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The description of organic reactions based on 
imaginary transition structures. A novel approach 
to the computer-oriented taxonomy of organic 
reactions 
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Abs t r ac t  - An imaginary r i n g  t h a t  appears  i n  an imaginary t r a n s i t i o n  s t r u c -  
t u r e  ( ITS)  is  a d e s c r i p t o r  f o r  a r ing-opening ,  r i n g - c l o s u r e ,  o r  rearrangement 
r e a c t i o n .  
change such as s u b s t i t u t i o n ,  c o n s t r u c t i o n ,  c l eavage ,  a d d i t i o n ,  and e l imina -  
t i o n .  The ;-nodal subgraph i s  subdiv ided  i n t o  a r e a c t i o n  k e r n e l  and a te rmi-  
n a l  d e s c r i p t o r ,  t h e  l a t t e r  o f  which i s  u s e f u l  t o  c l a s s i f y  ox ida t ion  and 
r educ t ion .  The ITS t h a t  corresponds t o  an i n d i v i d u a l  r e a c t i o n  i s  r ep resen ted  
uniquely  and unambiguously by a newly-defined canon ica l  code. 

An “nodal subgraph of t h e  ITS i s  a d e s c r i p t o r  of a r e a c t i o n - s i t e  

INTRODUCTION 

We have p resen ted  t h e  concept o f  imaginary t r a n s i t i o n  s t r u c t u r e  ( ITS)  f o r  t h e  computer- 
o r i e n t e d  r e p r e s e n t a t i o n  o f  o rgan ic  r e a c t i o n s  ( r e f .  1 ) .  The ITS approach provides  t h e  com- 
prehens ive  r e p r e s e n t a t i o n  o f :  (1) i n d i v i d u a l  r e a c t i o n s  a long  wi th  r e a c t i o n  types  ( r e f .  
l b , c , f , g ) ,  ( 2 )  t h e  p a r t i c i p a t i o n  o f  s u b s t r a t e s ,  r e a g e n t s ,  c a t a l y s t s ,  and products  ( r e f .  l a ) ,  
( 3 )  s k e l e t a l  changes ( r e f .  l i )  and r e a c t i o n - s i t e  changes ( r e f .  I d ) ,  ( 4 )  t h e  dua l  c h a r a c t e r  
o f  a bond ( r e f .  l h ) ,  ( 5 )  t h e  s to i ch iomet ry  o f  a r e a c t i o n ,  ( 6 )  t h e  s t e reochemis t ry  of a 
r e a c t i o n  ( r e f .  l h ) ,  and ( 7 )  m u l t i s t e p  r e a c t i o n s  ( r e f .  l e ) .  The ITS r e p r e s e n t a t i o n  thereby  
embraces convent iona l  r e a c t i o n  equa t ions  as we l l  a s  o t h e r  a l t e r n a t i v e s  proposed i n  t h e  p a s t  
( r e f .  l j , 2 ) .  Th i s  l e c t u r e  d e a l s  wi th  t h e  computer-oriented taxonomy o f  o rgan ic  r e a c t i o n s  
f o r  ou r  system (FORTUNITS: F u j i  Organic Reac t ion  Trea t ing  UNity based on ITS) .  

IMAGINARY TRANSITION STRUCTURE ( ITS)  

An ITS i s  a k ind  of s t r u c t u r e  (or s t r u c t u r a l  formula)  i n  which t h e  p a r t i c i p a n t  nodes a r e  
l i n k e d  by par- (- 1,  out- ( +) and in-bonds (-+ ) i n  accord  wi th  s t r u c t u r a l  
changes du r ing  a r e a c t i o n  ( r e f .  l a ) .  For example, t h e  ITS (1) r e p r e s e n t s  t h e  bromination o f  
naphtha lene  wi th  bromine. The cor responding  s t a r t i n g  s t a g e  i s  r egene ra t ed  by p r o j e c t i o n  to 
s t a r t i n g  s t a g e  (PSI t h a t  i s  t h e  d e l e t i o n  o f  a l l  in-bonds from t h e  ITS. P r o j e c t i o n  
product  stage (PP)  is  t h e  d e l e t i o n  of a l l  out-bonds,  which a f f o r d s  t h e  product  s t a g e .  The 
ITS con ta ins  a s e t  o f  imaginary bonds ( I B )  s e l e c t e d  from t h e  15 combinations o f  p a r - ,  o u t - ,  
and/or in-bonds (Table 1). 
c a l l e d  a complex bond number ( C B N ) .  
bond m u l t i p l i c i t i e s ,  r e s p e c t i v e l y ,  i n  t h e  f i e l d  o f  o rgan ic  s t r u c t u r e .  The ITS i s  the reby  
extended s t r u c t u r e  t h a t  embraces o rgan ic  s t r u c t u r e .  The i n t e r n a l  r e p r e s e n t a t i o n  of t h e  ITS 
i s  a connec t ion  t a b l e  (or i t s  e q u i v a l e n t )  t h a t  d e f i n e s  t h e  c o n n e c t i v i t i e s  between t h e  nodes 
by means o f  t h e  CBNs .  

Each o f  t h e  IBs i s  r ep resen ted  by a p a i r  of i n t e g e r s  (5 2) 
The I B s  and C B N s  a r e  t h e  extended concepts  o f  bonds and 

1 

BT 
H Br 

Br 

dr 

Table 1. Imaginary bonds and complex bond numbers 

b = -3 -2 -1 0 +1 +2 +3 - 
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IMAGINARY RINGS. DESCRIPTORS FOR SKELETAL CHANGES 

A r i n g  s t r u c t u r e  ( a n  imaginary ring) t h a t  appears  i n  an ITS (Table 2 )  i s  a d e s c r i p t o r  f o r  a 
r i n g  opening, r i n g - c l o s u r e ,  or rearrangement r e a c t i o n  ( r e f .  l a , i ) .  The ITS (2) has  a 6- 
membered BC 
Diels-Alder r e a c t i o n .  The ring-opening o f  t e t r ahydro fu ran  i s  c h a r a c t e r i z e d  by a 5-membered 
BO1 t h a t  appears  i n  t h e  ITS ( 3 ) .  
as i l l u s t r a t e d  i n  t h e  ITS ( 4 ) .  The ITS (4) a l s o  con ta ins  a 5-membered BO1 and a 6-membered 
BC1. 
r i n g  enlargement by t h e  p inaco l  rear rangement ) .  The ITS ( 5 )  c o n t a i n s  ano the r  type  of 6- 
membered r i n g  t h a t  ho lds  t h e  ske le ton  but  changes t h e  f u n c t i o n a l i t y  du r ing  t h e  r e a c t i o n .  
Th i s  type  o f  r i n g  i s  c a l l e d  a r e a c t i v e  i n t a c t  r i n g .  
(ESER) s e l e c t s  t h e  6-membered BC 

t h a t  i n d i c a t e s  t h e  format ion  of a 6-membered r i n g  dur ing  t h e  cource of t h e  2 

The p inaco l  rearrangement i s  des igna ted  by a 3-membered BR 

The combination o f  t h e  BO1, BC1, and BR d e s c r i b e s  t h e  t o t a l  f e a t u r e  o f  t h e  r e a c t i o n  ( a  

The e s s e n t i a l  s e t  of e s s e n t i a l  rings 
but  no 9-membered BC2 from t h e  ITS (2) ( r e f .  l k ) .  2 

Table 2 .  Imaginary r i n g s  

Ring type  N O .  of I B S ~  

(Br idge  o f : )  S i ze  Type A Type B Type C Remarks 

r r - m  m 0 m > l  
( ring-opening ) 

BC r r - n  0 n n > l  
2 0  3 H  

( r i n i - c l o s u r e  ) 

w 0 OH 

$ 4  
H H  

c 1  
+ #  4 

n 
0 

H0 
5 

BR r r - 2  1 1 
( rear rangemnet )  

i n t a c t  r i ngb  r r 0 0 
lK 

t r i v i a l  r i n g C  r r - m - n m n m + n > 2 ,  
mn # 0 

aType A ,  B ,  and C bonds a r e  IBs o f  ( a  b )  i n  which 
a + b # O a n d a # O ;  a + b = O ;  a n d a = O ,  

b r e s p e c t i v e l y .  
An i n t a c t  r i n g  i s  c l a s s i f i e d  i n t o  a r e a c t i v e  and 
a complete i n t a c t  r i n g .  

'A t r i v i a l  r i n g  may be a r e a c t i o n  s t r i n g  ( r e f .  l a ) .  

HIERARCHICAL N - M O D A L  SUBGRAPHS. DESCRIPTORS FOR REACTION- 
SITE CHANGES 

The ITS (1) c o n t a i n s  a three-nodal  subgraph (Br+C-#-H) i n  which a carbon r e a c t i o n  c e n t e r  
i s  a t t a c h e d  by two t e rmina l  atoms (bromine and hydrogen) through co lored  bonds (nonpar- 
bonds) .  
and t h e  code correspond s t r i c t l y  t o  t h e  IUPAC name, bromo-dehydrogenation ( r e f .  3 ) .  More- 
ove r ,  t h e  PS and PP o p e r a t i o n s  gene ra t e  a r e a c t i o n  equa t ion ,  B r  + C-H (PS) --.C B r - C  + H 
( P P ) ,  which meets chemis t ' s  convent ion .  When we cons ide r  such h i e r a r c h i e s  of atoms a s  BrC 
Hal (ha logen)  c 2 ( e l e c t o r o n e g a t i v e  atom) and H C  HH (hyperhydrogen) ,  we o b t a i n  more gene r i c  
d e s c r i p t o r s ,  Ha1-BC-H-HH (ho logena t ion )  and Z-G-C-lf-HH ( o x i d a t i v e  s u b s t i t u t i o n ) ,  i n  ascen- 
d ing  o rde r  of g e n e r a l i t y .  

The ITS ( 5 )  a f f o r d s  a four -nodal  subgraph ,  Cl-& C* C 4 C l  ( d i c h l o r o - e l i m i n a t i o n )  , which 
s i m i l a r l y  provides  more gene r i c  subgraphs (Table  3 ) .  I n  Table 3 ,  t h e  c l a s s i f i c a t i o n  l e v e l s  
o f  b io logy  (phylum, c l a s s ,  e t c . )  a r e  a p p l i e d  t o  des igna te  t h e  r e a c t i o n  h i e r a r c h i e s .  The 
v a r i e t y  of n a t u r a l  language terms cor responding  t o  t h e  r e s p e c t i v e  l e v e l s  (Table  3 )  shows 
t h a t  t h e  ITS i s  capable  of provid ing  sys t ema t i c  d e s c r i p t o r s  i n  t h e  form o f  four -nodal  sub- 
graphs .  

I n  g e n e r a l ,  an n-nodal subgraph i s  a d e s c r i p t o r  o f  a r e a c t i o n - s i t e  change. The subgraph i s  
subdiv ided  i n t o  a r e a c t i o n  k e r n e l  ( R K )  and a t e rmina l  d e s c r i  t o r  (TD). For  example, t h e  
four -nodal  subgraph C l f e C - C l  c o n s i s t s  o f  an RK (Ke) and a TD ( C l +  K SF C l ) .  
The TD i s  u s e f u l  t o  c l a s s i f y  o x i d a t i o n  and r e d u c t i o n ,  s i n c e  a l l  even-nodal s u b g r a p h  provide  
a common s e t  of TDs and s i n c e  a l l  odd-nodal subgraphs g ive  ano the r  common s e t  o f  TDs. These 
f a c t s  stem from t h e  a l t e r n a n t  c h a r a c t e r  o f  r e a c t i o n  s t r i n g s  ( r e f .  l m ) .  Table 4 c o l l e c t s  t h e  
TDs o f  o r d e r  l e v e l  de r ived  from even-nodal subgraphs.  

The subgraph i s  c o d i f i e d  i n t o  B r ( O + l ) C ( l - l ) H  i n  terms o f  t h e  C B N s .  The subgraph 



Computer-oriented taxonomy of organic reactions 

Table 3. Systematic classification of organic reactions by subgraphs of ITS6 
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levela descriptor example natural language term 

phylum 

class 

division 

sect ion 

order 

family 

genus 

species 

one-string b stringity 

no. of C atoms in an RK 

reaction kernel ( R K )  C f C  (= Kel 

terminal descriptor A + K e + + A  

terminal descriptor (TD) Z+Ke+Z 

terminal descriptor (TD) 

c2 

Ha l+-Ke-+tHa 1 

ITS ITS (5) 

double-bond formation 

elimination 

reductive elimination 

dehalogenation 
(dihalo-elimination) 

dechlorination 
(dichloro-elimination) 

aIntermediate levels may be added if neccessary. 

bcontains HH and Hal as terminal nodes. 

'The capital A represents any atom. 

For example, a TD of subfamily level is 
derived in terms of such terminal nodes as H and as Hal. Compare this with the TD that 

For the definition of stringity, see ref. la. 

Table 4. Terminal descriptors of oder level for even-nodal subgraphsaIb 

Oxidative (super)elimination: Reductive (super)addition: 

HH-Ke-HH H H + K e + H H  

Isohypsic (super)elimination:c Isohypsic (super)addition: 

HH-Ke-Z H H - + + - K e = f f = Z  HH-8-Ke+Z H H + K e = f f = Z  

HH*Ke-Z -++- HH+Ke=Z 

Reductive (super)elimination: Oxidative (super)addition: 

Z--+tKe+Z Z*Ke*Z Z+Ke+Z Z*Ke*Z 

Z : : '  K e e Z  Z - K e Z  -z Z+Ke=Z Z*Ke=Z -8- 

+ +  Z*Ke=Z --H- Z - K e Z Z  Z + ' K e s Z  Z=Ke=Z 

aThe terms superelimination and superaddition are the extented concepts of the elimination 
and addition that are concerned with four-nodal subgraphs. The TDs of family level can be 
obtained bv the combination of HH. Hal and Het. Similarly, the TDs of genus level can be 
bderived by using atomic symbols as illustrated in Table 3. 

'For the term isohypsic, see J. B. Hendrickson, J. Am. Chem. SOC. , 93, 6847 (1971) .  

Terminal descriptors of order level for odd-nodal subgraphs can be introduced in the same 
line. See ref. Id and lm. 

The ITS approach has been compared with Hendrickson's coding system (ref. Id). 
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N A M I N G  OF INDIV IDUAL ORGANIC REACTIONS A N D  OF REACTION 

GRAPHS 
TYPES. CANONICAL CODES OF ITS'S A N D  OF REACTION-CENTER 

An ITS s t o r e d  i n  t h e  form o f  an ITS connec t ion  t a b l e  may vary  due t o  t h e  numbering o f  t h e  
nodes.  The canon ica l  numbering and coding o f  t h e  ITS a r e  neccessary  t o  cons t ruc t  an e f f e c -  
t i v e  computer system. We p r e s e n t  here  a novel  code (CANITS: t h e  canon ica l  name o f  an ITS) 
t h a t  i s  t h e  l i n e a r  combination o f  t h e  fo l lowing  lists: ( a )  t h e  l eng th  o f  t h e  canon ica l  name, 
( b )  t h e  number o f  nodes cons ide red ,  ( c )  t h e  number o f  r i n g s  conta ined  i n  t h e  ITS ( d )  FROM 
l i s t ,  ( e )  R I N G  CLOSURE l i s t ,  ( f )  PAR-BOND l i s t ,  ( g )  I N - B O N D  l i s t ,  ( h )  OUT-BOND l i s t ,  ( i )  
ATOM l i s t ,  (j) INTACT NODE l i s t ,  ( k )  STARTING STEREO l i s t ,  and (1) PRODUCT STEREO l i s t .  The 
CANITSs a r e  ob ta ined  by two s t e p s :  (1) t h e  p a r t i a l  p a r t i t i o n i n g  o f  t h e  nodes i n  t h e  l i g h t  
o f  4 k inds  o f  extended c o n n e c t i v i t i e s  and ( 2 )  t h e  s e l e c t i o n  o f  t h e  l e x i c o g r a p h i c a l l y  smal- 
l e s t  code. F ig .  1 exempl i f i e s  t h e  canon ica l  numbering o f  t h e  ITS (6)  o f  a Diels-Alder 
a d d i t i o n  as we l l  as t h e  cor responding  CANITS. 

A r e a c t i o n - c e n t e r  graph ( R C G )  is  de f ined  as a s e t  o f  r e a c t i o n  c e n t e r s  and nonpar-bonds. The 
RCG i s  a more s p e c i f i c  subgraph than  an n-nodal subgraph and i s  a u s e f u l  d e s c r i p t o r  o f  a 
r e a c t i o n  type .  For example, t h e  RCG ( 7 )  de r ived  from t h e  ITS (6) corresponds  t o  t h e  gene r i c  
Diels-Alder r e a c t i o n .  The CANITS a lgo r i thm i s  a p p l i c a b l e  t o  g ive  RCGs t h e  canon ica l  codes 
t h a t  con ta in  t h e  l i s t s  ( a - i ) .  F ig .  2 shows s e v e r a l  examples of t h e  CANITSs o f  RCGs .  

5 0 1 2  The Diels-Alder a d d i t i o n  o f  cyc lopentadiene  
and male ic  anhydr ide :  

005006/005008006009007011/10000100010000 
/01010000000001/10101111212111/060606060 
606060608080608/000101011101/11102010002 

0 17 5 / O  12 /00 3 /00 100 100 1 002 002 003 003 00 400 4 

0/122020100010/ 

F ig .  1. The canon ica l  
numbering and coding 
o f  t h e  ITS (6) 

0 10 3 

6 
3 2 

/C 5 Diels-Alder 1 /C Cope rearrangement:  

14 $1 0070/006/001/0010010 14 $1 0070/006/001/0010010 

c e c H c  02003004/005006/1110 c%,S/c 6 02003004/005006/1100 
01/100110/011001/060 11/011001/100110/060 
606060606/ 5 8 606060606/ 

cJ+ =C r e a c t i o n :  cJ+ =c 

4 7  

Retro  Diels-Alder [I ,5]-Sigmatropic 
3 r e a c t i o n :  5 rear rangement :  

F ig .  2 .  The canoni- 0070/006/001/0010010 0070/006/001/0010010 
c a l  numbering and 02003004/005006/1110 CGcnC ' 02003004/005006/1111 
coding o f  RCG 14 $1 01/011001/100110/060 14 $ 00/011001/100110/060 

606060606/ 1 C % H C  4 606060606/ 
6 c % ~ % c  'C/ 

4 9  2 10 

CONCLUSION 

A compound can be c h a r a c t e r i z e d  by t h e  fragments conta ined  wi th in  i t .  Th i s  means t h a t  t h e  
s t r u c t u r e - s u b s t r u c t u r e  r e l a t i o n s h i p  has  provided  a sound b a s i s  f o r  a r e t r i e v a l  and des ign  
system of o rgan ic  compounds. The p r e s e n t  formula t ion  of ITSs and t h e i r  s u b s t r u c t u r e s  ( sub-  
graphs)  has  in t roduced  an analogous bu t  extended foundat ion  t o  desc r ibe  o rgan ic  r e a c t i o n s .  
The manipula t ion  of o rgan ic  r e a c t i o n s  has  the reby  been r ep laced  by t h e  handl ing  of ITSs, 
which provides  u s  wi th  broader  p rospec t s  than  t h e  convent iona l  methods do. 
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