nificance to the numerical values of these INDO matrix ele-
ments, the overall trends are chemically reasonable and nu-
merically quite pronounced. Thus, the overall picture should
not be greatly altered in more realistic levels of molecular or-
bital theory.

Table V indicates that the relative strength of cis and trans
interactions depends most sensitively on the choice of antibond.
This would also be suggested by the orbital diagrams of Figure
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Table V1. Bond-Antibond Interactions in Conformers of CH,FNH; (as Estimated from the Entries of Table V), Showing the Stabilization

of the Trans Form (b)?

H
F A\C—Np

;-H
H/ \H
oo* o¥o
n-CH 0.0071 0.0071
NH-CF [0.0073 0.0021 10.0094
NH-CH {0.0050 0.0034 [0.0084
total 0.0249
(a) gauche

H
H.\\\C—-Np
/ o-H
F \H
go* a*o
n-CF 0.0112 0.0112
NH-CH }0.0050 0.0034 ]0.0084
NH-CH [0.0050 0.0034 10.0084
total 0.0280
(b) trans

a All entries in atomic units.

4, since the position of the antibonding nodal surface will be
most important in controlling the amount of “cancellation”
which occurs in the cis orientation. As this nodal surface re-
cedes toward the ligand with increasing electronegativity of
X, the cis interaction should gain faster than does the trans,
and may eventually lead to a net eclipsing force. Thus, in flu-
oroethane in the INDO approximation, the ocy-o*cF matrix
element slightly favors the eclipsed rotamer (though the one
ocr-0*cH and four ocy-o*cy interactions continue to favor
the staggered form).

1t is evident that significant change in the barrier height
results when the number of vicinal bond-antibond interactions
is reduced. This occurs when lone pairs replace chemical bonds
at either end of the torsional axis, for in this case there is no
corresponding antibond, and at least one of the trans go* in-
teractions is lost. While this loss is partially compensated by
the greater strength of the remaining so* interactions when
“o” is a lone pair (cf. Table V), one can expect that the barrier
is reduced with increasing numbers of lone pairs, as in the series
CH;CHj3;, CH3NH,, CH;0H. In cases where one chemical
bond is replaced by another (rather than by a lone pair), the
total number of bond-antibond interactions is conserved, and
the effect on the barrier may be surprisingly small (as in flu-
oroethane, where INDO predicts a barrier change of only
about 0.2 kcal/mol). However, proper discussion of relative
barrier heights in dissimilar molecules would necessarily re-
quire examination of electrostatic, steric, and other factors
beyond those considered here, and so will not be further pur-
sued.

B. Conformational Isomerism. Since the staggered form will
be favored over the eclipsed form in the great majority of
ethane-like molecules, it is perhaps more interesting to inquire
which of several possible staggered conformations will be
preferred, i.e., to determine the relative stabilities of confor-
mational isomers. Estimates of these stabilities can be based
on the trans go* matrix elements of Table V, which should
dominate the conformational preference when gross steric and
electrostatic effects (of the type described by the bond-bond
interactions) are not too large.

Consider, for example, the molecule fluoromethylamine
(CH;FNH,), which can exist in either the gauche or trans
isomeric forms2’ shown in Table VI. The six vicinal bond-
antibond interactions for each conformer, as taken from Table
V, are shown in this table. Simple addition of these matrix el-
ements [cf. (5.1)] suggests that the bond-antibond interactions
must stabilize the trans form (0.028) more than the gauche
form (0.025), as the full INDO calculation confirms (see
Figure 1b). Comparing the entries of Table VI in more detail,
one sees that a CH-NH (ocy-o*ny and ong-o*cy) pair is
common to both conformers, and can be ignored. Of the re-
maining entries, the n—o*cr term (which exceeds the corre-
sponding n-g*cy of the gauche conformer by 0.004) evidently
dominates the comparison. The lone-pair elements of Table
V are so much larger than other interactions that one can
generally anticipate that

(a) Because of their strong interactions with vicinal anti-
bonds, lone pairs will often dominate the conformational
preference.

In the present case, the lone pair naturally orients trans to
the CF bond (with which it has the largest interaction of Table
V) rather than to one of the CH bonds.

It is convenient to let A (“axial”’) and L (“ligand”) denote
atoms of a general A-L bond in which A lies on the rotor axis,
as in 1. We describe the A-L pair as “A-polar” if the bonding

L

\A 6 A’
Ny

L
i

electron density is polarized predominantly toward the axial
atom (i.e., if A is more electronegative than L), and “L-polar”
if predominantly polarized toward the ligand (i.e., if L is more
electronegative than A). This implies that an A-polar antibond
is predominantly polarized toward the ligand L, while L-polar
antibonds are correspondingly polarized toward the axis. One
can then summarize (5.2), (5.3), and the trends of Table V as
follows.

(b) The strongest (vicinal) bond-antibond interactions
occur between A-polar bonds and L-polar antibonds.

In this context, a lone pair is an extreme type of A-polar
“pbond”, for which there is no corresponding antibond. Evi-
dently a lone pair will prefer to orient trans to the most L-polar
group available at the other end of the rotor axis, in order to
take best advantage of the bond-antibond interactions. This
accounts simply for the preferred conformation (Table VIb)
of fluoromethylamine.

A similar preference could be anticipated in molecules like
CHF,;NH,, CH,FOH, CHF,0H, and so forth, where lone
pairs again may choose to lie trans to either a highly L-polar
CF bond or to a largely unpolarized CH bond, and where the
former choice always leads to better bond-antibond stabili-
zation. This is shown in Table VII for the two conformers of
CHF,;NH,, showing the expected stabilization of the gauche
form (Table VIIb). In a similar way, one expects the preferred
conformations of CH>,FOH and CHF,OH to be the gauche

B H F H
TN GE—— L
x o w o

gauche trans

and trans forms, respectively, the preference being particularly
strong in the latter case, where there are two trans n-o*cf
interactions. In each case, these expectations are confirmed
by a full INDO calculation. More generally, one may antici-
pate that

(¢) Preferred conformations will tend to maximize the
(A-polar)-(L-polar) differences across trans arrangements
of vicinal groups (particularly those involving lone pairs).
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Table VII. Bond-Antibond Interactions in Conformers of CF;aHNH;, (as Estimated from the Entries of Table V), Showing the

Stabilization of the Gauche Form (b)¢

F,
R,
v
oo* o*g
n-CH [0.0071
NH-CF [0.0073
NH-CF |0.0073

0.0071
0.0021 ]0.0094
0.0021 [0.0094

total 0.0259

(a) trans

H
Falo_ N?
Sy
oo¥ oo

n-CF 0.0112
NH-CF [0.0073
NH-CH (0.0050

0.0112
0.0021 [0.0094
0.0034 [0.0084
total 0.0290

(b) gauche

2 All entries in atomic units.

Table VIII. Bond-Antibond Interactions in Conformers of NH;NH; (as Estimated from the Entries of Table V), Showing the

Stabilization of the Gauche Form (b)4

HH; _Np
A
* *

g0 oro

n~n
NH-NH [0.0034
NH-NH |0.0034

0.0034 [0.0068
0.0034 [0.0068
total 0.0136

(a) trans

H
B/\N—-Ne .
H \H
go¥ o*g
n-NH 0.0049

n-NH  ]0.0049
NH-NH (0.0034

0.0049
0.0049
0.0034 {0.0068
total 0.0166

(b) gauche

2 All entries in atomic units.

Similar reasoning must apply in the case of vicinal lone pairs,
as in hydrazine (Table VIII). There must be a strong electronic
tendency to orient each lone pair trans to an N-H bond rather
than to the other lone pair (where the trans go* interactions
would be lost entirely). Thus, as Table VIII indicates, vicinal
lone pairs should orient preferentially in a gauche conforma-
tion, in order that each may lie trans to an N-H bond. More
generally

(d) Vicinal lone pairs each tend to orient trans to the most
L-polar group available, and hence gauche to one another.

Figure 7 shows the full INDO barrier potential for the case
of hydrazine, illustrating the expected stabilizations of the
gauche conformer. In this case, the bond-bond interactions
alone (dashed curve) would favor the trans isomer, as simple
steric considerations might suggest. However, inclusion of the
bond-antibond interactions completely alters the barrier
profile to give the result expected from the qualitative con-
siderations above. Note that the gauche preference does not
result from any specific “repulsion” of lone pairs, but is a
consequence of their stabilizing interactions with vicinal an-
tibonds.

By a similar line of reasoning one can expect that an L-polar
C-X bond should prefer to lie trans to a C-H bond (or other
A-polar group) rather than to another L-polar bond, since the
ocH-0*cx interaction is then used to best advantage. That s,
the C-X antibond can dominate the conformational choice,
just as a lone pair can dominate as a “bond” orbital. A corollary
is that molecules with vicinal L-polar bonds, such as 1,2-di-
fluoroethane, can have an electronic preference for gauche
conformations, contrary to what would naively be expected on
the basis of dipolar interactions.

(e) Vicinal L-polar bonds each tend to orient trans to the
most A-polar group available, and hence gauche to one an-
other.

Of course, the dipolar interactions, which enter primarily
through the bond-bond interactions, will work to oppose this
bond-antibond effect (for example, by opening the gauche
dihedral angle beyond 60°), but there is both computational
and experimental support for the generality of this “gauche
effect”’28 (and the related “anomeric effect”2%) between vicinal

Energy (kcal/mole)
~ w H

0 e ——
0° 60° 120° 180°
n-n dihedral angle

Figure 7. INDO barrier potential of hydrazine (NHaNH,) as calculated
with (—) and without (-----) antibond orbitals, illustrating the strong
gauche preference associated with the bond-antibond interactions of lone
pairs.

L-polar bonds. Figure 8 shows the full INDO barrier potential
(solid curve) for 1,2-difluoroethane, which yields the gauche
conformer as the preferred form. By contrast, the barrier
calculated from bond-bond interactions alone (dashed curve)
shows only the strong electrostatic preference for the trans
isomer, with no hint of the gauche minimum.

The tendency of vicinal lone pairs and L-polar bonds to
adopt gauche conformations has been previously recognized,
and christened the “gauche effect””.22 However, there is a slight
ambiguity in the definition of the gauche effect as the “ten-
dency to adopt that structure which has the maximum number
of gauche interactions between the adjacent electron pairs
and/or polar bonds”.?® While it is true that vicinal lone pairs
or polar bonds prefer to be mutually gauche, we have seen (¢)
that a lone pair and a polar bond must generally prefer to be
trans rather than gauche. For example, the molecule
CF,HNH, should prefer the gauche conformation (Table
VIla) rather than that (Table VIIb) which has the larger
number of gauche interactions between the lone pair and the
polar bonds.
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Figure 8. INDO barrier potential of 1,2-difluoroethane (CH,FCH,F) as
calculated with (—) and without (- --) antibond orbitals, illustrating the
strong gauche preference associated with the bond-antibond interactions
of polar bonds.

The simple conformational “rules” a-e listed above enable
one to rationalize several of the important chemical trends in
ethane-like molecules. Of course, these rules do not take the
place of accurate SCF-MO (or CI) electronic structure cal-
culations for more quantitative features of the barrier pro-
files.

VI. Relationship to Previous Work on Barrier Origins

While no attempt will be made to survey the extensive the-
oretical literature on rotation barriers, reference should be
made to certain works that are closely related to the present
treatment.30

England and Gordon3! carried out extensive studies of
INDO-SCF-MO rotation barriers by transforming canonical
SCF-MOs to localized (LMO) form by the procedure of Ed-
miston and Ruedenberg.?? They concluded that the ethane
barrier arises primarily from “interference” effects between
the weak vicinal “tails” of incompletely localized CH bond
orbitals. This conclusion is in accord with the general picture
outlined above, where the important feature of CH bond de-
localization was argued to be the weak mixing with vicinal
antibonds. Inspection of the England-Gordon LMOs shows
clearly the o* character of the “tails”.

Our picture is also consistent with the PCILO calculations
of Malrieu and co-workers.32 Although the PCILO (pertur-
bative configuration interaction with localized orbitals) method
lies outside the framework of MO theory, it employs a basis
set of localized bond and antibond orbitals like those of our
LCBO expansion, so that certain connections can be made. In
particular, Malrieu et al. find that the barrier arises primarily
from the set of singly excited determinants in which an occu-
pied bond orbital of the principal determinant is replaced by
the corresponding antibond orbital. Inasmuch as the primary
effect of these single excitations is to correct the orbitals of the
principal determinant, bringing them closer to SCF form, it
is evident that such single excitations can be associated with
the bond-antibond interactions of the present picture.

However, a somewhat different picture has emerged from
bond-orbital wave functions built from nonorthogonal atomic
hybrids. In a nonorthogonal basis there is no clear distinction
between the contributions of “different” basis functions. In
particular, a “bond orbital” of nonorthogonal hybrids can have
significant overlap with orbitals on other atoms, such as the
antibond orbitals at vicinal positions. In such a case, the det-
erminantal product of nonorthogonal *“*bond orbitals” will
implicitly bring in some of the bond-antibond interactions
which (in an orthonormal basis) would appear to be of a dif-
ferent form. Indeed, to the extent that the overlap S ,,» of the
nonorthogonal orbitals is proportional to the interaction ele-

ment H .+, a simple perturbative estimate indicates that vicinal
antibonds will be implicitly mixed into these ““bond orbitals”
by an amount which is comparable to their contribution to the
occupied SCF-MOs. Thus, a determinantal product of
nonorthogonal bond orbitals may give a reasonable rotation
barrier even if no SCF procedure is employed.

Hoyland?? showed that a determinantal product of bond
orbitals Q; constructed from nonorthogonal hybrids gives a
reasonable numerical barrier for ethane. A basic premise of
that work is that there should be a close correspondence be-
tween the localized orbitals obtained from an SCF calculation
and the symmetrically orthogonalized bond orbitals, i.e., that
orthogonalization of the Q; builds in the *‘tails’’ noted by En-
gland and Gordon. Because the determinantal wave func-
tion

¥ =det|00y. .. Qn (6.1)
is invariant to the orthogonalizing transformation O

~ O z =

Q= (] Q) =5 (6.2)

up to a normalization constant, the antisymmetrizer has the
indirect effect of orthogonalizing the €;’s. Note, however, that
the subsequent orthogonalization (6.2) does not remove the
bond-antibond mixing, so that Hoyland’s numerical result is
still consistent with our picture. In effect, there are two distinct
ways of producing a set of orthonormal bond orbitals from a
set of nonorthogonal AOs %, viz.

0 B

X > Xue > O (6.3a)
(orthog) (orthog)
B ~ O =
Xe > % > (6.3b)

(nonorthog) (orthog)

(8 = transformation to bond orbitals, @ = orthogonalizer).
A bond orbital from the set (6.3b) is a mixture of both bond
and antibond orbitals from the set (6.3a).

Sovers et al.3* carried out bond-orbital calculations similar
to those of Hoyland, and compared the result with corre-
sponding Hartree product (nonantisymmetrized) results,
concluding that “the difference between the antisymmetrized
and nonantisymmetrized bond model shows clearly the im-
portance to the barrier of the restriction on the wavefunction
introduced by the exclusion principle”. This has also been in-
terpreted as a form of *‘steric repulsion”, and attributed to the
“orthogonalizing effect” of the antisymmetrizer.3*> Our results
indicate, however, that neither orthogonality nor antisymmetry
can ensure a reasonable barrier if the bond-antibond inter-
actions are omitted. Antisymmetrized wave functions con-
structed respectively from the bond orbitals (6.3a) or (6.3b)

¥ =det| Q... Q| (6.4a)
b= det|0Qs. .. Q| (6.4b)

though superficially similar, will nevertheless show quite dif-
ferent behavior with respect to the rotation barrier,3¢ since the
latter incorporates some of the bond-antibond mixing, whereas
the former does not.

VII. Conclusion

A qualitative picture has been presented of the forces con-
tributing to internal rotation barriers in ethane-like molecules,
based on the LCBO analysis of INDO-SCF-MO theory. This
picture can be understood in terms of elementary valence
concepts, and permits simple predictions and rationalizations
of conformational preferences and the associated chemical
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trends. While the analysis derives from the INDO semiem-
pirical framework, it is based on general features of the
bond-antibond interactions that are expected to persist in other
levels of molecular orbital theory. It would be interesting to
know why INDO seems to systematically underestimate bar-
riers, and what refinements are necessary for a more satis-
factory picture of the barrier interactions. We are currently
investigating these and other aspects of the LCBO analysis in
an ab initio framework.
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