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Electronegativity of atoms of ring-containing

molecules—NMR spectroscopy data correlations: a description

within the framework of topeological index approach
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A method is proposed for taking into account peculiarities of the topology of ring-
containing organic molecules. The use of this method in combination with the previously
developed procedure for calculations of the electronegativities of atoms in organic molecules
makes it possible to develop a mode! for calculating the Jise_y spin-spin coupling constant.
The approach was evaluated with two sets of reported data. The method can be used for rapid
assessment of fundamental characteristics of ring-containing organic compounds (including
aromatic compounds) in solving a wide range of computer chemistry probiems. The method
and mathematical model are implemented as a module of the EDIP (Electrostatic Descrip-
tion of Index-Property Problem) program developed for solving various problems of organic
computer chemistry within the framework of a topological index approach using clectrostatic
models.
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The spin-spin coupling constant Juc_y is a conve-
nient physical parameter that is most often used in study-
ing the peculiarities of the properties of ring-containing
organic molecules. Interrelations between this constant
and electronegativities have been considered. =3

Different approaches have. been proposed to take
into account peculiarities of the structure of ring-con-
taining molecules. We will outline some of them that
proved to be efficient in solving various problems of
organic computer chemistrv. Based on analysis of these
approaches.? we developed an algorithm for consider-
ation of characteristic features of the topology of ring-
containing organic molecules (see below). Since this is
not a unique algorithm. we critically analyzed the effi-

ciency of the known approaches listed below in the
model experiments.

Numerous algorithms for enumerating all cycles of
graphs have been proposed to date. The results of com-
parative analysis of some of these algorithms have been
reported (see reviewl). Often, a large number of cycles
of a molecular graph is an insurmountable barmer to
implementation of an enumeration algorithm. It was
reported that the real upper limit for such an algorithm
is the molecular graph of ferrocene. which requires 10!
or 3628800 iterations.?

It is well known that there is no need to enumerate
all rings constituting ring-containing organic molecules
when naming them using systematic names. For in-
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stance. only three rings in the molecule of adamantane
(1) should be considered and the corresponding circuits
enumerated following the known rules? to name this
compound systematically (tricvclo]3.3.1.1° 7 |decane).
It follows from this example

that the number of enumerated .

rings should be minimized. which
requires enumeration of particu-
tar "chemically significant” rings
only rather than all rings. In fact.
any cvele (R) of a graph can be
represented as a linear combina-

tion of basic cycles (B)) of the 1
araph*:
R=1(¥)p,

(Y]

where (3) denotes the sum modulo 2 (a symmetric
difference of sets). which is defined for two arbitrary sets
Ay and 4, as

N

()4, = (A UANA N A
1=

In the general case. several different bases of a graph
can exist. However. most chemical applications require
unambiguous choice of a set of "chemically significant”
rings. In the early studies of different algorithms of
search for the "chemically significant” rings. the defini-
tuons of "real” cycle. "pseudocyceles.” and the smallest
covering cycle were proposed.3-6

The concept of the "smallest set of smallest rings”
(SSSR)Y*? has become one of the most popular con-
cepts developed for analvzing the ring-containing svs-
tems in chemical applications of the graph theory. In
this concept, the criterion for smalf size of a ring has an
advantage over the criterion for the size of the sct.
Specific drawbacks of the approach used. e.g.. inapplica-
bility of the algorithm 1o particular molecular graphs
corresponding to real (though rather exotic) chemical
substances. have also been reported.’=? However, a
more grave drawback of practical implementation of the
SSSR concept is its low efficiency due to the necessity
of cnumerating and storing all cycles of a graph in the
computer memaory.

An efficient algorithm of the search for the SSSR
was developed for use in the program that generates the

‘Wiswesser linear code.® The SSSR concepr was used in-

the analysis of ring-containing structures for assessing
the ring strain energies, ' as well as in the calculations
of electronegativities and atomic charges.!'! A special
algorithm ol the search for the SSSR.12 which is free
from several drawbacks of the known algorithms.”-8 was
implemented in the latter case. The calculated ring
strain energies were compared with analogous data ob-
tained using the molecular mechanics method and with
the experimental reaction enthalpies.'® Correlations
between calculated electronegativities, atomic radii,

and bond energies for several molecules have becn
reported. 2

High correlation coetficients obtained indicate cor-
rectness of the models used, %11 which are based on the
SSSR concept. At the same time, mention of the follow-
ing fundamentally imporntant fact related 1o the SSSR
concept has also been made in these works. There exist
two representations of the molecular graph of cubane,
namely, a three-dimensional representation (2) as a
cube whose faces are formed by six four-membered
cycles, and a planar representation (3). which can be
considered as a structure formed by four-membered
cycles (the external contour is not considered in this

case).

2 3

The number of linearly independent cycles in the mo-
lecular graph of cubane is 3 and the corresponding SSSR
contains five four-membered cycles. At the same time,
the experimental ring strain energy for cubane is 162.7
kcal mol™! (26.5 kecal mol™! for one four-membered
ring). Thus, the closest estimate of the energy (26.3-6 =
159.0 kcal mol™') is obtained by approximating the
cubane molecule using six four-membered cycles (in-
stead of five four-membered cycles tn accord with the
SSSR concept). Critical analysis of the SSSR concept
was reported.? The concept of an essential set of essen-
tial rings (ESER) was proposed,!? developed to obtain
necessary and sufficient information on the changes in
the ring-containing structures in the course of reaction.
Insufficiency of the SSSR concept for representing in-
formation required for solving the problems of molecu-
lar design has also been mentioned in this work.

In some cases. the problem of laconic and informa-
tive description of peculiarities of the topology of ring-
containing systems is solved for particular classes of
compounds taking into account characteristic features of
the structure of their mofecules (see, e.g., Refl 14,
dedicated to description of fused aromatic molecules).
Specific solutions have also been proposed such as the

- topotogical index -approach, which -explicitly considers
the cyclic structure of molecules. !5

Despite high popularity of the SSSR concept. 1t
cannot be used in our case. Actually, calculations of
electronegativities of carbon atoms in. e.g.. the cubane
molecule, performed using this concept result in differ-
ent values, which contradicts equivalency of the atoms.
Thercfore, in this work the computer search for "chem-
ically essential” rings was carried out using a heuristic
algorithm of the formation of a complete set of the
smallest cycles described below.
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Fig. 1. Dependence Jiue_y = a- A5 A8y + b for sample
of mono- and polycyciolkanes.

In this work, we performed calculations for the test
sets of mono- and polycycloalkanes!®1? (Fig. 1) and
aromatic compounds!? (Fig. 2) using the following for-
mula which relates the Jisc_y values to electronegativi-
ties of the atoms:

e = 2  ASe)28y) + b, )

where a and b are constants: S ¢, Sy are the electroneg-
ativities of C and H atoms constituting the molecule,
respectively: and Zis a function of the type:

of the "chemically significant” cycles.

Generation of complete set of the smallest cycles and
the topological indices of "chemically significant” cycles

Let v, —Vy—V3—...—V,_|—V,—~ .=V, —V, be a sub-
graph of graph G = {V.E}, where V is the set of all
vertices of G, E is the set of all edges of G, and

{Vi. V), Vi, Vb €V
{vy=V3, V3=V3, oy Vi —V,e ol Vo —V,) & EC

then this subgraph is called the circuit (vy, v3. V3. ..., V)
and n — 1 is the wopological fength of the circuit.
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Let u, v be a pair of vertices connected by circuit /in
G. Let G—/ depote a graph obrained from G by exclud-
ing all edges belonging 1o circuit /.

The circuits k£ and { are called equal circuits (kK = ) if
they connect an equal number of vertices.

The circuit p is called a longer circuit if it connects a
targer number of vertices than circuit { {(p > .

The circuit connecting all vertices and edges of the
circuits & and /. which have at least one common vertex,
is called a combination (or sum) of circuits (K + ). The
inttial vertex of the sum of circuits (k + /) is the initial
vertex of circuit &. The final vertex of the sum of circuits
(k + ) is the final vertex of circutt /L

If in graph G, for any pair of vertices connected by
circuits /! and /;2 of the cycle ! + /2 (/;! < ;%) and for
any circuit /)% the condition

W ntsdy? (3

is met. the cycle {1 + {7 is called the smallest cycle of
type | of graph G, (hereafter, the subscript in the circuit
notation denotes the tvpe of cycle while the superscript
in the circuit notation denotes an arbitrary ordinal
number of the circuit). If the cycle ! + /7 is not the
smallest cvcie of type 1. ie.. if there exists a circuit {3
which does not meet condition (3), we will search for
the smallest cyvcles of type I in graphs G, defined as
follows: G, = G, — ;' and G," = G, — ;% These
cycles are called the smallest eycles of type 1.

If the cycle £} + £5% is not the smallest cycle of type
2 of graph G, (and, correspondingly. of graph G,7). we
will scarch for the smallest cycles of type | in graphs G,
defined as  foliows: G; = G, — Lt and
G,” = G, — £ (and. correspondingly, in graphs
Gy = Gy — L' and G3" = Gy" — 5?). These cyeles are
catled the smallest cvcles of tvpe 3. Let us make an
inductive generalization: all cycles of type | for the
graphs G, = G,., — /l—yand G;" = G, — (%, are
called the smallest cycles of tvpe i of graph G.

Let us clarify the definitions intro-
duced using the following examples.
For any pair of vertices of the 1 ~2—
7—6 cycle of graph 4 there exists no
circuit /> which simultaneously does
not belong to the cycle and does not
meet condition (3). Therefore the 1—
2—7—6 cvcle is the smallest cycle of a
tvpe [ of graph 4.

For the | —2—3—4—5—6 cycle of graph 4 there exist
a pair of vertices 2. 6. connected by circuit 2—7—6.
which does not belong to this cycle
and does not meet condition (3).
Therefore, this cycle is not the small-
est cycle of type | of graph 4. By
excluding the edges (1, 2y and (1. 6)
of this graph we get graph S contain-
ing the 2—3—4-—~5—6—7 cycle. which
5 is the smallest cycle of type ! of

graph 5. Hence, this cycle is the smatlest cvele of type 2
of graph 4.

By analogy. the 2—3—~4-—3—-6—7 cycle is not the
smallest cvcle of tvpe | of graph 4. since exclusion of
the (2, 7) and (6. 7) edges generates
graph 6 containing the 1 —2—3—d4—
3—6 smallest cvcle of tvpe 1 of graph
5. The latter cycle is the smallest
cvecle of type 2 of graph 4. Thus,
the complete set of the smallest cycles
of graph 4 contains one four-mem-

bered cycle and two six-membered 6
cveles.
. Let us consider vet another exam-
ple. For any pair of the vertices of the
. cycles 1—2-7—6, 2-3--4-—7 and
' © 4-5-6—7 of graph 7 there exist no
pairs of vertices which do not meet
& 4

condition (3). Hence, these cvcies are
the smallest cycles of graph 7.
7 For cycle 1| —2—3—4—35—6 of graph
7 there exists a pair of vertices 2, 6,
connected by the 2—7-—6 circuit. which does not belong
to the cycle and does not meet condition (3). By
excluding the (1, 2) and (1, 6) edges we get a graph
containing the 2—3—34—3—6—7 six-membered cvcle.
which is not the smallest cycle of the graph, since the
7—3 circuit exists. By excluding the (6, 3), (6. 7), and
(4. 5) edges, we get a graph consisting of the above-
mentioned smallest cycle 2—3—4-7.

By considering analogously all other cv-
cles of araph 7 we can reveal that none of
them, except for the above-mentioned cy-
cles. i1s the smallest cycle. Thus, the com-
plete set of the smallest cycles of graph 7
contains three four-membered cycles. The
last example is graph 8 containing three four-memberced
smallest cycles of type 2.

Let us define the differential topological index (some-
times. 1t is called the vernex index) as tollows:

8

where m is the number of "chemically significant” cvcles
of a molecular graph (in this work, this 1s the number of
the smallest cycles);

{0 if vertex i belongs to cycle f
7 710 otherwise;
and W, is the size of cyele /.
in this case

h
YC =m,

i
=}

~

where h is the number of all vertices in the cvcles.
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Calculations of electronegativities of the atoms
in a molecule of an organic compound

The calculations of electronegativities are based on
the known formula!8

N

S = U THe S ) -

Ca 0T

where S; is the desired electronegativity of the ith atom:

SV are the electronegativities of individual atoms given

according to Sanderson!? (H 2.592. C 2.746, N 3.194,

O 3.634, and F 4.000); #n, is the number of atoms

bonded to the jth atom: Vis the number of atoms in the
molecule; and

- :irl . if atoms ¢ and J are bonded:
70, if atoms i and J are nonbonded or i = j.
By taking a logarithm of this relationship and denoting
X, = InS; and X! = InS? we get

H AY y
= | v & S v
Y= —0~> X + __A_,/-.X/ '
v ! P .
i 1y j=t ;

After writing analogous relationships for all atoms
(=1, ... N we get a system of NV linear equations with
N unknowns:

{ V(e

(X = Y, 4 }_»'\,!/\, i

i ny +l'\ 7o j

|

"‘ .............................................

; | ; M . H
LY, PXN Tk X

! ny T o B i

It can be shown that such a system always has a umque
solution.

Calculations of spin-spin coupling constants Ji;c_y

To calculate the spin-spin coupling constant Jixc_y.
let us normalize the C; indices

S ed
s — ;
m m /,,N/

(the notations are the same as above). According to
formulas (4). we get

Y = ({1)( s ¥l
n,-'rl.\/,, j

where X2 is the normalized standard electronegativity
calculated as

\’“ — &(C, = fq) for all vertices of the molecular
| graph, which constitute the cvcles
X0 = taken into account in the calculations
; of electronegativities,

“(" tfor all other vertices;

X, is the "new" electronegativity calculared taking into
account the presence of rings in the molecule; g 1s the
number of vertices of the molecular graph, which con-
stitute the cycles taken into account in the calculations
of electronegativitics; and g is the coefficient of propor-
tionality, whose dimensionality coincides with that of
the electronegativity.

To optimize the value of the coefficient of propor-
tionalitv g, we studied the dependence of the correfation
coefficient = between Jisc_y and Zc-Zy on g and
chose a g value of 0.9.

Let us define the scale factor M in relationship (2) as

M= S;zg ’ (“Sm:vx/smxn)“”~

where S, Is the electronegativity of the molecule, cal-
culated as the geometric mean: Sy, and Sy, are the
greatest and the smallest electronegativities among those
of the atoms in the given molecule; and # is the number
of atoms in the molecule.

it should be noted that the achievement of higher
correlation coefficients requires consideration of molec-
ular characteristics of another nature including the con-
formational parameters along with electronegativities.
However, this goes bevond the scope of this work. The
data taken for computer experiments are averaged ex-
perimental values that reflect different dynamic contri-
butions of conformations to real systems. At the same
time. it is obvious that such an averaging is far from
leveling the conformational effects.

Thus, the computational procedure used in this work
includes:

1) analysis of the molecular graph in order to reveal
"chemically significant” cycles:

2) calculations and normalization of topological in-
dices Cj;

3) calculations of the logarithms of normalized stan-
dard electronegativities X °;

4) formation and solution of a system of linear equa-
tions of the type

— 1
X, =

[ v ooo_ 0
v/ i H
I B

"

5) calculations of the desired values using formulas
(1) and (2).



Russ. Chem. Bull., Vol. 49, No. 3. March, 2000 407

Eicctronegativity of atoms of ring-containing molecules

The approach described above has been implement-
ed as a module of the EDIP (Electrostatic Description
of Index-Property Problem) program for IBM PC-com-
patible computers.2® Detailed description of the soft-
ware implementation goes bevond the scope of this
work. However. 1t should be noted that no long iterative
or recursive procedures are used in the program. This
makes the computational cost low. Practically. calcula-
tions for samples similar to those presented in this work
can be carried out on a personal computer in the
interactive mode. The results of comparison of the ex-
perimental and calculated values are presented in Figs. |
and 2. The correlation coeflicients are r = (¢.964 (the
root-mean-squarc (RMS) deviation is 32.5391) for the
sample of 16 items (see Fig. 1) and » = 0.945 (the RMS
deviation is 18.674) for the sample of 13 tems (see
Fig. 2). However, there is no need to place strong
emphasis on the values of coefficients obtained for so
few samples of so dissimilar chemical compounds.

Thus, a simple procedure proposed in this work for
considering the effect of peculianties of the topology on
the properties of ring-containing organic molecules was
evaluated by comparing the calculated values of the spin-
spin coupling constant Jixc_y with the reported data.
The results of comparison (see Figs. | and 2) cap be
considered to be satisfactorv from the viewpoint of rapid
computational methods used for solving different prob-
lems of the "structure—property” and "structure—activity”
type, which is topical for computer chemistry ol organic
compounds. The method proposed in this work is based
on two approaches that can be called "classical” oncs. The
first of them includes calculations of formal topological
indices of molecular graphs to take into account specific
features of the molecular structure rather than the ele-
mental composition of the compound. The second ap-
proach includes calculations of more or less formal pa-
rameters (e.g., electronegativities) that reflect to a greater
extent the elemental composition of the molecule rather
than the molecuiar structure. In this work, we succeeded
in combining both these approaches.
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