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Preface

While MO theory has had a profound impact on the way in which chemists think
about reactivity problems, a corresponding influence in the area of structural chem-
istry has been absent. Typically, “steric effects” provide the basis for rationalizing
trends conforming to ordinary intuition and “attractive Van der Waals forces” are
invoked to rationalize trends which are opposite to those expected on the basis of
the concept of “steric repulsion”.

However, molecules which exist preferentially in a “crowded” geometry are
not mere aberrations of an order dominated by “steric effects”. Indeed, in some
classes of molecules, preference for “crowdedness” seems to be the rule rather than
the exception. This observation stimulated an initial research of geometric isomerism
which later blossomed into a theoretical investigation of structural chemistry. This
book constitutes an abbreviated account of our experiences in dealing with such
problems during the time period June 1972 — June 1976.

The aim of our work has been to arrive at a qualitative understanding of the
key factors which determine the preferred geometry of a molecule. The specific
procedure involves three principal stages:

a) The analysis stage, at which a one electron Hiickel-type Molecular Orbital
(MO) model is applied to the problem at hand. MO interaction diagrams are the con-
veyors of the key theoretical deliberations.

b) The test stage, at which explicit quantum mechanical computations are car-
ried out to test the validity of the model. It is important to emphasize that the target
of attention is not only the final numerical answer but, more importantly, the print-
out of the MO’s and the density matrix. A key electronic effect leaves its mark on
the MO’s and the density matrix resulting from a calculation while the balance of
all electronic effects is related to the computed total energy. A dominant electronic
effect (e.g., a symmetry imposed barrier) is almost always identifiable, regardless of
the quality of computation. By contrast, the balance of all effects is a more sensi-
tive problem and the answer depends on the quality of computation in a manner
which is anything but predictable. This realization constitutes the basis for our pre-
occupation with electronic effects and a qualitative understanding of structural
chemistry.

c) The application stage, at which the predictions of the theoretical model as
well as the additional insights provided by the explicit calculations are compared
with the available experimental data or form the basis for the design of a new ex-
periment. In short, the triptych espoused in this work is ANALYSIS-TEST-APPLICA-
TION, or, ANALYSIS-COMPUTATION-PREDICTION. In the opinion of the authors,
this method constitutes the only realistic way of approaching complex problems



Preface

of chemical structure at this point in time. Related philosophical dispositions are
evident in the publications of Gimarc, Hehre, Hoffmann, Lowe, and Salem.

The present work does not answer all questions regarding “why”” a given mole-
cule exhibits a geometrical preference. Additional problems, such as the effect of
“correlation energy’” on structural trends and the related challenge of developing
a qualitative understanding of configuration interaction within the context of a
model, are currently under investigation. Nonetheless, we believe that the overview of
structural chemistry developed herein is sufficiently satisfactory to arouse the inter-
est of theoreticians and experimentalists alike, especially because the vast majority
of chemists has been exposed to ways of thinking which are substantially different
from those espoused in this work.

June 1976 Nicolaos Demetrios Epiotis
William R. Cherry
Sason Shaik
Ronald L. Yates
Fernando Bernardi
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elementary molecular orbital theory, with an emphasis on semiempirical methods.
Within the last decade the development and refinement of ab initio computations
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manner. A high standard is assured by the compositon of the editorial board, which
consists of scientists of international repute. This volume deals with the currently
fashionable theme of complexes of transition-metal compounds. Not only are these |
intermediates becoming increasingly important in the synthesis of substances of ‘
-scientific appeal, but they have already acquired great significance in large-scale
chemical manufacturing. The new potentialities for synthesis are discussed with
examples. The 618 references bear witness to the author’s extensive coverage of

the literature. This book is intended to stimulate organic chemists to undertake
further research and to make coordination chemists aware of the unforeseen
development of this research field.
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72 figures, 2 tables. VII, 134 pages. 1975

The ‘electronic theory’ has long been insufficient interpret various modern organic
chemical facts, in particular those of reactivity. The time has come for a book
making one realize what is within, and what is beyond, the reach of quantum-
chemical methods. Graduate students and young researchers in chemistry both
theoretical and experimental, will find this book useful in getting accustomed to

the quantum-chemical way of thinking. Theory produces new experimental ideas,
and, conversely, a host of experimental data opens new theoretical fields. A book
such as the present one will constantly keep its value, although the quantum-
chemical approach to the theory of reactivity is, of course, still in the developmental
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Introduction

In the past four years, we published various papers with the purpose of drawing the
attention of chemists to the following possibilities:

a) Nonbonded interactions and their influence on torsional isomerism can be
understood within the context of simple one electron MO theoryl_s). These ideas
are discussed in Parts I and II.

b) Sigma interactions, designated geminal interactions, may affect the shape of
molecules and associated shape-related properties in a manner which is also under-
standable within the context of one electron MO theory®. These concepts are pre-
sented in Part III.

+ ¢) Chemical reactivity can be understood in terms of donor-acceptor interactions
with definite trends being expected as one reactant becomes an increasingly better
donor and the other an increasingly better acceptor!®~!4). These ideas have
now been applied in an explicit manner to problems of molecular structure and are
discussed in Part IV under the heading of conjugative interactions.

d) Bond ionicity effects can be best understood by means of an effective one
electron configuration interaction approach in a way which is suitable for the for-
mulation of general predictive rules'>. These ideas are discussed in Part V.

These sense in which terms like conjugative interactions, nonbonded inter-
actions, etc., are meant will become clear when we discuss each individual type of
interaction or effect. Suffice to say that, in many instances, conjugative interactions
as well as geminal interactions or bond ionicity effects contain implicitly the idea
of nonbonded interactions. Thus, it should be emphasized that the labels of the
basic types of interactions proposed here reflect the way in which the problem is
formulated rather than different electronic principles.

In Parts I and II, a molecule-is viewed as a composite of submolecular fragments
each described by delocalized MO’s. Nonbonded and geminal interactions can be
simply formulated in this manner. In Part IV, a molecule is viewed as a composite
of submolecular fragments each described by hybrid bond MO’s. Conjugative inter-
actions are best understood in this fashion. Finally, in Part V a one electron con-
figuration interaction approach involving a Linear Combination of Fragment Con-
figurations (LCFC) is used to reveal bond ionicity effects. Indeed, this book can be
titled “The Chemist’s Handbook of MO Interactions and Their Implications for
Molecular Architecture”.

Throughout the entire work, we have tried to present experimental as well as
computational results pertinent to cases under scrutiny. The calculation results are
especially significant since they provide tests for the proposed theoretical models.
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It is our hope that the reader will be stimulated to delve deeper into the world
of orbital interactions and, hopefully, find a chance to apply the key concepts to
problems of direct interest.



Part I. Theory

1. General Theory

The theoretical analysis to be employed throughout Part I of this work is based upon
One-Electron Molecular Orbital (OEMO) theory. In our approach, a given molecule
in a specified geometry is constructed by a sequential union of molecular fragments.
A typical construction is illustrated below:

A%B
§dis e i

X p ¥ \
a,’ a, b, b,

In certain problems of torsional isomerism we shall employ the dissection of a mole-
cule A—B into two closed shell fragments A and B. On the other hand, most prob-
lems of torsional isomerism which we shall be dealing with in the first part of this
work can be treated by employing the dissection shown below. The appropriate
definitions are specified in parenthesis.

Primary fragments

Subfragments

Basic fragments

(Composite system)

AB
. / \ )
(Coupling unit) (Component system)
b b’
(Basic fragments)

Finally, an alternative approach employs a dissection into two radical fragments as
shown below:



Part I. Theory

(Composite system)
AB

P

e A Be
(Radical fragment) (Radical fragment)

The delocalized group MO’s of each fragment can be constructed by means of
perturbation theoryl(’_w) or explicit calculations. Once one knows the MO’s
of basic fragments, he can construct the MO’s of any molecule by means of
relatively simple operations. Here, we note that a recent publication of Salem and
Jgrgensen2? is a welcome addition to the library of any organic chemist since it
includes an extensive compilation of basic fragments and their MO’s and provides
illustrative examples of the theoretical manipulations involved in the construction
of a total system from subunits.

The union of any two molecular fragments is accompanied by an energy change
which depends upon the interaction between the MO manifolds of the two fragments.
This energy change is evaluated with respect to an effective one-electron Hamilton-
ian operator, the choice of the operator being such as to confer maximal simplicity
to the analysis. The energy change of a MO belonging to one manifold due to its
interaction with a number of MO’s belonging to a second manifold is a simple sum
of the energy changes resulting from each interaction. In this work, we need to
distinguish between two types of MO interactions:

(a) The interaction of a doubly occupied MO, ¢;, with a vacant nondegenerate
MO, ¢;, leads to two electron stabilization, AE? , which is inversely proportional to
the energy separation of the two MO?s, €; — €;, and directly proportional to the
square of their interaction matrix element, Hj;. This is a well known result of per-
turbation theory and the assumptions involved in its derivation are valid for most
systems studied in this work. The algebraic expression for the two electron stabiliza-
tion is given below:

Py pp— . T 2
AE? - 2(H1! elsl!) 1)
€j —€j

If overlap is neglected, i.e. Sj; = 0, the above expression takes the form shown below.

2
2H
€i — €

AE}= @)

The interaction of a singly occupied MO, ¢;, with a singly occupied degenerate
MO, ¢;, leads to two electron stabilization given by the following equation:

2(Hj; — €:Sy;)

AE?=
1+ Sij

(3

The corresponding expression where overlap is neglected is shown below.

4



1. General Theory
AE? = 2Hj (C))

(b) The interaction of two doubly occupied nondegenerate MO’s, ¢; and ¢.,
leads to net four electron destabilization, AE?,-, which increases as the overlap in-
tegral of the two MO’s, S;;, and the mean of their energies, ¢, increase. This result
is obtained by application of the variational method to the case of a two orbital-
four electron interaction and involves no special assumptions® 2! 22)_ The four elec-
tron destabilization energy is given by the equation:

AE} = &lsiL,ig.uSy_)_ (%)

— 5

If the doubly occupied MO’s, ¢; and ¢;, are degenerate the four electron destabi-
lization energy is given by the equation:

A e.Q2
AE:; =4(eiSij — HUS,,) (6)
1-87

It is clear that when overlap is neglected the four electron destabilizing interaction
becomes zero, i.e. AE], = 0.

At this point a discussion of the approximation of the interaction matrix ele-
ment H;;, where i and j are MO?’s, is appropriate. In general, we distinguish two sit-
uations:

a) In problems which involve comparisons of two systems having identical
atomic constitution, the interaction matrix element can be simply approximated
as indicated below?.

Hij =k Sij, k=-39.7eV (7)

Here, S;; is the overlap integral of the two interacting MO’s, i and j.

b) In problems which involve comparisons of two systems which differ in atomic
constitution, the interaction matrix element, Hy;, is expanded in terms of interaction
matrix elements between AQ’s, hp,, which are approximated as indicated below:

hmn = 15 (B + B5) Smn = B35 Smn )

The above equation is the one employed in the CNDO parametrization developed
by Pople and co-workers?®. Here, 85 and fg are specific to the atoms A and B and
Smn is the overlap integral between two AO’s m and n of A and B. The interaction
matrix element between AQ’s, hy,y, is frequently called the resonance integral of
the m and n AO’s?.

) The terms resonance integral, hpp, and coulomb integral, h},,m, conform to the nomen-
clature pertinent to Hiickel theory. It should be pointed out that the parametrization sug-
gested in Table 1 is not neccessarily the best one but is adequate for illustrating qualitative
principles. Obviously, when a given trend arises from conflicting variations of energy gaps
and interaction matrix elements, a prudent choice of the 52\B parameters is essential for ob-
taining reliable results.



Part I. Theory

Table 1. Two center interaction matrix elements

Am,Bn . I'mn Smn® 8%B V) hmn(eV)
F2sC2s 1.381 .2473 -30.00 ~7.419
02sC2s 1.430 2713 —26.00 ~17.054
C13sC2s 1.767 .2670 -21.62 -5.783
F2pC2p, 0 1.381 2571 -30.00 ~7.713
02pC2p, 0 1.430 .2855 ~26.00 ~17.423
C13p-C2p, 0 1.767 .3255 ~21.66 ~7.050
F2p-C2s,0 1.381 .2053 -30.00 ~6.159
02pC2s, 0 1.430 .2455 ~26.00 ~6.383
C13pC2s,0 1.767 3124 ~21.66 ~6.766
F2sC2p, 0 1.381 .3443 -30.00 ~10.329
02sC2p, 0 1.430 .3568 -26.00 -9.277
C13sC2p, o 1.767 .3064 -21.66 -6.637
F2pC2p, 1.381 .1206 -30.00 -3.620
02pC2p, 1.430 11392 ~26.00 ~3.620
C13pC2p, m 1.767 11392 —21.66 ~3.015
Csp3-0sp3, o 1.430 .5427 —26.00 -14.110
Csp3-Ssp3, o 1.820 .6017 -19.57 -11.775
Csp3-Fsp, o 1.381 .5431 -30.00 -16.293
Csp>Clsp, o 1.767 .5841 ~21.66 ~12.652
Csp%-Fp, o 1.381 .5670 -30.00 -17.010
Csp?-Clp, o 1.767 .6510 —-21.66 ~14.101

2) Overlap integrals were calculated with a CNDQ/2 program.
Bap Vvalues were taken from Ref.242

Representative values of B25, Smn and hyp are provided in Table 1. An exami-
nation of these data leads to the formulation of the following qualitative rules:

a) With only one exception, the resonance integral, hmn, decreases in absolute
magnitude as X varies down a column of the Periodic Table, i.e. as X becomes less
electronegative along a column.

b) With only one exception, the resonance integral hmn decreases in absolute
magnitude as X varies to the left of a row of the Periodic Table, i.e. as X becomes
less electronegative along a row. It should be noted, however, that in the cases of
overlap of pure AO’s the differences are very small.

At various points, we shall be interested in the effect of substitution on the
strength of a given orbital interaction. In general, a substituent will alter the energy
gap and the interaction matrix element of two levels and produce a change in the
strength of the interaction. Hence, we would like to know how fast the strength of
an interaction changes as a result of a change in €; — €; and Hj; introduced by the
substituent. The following differential forms of the equations for two electron stabili-
zation, neglecting overlap, will be useful in our future discussions.

6



1.1. Orbital Energies and Interaction Matrix Elements

d(AE}) _ 4Hj

ard) _ ©)
(11(35)) z (degenerate MO's) (10)
jsz—Z)e,) : (e:z—}iij-j)z o
%:E_i;)ej) -0 (degenerate MO’s) (12)

1.1. Orbital Energies and Interaction Matrix Elements

At this point, we have completed the presentation of the key equations which will
be crucial to the development of a predictive theory of molecular structure. These
equations will form the basis for determining the relative stability of isomers, the
relative stabilization of a cationic, radical or anionic center by substituents, etc. On
the other hand, the differential expressions (9) to (12) will form the basis for deter-
mining how substitution affects the relative stability of isomers, the relative stabiliza-
tion of cationic, radical and anionic centers, etc. It is then obvious that a working
knowledge of Egs. (1) to (6) presupposes a great familiarity with the key quantities
involved in these equations, namely, orbital energies and interaction matrix elements.

We shall first consider the effect of atomic replacement on sigma or pi orbital
energies.

Atomic

CH;—-F —=—"=— (CH;3;-Cl
Replacement
Atomic
CH,=CH CH,=SiH
2 % Replacement L

Here, we shall inquire as to how the energy of a given MO is related to features like
atom electronegativity and/or bond distance. In quantum mechanical terms, the
problem amounts to determining how the energy of a ith MO is altered if we change
one (or more) atomic coulomb integral, hp,,, and/or one (or more) resonance
integral, hy,,, by a small amount. The pertinent expression, derived on the basis

of simple perturbation theory, is the following:

5¢,= Z ofn Shmm + 223, #im * 2in dhin (13)

On the basis of Eq. (13), we distinguish the following cases:
a) Replacement of an atom is accompanied by a greater change in the first term
of Eq. (13). In such a case, the energy of the ith MO will be reduced if § hyy, <0

7



Part I. Theory

and increased if 8 hym > 0. The former situation obtains when an atom is replaced
by a more electronegative one and the latter when an atom is replaced by a more
electropositive one. In general, experience shows that the coulomb integral term
variation dominates the resonance integral term variation whenever an atom is
replaced by another atom of the same row of the Periodic Table. Thus, for example,
the energy of a given MO will progressively decrease as carbon is replaced by a more
electronegative atom of the same row, i.e. the MO energy depression will increase

in the order F >0 > N.

b) Replacement of an atom is accompanied by a greater change in the second
term of Eq. (13). In such a case, the energy of the ith MO will be raised or lowered
depending upon the sign of the coefficient product ajm ain as well as the sign of
8 hmn. The various possibilities are summarized below:

Shmn 3im Qin 8¢;
+ + +
+ i po—
_ + _
- - #

Experience shows that, in most cases, the resonance integral term variation domi-
nates the coulomb integral term variation whenever an atom is replaced by another
atom of the same column of the Periodic Table. Thus, for example, the energy of
the o* antibonding MO of HX, where X is a halogen, will progressively decrease

as fluorine is substituted by a less electronegative atom of the same column, i.e.
the MO energy will increase in the order oNF > ofia > Otipr > Ofir-

An interesting and important corollary of the above analysis is that in systems
where the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) have identical or similar electron densities, replacement
of an atom so that hy,, becomes less negative results in shrinkage of the HOMO-
LUMO energy gap while replacement of an atom so that hy,, becomes more negative
has the opposite effect. These results are valid regardless of the direction in which
the coulomb integral of the variable atom changes and may have wide applicability
to ultraviolet spectroscopy25).

Calculated HOMO-LUMO Gap (eV)
CH,=CH, 15.22

CH,=0 17.90

The HOMO-LUMO gap calculated by an ab initio method using an STO-3G basis
set?%) seems to support these ideas. A more definitive test will be possible after the
nature of the lowest excited state in carbon unsaturated systems is understood??.

We shall next consider the effect of substitution on sigma and pi orbital energies.

CHy—F —oniol, N OB

CH,=CH, ubsitition, N CH=CH,
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