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INTRODUCTION 

An i m p o r t a n t  e x p e c t a t i o n  in  c h e m i s t r y  and p h a r m a c o l o g y  i s  t h a t  s i m i l a r  

chemica l  s t r u c t u r e s  have s i m i l a r  p r o p e r t i e s  and b e h a v i o r .  New i n d u s t r i a l  

c h e m i c a l s ,  p e s t i c i d e s ,  and t h e r a p e u t i c s  a re  o f t e n  s u b t l e  m o d i f i c a t i o n s  of 

" l e a d "  s t r u c t u r e s  w i t h  known chemica l  b e h a v i o r .  Chemical p r o p e r t i e s  and 

r e a c t i o n  r a t e s  can be e s t i m a t e d  from s u i t a b l e  homologs  1 '2  Moreover ,  the  

s a f e t y  of u n t e s t e d  c h e m i c a l s  i s  o f t e n  e v a l u a t e d  by compar ing  the  chemica l  to  

a n a l o g o u s  s t r u c t u r e s  f o r  which t o x i c o l o g i c a l  da t a  a re  a v a i l a b l e .  D e s p i t e  the  

w i d e s p r e a d  use of t e r m s  such as "homolog" and " a n a l o g s "  in r e s e a r c h ,  chemical  

s i m i l a r i t y  has  evaded q u a n t i t a t i v e  i n t e r p r e t a t i o n  from a p e r s p e c t i v e  where 

a l l  c h e m i c a l s  a re  c o n s i d e r e d  s i m u l t a n e o u s l y .  One r e a s o n  i s  t h a t  chemica l  

s i m i l a r i t y  i s  i n h e r e n t l y  a m u l t i v a r i a t e  p rob lem or ,  in  o t h e r  words ,  c h e m i c a l s  

a re  s i m u l t a n e o u s l y  s i m i l a r  and d i f f e r e n t  from many p e r s p e c t i v e s .  We have 

a p p r o a c h e d  chemica l  s i m i l a r i t y  by a t t e m p t i n g  to  d e f i n e  a s t r u c t u r e  space  in 

which a l l  c h e m i c a l s  can be i d e n t i f i e d .  Because t h e r e  a re  so many p o t e n t i a l l y  

i m p o r t a n t  v a r i a b l e s ,  m u l t i v a r i a t e  t o o l s  a re  n e c e s s a r y  to  reduce  the  

d i m e n s i o n a l i t y  of  t h i s  p rob lem.  When t h i s  i s  a c c o m p l i s h e d ,  we need to  

comprehend what t h i s  space  means and what can be p r e d i c t e d  from i t .  Th i s  

p a p e r  i s  one of t he  f i r s t  a t t e m p t s  to d e f i n e  chemica l  s t r u c t u r e  space  f o r  a 

l a r g e  u n i v e r s e  of  c h e m i c a l s .  

The d i m e n s i o n a l i t y  and s c a l i n g  of chemica l  s t r u c t u r e  space  has  been 

s o u g h t  u s i n g  the rmodynamic  p r o p e r t i e s  and the  b i o l o g i c a l  a c t i v i t y  of 

m o l e c u l e s  3 ' 4 ' 5 ' 6  In t h e s e  a p p r o a c h e s ,  da t a  a re  s y s t e m a t i c a l l y  compi led  

f o r  many c h e m i c a l s ,  and i n f o r m a t i o n  i s  t r a n s f o r m e d  to  a s m a l l e r  s e t  of 

v a r i a b l e s ,  or  p r i n c i p a l  components  which a cc oun t  f o r  most  of the  v a r i a t i o n  in 

the  s e t .  The p r i n c i p a l  components  are  used  as o r t h o g o n a l  c o o r d i n a t e s  in a 

s t r u c t u r e  space  and d i s t a n c e s  be tween  c h e m i c a l s  in t h i s  space  a re  used  as a 

measure  of  s i m i l a r i t y  f o r  c l u s t e r  a n a l y s i s  of o t h e r  m u l t i v a r i a t e  t e c h n i q u e s .  

While t h i s  a p p r o a c h  may be an improvement  to  i n t u i t i v e  s e l e c t i o n  of a n a l o g s ,  

i t  i s  l i m i t e d  by the  p r a c t i c a l  p rob lem t h a t  s y s t e m a t i c  da t a  s e t s  of e s s e n t i . a l  

chemica l  p r o p e r t i e s  a re  a v a i l a b l e  f o r  a r e l a t i v e l y  smal l  number of 

c h e m i c a l s ,  h smal l  number of p o i n t s  in a m u l t i v a r i a t e  space  p r e c l u d e s  

e x p l o r i n g  mode l ing  and v a l i d a t i n g  complex phenomena. M u l t i v a r i a t e  a n a l y s e s  
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can be a c c u r a t e  on ly  i f  c h e m i c a l s  r e p r e s e n t i n g  a l l  of the  d i v e r s i t y  l i k e l y  to  

be e n c o u n t e r e d  a re  i n c l u d e d  in the  d a t a  s e t  f rom which  the  s t r u c t u r e  space  is  

d e r i v e d .  One of the  b e s t  ways to  p roduce  a s t a b l e  space  i s  to  compi le  a 

l a r g e ,  r e p r e s e n t a t i v e  chemica l  d a t a  s e t .  O t h e r w i s e ,  the  s t a b i l i t y  of the  

sy s t em may change i f  new k i n d s  of s t r u c t u r e s  are  added.  

To e x p l o r e  t he  i n t r i n s i c  d i m e n s i o n a l i t y  of chemica l  s t r u c t u r e  spac e ,  we 

have s e l e c t e d  a s e t  of  19,972 chemica l  s t r u c t u r e s  f rom r e g i s t r i e s  of chemica l  

p r o d u c t i o n .  Because  d a t a  on chemica l  p r o p e r t i e s  a re  a v a i l a b l e  f o r  l e s s  t h a n  

one p e r c e n t  of t he  c h e m i c a l s ,  we have t u r n e d  to  methods  of q u a n t i t a t i n g  

s t r u c t u r a l  v a r i a t i o n s  d e r i v e d  from g r a p h  t h e o r y .  A s e t  of more t h a n  90 

g r a p h - t h e o r e t i c  i n d i c e s  have been s y s t e m a t i c a l l y  computed f o r  each of the  

19,972 c h e m i c a l s ,  and the  d i m e n s i o n a l i t y  of t he  da t a  s e t  has  been reduced  to  

a s e t  of e i g h t  p r i n c i p a l  componen t s .  Computer p r og r ams  were d e v e l o p e d  f o r  

m i n i c o m p u t e r s  to  g r a p h i c a l l y  d i s p l a y  the  " u n i v e r s e "  of chemica l  s t r u c t u r e s  

t h r o u g h  u s e r - s e l e c t e d  windows.  

METHODS 

Molecular topology treats a chemical structure as a group of vertices 

(atoms) connected by edges (bonds) 7. Methods for computing molecular 

connectivity indices from chemical sub-graphs have been discussed at 

length 8'9'I0 and will not bc discussed in detail here, The indices are 

classified as framework, bond, and valence indices. Framework indices are 

derived from structures reduced to only carbon atoms and single bonds. The 

bond indices provides a mechanism to look a step beyond framework indices in 

that all the vertices are assumed to be carbon and the vertex corrections 

differentiate the local bonding of each vertex. The correction factor for 

valence is the number of non-hydrogen bonds at the vertices. The valence 

indices use vertex values which are adjusted for both bonding and heteroatom 

e l e c t r o n e g a t i v i t y  9. 
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A g r a p h  i s  a f i n i t e  s e t  of v e r t i c e s  and a f i n i t e  s e t  of edges  in which 

edges  c o n n e c t  two of t he  v e r t i c e s .  A c o n n e c t e d  s u b g r a p h  of a g r aph  i s  a s u b -  

g r aph  t h a t  has  a l l  t he  v e r t i c e s  c o n n e c t e d  by some c o m b i n a t i o n s  of the  edges .  

C 
! 

S u b g r a p h s  are  c l a s s i f i e d  i n t o  p a t h s  ( - C - C - ) ,  c l u s t e r s  ( - C - k - C - ) ,  

I 
C C C 

I / \  
p a t h - c l u s t e r s  (C-C-C-C) and c y c l e s  9 ( -C-C) .  A p a t h  i s  a n o n - c y c l i c  

s u b g r a p h  t h a t  has o n l y  one or  two edges  to  each  v e r t e x .  A c l u s t e r  i s  a 

n o n - c y c l i c  s u b g r a p h  t h a t  has  on ly  t h r e e  or  f o u r  edges  to  each v e r t e x .  A 

p a t h / c l u s t e r  i s  a n o n - c y c l i c  s u b g r a p h  t h a t  i s  composed of bo th  a p a t h  and a 

c l u s t e r .  A s u b g r a p h  t h a t  c o n t a i n s  a t  l e a s t  one c y c l i c  s u b g r a p h  i s  d e f i n e d  as 

a c h a i n .  The o r d e r  of a s u b g r a p h  i s  the  number of edges  in the  s u b g r a p h .  

I n d i c e s  of  low o r d e r  can be g e n e r a t e d  by hand c a l c u l a t i o n .  However, 

s y s t e m a t i c  c a l c u l a t i o n  of h i g h e r  o r d e r  i n d i c e s  f o r  m u l t i c y c l i c  m o l e c u l e s  has 

no t  been r e p o r t e d  due to  t he  d i f f i c u l t i e s  of a c c u r a t e  s u b g r a p h  e n u m e r a t i o n .  

We d e v e l o p e d  an e f f i c i e n t  a l g o r i t h m  to  compute the  f i r s t  l0 o r d e r s  of i n d i c e s  

u s i n g  compute r  da t a  s t r u c t u r e s  of on ly  c o n n e c t e d  s u b g r a p h s .  The program 

e f f i c i e n t l y  u s e s  i d e n t i f i e d  s u b g r a p h s  to  g e n e r a t e  new s u b g r a p h s  which  

i n c l u d e s  a d j a c e n t  v e r t i c e s  and the  i n d i c e s  a re  computed by s imp le  bookkeep ing  

of v e r t e x  t ype  and number of  edges  a t  each v e r t e x .  

The g r a p h  e n u m e r a t i o n  p rogram was d e v e l o p e d  on a VAX-l l /780 compute r  a t  

Montana S t a t e  U n i v e r s i t y .  In an e f f o r t  to  g a i n  more i n s i g h t  i n t o  the  n a t u r e  

of m o l e c u l a r  c o n n e c t i v i t i e s  i n d i c e s ,  p a r t i c u l a r l y  as a t o o l  to  d e t e r m i n e  

s t r u c t u r a l  and chemica l  s i m i l a r i t y  in m o l e c u l e s ,  we g e n e r a t e d  the  

c o n n e c t i v i t y  i n d i c e s  f o r  19,972 c h e m i c a l s  s e l e c t e d  from the  U.S. EPA Toxic 

S u b s t a n c e s  I n i t i a l  I n v e n t o r y .  The s e l e c t e d  da t a  base  i n c l u d e s  on ly  d i s c r e t e  

o r g a n i c  m o l e c u l e s  w i t h  l e s s  t h a n  60 n o n - h y d r o g e n  atoms and a t  l e a s t  one 

c a r b o n  atom. G e n e r a t i n g  a l l  i n d i c e s  f o r  t h e s e  c h e m i c a l s  t ook  a p p r o x i m a t e l y  

20 h o u r s  of  CPU compu te r  t ime on the  VAX-11/780. 

The 0 th  to  9 th  o r d e r  t e rms  f o r  p a t h s ,  the  3rd to  9 th  o r d e r  t e rms  f o r  

c l u s t e r s ,  t he  4 th  to  9 th  o r d e r  t e rms  f o r  p a t h / c l u s t e r s ,  and the  3rd to  9 th  

o r d e r  t e rms  f o r  c y c l e s  f o r  the  f ramework ,  bond, and v a l e n c e  i n d i c e s  compr i s e  

90 . s t r u c t u r a l  v a r i a b l e s .  P r i n c i p a l  component  a n a l y s i s  (PCA) was used  to 
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e x p l o r e  t he  c o v a r i a n e e  s t r u c t u r e  of t h e s e  v a r i a b l e s  and to  reduce  them to a 

s e t  of o r t h o g o n a l  v a r i a b l e s  ( p r i n c i p a l  componen t s )  t h a t  s t i l l  r e t a i n e d  a 

l a r g e  p a r t  of  t he  v a r i a t i o n  in the  o r i g i n a l  c o n n e c t i v i t y  i n d i c e s .  We 

c a l c u l a t e d  the  p r i n c i p a l  components  from the  c o r r e l a t i o n  m a t r i x  d e r i v e d  from 

the  90 v a r i a b l e s  c a l c u l a t e d  f o r  19,972 c h e m i c a l s  u s i n g  the  S t a t i s t i c a l  

Package f o r  t he  S o c i a l  S c i e n c e s  11 Because a l l  the  v a r i a b l e s  were skewed 

due to  the  p r e s e n c e  of  some l a r g e  m o l e c u l e s  r e l a t i v e  to  t he  m a j o r i t y  of the  

c h e m i c a l s  in  t he  da t a  s e t ,  the  v a r i a b l e s  were l o g - t r a n s f o r m e d  to s t a b i l i z e  

the  v a r i a t i o n  and reduce  the  i n f l u e n c e  of  t h e s e  l a r g e  m o l e c u l e s  in the  

p r i n c i p a l  component  space .  

D e s i g n i n g  a eompute r  g e n e r a t e d  d i s p l a y  of a chemica l  s t r u c t u r e - s p a c e  

d e f i n e d  by 19,972 da t a  p o i n t s  in many d i m e n s i o n s  i s  a c h a l l e n g e .  We wanted 

to d i s p l a y  as much i n f o r m a t i o n  in as many d i m e n s i o n s  as p o s s i b l e .  We began 

e x p l o r i n g  the  da t a  s e t  ( h e r e a f t e r  t e rmed  the  u n i v e r s e )  t h r o u g h  an expanded 

window of a t h r e e - d i m e n s i o n a l  s p a t i a l  r e p r e s e n t a t i o n  of the  da t a  and s c a l i n g  

a f o u r t h  d i m e n s i o n  ove r  a h i g h l y  r e s o l v e d  e o l o r  lookup t a b l e .  To d i s t i n g u i s h  

p a t t e r n s  f u r t h e r ,  r o t a t i o n  and m a g n i f i c a t i o n  c a p a b i l i t i e s  were a l s o  deve loped  

so we were ab l e  to  "zoom in" f o r  a c l o s e r  e x a m i n a t i o n  a t  s p e c i f i c  segment s  of 

the  u n i v e r s e  from d i f f e r e n t  a n g l e s  and d i m e n s i o n s .  

Five  y e a r s  ago the  c o s t  of  such  a compute r  sy s t em would have been in 

e x c e s s  of $100,000 .  Today, s e v e r a l  s o p h i s t i c a t e d  m e d i u m - t o - h i g h  r e s o l u t i o n  

c o l o r  g r a p h i c s  d e v i c e s  a re  p r i c e d  below $5000. The images p r e s e n t e d  h e r e i n  

were c r e a t e d  on a V e e t r i x  VX384 g r a p h i c s  dev i c e  w i t h  a IBM PC AT h o s t .  The 

sy s t em u s e s  an I n t e l  8088 m i c r o p r o c e s s o r  in c o n j u n c t i o n  w i t h  a NEC 7220 

g r a p h i c s  dev i ce  c o n t r o l l e r  ch ip  d r i v i n g  n ine  b i t - p l a n e s  of d i s p l a y  memory, 

and i s  c a p a b l e  of d i s p l a y i n g  512 c o l o r s .  Each b i t - p l a n e  i s  a c a r t e s i a n  

c o o r d i n a t e  g r i d  c o n s i s t i n g  of 672 x 480 b i t s ,  each  b i t  r e p r e s e n t i n g  the  

s p a t i a l  p o s i t i o n  of a dot  on the  s c r e e n .  By s c a n n i n g  a l l  n ine  p l a n e s  a t  a 

p a r t i c u l a r  c o o r d i n a t e ,  a n i n e - b i t  a d d r e s s  i s  o b t a i n e d  in t he  c o l o r  lookup 

t a b l e  where a n u m e r i c a l  s e t t i n g  f o r  each  c o l o r  gun i s  s t o r e d .  These s e t t i n g s  

d e t e r m i n e  what  c o l o r  i s  d i s p l a y e d  a t  t h a t  c o o r d i n a t e  on the  g r i d .  Each c o l o r  

gun on the  m o n i t o r  i s  r e s o l v e d  to  e i g h t  b i t s  or  256 p a r t s .  Th i s  p r o v i d e s  a 

p a l e t t e  of 16.8 m i l l i o n  c h o i c e s  f o r  the  512 a d d r e s s e s  of the  c o l o r  lookup 
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t a b l e .  The t h r e e - d i m e n s i o n a l  t r a n s f o r m a t i o n s ,  r o t a t i o n s ,  and m a g n i f i c a t i o n s  

a re  a l l  f i r m - w a r e  i m p l e m e n t a t i o n s  which  g r e a t l y  reduce  the  c o m p u t a t i o n a l  

c o m p l e x i t y  of t he  p rogram r u n n i n g  on the  h o s t  compute r .  Th i s  means 

s o p h i s t i c a t e d  g r a p h i c s  p rog rams  t h a t  once cou ld  be run  on ly  on l a r g e  

m a i n f r a m e s  a re  now w i t h i n  the  c a p a b i l i t i e s  of s m a l l e r  m i n i -  and m i c r o c o m p u t e r  

s y s t e m s .  

T h r e e - d i m e n s i o n a l  windowing was implemented  in t he  g r a p h i c s  p r i m i t i v e s  of 

the  b i n a r y  d r i v e r  on the  h o s t  IBM PC AT. A p rogram c a l l e d  PROPCA and i t s  

a s s o c i a t e d  r o u t i n e s  were w r i t t e n  in FORTRAN 77 to  p r o v i d e  the  b e n e f i t s  of a 

b road  base  of  s o f t w a r e  c o m p a t i b i l i t y  and r e a s o n a b l y  f a s t  e x e c u t i o n  t i m e s .  

PROPCA a l l o w s  the  u s e r  to  a s s i g n  any t h r e e  v a r i a b l e s  to  the  X, Y, and Z axes .  

h f o u r t h  v a r i a b l e  i s  t h e n  s e l e c t e d  to  be mapped over  the  512 c o l o r s  of a 

l i n e a r  s p e c t r a l  lookup t a b l e ,  h t h r e e - d i m e n s i o n a l  v i r t u a l  window can be 

d e f i n e d  in  t e r m s  of  a minimum and maximum f o r  the  X, Y, and Z axes .  This  

f e a t u r e  a l l o w s  c l o s e  e x a m i n a t i o n  of smal l  s e c t i o n s  of t he  image t h a t  a re  no t  

a v a i l a b l e  t h r o u g h  the  s c a l i n g  o p t i o n s  of the  p rogram.  For example ,  one cou ld  

s e l e c t  d i f f e r e n t  r a n g e s  and e n d p o i n t s  f o r  each  a x i s .  Also  p l o t  t ime i s  

s u b s t a n t i a l l y  r educed  by s e l e c t i v e l y  v i ewing  on ly  the  a r e a s  of i n t e r e s t  

t h r o u g h  the  windowing o p t i o n .  

RESULTS 

P r i n c i p a l  components  from the  19,972 x 90 da t a  m a t r i x  were used  as 

v a r i a b l e s  in t h i s  s t u d y  and were r e t r i e v e d  from r a p i d  t r a v c r s a l s  of an 

i n v e r t e d  f i l e  in  the  h o s t  compute r .  The p r i n c i p a l  components  were p l o t t e d  as 

s i n g l e  p i x e l s  as  t h e y  were r ead .  F i g u r e  1 p r e s e n t s  a f i r s t  g l i m p s e  of  the  

chemica l  u n i v e r s e  and s t r u c t u r e - s p a c e .  A r e f e r e n c e  w i r e - f r a m e  cube d e s c r i b e s  

the  de f i n e d  v i r t u a l - w i n d o w ,  p r o v i d i n g  o r i e n t a t i o n  when r o t a t i n g  or  s c a l i n g .  

A c o u n t e r  i s  a l s o  p r o v i d e d  to  in fo rm the  u s e r  of how f a r  the  p l o t t i n g  

o p e r a t i o n  has  p r o g r e s s e d  in t e rms  of the  da ta  s e t  t r a v e r s a l .  A f t e r  t he  

t r a v e r s a l  i s  c o m p l e t e ,  t he  c o u n t e r  i s  upda ted  to  d i s p l a y  the  number of p o i n t s  

w i t h i n  the  window l i m i t s .  A c o l o r  legend i s  d i s p l a y e d  a t  the  f a r  r i g h t  of 

the  s c r e e n  which  a l l o w s  s u b t l e  hues  to  be c o r r e l a t e d  w i t h  component  v a l u e s .  

Because the  use of s i n g l e  p i x e l s  r a t h e r  t h a n  f i l l e d  p o l y g o n s  l e s s e n s  the  
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c a p t u r e  of d ep th  a long  the  Z a x i s ,  PROPCA p r o v i d e s  f o r  p r o j e c t i o n s  onto the  

s i d e s  of the  u s e r - d e f i n e d  v i r t u a l  window and c o n c u r r e n t  v iewing  of the  

s p a t i a l  and c o l o r  i n f o r m a t i o n  in  the  X-Y, X-Z and Y-Z p l a n e s .  

The PCA r e s u l t e d  in  e i g h t  p r i n c i p a l  components  wi th  e i g e n v a l u e s  > 1 and 

t h ey  e x p l a i n e d  93.5% of the  v a r i a t i o n  in the  o r i g i n a l  da t a  (Table  1).  PC 1 

was p o s i t i v e l y  c o r r e l a t e d  wi th  a l l  v a r i a b l e s  excep t  f o r  the  c y c l i c  

v a r i a b l e s .  PC 2 was p o s i t i v e l y  c o r r e l a t e d  wi th  a l l  c l u s t e r  v a r i a b l e s  t h a t  

i n d i c a t e  the  degree  a molecu le  i s  b ranched ,  but  n e g a t i v e l y  c o r r e l a t e d  wi th  

a l l  p a th  and c y c l i c  v a r i a b l e s .  In c o n t r a s t ,  PC 3 was p o s i t i v e l y  c o r r e l a t e d  

wi th  a l l  c y c l i c  v a r i a b l e s  and n e g a t i v e l y  c o r r e l a t e d  wi th  a l l  o t h e r  v a r i a b l e s  

excep t  the  v a l e n c e - c o r r e c t e d  c l u s t e r  and p a t h / c l u s t e r  v a r i a b l e s .  The f i r s t  

t h r e e  p r i n c i p a l  components  a l l  convey g e n e r a l i z e d  i n f o r m a t i o n  on chemical  

s t r u c t u r e :  s i z e  (PC 1),  degree  of b r a n c h n e s s  (PC 2) ,  and number of c y c l e s  (PC 

3).  The r em a in ing  f i v e  p r i n c i p a l  components  i d e n t i f i e d  more s p e c i f i c  

d i f f e r e n c e s  between c h e m i c a l s .  For example,  PC 4 had p o s i t i v e  c o r r e l a t i o n s  

(£ > .58) wi th  the  3rd and 4 th  o rder  c y c l i c  v a r i a b l e s ,  but  n e g a t i v e  

c o r r e l a t i o n s  (£ < .18) wi th  the  7 th  and 9 th  o rde r  c y c l i c  v a r i a b l e s .  

S i m i l a r l y  PC 5 to  PC 8 convey a d d i t i o n a l  d i f f e r e n c e s  in b r a n c h i n g ,  bonding ,  

c y c l i c n e s s ,  v a l e n c y  ( p r e s e n c e  of h e t e r o a t o m s  such as h a l o g e n s  and oxygen) ,  

and c o m b i n a t i o n s  of t h e s e  s t r u c t u r a l  a t t r i b u t e s .  

F igu re  1 p r e s e n t s  the  chemical  s t r u c t u r e - s p a c e  fo r  the  f i r s t  t h r e e  

p r i n c i p a l  components  on the  X, Y, and Z axes ,  r e s p e c t i v e l y .  Color s c a l e s  the  

f o u r t h  p r i n c i p a l  component wi th  red to d e s i g n a t e  smal l  v a l u e s  and b lue  to 

d e s i g n a t e  l a rge  v a l u e s .  The p r i n c i p a l  components  are  axes  t h a t  r e p r e s e n t  

g r a d i e n t s  of d i f f e r e n c e s  between c h e m i c a l s .  For example,  on the  ext reme l e f t  

in F igure  1 i s  ca rbon  monoxide,  the  s m a l l e s t  molecu le  in the  da ta  base ,  while  

the  l a r g e s t  molecu le  in the  da ta  base (CAS # 1356089) has  the  l a r g e s t  va lue  

fo r  PC 1. The " s t r i n g "  of s t r u c t u r e s  or l i n e a r  c l u s t e r  in the  lower l e f t  

c o r n e r  of F igu re  1 i s  a group of n e a r l y  1200 unbranched ,  n o n - c y c l i c  

s t r u c t u r e s  which are  s e p a r a t e d  from the  u n i v e r s e  of b ranched  s t r u c t u r e s .  

F igu re  2 is  a d i f f e r e n t  view of t h e s e  same s e t s  of p r i n c i p a l  components .  

Both views i l l u s t r a t e  t h a t  s t r u c t u r e s  which are  c l o s e  ( s i m i l a r )  to each o t h e r  

in t h r e e  d i m e n s i o n s  may a c t u a l l y  be f a r  a p a r t  ( d i s s i m i l a r )  in  a f o u r t h  
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d i m e n s i o n .  F i g u r e  3 p r e s e n t s  a n o t h e r  v iew of  t h e  u n i v e r s e  f rom t h e  

p e r s p e c t i v e  where  t h e  4 t h ,  5 t h ,  and 6 t h  p r i n c i p a l  c o m p o n e n t s  p r e s e n t  t h e  X, 

Y, and Z a x e s  r e s p e c t i v e l y  and t h e  7 t h  p r i n c i p a l  componen t  a r e  s c a l e d  in  

c o l o r .  T h i s  v i ew c o n t a i n s  19 ,584  s t r u c t u r e s  and many h o m o l o g o u s  s e r i e s  of  

c h e m i c a l s  a r e  a p p a r e n t  in  t h e s e  d i m e n s i o n s .  

DISCUSSION 

T h i s  a p p r o a c h  to  d e v e l o p i n g  a s t a b l e ,  m u l t i v a r i a t e  d e f i n i t i o n  of  c h e m i c a l  

s i m i l a r i t y  i s  b e i n g  u s e d  f o r  two p u r p o s e s .  The f i r s t  i s  to  i d e n t i f y  s u i t a b l e  

a n a l o g s  d e f i n e d  by n e a r n e s s  in  e i g h t  d i m e n s i o n s .  I t  i s  beyond  t h e  scope  of 

t h i s  p a p e r  t o  p r e s e n t  p o s s i b l e  a l g o r i t h m s  f o r  m e a s u r i n g  d i s t a n c e s .  

N o n e t h e l e s s ,  u s i n g  a E u c l i d e a n  d i s t a n c e  m e a s u r e  and e i g h t  p r i n c i p a l  

c o m p o n e n t s ,  we can  r e p o r t  t h a t  i f  a m o l e c u l e  s u c h  as  d i p h e n y l a m i n e  i s  

i n s e r t e d  i n  t h e  u n i v e r s e ,  i t s  n e a r e s t  n e i g h b o r s  i n c l u d e  many of  t h e  

4 , 4 ' - h y d r o x y a m i n o ,  h y d r o x y l ,  and m e t h y l a m i n o  d e r i v a t i v e s  of  b i p h e n y l .  I f  

p h e n o x y m e t h y l  o x i r a n e  ( p h e n y l  g l y c i d a l  e t h e r )  i s  i n s e r t e d ,  t h e  n e a r e s t  

n e i g h b o r s  i n c l u d e  2 - m e £ h y l ,  2 - e t h y l ,  and 4 - n i t r o  p h e n o x y m e t h y l  o x i r a n e .  

The s e c o n d  u s e  i s  to  a t t e m p t  t o  i d e n t i f y  p o t e n t i a l l y  h a r m f u l  c h e m i c a l s  by 

a s s o c i a t i o n  w i t h  c h e m i c a l s  of  known c h e m i c a l  o r  b i o l o g i c a l  b e h a v i o r .  For  

e x a m p l e ,  V e i t h  e t  a l .  12 d e m o n s t r a t e d  t h a t  t h e  h i g h l y  b i o a c c u m u l a t i v e  

c h e m i c a l s  in  f ood  c h a i n s  have  a l a r g e  n - o c t a n o l / w a t e r  p a r t i t i o n  c o e f f i c i e n t  

(Log P) .  C h e m i c a l s  w i t h  Log P v a l u e s  g r e a t e r  t h a n  4 . 0  a r e  c o n s i d e r e d  to  have  

s u b s t a n t i a l  b i o a c c u m u l a t i o n  p o t e n t i a l .  F i g u r e  4 p r e s e n t s  a c l o s e - u p  of  

F i g u r e  l i n  w h i c h  t h e  c o l o r  a x i s  h a s  been  s c a l e d  to  Log P i n s t e a d  of to  PC 

4. The f i g u r e  i l l u s t r a t e s  t h a t  f o r  many c h e m i c a l  c l a s s e s  t h e  Log P v a l u e  

i n c r e a s e s  w i t h  m o l e c u l a r  w e i g h t  a n d / o r  m o l e c u l a r  vo lume (X a x i s ) .  T h e r e f o r e ,  

t h e  r e d  r e g i o n s  of  t h e  u n i v e r s e  c o n t a i n s  c h e m i c a l s  w i t h  l a r g e  Log p13 and 

new s t r u c t u r e s  w h i c h  f a l l  in  t h e s e  a r e a s  c o u l d  r e a s o n a b l y  be p r e s u m e d  to  have  

s u b s t a n t i a l  b i o a c c u m u l a t i o n  p o t e n t i a l  even  i f  t h e  Log P v a l u e  i s  unknown.  

F i g u r e  4 a l s o  shows t h a t  t h e r e  a r e  l a r g e  m o l e c u l e s  w i t h  low Log P v a l u e s  

( b l u e  d a t a  a t  r i g h t - c e n t e r ) .  Even t h o u g h  t h e s e  s t r u c t u r e s  a p p e a r  immersed  in  

o t h e r  s t r u c t u r e s ,  t h e y  a r e  w i d e l y  s e p a r a t e  in  o t h e r  d i m e n s i o n s  and c o n s t i t u t e  

l a r g e  b u t  n o n - a c c u m u l a t i v e  c h e m i c a l s  s u c h  as  s u l f o n i c  a c i d  and azo d y e s .  
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Table i. Interpretations and exauDles of extremes for 8 principal components 

calculated from gO variables based on connectivity indices for 19,972 

industrial chemicals. 

Variation High values 
Principal Eigen- explained Low values of principal 
Component value % of principal component 

1 47.36 52.6 small large 
molecules molecules 

2 12.14 [3.5 few multi-branched 
branches molecules 

on molecule 

3 10.53 L l .7  non-cyclic multi-cyclic 
molecules molecules 

4 5.19 5.8 7th to 8th 3rd to 4th 
order cycles order cycles 

5 3.[3 3.5 molecules with multi-branched 
single bonds molecules with 
and simple double or triple 
branching bonds and/or with 
patterns many heteroaComs 

6 2.83 3.2 complex complex 
branching 3rd and 4th order 
patterns and cyclic molecules 
multi-cyclic 
molecules with 
few heteroatoms 

7 1.74 1.9 5th to 7th order complex valence- 
cycles corrected branches 

chemicals with many 
heteroatroms 

8 L.22 L.4 short chain Long chain 
molecules with molecules with 
complex few heteroatoms 
heteroatom 
branches 
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In summary, we have deve loped  a s t a b l e  chemica l  s t r u c t u r e  space  based  on 

g r a p h  t h e o r e t i c  i n d i c e s  and m o l e c u l a r  t o p o l o g y .  The c o o r d i n a t e s  f o r  the  

l o c a t i o n  of any chemica l  can be computed from s t r u c t u r e .  A compute r  g r a p h i c s  

sys t em p e r m i t s  the  e x p l o r a t i o n  of the  space  a round  the  s t r u c t u r e ,  and n e a r e s t  

n e i g h b o r s  a p p e a r  to  be s t r u c t u r a l l y  s i m i l a r  to  a g i v e n  c h e m i c a l .  Regions  of 

space  a re  a s s o c i a t e d  w i t h  chemica l  p r o p e r t i e s  such  as f r e e - e n e r g y ;  however ,  

s u b s t a n t i a l  work c o m p i l i n g  s y s t e m a t i c  p r o p e r t y  da t a  b a s e s  must  be comple ted  

b e f o r e  the  m u l t i - d i m e n s i o n a l  space  can be t e s t e d  f o r  p r e d i c t i v e  power.  
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