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In this paper all approximations arc discussed which lead to a quantum chemical model which
is adequate for structural formulas known in classical organic chemistry. Neglect of the energy
differences caused by changes of valence and dihedral angles, i.e. neglect of all nonbonding
interactions, leads to the separation of the Hartree-Fock matrix in blocks of core electrons,
nonbonding electron pairs, two center blocks of g-bonds and delocalized n-electronic structures.
Such a procedure can be formulated at all levels of sophistication — from the one electron
approximation to the MC-SCF method. Even on the one electron level, the average error in heats
of atomization (35:9 kJ/mol) is lower than that of the more complicated geometrical methods
MINDO/3 (52:1 kJ/mol) and MNDO (39:6 kJ/mol). The procedure suggested is about two
orders of magnitude more efficient than geometrical ones of the same level and can be, there-
fore, used for a study of reaction mechanisms of medium size systems (30— 50 atoms) without
large expense.

At the beginning of exact chemical thinking! molecules were understood topologically as a set
of atoms connected by formal chemical bonds. A reaction was interpreted as breaking of old
bonds and formation of new ones. This conception was extremely useful in the utilization of struc-
tural formulas which contributed considerably to the formulation of principal chemical laws.
The success of this structural chemistry indicates that information obtained using such formulas
which are independent of the geometrical arrangement of atoms in the molecule are sufficient
both to understand and explain even very complicated reaction mechanisms.

The view of organic chemists of reaction courses was dramatically changed by quantum
chemistry which enabled objective calculations of interatomic interactions. According to the
quantum chemical view geometrical relations are important, interactions between atoms not
connected by chemical bonds are no longer vanishing and the difference between values of matrix
elements between atoms connected or disconnected by the formal chemical bonds are only
quantitative. The paper by Parr and Mulliken? where all integrals between n-electrons of trans-
-butadiene were evaluated can serve as an aid. It follows that values of resonance integrals between
atoms | —3 and 1—4 are 14% and 4% of the value of 1—2 integral. The more pronounced effect
of nonbonding interactions can be found with electronic repulsion integrals. (11/33) and (11/44)
integrals amount to 60% and 14% of the value of the (11/22) integral. From this viewpoint
the neglect of nonbonding interactions can be regarded as a very crude approximation.

Quantum theory of chemical bonds appeared to be very successful in the interpretation and
prediction of physical and chemical properties. Unfortunately, the most exact methods which
avoid most of the quantum mechanical approximations (ab initio) as well as those which treat
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correctly energy hypersurfaces (full energy optimization, calculation of the correct reaction
coordinate and the Hessian matrix analysis of stationary points) are too expensive and calculations
of slightly complicated systems are quitc unfeasible. The formulation of approximations which
do not take into account unimportant information and ncglect roughly constant though large
contributions can be of importance and it is one of main streams in current theoretical chemistry.
There are many attempts in the literature which are based on the utilization of topological
information. In addition to papers dealing with the enumeration of isomers® or isomerization
reaction paths® as well as to papers treating borane chemistry®% and the formal topological
treatment of reaction pauerns’, three purely topological quantum chemical methods are avaialble
for the calculation of molecular properties. Particularly the HMO method should be mentioned®
which appeared to be very important for the understanding of general principles which govern
the properties of z-electronic systems®*'®. Recently the well known results based on HMO
theory have been systematically interpreted by formal graph theory!!. Graph theory also promot-
ed a suggestion of the so-called quantum chemical graph'2. The topological version of the PPP
method is the modification suggested by Heilbronner and coworkers!3, Unfortunately none
of these topological methods can be used for the analysis of cnergy hypersurfaces and for a study
of reaction mechanism for which continuous changes of topological parameters during a reaction
are typical. Moreover methods described in refs® and ' are restricted to the n-electron approxima-
tion.

The aim of this paper is to suggest a quantum chemical model of the molecular
system which avoids geometrical information and which enables one to discuss
quantitatively reaction mechanisms which have been treated formally by the me-
thods of classical structural chemistry.

Topological Approximations

From both quantum chemical calculations and experiments available, the following
facts indicate the possibility of introduction of topological approximalions for
a study of reaction mechanisms: /) The typical feature of chemical reactions is a bond
breaking/bond formation; if the molecular geometry is expressed in inner coordinates
the bond lengths will change considerably more than valence or dihedral angles.
2) By the analysis of force constants of bond or angle stretching modes as well as
of a height of a hindered rotation barrier it can be concluded that the energy difference
caused by the bond length change is in an order of a magnitude larger than that caused
by the change of angle variables. The displacements from the equilibrium positions
of ethane, ethylene, and acetylene are presented in Table I which are responsive
to an energy change 4 or 20 kJ/mol, resp. (1 or 5 Kcal/mol) considering the harmonic
approximation. Experimental data were taken from refs'*™'" where the semi-
symmetric inner coordinate system was chosen!'®. It is seen from Table I that the
bond length changes contribute more significantly to the energy difference than
changes of valence or dihedral angles. Particularly the latter change has only negligible
influence on the energy surfaces. 3) The transferability of bonding parameters from
one molecule to another was mentioned many times (see e.g. recent papers'®:2%).
Data presented in Table I can also serve for the estimation of errors due to this
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approximation. The error limit 4 kJ/mol gives a tolerance from 6 (C=C bond)
to 11 (C—C bond) pm in the bond length, 18—26° in valence angle and 58° in di-
hedral angle. Such a tolerance is sufficiently large to cover experimentally detected
secondary geometrical changes which are not directly engaged in chemical trans-
formations. 4) It was shown?! that matrix elements between atoms not connected
by chemical bonds almost vanish after a transformation of canonical orbitals in the
orthogonal localized ones.

It follows from items I) and 2) that energy differences caused by the bond angle
changes can be neglected to a very good approximation. According to item 3) the
bond energy contributions are transferable from one molecule to another; these
facts are believed to support the assumption of the low influence of geometrical
parameters on the energy during the reaction course. According to item 4) the energy
of the molecule can be expressed only in terms of diagonal matrix elements and
of off diagonal ones between orbitals connected by classical chemical bonds.

TABLE [

Changes of Inner Coordinates of Ethane, Ethylene and Acetylene, which Cause an Increase
of a Bonding Energy in 4 or 20 kJ/mol, resp. Bond Lengths are Presented in pm, Angles in Degrees

E = 4 kJ/mol E = 20 kJ/mol
Vibration Ref.
displacement angle displacement angle

C—C stretch 55 122 14
C=C stretch 38 83 15
C=C stretch 2-8 65 16
C—H stretch 45 10-2 16
(acetylene)

Ethane sym. 17 9 35 18 14
bending

Ethylene sym. 18 10 41 21 15
bending

Acetylene wag 24 13 57 30 16
Ethylene wag 24 13 57 30 15
Ethane int. - 29 - 17
rotation
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The topological approach can be formulated by the following set of conventions
and approximations: (i) A choice of a basis set which consists of orthogonal hybrid
or localized atomic orbitals. (ii) Neglect of all interactions between orbitals located
on the same atoms. (iii) Neglect of interactions between orbitals not connected
by a chemical bond (iv) The utilization of conventional approximations for calcula-
tion of non-vanishing matrix elements, i.e. neglect of overlap, neglect of clectron
repulsion integrals, ZDO approximation, limited configuration interaction (LCI)
etc. (v) Parametrization of resulting matrix elements directly in the basis of hybrid
or localized orbitals.

The items (i)—(iii) are general for any type of the semiempirical or nonempirical
method, items (iv) and (v) are specific for the semiempirical treatment.

The Choice of Methods

As follows from the preceding discussion, the main feature of the passage from
a geometrical theory to the topological one is the expression of the energy on a hyper-
surface spanned by the HF matrix elements instead of a treatment of energy as a func-
tion of coordinates of atomic nuclei. Moreover, it is assumed, that such matrix
elements or atomic integrals are transferable from one molecule to another. From the
topological viewpoint, one difficulty is encountered with this description. The N-ato-
mic nonlinear molecule is unambiguously described by 3N-6 inner coordinates. The
MO-LCAO description in the basis of n AO’s (n 2 N) requires 1/2 n(n + 1) matrix
elements which are, therefore, not mutually independent. (This holds particularly
for a quantum chemical graph suggested by Polansky'2.) The introduction of topo-
logical approximations (i) to (iii) from the preceding paragraph greatly reduces
the number of geometry-dependent nondiagonal elements as only the elements
between atoms connected by a chemical bond are considered. These are about N
with common molecules. It follows that in the framework of the topological approach
most of 3N —6 inner coordinates are in fact redundant. By the inclusion of the ap-
proximations included in item (iv) of the preceding paragraph, the following clas-
sification of topological methods can be made:

1) Neglect of overlap, empirical parametrization of whole elements of the HF
matrix. It is in fact an HMO approach for z- and é-bonds with empirical energy
contributions for o-bonds and for the strain in small rings. The accuracy of the total
energy is roughly given by the accuracy of the bond energy additivity assumption.
As the average bonding energies vary considerably in different papers the proper
estimation was done in this paper. Using the AHZ°® data for ethane, ethylene and
cycloalkanes with n = 3 to 6 the set of recommended values was obtained and is
presented in Table II. The bonding energy AH"® was evaluated using the relation

AP = 0715 . n, + 0218 . ny — AHP® [MI/mol] , U]
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where n, and ny is the number of C and H atoms in a molecule. The bonding energy
can be expressed by means of data from Table II as a sum of contributions, namely

AHP™ = 0413 . ke_y, + 0346 . ke + 0252 . keoe — 0202 . ky —
— 011 . kyg — 0028 . ks, (2)

where ke_y, ke_c, ke—c are the numbers of corresponding bonds, kj is the number
of cyclopropene rings, ks, is the sum of all cyclopropane, cyclobutane and cyclo-
butene rings, ks is the number of five-membered rings in the molecule. With con-
jugated systems, kc_c is half of the total n-electron energy.

Calculated heats of formation are presented in Table I for hydrocarbons of vari-
ous structural types and compared with those obtained by the more sophisticated
semiempirical methods MINDO)/2 (ref.??) and MNDO (ref.??). The only real failure
of the simplest topological method was found with 1,3-butadiyne (error 168 kJ/mol).
The standard deviation for ail 55 members of this set amounts to 35:9 kJ/mol and
decreases to 29-1 kJ/mol (69 kcal/mol) on exclusion of 1,3-butadiyne. The MINDO/3
method gives a standard deviation of 52-1 kJ/mol (125 kcal/mol), the MNDO
method 39-6 kJ/mol and 29-5 kJ/mol (7-1 kcal/mol) when cubane is removed from the
set. This comparison seems to be favorable for the topological method at the HMO-
-level if its is kept in mind that the calculations with aliphatic molecules can be
performed by a “"pen and paper” method and with aromatic systems with negligible

TasLE [T .
Empirical Bonding and Strain Energies E for AHfZgﬁ under the Bond Energy Additivity As-
sumption (all values in kJ/mol)

Component Taken from E
H—H H, 436
C—H C,H,, CgH,, 413
c—C C,Hg, C¢H, , 346
C=C C,H,, C—H, C—C 252

C3H,, C—H,C—C,C=C  —202

A [ [ GCoMeCalles CoH.C—C —110

O @ CsH,,, C—H, C—C — 28
J

>
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computing time expense. The utilization of this method for a study of (opological
energy hypersurfaces will be discussed in the paper V of this series.

2) Explicit treatment of y-integrals, inclusion of correlation energy. The con-
ventional n-electronic PPP method is *‘topological™ in the estimation of core inte-
grals (tight binding approximation) and *‘gcometrical’ in the calculation of y-inte-
grals. In all valence electron semiempirical mcthods described so far all atomic
integrals are a function of geometry. Using explicit formulas for energies of ground
and excited states of benzene in the PPP approximation, Salemy and Longuet-Hig-
gins?* showed that cxcitation energics can be reasonably expressed in terms of the
difference y, ; — y;,;-, and that thesc differences approach zero faster with increasing
interatomic distances than y-integrals themselves. This piece of knowledge was used
for formulation of a purely topological n-electronic method by Heilbronner and co-
workers!3. From the viewpoint of a chemical reactivity study. this method suffers
from neglecting the g-parts of a system, ncglect of doubly excited configurations and
a purely empirical choice of parameters which complicates calculations of hetero-
cyclic compounds and derivatives. The solution of these difficultics is more com-
plicated and the topological method suggested will be discussed in Part HI of this
series.

3) Study of excited singlet and triplet states. Within the [ramework of a topo-
logical approximation of electronic repulsion integrals two different approaches
can be suggested. Either the convenient closed-shell calculation in ¢ + 7 + 6 ...
approximation can be performed followed by a limited Cl method or a restrictedfun-
restricted type of an open shell method can be used. For a study of reaction me-
chanisms one would undoubtedly prefer the first approach. Crossing or avoided
crossing of adiabatic hypersurfaces as well as the energy transfer between reacting
molecules are of great importance?*+2® in the study of mechanisms of photochemical
reactions. The CI method is clearly the proper choice for such a study. The topo-
logical approximation within the CI procedure has also another advantage. The
most cumbersome task with all Cl-calculations is the cvaluation of molecular inte-
grals from the basis of atomic integrals. The time needed is proportional to the Sth
power of a number of orbitals with nonempirical methods and to the 2nd power
under ZDO approximation. With the topological method, this time is almost linearly
proportional to the number of orbitals which enables one to calculate even Jarge
systems without considerable expense.

4) Topological SCF method. With exception of the reduction of the number
of nonzero matrix elements, the topological approach from an economical point
of view has no advantage. The approximation used will be thoroughly discussed
in a paper dealing with problems of electronic repulsion.

5) Multiconfiguration SCF method. The convenient CI method is one of the
important tools for calculation of correlation energy of reactants and products.
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In a paper?’ it was shown that potential energy hypersurfaces can be incorrectly
analyzed as discontinuous even on a CI level of calculation. (This artifact is not ef-
fective with the HMO-CI calculation.) Moreover, derivatives of energy with respect
to SCF expansion coefficients do not vanish with the CI wave functions. From the
paper?® it can be assumed that this error is small. On the MC-SCF level of a calcula-
tion both these artifacts are eliminated. The problem with a MC-SCF approach
in the topological approximation is similar to that in the PPP method?®-3°. Detailed
discussion of the molecular integrals in the MC-SCF method as functions of topo-
logical rather then geometrical parameters will be discussed in paper III of this
series.

The Pattern of a Molecule in the Topological Approximation

Within topological approximations (i)~ (iii) (vide infra) the HF matrix is factorized
in all approximations to:

1. Blocks including core electrons.

2. 2 x 2 blocks of single bonds localized in straight lines.

3. m-Electronic polycentric blocks localized in planes.

4. 6-Electronic blocks delocalized in space efc.

Here these blocks are named elementary components. A chemical reaction is then
considered topologically as an interaction of two or more elementary components.
If various components Jocalized in one molecule interact, a monomolecular reaction
proceeds. In the case of an interaction of elementary components of two. three,
... molecules we speak about bimolecular, termolecular, ... reactions. From a formal
topological viewpoint, there is no difference between monomolecular and multi-
molecular reactions but there is a difference between monocomponent and poly-
component reactions with respect to the number of elementary components which
interact. During a reaction course elementary components which interact are no
Jonger factorized and the pertinent electrons are delocalized similarly as with aromatic
compounds. The remaining components are factorized in any reaction stage, there-
fore, it is possible to neglect their approximately constant contributions for a calcula-
tion of activation and[or reaction parameters. This reduces considerably the size
of the matrix in all levels of sophistication — from an HMO to MC-SCF level.

This idea can be illustrated in the case of the butadiene molecule. Butadiene has
10 atoms and 30 electrons. The topological HF matrix will be factored into:

1. Blocks of Is electronic pairs on carbon atoms.

2. Six 2 x 2 blocks of C—H o-bonds.

3. Three 2 x 2 blocks of C—C o-bonds.

4. One 4-center block of delocalized n-electrons.

The treatment of any monomolecular reaction of butadiene is a problem of the 26th
order in a nonempirical study using a minimal basis set and it is a problem of the
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22nd order with a semiempirical study on a CNDO/2 level but also using a simple
EHT method. With the topological method only elementary components which
take part in the reaction can be considered, namely:

(i) C—H bond dissociation: one component of the type 2.; second order problem.
(if) C-—C bond dissociation: one component of the type 3. and one of the type 4.
6th order problem.
(iii) Sigmatropic hydrogen shift: one component of the type 2. and one of the type 4.
Problem of the 6th order.
(iv) Cis-transisomerization: onc component of the type 4. Problem of the 4th order.
(v) Electrocyclic reaction: one component of the type 4. Problem of the 4th order.
(vi) Dimerization of butadiene. Two components of the type 4. Problem of the 8th
order. (Compare with the problem of the 44th order in the CNDO/2 approxima-
tion.)
(vii) As an example of a reaction of two different molecules the Dicls-Alder rcaction
between butadiene and ethylene can be presented. Topologically, it is problem
of the 6th order.

If we take into account that the HF matrix diagonalization is proportional to the
2nd to 3rd power of the size, than the topological treatment of ¢.g., reaction (iii)
will be 13 to 49 times faster, with reaction (iv) 30 to 166 times aster than the geometric
calculation of the same level of a sophistication. The inclusion of advanced procedures
such as a full energy optimization, calculation of the rcal energy path on a multi-
dimensional energy hypersurface and a Hessian maltrix analysis of all stationary
points is feasible even for molecules of a medium size (30— 50 atoms). Transforma-
tion of topological variables to geometrical ones can by made by several procedures.
Let us mention here well known bond energy — bond length relationships (e.qg.,
using the Morse curve, empirical potentials etc.). The more detailed discussion
on this topic will be presented in Part V of this series.

The develop of the topological project could not be made without the advice, discussions
and effective help of Prof. R. Zahradnik, Dr J. Kopecky and Dr P, Carsky. Their support in this
and subsequent studies is gratefully acknowledged.

REFERENCES

. Butlerov A. M.: Z. Chem. 5, 298 (1862), cited according to ref.” .

. Parr R. G.: Mulliken R. S.: J. Chem. Phys. 18, 1338 (1950).

. Henze H. R., Blair C. M.: J. Amer. Chem. Soc. 53, 3077 (1931).

. Balaban A. T., Fircasin D., Banici R.: Rev. Roum. Chim. 1/, 1205 (1966).

. Dickerson R. E., Lipscomb W. N.: J. Chem. Phys. 27, 212 (1957).

. Pepperberg I. M., Halgren T. A., Lipscomb W. N.: Inorg. Chem. 16, 363 (1977).
. Sinanoglu O.: J. Amer. Chem. Soc. 97, 2309 (1975).

. Hickel E.: Z. Phys. 70, 204 (1931).

L R R N N N

Collection Czechoslov. Chem. Commun. [Vol. 45] [1980]



2462 PancfF

. Streitwieser A., jr: Molecular Orbital Theory for Organic Chemists. Wiley, New York 1961.
. Heilbronner E., Bock H.: The HMO-Model and its Application. Basis and Manipulation.

Wiley-Interscience, London, New York, Sydney, Toronto, Verlag Chemie, Weinheim 1976.

. Graovac A., Gutman L., Trinajsti¢ N.: Topological Approach to the Chemistry of Conjugated

Molecules. Lecture Notes in Chemistry 4. Springer, Berlin, Heidelberg, New York 1977.

. Polansky O. E.: Math. Chemistry /, 183 (1975).

. Weltin E., Weber J.-P., Heilbronner E.: Theor. Chim. Acta 2, 114 (1964).

. DuncanJ. L.: Spectrochim. Acta 20, 1197 (1964).

. Duncan J. L., McKean D. C., Mallinson P. D.: J. Mol. Spectrosc. 45, 221 (1973).
. Suzuki I., Overend J.: Spectrochim. Acta 425, 977 (1969).

. Mason E. A., Krcevoy M. M.: J. Amer. Chem. Soc. 77, 5808 (1955).

. Kozmutza K., Pulay P.: Theor. Chim. Acta 37, 67 (1975).

. Hendrickson J. B.: Angew. Chem. 86, 71 (1974).

. Benson S. W.: Angew. Chem. 90, 868 (1978).

. Poldk R.: This Journal 38, 1450 (1973).

. Bingham R. C., Dewar M. J. S., Lo D. H.: J. Amer. Chem. Soc. 97, 1294 (1975).
. Dewar M. J. S., Thiel W.: J. Amer. Chem. Soc. 99, 4907 (1977).

. Salem L., Longuet-Higgins H. C.: Proc. Roy. Soc. 4257, 445 (1960).

. Michl J.: Top. Curr. Chem. 46, 1 (1974).

. Salem L.: Science /91, 822 (1976).

. Gregory A. R., Paddon-Row M. N.: Chem. Phys. Lett. /2, 552 (1972).

. Le3ka J., Ondrejitkova D., Zahradnik P.: This Journal, in press.

. Nakayama M., I'Haya Y. J.: Int. J. Quantum Chem. 4, 21, 43 (1970).

. Nakayama M., Sazi K., I’'Haya Y. J.: Theoret. Chim. Acta 38, 327 (1975).

Translated by the author (J. P.).

Collection Czechoslov. Chem. Commun. [Vol. 45] [1980]





