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A GRAPH-BASED CLASSIFICATION AND ENUMERATION OF INORGANIC 
HOMO- AND HETEROCYCLES 

IONEL HAIOUC 
C h e m i s t r y  Department, Babe$-Bo lya i  U n i v e r s i t y ,  
R-3400 C lu j -Napoca,  Roumania 

A b s t r a c t  A s y s t e m a t i z a t i o n  based upon t h e  g r a p h  t h e o r y  i s  
p r e s e n t e d  and t h e  s k e l e t a l  i s o m e r i s m  o f  i n o r g a n i c  h e t e r o -  
c y c l e s  i s  d i s c u s s e d .  

INTRODUCTION 

The work  p r e s e n t e d  h e r e  s u g g e s t s  a r a t i o n a l  c l a s s i f i c a t i o n  

o f  i n o r g a n i c  r i n g  sys tems,  needed f o r  t h e  s y s t e m a t i z a t i o n  

o f  t h e  i n c r e a s i n g  amount o f  l i t e r a t u r e  i n  t h e  f i e l d ,  w i t h  

p o s s i b l e  use  i n  compu te r  h a n d l i n g  o f  t h i s  i n f o r m a t i o n .  

An e a r l i e r  p r o p o s e d  c l a s s i f i c a t i o n  o f  i n o r g a n i c  r i n g  . .  
r e c o g n i z e d  t h e  f o l l o w i n g  t y p e s  : ls2 

homocyc les  

h e t e r o c y c l e s  fo rmed b y  i n s e r t i o l !  o f  a h e t e r o a t o m  
i n t o  a p a r e n t  h o m o c y c l i c  sys tem 

h e t e r o c y c l e s  fo rmed by r e g u l a r  a l t e r n a t i o n  o f  two 
d i f f e r e n t  e l e m e n t s .  o r  “ r e ~ e a t i n q  u n i t  h e t e r o -  
c y c l e  s ( c a 1 l e d  I* p 6 e ud o he t e r o c  yc  i e  s ‘I ) 
m i x e d  t y p e  h e t e r o c  c l e s  , i n  w h i c h  t h e  r e g u l a r  
a l t e r n a t i o n  was ?J-y_1s. i s t u r  e d  : 

\ /  

T h i s  c l a s s i f i c a t i o n  c a n  be t r a n s l a t e d  i n t o  t h e  l anguage  

( a )  a l l  known r i n g s  c a n  be s y s t e m a t i z e d  w i t h i n  t h e  

o f  g r a p h  t h e o r y ,  w i t h  t h e  f o l l o w i n g  a d v a n t a g e s  : 

frame of c e r t a i n  p o s s i b l e  t y p e s  
169 
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170 I o n e l  Haiduc 

( b )  new i n o r g a n i c  h e t e r o c y c l e s  can be p r e d i c t e d  

( c )  compos i t i on -  and s t r u c t u r e - b a s e d  c r i t e r i a  f o r  sys- 
t e m a t i z a t i o n  can  be e s t a b l i s h e d  

( d )  the a p p l i c a t i o n  o f  t h e  g e n e r a l  concep ts  o f  n o d a l  
nomenclature3-5 t o  the  nomenclature o f  i n o r g a n i c  
h e t e r o c y c l e s  i s  f a c i l i t a t e d .  

DEFINITIONS 

6 A c y c l i c  s t r u c t u r e  can be d e s c r i b e d  i n  terms o f  i t s  graph. 

A c y c l i c  graph i s  a c l o s e d  arrangement o f  connected p o i n t s ,  

c a l l e d  nodes. A l l  six-membered r i n g s  d e r i v e  f rom t h e  same 

graph, t h e  hexagon. By r e p l a c i n g  t h e  nodes w i t h  atom sym- 

b o l s ,  t he  a b s t r a c t  g raph  becomes a c h e m i c a l  g raph  , which 

i n  f a c t  r e p r e s e n t s  t h e  r i n g  s k e l e t o n .  

I n  i n o r g a n i c  h e t e r o c y c l e s  t h e  most f r e q u e n t  s t r u c t u r e s  

a r e  formed by  a l t e r n a t i o n  o f  e l e c t r o p o s i t i v e  e lements (e.g. 

boron,  s i l i c o n ,  germanium, t i n ,  phosphorus, a r s e n i c ,  a n t i -  

mony o r  a m e t a l  ) w i t h  an e l e c t r o n e g a t i v e  element (oxygen, 

n i t r o g e n )  , ' I 8  The b o r d e r l i n e  between the  two t y p e s  i s  

ca rbon  ( w i t h  an e l e c t r o n e g a t i v i t y  xc = 2.5 ). Donor-accep- 

t o r  and charge a l t e r n a t i o n  a r e  a l s o  s t a b i l i z i n g  f a c t o r s  

and a r e  u s u a l l y  a s s o c i a t e d  w i t h  t h e  e l e c t r o n e g a t i v i t y ,  

h e r e  b a s i s  e lements o f  a r i n g  s t r u c t u r e  ; t h e  e l e c t r o n e g a -  

t i v e  elements a r e  regarded as heteroatoms.  lo Thus, a l l  

s i l i c o n - c o n t a i n i n s  r i n g s  have a common b a s i s  e lement ,  s i l i -  

con ; p a r t i c u l a r  h e t e r o c y c l e s  a r e  then  d e f i n e d  b y  t h e  

n a t u r e  o f  t h e  heteroatoms. 

The e l e c t r o p o s i t i v e  e lements ( x(2.5 ) w i l l  b e  c a l l e d  

( a )  I n  terms o f  g raph  t h e o r y  an i n o r g a n i c  h e t e r o c y c l e  
can  be d e s c r i b e d  by  a g raph  conta' in ing two t y p e s  o f  nodes: 
b a s i s  nodes and h e t e r o  nodes. Th e b a s i s  nodes d e f i n e  eE . - - . . . . . . . ... 

r i n g  : t h e  r i n g  s i t e s  occup ied  by t h e  l e s s  e l e c t r o n e g a t i v e  
e lements ( x ( 2 . 5  ) i . e .  boron, s i l i c o n ,  germanium, phospho- 
r u s ,  a r s e n i c ,  ant imony, e t c . ,  a r e  d e f i n e d  as b a s i s  n a d e s ;  
t h e  s i t e s  occup ied  by e l e c t r o n e g a t i v e  e lements ( x >  2 .5 ) 
a r e  d e s c r i b e d  as h e t e r o  nodes. 

( b )  A c y c l i c  g raph  may c o n s i s t  o f  o n l y  b a s i s  nodes 
(homoc c l e )  o r  i t  may c o n t a i n  b o t h  b a s i s  nodes and h e t e r o  
no + es t o  orm h e t e r o c y c l e s  . 
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Graph-based c l a s s i f i c a t i o n  171 

I n  agreement w i t h  t h e  d e f i n i t i o n s  d iscussed above, t h e  
a c c o r d i n g  t o :  a )  r i n g  i n o r g a n i c  r i n g s  can be sys temat ized  

s i z e ,  and b )  the  n a t u r e  and number o f  b a s i s  nodes. - 

ENUMERATION OF THE C Y C L I C  GRAPHS 

A l l  p o s s i b l e  c y c l i c  graphs, from t h r e e -  t o  eight-membered, 
c o n s i s t i n g  o f  b a s i s  nodes and h e t e r o  nodes, a r e  i l l u s t r a t e d  
i n  F igs .  1-3. A b a s i s  node i s  represented  b y  a f u l l  ( b l a c k )  
c i r c l e  and a h e t e r o  node by an open c i r c l e .  
c o n s i s t i n g  o f  o n l y  h e t e r o  nodes a r e  i n c l u d e d ,  b u t  a r e  n o t  
numbered s e p b r a t e l y ,  as they  cannot  be i n  f a c t  d i s t i n g u i s h e d  
from graphs made up o f  o n l y  b a s i s  nodes. 

tence o f  many i s o m e r i c  graphs, i . e .  s k e l e t a l  i somers  i n  
h e t e r o c y c l e s .  The number o f  i s o m e r i c  graphs i n c r e a s e s  w i t h  
the  r i n g  s i z e  and v a r i e s  s y m m e t r i c a l l y  w i t h  t h e  number o f  
heteroatoms, as shown i n  Table 1. 

C y c l i c  graphs 

The c y c l i c  graphs i l l u s t r a t e d  r e v e a l  t h e  p o s s i b l e  e x i s -  

Tab le  1 The number o f  s k e l e t a l  i s o m e r i c  graphs 
-. 

R ing  Number o f  h e t e r o  nodes T o t a l  
s i z e  number 

8 1 1  4 5 8 5 4  l ( 1 )  29 
7 1 1  3 4 4 3 1 ( 1 )  17 
6 1 1  3 3 3 l ( 1 )  12 
5 1 1 2 2 1 ( 1 )  7 
4 1 1 2 1 ( 1 )  5 
3 1 1 1 ( 1 )  3 

T o t a l  73 

a Homocycles 

Many i n o r g a n i c  r i n g s  cor respond ing  t o  the  graphs No.1 

t o  73 a r e  known le2, b u t  cannot be shown h e r e  because o f  
space r e s t r i c t i o n s .  
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172 I o n e l  Heiduc 

Fig.1. Three-membered , four-membered, 
five-membered and six-membered 
c y c l i c  graphs.  
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Graph-based classification 173 
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174 I o n e l  Heiduc 
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Graph-based c l a s s i f i c a t i o n  175 

I t  should be no ted  t h a t  s u l f u r ,  hav ing an e lec t ronega-  
t i v i t y  xs a 2.5 l i k e  carbon ( and t o  some ex ten t  selenium, 

w i t h  xSe = 2.4 ) 
rocyc les :  i t  can occupy bas i s  noda l  p o s i t i o n s  ( u s u a l l y  as 
8 o r  Svl ) i n  r i n g s  w i t h  more e l e c t r o n e g a t i v e  partners, 
o r  can occupy he tero  nodes ( as S1' ) 
e l e c t r o p o s i t i v e  p a r t n e r  which occupies the  b a s i s  nodes. 
I n  some r i n g s  s u l f u r  can occupy bo th  b a s i s  and he te ro  nodes. 

may p l a y  a double r o l e  i n  i n o r g a n i c  hete- 

i n  r i n g s  w i t h  a more 

B" s u l f u r ( 1 V )  s u l f u r (  11) s u l f u r  i n  b o t  
i n  b a s i s  node i n  he te ro  node b a s i s  node (S ) 

and he t e  r o  
node ( S I I )  

Lar  e r  r i n  s can be  d iscussed i n  a s i m i l a r  manner, bu t  
t h e  -+-+ num e r  o poss ib le  graphs, i n c l u d i n g  many s k e l e t a l  
isomers, inc reases  d r a m a t i c a l l y  w i t h  the r i n g  s i z e ,  w h i l e  
the  number o f  a c t u a l l y  known i n o r g a n i c  he te rocyc les  (macro- 
c y c l e s )  sha rp l y  decreases. The f e w  known examples a r e  e i t h e r  
homocycles ( cyc lopo lys i l anes ,  cyc lopo lysu l fanes )  o r  a l t e r -  
n a t i n g  types ( cyc los i l oxanes ,  cyc lophosphazenes) . l12 

D E R I V I N G  ACTUAL RINGS FROM A CYCLIC GRAPH 

From the a b s t r a c t  c y c l i c  graphs shown i n  Fig.1-3, a c t u a l  
i n o r g a n i c  r i n g  systems can be deduced i n  s e v e r a l  steps. The 
f i r s t  s tep  i s  t o  w r i t t e  the chemical  graph, by i n t r o d u c i n g  
t h e  element symbols. The chemical  graph, as d e f i n e d  above, 
shows o n l y  the composi t ion o f  t h e  r i n g  ( r i n g  ske le ton )  w i t h  
no i n f o r m a t i o n  about the  valence ( c o n n e c t i v i t y )  o f  the 
elements, number o f  bonds, o x i d a t i o n  s t a t e s ,  e tc .  To o b t a i n  
the  a c t u a l  r i n g  the nex t  s tep  i s  t h e r e f o r e  t o  add f u r t h e r  
e x o c y c l i c  s i n g l e  and double bonds and endocyc l i c  double 
bonds and/or charges (when a p p r o p r i a t e )  i n  agreement w i t h  

t h e  o x i d a t i o n  (va1ence)state o f  the elements i nvo l ved .  Two 
examples are  i l l u s t r a t e d ,  f o r  t h e  P3N3 and S3N3 r i ngs .  
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176 I o n e l  Ha iduc  

I 1 1 

A l l  t h e s e  r i n g s  d e r i v e  f rom t h e  same a b s t r a c t  g r a p h  
No. 2 1  ; o n l y  s e l e c t e d  examples  were  g i v e n ,  and many more 
P3N3 and S3N3 r i n g  sys tems  a r e  p o s s i b l e .  

ISOTYPICAL REPLACEMENT. TRANSITION SERIES OF MIXED RINGS 

The 73 c y c l i c  g r a p h s  shown i n  F i g s .  1-3 r e p r e s e n t  a l l  pos-  
s i b l e  i n o r g a n i c  r i n g  t y p e s  made up of o n l y  two e lemen ts .  
F u r t h e r  c o m p o s i t i o n a l  and s t r u c t u r a l  v a r i a t i o n s  a r e  o b t a i n e d  
by p a r t i a l l y  r e p l a c i n g  e i t h e r  t h e  e l e c t r o p o s i t i v e  e l e m e n t  
( i n  b a s i s  n o d a l  s i t e s )  o r  t h e  e l e c t r o n e g a t i v e  h e t e r o  atom 
( i n  h e t e r o  n o d a l  s i t e s ) ,  o r  b o t h ,  w i t h  e l e m e n t s  o f  t h e  same 

t y p e  ( s i m i l a r  e l e c t r o n e g a t i v i t y  and d o n o r - a c c e p t o r  p r o p e r -  
t i e s .  
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Graph-based c l a s s i f i c a t i o n  177 

The i s o t y p i c a l  rep lacement  can be i l l u s t r a t e d  f o r  t h e  
Si303 r i n g  (g raph  No.21). S i l i c o n  can be p a r t i a l l y  r e p l a c e d  
by boron, l e a d i n g  t o  mixed h e t e r o c y c l e s  w i t h  two d i f f e r e n t  
b a s i s  noded and i d e n t i c a l  h e t e r o  nodes, f o rm ing  a t r a n s i t i o n  
s e r i e s  between S i 3 0 3  and B303 r i n g s  : 

Si303 Si3B03 S i B 2 0 3  B3°3 
r i n g  w i t h  a r i n g s  w i t h  two b a s i s  nodes r i n g  w i t h  
s i n g l e  b a s i s  ( a  toms) s i n g l e  
node (atom) b a s i s  node 

S i m i l a r l y ,  h e t e r o  atoms can be rep laced .  Thus, i n  Si303 
oxygen can be p a r t i a l l y  r e p l a c e d  by  a n o t h e r  e l e c t r o n e g a t i v e  
h e t e r o  atom, t o  form a s e r i e s  o f  mixed h e t e r o c y c l e s  w i t h  
i d e n t i c a l  b a s i s  nodes b u t  d i f f e r e n t  h e t e r o  nodes: 

\ /  \I j/ \ /  

/ ‘0’ \ 1 ‘N’ \ 0 d ‘  

si Si, 
0 
1 I t I 

’ -S i  Si-- , , , , 7Si, S i -  

I 1 

0 0’ OR ‘ 
I 

- S i  S i c  
i I 

Isi Si, 

r i n g  w i t h  a r i n g s  w i t h  two h e t e r o  r i n g  w i t h  
s i n g l e  he t e r o  nodes (atoms) a s i n g l e  
node h e t e r o  node 

P a r t i a l  replacement o f  b o t h  b a s i s  nodes and h e t e r o  nodes 
l e a d s  t o  h e t e r o c y c l e s  c o n t a i n i n g  f o u r  d i f f e r e n t  e lements i n  
t h e  same r i n g ,  w i t h  p a i r s  o f  s k e l e t a l  isomers.  Thus, t h e  
six-membered r i n g s  c o r r e s p o n d i n g  t o  graph No.21, can be 
o b t a i n e d  w i t h  comb ina t ions  o f  boron-silicon-oxygen-nitrogen. 
T h i s  t r e a t m e n t  reduces t h e  t e r n a r y  and q u a t e r n a r y  r i n g  com- 
p o s i t i o n s  t o  b i n a r y  p a t t e r n s ,  b y  a l l o w i n g  f o r  o n l y  two t y p e s  
o f  nodes, wh ich  i s  c o n v e n i e n t  f rom a p r a g m a t i c a l  p o i n t  o f  
v iew ,  s i n c e  i n c l u d e s  an e x t r e m e l y  l a r g e  number o f  i n o r g a n i c  

h e t e r o c y c l e s  i n t o  a l i m i t e d  number o f  t y p e s  and undersco res  
t h e  r e l a t i o n s h i p s  between v a r i o u s  r i n g s .  
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178 I o n e l  Haiduc 

FURTHER COMMENTS 

The d i s c u s s i o n  p r e s e n t e d  above i l l u s t r a t e s  two sou rces  o f  

s k e l e t a l  isomer ism i n  i n o r g a n i c  h e t e r o c y c l e s  : t h e  e x i s t e n c i  

o f  i s o m e r i c  graphs and t h e  h e t e r o n o d a l  rep lacement ,  wh ich  

l e a d s  t o  i somers  genera ted  from t h e  same graph.  

c y c l e s .  Thus, f o r  example r i n g s  c o n t a i n i n g  f ragmen ts  o f  
c a t e n a t e d  i d e n t i c a l  atoms a r e  r a r e  : 

The graph-based c l a s s i f i c a t i o n  p r e d i c t s  new h e t e r o -  

t /  

and many more c o u l d  be envisaged. 
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