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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 lbr calculations of the electronegativities of atoms in organic molecules 
makes it possible to develop a model for calculating the J~;c_H spin-spin coupling constant. 
The approach ,*,as evaluated with t',~,o sets of reported data. The method can be used for rapid 
a%essment of fundamental characteristics of ring-containing organic compounds (including 
aromatic compounds) in solving a wide range of computer chclnistry problems. The method 
and mathematical model are implemented as a module of the EDIP IElectrostatic Descrip- 
tion of Index-Property Problemt program developed for solving various problems of o~anic 
computer chemistry within the framework of a topological index approach using electrostatic 
models. 
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The spin-spin coupling constant Jt~c_.H is a conve- 
nient physical parameter that is most often used i,a study- 
ing the peculiarities of the properties of ring-containing 
organic molecules. Interrelations between this constant 
and electronegativities have been considered. I-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  
or g.anic computer chemistry. Based on analysis of these 
approaches. 3 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 cyctcs of  
graphs have been proposed to date. The results of com-  
parative analysis of  some of  these algorithms have been 
reported (see rev iewl )  Often, a large number of  cycles 
of  a molecular graph is an insurmountable barrier to 
implementation of  an enumeration algorithm. It was 
reported that the real upper limit {'or such an algorithm 
is ~he molecular graph of  ferrocene, which requires 10! 
or  3628800 iterations, z 

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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,;tance, only three rings in tile molecule of adamantane 
(1) ~;hould be considered and tile corresponding circuits 
enumerated following the known rules 3 to name this 
compound systematically (tricyclot3.3.1. l-~.71decane t. 

It follows from this example 
that the number of enumerated 
rings should be minimized, which 
requires enumeration of particu- 
lar "chemically significant" rings 
only rather than all rings. In lhct. 
any cycle (R) of a graph can be 
represented as a linear combina-  
tion of basic cycles t B]) of the 
graph4: 

i 

$1 

where (E) denotes the sum modulo 2 (a symmetric 
difference of sets), whicll is defined for two arbitraw sets 
/t I and ,42 as 

2 

( E ),qi = !,+, UA2~\<,,4~ N,12)- 
l=[ 

In tile general case. several different bases of a graph 
can exist. However. most chemicat applications require 
unambiguous choice of a set of "chemically significant" 
rings. In the early studies of different algoritllms of 
search for the "chemically significant" rings, the defini- 
tions of "real" cycle. "pseudocyctes." and the smallest 
covering cycle were proposed. 5"f' 

The concept of the "smallest set of smallest rings" 
(SSSR) "I-9 has become one of the most popular con- 
cepts developed fi)r analyzing the ring-containing sys- 
tems in chemical applications of the graph theory. In 
this concept, the criterion for small size of a ring has an 
advantage over the criterion for the size of the set. 
Specific drawbacks of the approach used, e.g.. inapplica- 
bility of the algorithm to particular molecular graphs 
corresponding to real (though rather exotic) chemical 
substances, have also been reported. 7-9 However, a 
more grave drawback of practical implementatiol] of the 
SSSR concept is its low efficiency due to the necessity 
of enumerating and storing all cycles of a graph in the 
computer memory. 

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

Wiswesser linear code :8The  SSSR conceptwas used in-  
the analysis of r ing-containing structures for assessing 
the ring strain energies, I~ as well as in the calculations 
of electronegativities and atomic charges+ tt A special 
algorithm of the search tot the SSSR. Iz which is free 
from several drawbacks of the known algorithrns, 7,8 was 
implemented in the latter case. The calculated ring 
stalin energies were compared with analogous data ob- 
tained using the molecular mechanics method and with 
the experimental reaction enthalpies. I~ Correlations 
between calculated etectronegativities, atomic radii. 

and bond energies for several molecules have been 
reported. Iz 

High correlation coefficients obtained indicate c o l  
rectness of the models used, 10-11 which are based on the 
SSSR concept. At the same time, mention of the follow- 
ing fundamentally important fact related to 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 5 and the corresponding SSSR 
contains five four-membered cycles. At the same time. 
the experimental ring strain energy for cuhane is 162.7 
kcal tool -I (26.5 kcal tool -1 for one fot, r-membered 
ring). Thus, the closest estimate of the energy (26.5- 6 = 
159.0 kcal mol - t )  is obtained by approximating the 
cubane molecule using six ibur-membered cycles (in- 
stead of five four-mernbered cycles in accord with the 
SSSR concept). Critical analysis of the SSSR concept 
was reported. 9 The concept of an essential set of essen- 
tial rings (ESER) was proposed, t3 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 |or representing in- 
tbrmation required for solving the problems of molecu- 
lar design has also been mentioned in ttlis 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 molecules (see, e.g., Ref I4. 
dedicated to description of fused aromatic moleculesL 
Specific solutions have also been proposed such as the 
topological index--approach; which explicitly considers 
the cyclic structure of molecules. Is 

Despite high popularity of the SSSR concept, it 
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. 
Therefore, 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. 



404 Russ. Chem. Bull., t'bf. 49, ,Vo. 3, ,$1arch, 2000 Trof imov and  Smolensk i i  

JL C -H/HZ 

2 I01 ~ jb .~  

190 I- - /  

I 70 I- ~ / " / /  ~ 
150[ . / ~ - ~ / J ~  ~ 

130 / ' ~  

18.6 18.8 19.0 19.2 19.4 Zc.-Z H 

Molecule Atom J, ;C_Hi'Hz 

Exp. Calc. 

�9 

I 

<1>2 

A 

2 

t23 ~" I 0,,.6_, 

124 t27.43 

128 133.22 

134 14306 

t 153 158.37 
175 161.68 

3 162 160.27 

I 156 150.84 

2 205 204.36 

160 160.10 

162 162.59 

1 178 195.68 

160 151.91 

I 200 19q.65 

125 122.05 

I 206 19617 

Fig. I. Dependence J,;(--H = a �9 ZISc )  " Z(-}H) - b for ,;ample 
of mono- and polycyclolkanes. 

In t h i s  work, we p e r l o r m e d  ca lcu la t ions  for the test 
sets o f  m o n o -  and  po lycyc loa lkanes  t6"19 (Fig. I) and  
a roma t i c  c o m p o u n d s  17 {Fig. 2) us ing  the following for- 
mtfla which  relates the J u c - H  values  to e lec t ronegat iv i -  
ties o f  the a toms:  

JIJC--H = a" Z(S:c)" Z(S'H) + b, (I) 

where  a and  b are cons t an t s :  ,-go, 2fH are tile e lec t roneg-  
at ivi t ies  of  C and  H a toms  c o n s t i t u t i n g  the molecule ,  
respectively:  and  Z is a f u n c t i o n  o f  the  type: 
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Fig. :2. Dependence J'~C--H = a-Z(S-c)"  Z(,~ H) + b 
lbr sample of aromatic compounds. 

where  M is the  scale  fac to r  specif ic  to each  molecule .  
To  assess the e l ec t ronega t iv i t i e s  o f  the  a toms ,  we m o d i -  
fied a known c o m p u t a t i o n a l  s c h e m e  t8 by i n t r o d u c i n g  a 
co r rec t ion  based on  ca l cu l a t i ons  of  topological  indices  
o f  the  "chemica l ly  s ign i f ican t"  cycles. 

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

Let  vl--v2--v3--...--vi-i--vi--,-.--Vn-l=-Vn be a s u b -  
graph  of  g raph  G = {V.E}. where  V is the  set o f  all 
ver t ices  of  G ,  E is the  set o f  all edges  of  G .  and 

Iv l, v2, v 3 . . . . .  v.} c v,  

tVl--V2, V2---V3, ..., Vi_l--V ~ . . . . .  Vrt--i--Vn} ~ E,~ 

t hen  this subgraph  is cal led the  c i rcui t  (v~, v 2, v 3 . . . . .  vn) 
and  n - I is the  topolog ica l  l eng th  o f  the circui t .  
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Let u, v be a pai r  o f  vertices connected by circuit t in 
G. Let G - / d e n o t e  a graph obtained from G by exclud- 
ing all edges h e l o n g i n g  to circuit 1. 

[ h e  circuits  k a n d  l are called equal circuits (k = [) if 
they connec t  an equa l  number  of  vertices. 

The circuit  p is ca l led a longer circuit if it connects a 
k~rger n u m b e r  o f  ver t ices  than circuit  t (p > .ft. 

The circuit  c o n n e c t i n g  all vertices and edges of the 
circuits k and L wh ich  have at least one common vertex, 
is called a c o m b i n a t i o n  (or sum) of  circuits (k + /). The 
initial vertex o f  the su m of circuits (k + /) is tile initial 
vertex of  circui t  k. T h e  final vertex of  the sum of circuits 
(k -~ /) is tile final vertex of circuit l. 

If in graph G 1 for any pair of  vertices connected by 
circuits 11 r and  1[ 2 o f  the cycle I11 + [i 2 (111 ~/ i  2) and for 
any circuit 113 the cond i t ion  

l i t  _< /12 < /13 {3) 

is met. the cycle 1~* + 1~ ~ is called the smallest cycle of  
type I of  graph ( i j  (hereaiier,  the subscript in the circuit 
notat ion denotes  the type of cycle while the superscript 
in the circuit  no ta t ion  denotes an a r b i t r a l  ordinal 
number  of  the circui t ) .  If the cycle [j I + Ii-' is not the 
smallest cvcle o f  type I, i.e., if there exists a circuit /i ~ 
which does not  meet  condi t ion (3), we will search for 
tile smallest cycles of  type I in graphs G 2 defined as 
follows: G ,  = G I - Ii I and G~" = G I - /i 2 These 
cycles are called the smallest cycles of  type 2. 

If the cycle 121 + I-, 2 is not the smallest cycle of type 
2 of graph G~ {and, correspondingly,  of  graph G2"), we 
will search for the smallest cycles of  type I in graphs G 3 
de f ined  as fo l lows:  G 3 = G ,  - [ I  and  
G;"  = G 2 - [ 2  (and, correspondingly,  in graphs 
G 3 = G 2" - l, i and  G3" = G,"  - /22). These cycles are 
called the smallest  cycles of type 3. Let us make an 
inductive general iza t ion:  all c_~cles of type I for the 
graphs Gi = Gi.-I - [ l l - I  and G," = G "i-I - [2,=1 are 
called the smallest  cycles of type i of  graph G. 

Lm us clarify the definitions intro-  
duced using the following examples. A x .  
For any pair o f  vertices of the I - 2 - -  / / [ ' ~  
7--6 cycle of  graph 4 there exists no ; ~  z 
circuit l13 which simultaneously does 
not belong to the cycle and does not 6 4 
meet cond i t ion  (3'J. Theretore the I - -  
" 7 6 . ~-- - -  cycle is the smallest cycle of  4 
type t of  graph ,.I. 

For the I - - 2 - - 3 - - 4 - - 5 - - 6  cycle of graph 4 there exist 
a pair of  vertices 2. 6. connected by' circuit 2 - -7 - -6 .  

5 

which does not belong to this cycle 
and does not meet condi t ion  (3). 
Therefore, this cycle is not tl~e small-  
est cycle of type I of  graph 4. By 
excluding tile edges (1, 2) and (1, 6) 
of  this graph we get graph 5 conta in-  
ing the 2 - - 3 - - 4 - - 5 - - 6 - - 7  cycle, which 
is the smallest cycle of  type 1 of  

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

By analogy, the 2 - - 3 - - 4 - - 5 - - 6 - - 7  cycle is not the 
smallest cycle of type 1 of graph 4. since exclusion of 
tile (2, 7) and (6. 7~ edges generates 
graph 6 conta in ing  the 1 - - 2 - - 3 - - 4 - -  
5--6 smallest cycle of type 1 of  graph 
5. The lat ter  cycle is the  smallest  
cycle of  type 2 of graph 4. Thus ,  
the complete  set of the smallest  cycles 
of graph 4 contains one f o u r - m e m -  
bered cycle and two s i x - m e m b e r e d  
cycles. 

@i 6 

7 

6 4, 

6 

Let us cons ide r  yet another  exam- 
pie. For any  pair o f  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 
condit ion (3). Hence,  these cycles are 
the smallest cycles of graph 7. 

For cycle I - - 2 - - 3 - - 4 - - 5 - - 6  of  graph 
7 there exists a pair of  vertices 2, 6, 

connected  by the 2 - -7 - -6  circui t ,  which does not belong 
to the cycle and does no t  meet  condi t ion  (3t. By 
excluding the (I .  2) and ( I ,  6) edges we get a graph 
con ta in ing  the 2 - - 3 - - 4 - - 5 - - 6 - - 7  s ix-membered cycle. 
which is not the smallest cycle of  the graph, since the 
7--4  circuit  exists. By excluding the (6. 5), (6. 7). and 
(4, 5) edges, we get a graph consis t ing of the above- 
ment ioned  smallest cycle 2 - - 3 - - 4 - - 7 .  

By consider ing aualogously all o ther  cy- 
cles of  graph 7 we can reveal that none  of  
them, except for the above -m en t ioned  cy- 
cles, is the smallest cycle. Thus ,  the com-  
plete set of  the smallest cycles of  graph 7 

8 
conta ins  three four-membered  cycles. The 
last example is graph 8 con t a in ing  three four-membercd  
smallest cycles of type 2. 

Let us define the differential topological index (some- 
times, it is called the vertex index) as follows: 

c;= ~ '  

where m is the number  o f "chemica l ly  significant" cycles 
of a molecular  graph (in this work, this is the number  of  
the smallest  cycles); 

(I, if vertex i belongs to cycle j: 
f'J = !(l othenvise: 

and N e is the size of cycte j .  
in this case 

h 
.v c =  m, 
j= l  

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

The ca lcula t ions  of  electronegativities are based on 
the known formula 18 

S, = "," ~ ) ,  

~herc 5' i is the desired electronegati,,ity of the ith atom: 
Ss u are the electronegat ivi t ies  of individual atoms given 
according to Sanderson  19 (H 2.592. C 2.746, N 3.194, 
O 3.654, and F 4.000j:  n, is the number  of atoms 
bonded to the ith a tom:  N is the number  of  acorns in the 
molecule:  and 

{~i if atoms i and j a re  bonded:  k , i =  
if" a t o m s  i a n d . l  are nonbonded  or  i ~ j .  

By taking a logari thm of" this relationship and denot ing 
X; = InS, and X, .~ = IllS/(:, we get 

"i I X, + V'k,.i.~'s " 

Alier writ ing analogous  relationships f o r  : i l l  atoms 
(t = I . . . . .  i'r we get a system of N linear equat ions with 
N u n k n o w n s :  

1 I i~ +" "-'~'J~; " i Xi .V 
n t + I \ d: l  

" [ r , :3 "/ ] 
i.V~ - i ,'~ ,, § ~ / ' : ~ s  "v' l 

It can be shown that such a system always has a unique 
sohlliOn. 

Calculations of spin-spin coupling constants JL~C--H 

TO calculate the spin-spin  coupling cons tant  JJ:C--H, 
let us normal ize  the C, indices 

g c,_ I j,, 
m m ~ "~"2 

(the nota t ions  are the same as above). According to 
formulas (4), we get 

+ 

"~/ -- n~ + I,,;~ I 

where .~i ~ is the normalized s tandard electronegativi ty 
calculated as 

: .go _ g(~,, _ I/q) for all vertices of the molecular 
I e I graph, which constitute fi'le cycles 

3711 = { taken into account in the calculations 
o f  electronegativities, 

IX ~ for all other vertices:, 

�9 ~;i is Ihe "new" eIectronegativity calcula ted taking into 
account  the presence of rings in the molecule ;  q is the 
number  of vertices of  the molecular  graph,  which con-  
stitute the cycles taken into account  in the calculat ions  
of electroncgativities; and g is the coeff ic ient  of propor-  
tionality, whose dimensional i ty  co inc ides  with that of  
the electronegativity. 

l ' o  optimize the value of the coeff ic ient  of  propor-  
tionality ~, we studied the dependence  o f  the correlat ion 
coefficient r:  between d~sc-H and  Z c ' Z  H on g and 
chose a ,g value of  0 .9  

Let us define the scale factor M in re la t ionship (2) as 

..W = &~" (S~,~/S,~,~) L ' .  

where Sag is the electronegativity of  the molecule ,  cal- 
culated as the geometric mean: Sma x and  S.mi. are tile 
greatest and the smallest electronegativi t ies  am ong  those 
of  the atoms in the given molecule:  and  n is the number  
of  atoms in the molecule. 

It should be noted that the ach i evem en t  of  higher 
correlation coefficients requires cons ide ra t ion  of  molec- 
ular characteristics of  another  nature  inc lud ing  the con-  
formational parameters along with electronegativit ies.  
However, this goes beyond the scope of  this work. The 
data taken for computer  exper iments  are averaged ex- 
perimental  values that reflect different dynam ic  contr i -  
but ions of con lbrmat ions  to real systems. At the same 
time, it is obvious that such an averaging is far from 
leveling the conformat ional  effects. 

Thus, the computa t ional  procedure  used in this work 
includes: 

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

2) calculat ions and normal iza t ion o f  topological in- 
dices Ci; 

3) calculat ions of  the logarithms of  normal ized  stan- 
dard electronegativities Xi~ 

4) formation and solution of a system o f  l inear  equa-  
t ions of the type 

V _ '! 
, r  = I , - o  v ' " 

n, + I ! X ;  + ,=.k O X j !  
, /=1 i 

5) calculat ions of  the desired values using l 'ormulas 
( I )  and (2). 
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The  approach  described above has been implemeni -  
ed as a module  of  the E D I P  (Electrostat ic  Description 
of  Index-Proper ty  Problem) p rogram fbr IBM P C - c o m -  
patible computers .  10 Deta i led  descript ion of  the soft- 
ware implementa t ion  goes beyond  the scope of  this 
work. l-towever, it should be noted  that no long iter:itive 
or  recurs[re  procedures are used in the program. This 
makes the computa l iona l  cost  low. Practically, calcula-  
tions ibr samples similar It) those  presented in this work 
can be carried out on a personal  computer  in the 
interact ive mode.  ] h e  results o f  comparison of  the ex- 
per imenta l  and calculated values  are presented in Figs. I 
and 2. The  correlat ion coef ' l]cients are r = 0.964 (the 
roo t -mean - squa re  t R M S )  devia t ion  is 52.591) for the 
sample of  16 i tems (see Fig. 1) and r = 0.945 (the RMS 
devia t ion  is tS.674~ for the sample  of  15 items (see 
Fig. 2). However ,  there is no need to place strong 
emphas is  on the values o f  coeff ic ients  obtained for so 
f'ew samples  o f  so dissimilar c h e m i c a l  compounds.  

Thus ,  a simple procedure proposed in this work for 
consider ing the effect o f  peculiari t ies of  the topology on 
tile properties of  r ing-conta ining organic molecules was 
evahiated by comparing the calcula led values of  lhe spin- 
spin coupl ing constant ,lt~c:--H with the reported data. 
The results o f  comparison (see Figs. I and 21 can be 
considered to be satisfacto~- f rom the viewpoint of  rapid 
computa t iona l  methods used lk)r solving different prob- 
lems of  the "s t ructure--property"  and "stn~cture--activ~ty" 
type, which is topical lot  c o m p u t e r  chemis t~  of  organic 
compounds .  The method proposed  in this work is based 
on two approaches that can be called "classical" ones. Tile 
first o f  them includes ca lcula t ions  of  formal topological 
indices o f  molecular  graphs to take into account specific 
features of  the molecular  s t ructure  ralher than the ele- 
mental composi t ion of  the c o m p o u n d .  The second ap- 
proach includes calculations o f  more or less formal pa- 
rameters (e.g., electronegativit ies)  that rellect to a greater 
extent the elemental  compos i t ion  o f  the molecule rather 
than the molecular  structure. In this work, we succeeded 
in combin ing  both these approaches .  
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