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of Kekule s t r  
The s t r u c t u r e  
4- a n d  3 - p e r i  
t i c  i s o m e r i z a  

i s  shown t h a t  f o r  a g iven  number h o f  benzenoid  r i n g s ,  
c a r o m a t i c  h y d r o c a r b o n s  w i t h  t h e  maximum number K(max) 
, u c t u r e s  (or  o f  p e r f e c t  m a t c h i n g s )  a r e  c a t a - c o n d e n s e d .  
s o f  s u c h  c a t a f u s e n e s  w i t h  K(max) p r e s e n t  i n t e r e s t i n g  
o d i c i t i e s  i n  t e r m s  of  h .  By a n a l o g y  w i t h  k n o w n  c a t a l y -  
t i o n s  o f  b e n z [ a ] a n t h r a c e n e  i n t o  c h r y s e n e ,  1 . e .  o f  a 

c a t a f u s e n e  w i t h  a s m a l l e r  number of p e r f e c t  ma tch ings  i n t o  one w i t h  
a h i g h e r  number, i t  was i n f e r r e d  i n  1 9 6 5  t h a t  d e g e n e r a t e  r e a r r a n g e -  
ments ( a u t o m e r i z a t i o n s )  o f  c a t a f u s e n e s  may be p o s s i b l e ,  a n d  t h i s  was 
d e m o n s t r a t e d  t h e r m a l l y  i n  1 9 7 7  by S c o t t .  Data f o r  t h e  A l H a l 3 - c a t a l y -  
zed a u t o m e r i z a t i o n  o f  p h e n a n t h r e n e  l a b e l e d  w i t h  c a rbon-13  a r e  r e -  
v i ewed ,  and  t h e  r e a c t i o n  mechanism i s  d i s c u s s e d .  P r o s p e c t s  f o r  new 
the rma l  o r  c a t a l y t i c  i s o m e r i z a t i o n s  or a u t o m e r i z a t i o n s  o f  c a t a f u s e -  
nes a r e  c o n s i d e r e d .  

1. THEORY 

1.1 Introduction. I t  i s  o n e  of  t h e  t e n e t s  o f  v a l e n c e - b o n d  t h e o r y  ( r e f . 1 )  
t h a t  among i s o m e r i c  b e n z e n o i d s ,  t h e  s y s t e m s  w i t h  l a r g e r  numbers of  K e k u l e  
s t r u c t u r e s  a r e  more s t a b l e .  L a t e r  d e v e l o p m e n t s  , i n  t h i s  f i e l d  i n c l u d e  
C l a r ' s  a l l - b e n z e n o i d  s t r u c t u r e s  ( r e f . 2 ) ,  R a n d i c ' s  c o n j u g a t e d  c i r t u i t s  
model ( r e f . 3 ) ,  Gordon and  D a v i s o n ' s  a l g o r i t h m  f o r  c o u n t i n g  Kekule s t r u c -  
t u r e s  ( r e f . 4 ) ,  and t h e  r e p r e s e n t a t i o n  o f  b e n z e n o i d s  v i a  t h e i r  d u a l i s t s  
( r e f . 5 ) .  Many o f  t h e s e  a d v a n c e s  h a v e  b e n e f i t t e d  from t h e  i n t e r p l a y  b e t -  
ween o r g a n i c  c h e m i s t r y  a n d  g r a p h  t h e o r y  ; c h e m i c a l  g raph  t h e o r y ,  o r  g r a p h -  
t h e o r e t i c a l  c h e m i s t r y ,  i s  now a r a p i d l y  e x p a n d i n g  r e s e a r c h  a r e a  w i t h  i t s  
own j o u r n a l s  , s y m p o s i a ,  a n d  monographs  ( r e f s . 6 - 1 0 ) .  

1.2 Definitions. We s h a l l  c a l l  b e n z e n o i d  o r  p o l y h e x  any  p o l y c y c l i c  a roma-  
t i c  h y d r o c a r b o n  w i t h  f u s e d  b e n z e n e  r i n g s ,  i r r e s p e c t i v e  w h e t h e r  i t  i s  a 
p o r t i o n  o f  t h e  g r a p h i t e  l a t t i c e  i n  i t s  h y d r o g e n - d e p l e t e d  r e p r e s e n t a t i o n  
( " i n - p l a n e  b e n z e n o i d " )  o r  i t  h a s  h e l i c e n i c  p o r t i o n s  ( " o u t - o f - p l a n e  b e n -  
z e n o i d " ,  w i t h  two o r  more  c a r b o n s  p r o j e c t e d  t o  e t h e r  on t h e  hexagonal  
l a t t i c e  a s  i n  h e x a h e l i c e n e  o r  h i g h e r  h e l i c e n e s g  ; even i n  p e n t a h e l i c e n e  
t h e  hydrogen  a toms  would  o v e r l a p .  
The d u a l i s t  g r a p h  ( i n n e r  d u a l ,  o r  s i m p l y  d u a l i s t )  o f  a b e n z e n o i d  c o n s i s t s  
o f  v e r t i c e s  wh ich  a r e  c e n t e r s  o f  h e x a g o n s ,  and  o f  edges  which  c o n n e c t  
v e r t i c e s  c o r r e s p o t f d i n g  t o  c o n d e n s e d  h e x a g o n s ,  i , e .  hexagons  s h a r i n g  an  
e d g e  ; u n l i k e  most  g r a p h s ,  i n  d u a l i s t s  t h e  a n g l e s  be tween  edges  do m a t t e r .  
B e n z e n o i d s  a r e  o f  t h r e e  k i n d s  : c a t a - c o n d e n s e d  ( c a t a f u s e n e s )  whose d u a l i s t  
g r a p h s  a r e  a c y c l i c  i p e r i - c o n d e n s e d  ( p e r i f u s e n e s )  whose d u a l i s t s  c o n t a i n  
3-membered r i n g s  ; and  c o r o n o i d s  whose  d u a l i s t s  c o n t a i n  l a r g e r  r i n g s  wh ich  
a r e  n o t  t h e  p e r i p h e r y  o f  3-membered r i n g  a g g r e g a t e s .  
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h K(max) h K(max) h K(max)  h K(max) 

1 2 6 24 11 30 5 1 6  3987 
2 3  7 41 1 2  51 0 1 7  6515  
3 5 8 66  1 3  863 1 8  1 0 9 0 5  
4 9  9 110  1 4  1425 1 9  18254  
5 14 10  189 1 5  2345 20  30135  

I f  o n e  v i e w s  d u a l i s t s  o f  c a t a f u s e n e s  s i m i l a r l y  t o  a l k a n e  c a r b o n  c h a i n s ,  
t h e n  any r o t a t i o n  b y  180° a r o u n d  a n  edge w h i c h  l e a d s  t o  n ? n - i s o m o r p h i c  
b e n z e n o i d  s t r u c t u r e s  l e a v e s  unchanged  t h e  number o f  K e k u l e  s t r u c t u r e s  
( c a l l e d  a l s o  t h e  number o f  p e r f e c t  m a t c h i n g s )  ; i n  o t h e r  w o r d s ,  b e n z e n o i d s  
w h i c h  d i f f e r  b y  r e v e r s i n g  " l e f t - h a n d  k i n k s "  o f  t h e i r  d u a i  i s t s  i n t o  " r i g h t -  
h a n d  k i n k s "  h a v e  t h e  same number K o f  p e r f e c t  m a t c h i n g s ,  and  a r e  c a l l e d  
i s o a r i  t h m i c  ( r e f .  11 ) . 

h K ( m a x r  
21 49913 
22 84546  
23 138170  
24 231117 
25 386222  

1.3 Benzenoids with maximum numbers of Kekul6 structures. I n  t h i s  s e c t i o n  
we s h a l l  s o l v e  t h e  f o l l o w i n g  p r o b l e m  : w h a t  a r e  t h e  s t r u c t u r e s  o f  b e n z e n -  
o i d s  w i t h  t h e  maximum number  o f  Kekul; s t r u c t u r e s  f o r  g i v e n  numbers  h o f  
hexagons  1 
Gutman ( r e f . 1 2 )  d e m o n s t r a t e d  t h a t  f o r  c e r t a i n  numbers  o f  hexagons  : 

h ( X k )  = 3 ~ 2 ~ "  - 2 

i . e .  h = 4,10,22,46 f o r  k = 2,3,.4,5/ and so on ,  t h e  s t r u c t u r e s  o f  benzen- .  
o i d s  w i t h  maximum numbers  o f  K e k u l e  s t r u c t u r e s  a r e  h i g h l y  b r a n c h e d  c a t a -  
f u s e n e s  w i t h  t r i g o n a l  s y m m e t r y ,  whose d u a l i s t s  h a v e  v e r t i c e s  o f  d e g r e e  3 
( 1 . e .  w i t h  t h r e e  l i n e s  o r  edges  e m e r g i n g  f r o m  t h e n )  and, 1 ( e n d p o i n t s ) .  The 
c o r r e s p o n d i n g  numbers  o f  p e r f e c t  m a t c h i n g s  o r  o f  K e k u l e  s t r u c t u r e s  a r e  : 

The a u x i l i a r y  s e r i e s  Yk has  b i l a t e r a l  s y m m e t r y  w i t h  o n e  c e n t r a l  p o i n t  o f  
d e g r e e  2 i n  t h e  d u a l i s t  , i . e .  s e r i e s  X l a c k i n g  one  o f  t h e  t h r e e /  m a i n  
b r a n c h e s .  The c o r r e s p o n d i n g  numbers o f  b e n z e n o i d  r i n g s  and K e k u l e  s t r u c -  
t u r e s  a r e  : 

R e c u r r e n c e s  ( 2 )  a n d  ( 4 )  a l l o w  t h e  easy  d e t e r m i n a t i o n  o f  K v a l u e s .  One c a n  
see,  however ,  t h a t  t h e  h v a l u e s  i n  eq .  ( 1 )  a r e  v e r y  s p a r s e .  
I n  a j o i n t  e f f o r t  w i t h  X .  L i u ,  D .  J .  K l e i n  a n d  S .  J .  C y v i n ,  we s o l v e d  
t h e  p r o b l e m  s t a t e d  a t  t h e  b e g i n n i n g  o f  t h i s  s e c t i o n  f o r  o u t - o f - p l a n e  
b e n z e n o i d s  ( r e f . 1 3 ) .  F o r  s y s t e m s  w h i c h  e x c l u d e  h e l i c e n i c  s y s t e m s ,  t h e  
p r o b l e m  i s  s t i l l  u n s o l v e d  ; t h e  g e n e r a l  p r o b l e m  was p r o p o s e d  as  a c h a l -  
l e n g e  a t  t h e  Symposium " Q u o  V a d i s  Graph T h e o r y  ? "  ( r e f . 1 4 ) .  
I t  i s  easy t o  p r o v e  t h a t  c a t a f u s e n e s  w i t h  a,t l e a s t  t h r e e  l i n e a r l y  c o n d e n -  
s e d  hexagons h a v e  s m a l l e r  numbers o f  K e k u l e  s t r u c t u r e s  t h a n  i s o m e r i c  c a t a -  
f u s e n e s ' d e v o i d  o f  s u c h  a t y p e  o f  c o n d e n s a t i o n .  A s  i t  i s  w e l l - k n o w n ,  a c e n e s  
h a v e  s m a l l e r  numbers  o f  p e r f e c t  m a t c h i n g s  t h a n  t h e i r  z i g - z a g  c o n d e n s e d  
i s o m e r s  w h i c h  w e r e  c a l l e d  f i b o n a c e n e s  b e c a u s e  t h e i r  K v a l u e s  f o r m  t h e  
F i b o n a c c i  sequence  ( r e f s . 4 ,  1 1 ) .  T h e r e f o r e  f o r  c a t a f u s e n e s  w i t h  maximum 
number o f  p e r f e c t  m a t c h i n g s  f o r  a g i v e n  number  o f  h e x a g o n s ,  no f r a g m e n t  
w i t h  t h r e e  o r  m o r e  l i n e a r l y  condensed  b e n z e n o i d  r i n g s  s h o u l d  b e  p r e s e n t .  
Such sys tems w i l l  b e  h e n c e f o r t h  b e  c a l l e d  K (max)  b e n z e n o i d s .  
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Table 2. Dualist graphs of benzenoids with maximum number of Kekule' structures for a given 
number b of hexagons (asterisks indicate systems which have two or more isoarithmic isomers : their 
dualist graphs differ by rotation around edges with angles of 180") 

b = 3(mod 4) 

b 

7 ri 
G- 11 

& 19 

b = O(mod 4) I b = I(mod4) 1 b = 2(mod 4) 

I I 
I I 

16 l7' 18 

I I 

A computer p r o g r a m  was deve loped  by D .  J .  K le in  and X .  L i u  t o  g e n e r a t e  
K(max) benzenoids  ( r e f . 1 3 )  and c a l c u l a t i o n s  were performed f o r  h 6 0 .  
R e s u l t s  f o r  K(max) a r e  p r e s e n t e d  i n  Tab le  1 ,  a n d  s t r u c t u r e s  o f  K(max) ben-  
z e n o i d s  a r e  shown i n  Tab le  2 on ly  fo r  t h e  f i r s t  2 2 ,  b u t  a l l  s t r u c t u r e s  may 
be found i n  r e f . 1 3 .  I t  must be s t r e s s e d  t h a t  i n  most c a s e s ,  i n d i c a t e d  by 
a s t e r i s k s  i n  Table  2 ,  t w o  o r  more i s o a r i t h m i c  benzenoids  r e s u l t  a s  t h e  
s o l u t i o n  for c e r t a i n  h v a l u e s .  I n  such c a s e s ,  t h e  l e a s t  s t e r i c a l l y  h i n d e r -  
ed s t r u c t u r e  i s  d i s p l a y e d  f o r  conven ience .  

Although c a l c u l a t i o n s  were performed o n l y  f o r  h 4 6 0 ,  t h e  4 - p e r i o d i c i t y  i n  
te rms  o f  h which i s  o b s e r v a b l e  from T a b l e  2 can s a f e l y  be asslimed t o  ho ld  
f o r  a l l  h v a l u e s .  By u s i n g  a b b r e v i a t i o n s  P ,  X ,  Y ,  Z f o r  subgraphs  w i t h  3 ,  
6 ,  9 ,  and 12 v e r t i c e s ,  r e s p e c t i v e l y ,  a s  i n d i c a t e d  i n  t h e  heading  o f  Tab le  
3 ,  one may c o n v e r t  T a b l e  2 i n t o  a s i m p l e r  fo rma t  : t h e  r e s u l t i n g  T a b l e  3 
shows the  same remarkab le  4 - p e r i o d i c i t y  a n d ,  i n  a d d i t i o n ,  a 3 - p e r i o d i c i t y  
i n  terms of h i f  one o f  t h e  l e t t e r s  P i s  r e p l a c e d  by X ,  Y ,  o r  Z .  One may 
s e e  from Table  3 t h a t  t h e  same c o r e  graph  i s  r e p e a t e d  v e r t i c a l l y  i n  each 
o f  t h e  four  columns s t a r t i n g  from t h e  uppe r  r i g h t - h a n d  c o r n e r  and s t e p p i n g  
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Table 3. Dualist graphs of Kma, catafusenes with their core graphs surrounded by P,X,Y,Z subgraphs 

10 P, 

13 q x  14 P 2 c - r P 2  

17 P2 - Px 
X 

21 p 2  7 P 2  20 P, -PY 

24 p2 T Y p 2  

f p 2  

26 23 P2 - PZ 

33 p 2  $PX 
32 P 2  y p 2  

p2 

35 pa -$2 96 p2 p2 +$ PY 38 

44 p2 p2 XPY 45 

d o w n  d i a g o n a l l y  f o r  each  row. Thus,  s t a r t i n g  wi th  t h e  r i g h t - m o s t  column 
wi th  h E 2 ( m o d  4 ) ,  which i n  Table  2 h a d  d u a l i s t s  whose v e r t i c e s  h a d  
on ly  degrees  3 and 1 ,  t h e  c o r e  graph i s  comple t e ly  sur rounded by P 
subgraphs  a n d  has h '  v e r t i c e s ,  where h '  = ( h - 6 ) / 4 .  The c o r e  graph has  
i n  t h i s  column v e r t i c e s  of deg ree  3 and 1 ,  and f o r  h 2(mod 8 )  one  
v e r t e x  of degree  2 ; t h i s  i s  t h e  v e r t e x  where i n  t h e  o t h e r  columns the  
l e t t e r  P i s  r e p l a c e d  by X ,  Y ,  o r  Z f o r  h 5(mod 8 ) ,  h E O(mod 8), and 
h P 3(mod 8), r e s p e c t i v e l y .  For h l(mod 8), h E 4(mod 8 ) ,  and 
h C 7(mod 8 ) ,  t h e  r ep lacemen t  o f  P by X ,  Y ,  o r  Z ,  r e s p e c t i v e l y ,  o c c u r s  a t  
an endpo in t  which i s  c l o s e s t  t o  t h e  c e n t e r  of t h e  c o r e  g raph .  
Thus,  given the  c o r e  g raphs  of t h e  r i g h t - m o s t  column i n  Table  3 ,  t h e  
remaining columns a r e  p e r f e c t l y  de t e rmined .  For t h e  r i g h t - m o s t  column of  
Table  3 wi th  h p 2(mod 4 )  t h e  f o l l o w i n g  r ~ i l e s  app1: '  : whenever p o s s i b l e ,  
t r i g o n a l  symmetry a round  the  c e n t e r  of t h e  d u a l i s t  i s  ach ieved  ( h = 1 0 ,  
2 2 ,  4 6 ,  9 4 ,  e t c . ) .  B i l a t e r a l  symmetry i s  more f r e q u e n t  ( h  = 2, 6 ,  1 4 ,  1 8 ,  
30 ,  34 ,  3 8 , e t c . ) .  
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h P 3  P 7  P 1 5  P31 k 
6 2  - - - 

1 0 1  1 - 2 
3 -  - - 3  

1 4 -  2 - - 2 
2 1 -  - 3  
4 -  - - 4  

1 8 1  - 1 - 2 

1 2 -  - 3 
3 1 -  - 4  

2 2 -  1 1  - 2 
2 - 1 - 3 
- 3 -  - 3  
2 2 -  - 4  

A r e c u r s  
i n  T a b l e  
d u a l i s t s  
c e s  o b t a  
T a b l e  2 ,  
T a b l e  3 ,  
Y ,  o r  Z ,  

h P 3  P 7  P15 P 3 1  k h P 3  P 7  P15 P31 k 

2 2 6  1 1  1 - 3 4 2 1  1 - 1 3  

1 3 -  - 4  1 1 2 - 4  
3 - 1 - 4  3 -  - 1 4  

3 0 -  - 2 - 2 4 6 -  - 1 1  2 
- 2 1 - 3  - 2 - 1 3  
- 4 -  - 4  - -  3 - 3  

2 1 1 - 4  - 2 2 - 4  

3 4 1  - - 1 2 5 0 1  - 1 1  3 
1 - 2 - 3  1 - 3 - 4  
1 2  1 - 4 5 4 -  1 1  1 3  

3 6 -  1 - 1 2 2 - 1 1 4  
2 -  - 1 3  - 3 - 1 4  
- 1 2 - 3  
2 - 2 - 4  

ve method t o  o b t a i n  t h e  l a s t  v e r t i c a l  column f o r  t h e  c o r e  g r a p h s  
3 w i t h  h 2(mod 4 )  i s  t o  t a k e  s e q u e n t i a l l y  ( row a f t e r  row)  t h e  
f rom T a b l e  2 ,  t h e n  s u r r o u n d  them by l e t t e r s  P so  t h a t  a l l  v e r t i -  
n d e g r e e  3 .  T h u s ,  s t a r t i n g  f rom a d u a l i s t  w i t h  h-1 v e r t i c e s  i n  
o n e  o b t a i n s  a d u a l i s t  w i t h  4 h t 2  v e r t i c e s  i n  t h e  l a s t  co lumn o f  
and  f rom t h i s  by a p p r o p r i a t e  s u b s t i t u t i o n  o f  o n e  l e t t e r  P by X ,  
o n e  o b t a i n s  a l l  o t h e r  d u a l i s t s  f rom T a b l e  3 .  

Yet  a n o t h e r  method f o r  o b t a i n i n g  a l l  s t r u c t u r e s  f rom T a b l e s  2 o r  3 i s  
shown i n  T a b l e  4 .  I f  P 3  ( p r e v i o u s l y  d e n o t e d  by P )  i s  a s u b g r a p h  w i t h  3 
v e r t i c e s  c o n n e c t e d  v i a  i t s  mid- o i n t ,  o n e  may fo rm t h e  s e r i e s  m e n t i o n e d  
e a r l i e r  a s  Y k  ( i n  e q u a t i o n s  2 - 4 p ,  which  w i l l  be  d e n o t e d  by : 

P1 , P 3 ,  P 7 ,  P 1 5 ,  P 3 1 ,  . . . ,  P w i t h  h = 2 k  - 1 h e x a g o n s ,  whose d u a l i s t s  
have  two i d e n t i c a l  b r a n c h e s  j o i n e d  t o  a m i d - p o i n t  ; e a c h  b r a n c h  h a s  o n l y  
v e r t i c e s  o f  d e g r e e s  3 a n d  1 .  

T h e r e  i s  no a m b i g u i t y  i n  
j o i n i n g  t o g e t h e r  k 2 s u c h  
s u b g r a p h s  by o n e  e d g e ,  o r  
k = 3 such  s u b g r a p h s  t o  one  
e x t r a  v e r t e x  ; h o w e v e r ,  i n  
j o i n i n g  k = 4 s u c h  s u b g r a p h s  
t o  a p a i r  o f  e x t r a  a d j a c e n t  v e r t i c e s ,  s e v e r a l  n o n - i s o m o r p h i c  d u a l i s t s  a r e  
fo rmed  : f rom them o n l y  t h a t  one  c o r r e s p o n d s  t o  K(max) which  h a s  two 
i d e n t i c a l  s u b g r a p h s  c o n n e c t e d  g e m i n a l l y ,  o r  when a l l  f o u r  s u b g r a p h s  a r e  
d i s t i n c t ,  t h e  o n e  w i t h  t h e  e x t r e m a l  s u b g r a p h s  a t t a c h e d  v i c i n a l l y .  

h 

P ’  P 3  P7 P ’ 5  

2. EXPERIMENT 

2.1 lsomerizations of benzenoids. I t  had been  r e p o r t e d  ( r e f . 1 5 )  t h a t  
a n h y d r o u s  a luminum c h l o r i d e  i s o m e r i z e d  b e n z [ a ] a n t h r a c e n e  i n t o  c h r y s e n e  on 
r e f u x i n g  i n  benze /ne .  T h i s  r e a c t i o n  i n v o l v e s  t h e  c o n v e r s i o n  o f  a c a t a f u s e n e  
w i t h  f e w e r  K e k u l e  s t r u c t u r e s  i n t o  a n  i s o m e r  w i t h  h i g h e r  K v a l u e .  No mecha-  
n i s t i c  i n d i c a t i o n s  o r  s p e c u l a t i o n s  w e r e  p r e s e n t e d .  
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2.2 Automerizations of benzenoids. I n  a p a p e r  p u b l i s h e d  i n  1965 ( r e f . l 6 ) ,  
s p e c u l a t i n g  a b o u t  t h e  mechan ism o f  t h e  above r e a c t i o n ,  I made t h e  s u p p o s i -  
t i o n  t h a t  o n  d e l e t i n g  t h e  a n t h r a c e n i c  m a r g i n a l  r i n g  i n d i c a t e d  above b y  
b r o k e n  1 i n e s ,  o n e  w o u l d  a r r i v e  a t  t h e  d e g e n e r a t e  r e a r r a n g e m e n t  o f  p h e n a n -  
t h r e n e  ; b y  c h o p p i n g  o n e  more b e n z e n o i d  r i n g ,  i t  m i g h t  e v e n  b e  p o s s i b l e  t o  
i s o m e r i z e  n a p h t h a l e n e  i n t o  i t s e l f  : 

A t  t h a t  t i m e ,  i t  was n o t  p o s s i b l e  t o  embark o n  a s t u d y  o f  c a r b o n - l a b e l e d  
p h e n a n t h r e n e ,  b u t  f o r  n a p h t h a l e n e  i t  was e a s i e r .  A s  i n d i c a t e d  b y  t h e  a b o v e  
f o r m u l a s ,  s u c h  r e a c t i o n s  i n v o l v i n g  b o n d - b r e a k i n g  and new bond  f o r m a t i o n ,  
b u t  c o n s e r v i n g  t h e  c h e m i c a l  s t r u c t u r e  ( " a u t o m e r i z a t i o n s " )  w o u l d  i n v o l v e  
s c r a m b l i n g  o f  i s o t o p i c  l a b e l s .  By s y n t h e s i z i n g  n a p h t h a l e n e  l a b e l e d  w i t h  
c a r b o n - 1 4  i n  p o s i t i o n  1 ,  t r e a t i n g  i t  w i t h  a l u m i n u m  c h l o r i d e ,  f o l l o w e d  b y  
s t e p w i s e  d e g r a d a t i o n ,  c o n v e r s i o n  o f  t h e  f r a g m e n t s  i n t o  c a r b o n  d i o x i d e  a n d  
m e a s u r i n g  t h e  gas  r a d i o a c t i v i t y ,  i t  a p p e a r e d  t h a t  a s c r a m b l i n g  o f  t h e  
l a b e l  d i d  t a k e  p l a c e  ( r e f . 1 7 ) .  However ,  t h e r e  w e r e  s o  many p i t f a l l s  i n  
w o r k i n g  w i t h  c a r b o n - 1 4  t h a t  we d e c i d e d  t o  c h e c k  t h e  r e s u l t s  w i t h  c a r b o n - 1 3  
a n d  r e p l a c e  c h e m i c a l  d e g r a d a t i o n s  b y  NMR s p e c t r o m e t r y .  A t  t h a t  t i m e  t h i s  
was i m p o s s i b l e  i n  Roumania ,  b u t  i n  a c o o p e r a t i o n  w i t h  t h e  I n s t i t u t e  o f  
O r g a n i c  C h e m i s t r y  i n  N o v o s i b i r s k  we d i d  c h e c k  u p  t h e  r e s u l t s .  To o u r  d i s -  
a p p o i n t m e n t ,  we d i d  n o t  f i n d  any  a u t o m e r i t a t i o n  u n d e r  t h e  above  c o n d i t i o n s  
s o  t h a t  i n  t h e  p r e v i o u s  e x p e r i m e n t s  some unknown r a d i o c h e m i c a l  i m p u r i t y  
f o r m e d  d u r i n g  t h e  o x i d a t i v e  d e g r a d a t i o n s  m u s t  h a v e  l e d  t o  e r r o n e o u s  d a t a .  
I n d e p e n d e n t l y ,  S t a a b  h a d  a l s o  f o u n d  t h a t  t h e r e  was no c a t a l y t i c  a u t o m e r i -  
z a t i o n  o f  n a p h t h a l e n e .  I n  a l e t t e r  exchange ,  I p r o p o s e d  t o  p u b l i s h  t h e s e  
f i n d i n g s  i n  t h e  same j o u r n a l  i s s u e ,  b u t  S t a a b  r e f u s e d ,  s o  t h a t  we pub-  
l i s h e d  s e p a r a t e l y  ( r e f s .  1 8 , 1 9 ) .  
Then t h e  p r o b l e m  l a y  d o r m a n t  f o r  t e n  y e a r s ,  t i l l  1978,  when S c o t t  a n d  h i s  
c o w o r k e r s  d i s c o v e r e d  ( r e f  . 2 0 )  t h a t  t h e r m o l y s i s  o f  n a p h t h a l e n e  ( l a b e l e d  w i t h  
ca rbon-13 )  a t  1000-10500 d i d  l e a d  t o  a u t o m e r i z a t i o n .  The mechan ism o f  t h i s  
r e a c t i o n  i s  s t i l l  u n d e r  i n v e s t i g a t i o n .  No i s o m e r i z a t i o n  o f  a n t h r a c e n e  i n t o  
p h e n a n t h r e n e  was o b s e r v e d  u n d e r  c o m p a r a b l e  c o n d i t i o n s ,  An e x t e n s i v e  a n d  
t h o r o u g h  s t u d y  o f  many s u c h  t h e r m o l y t i c  p r o c e s s e s  was made ( r e f . 2 1 ) .  
I n  t h e  l a s t  f e w  y e a r s ,  i n  a c o o p e r a t i o n  w i t h  M i r c e a  G h e o r g h i u ,  Ana S c h i k e -  
t a n z  ( R a c o v e a n u ) ,  A t e n a  N e c u l a ,  a n d  I u l i u  Pogany ( r e f s . 2 2 - 2 5 ) ,  we r e t u r n e d  
t o  t h e  i n i t i a l  s p e c u l a t i o n  and r e a s o n e d  t h a t  i f  t h e  a u t o m e r i z a t i o n  ( 7 )  
p r o c e e d s  o n l y  t h e r m a l l y ,  pe rhaps  t h e  a u t o m e r i z a t i o n  ( 6 )  m i g h t  t a k e  p l a c e  
c a t a l y t i c a l l y ,  l i k e  t h e  i s o m e r i z a t i o n  (5). T h e r e f o r e ,  i n  a c o n s i d e r a b l e  
s y n t h e t i c  e f f o r t  o u t 1  i n e d  i n  t h e  f o l l o w i n g  f o r m u l a s ,  p h e n a n t h r e n e  l a b e l e d  
w i t h  c a r b o n - 1 3  i n  p o s i t i o n s  1 o r  3 was p r e p a r e d  a n d l f u b m i t t e d  t o  c a t a l y t i c  
c o n d i t i o n s  ( a  m e l t  o f  AlC13+NaCl a t  180 -220O) .  The C-NMR a s s i g n m e n t s  
i n  d e u t e r a t e d  a c e t o n e  a l l o w  a c l e a r  d i s t i n c t i o n  b e t w e e n  a l l  c a r b o n  a t o m s .  
C a t a l y t i c  a u t o m e r i z a t i o n  does t a k e  p l a c e  ; i n  p a r a l l e l ,  a d e h y d r o g e n a t i n g  
c o n d e n s a t i o n  a l s o  o c c u r s  ( S c h o l l  r e a c t i o n ,  r e f .  2 6 ) ,  l e a d i n g  t o  h i g h e r  
condensed  a r o m a t i c s ,  t h e r e f o r e  t h e r m o d y n a m i c  e q u i l i b r a t i o n  f o r  t h e  i s o t o p e  
s c r a m b l i n g  c a n n o t  b e  a t t a i n e d .  
Newer s y n t h e t i c  e f f o r t s  b y  M.D.Gheorgh iu ,  A , R a c o v e a n u - S c h i k e t a n z  a n d  A ,  
N e c u l a  l e d  t o  t h e  s y n t h e s i s  o f  p h e n a n t h r e n e  l a b e l e d  w i t h  c a r b o n - 1 3  i n  
p o s i t i o n  4 ,  I t s  c a t a l y t i c  a u t o m e r i z a t i o n  u n d e r  m i l d e r  c o n d i t i o n s  ( A l B r  t 
H 0, 1 : l  m o l e s ,  i n  r e f l u x i n g  benzene ,  w i t h  2 m o l e s  l a b e l e d  p h e n a n t h r e n 2 )  
l 6 d  t o  a u t o m e r i z a t i o n  w i t h  c o n s i d e r a b l y  l e s s  s i d e - r e a c t i o n s .  
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The exper imenta l  r e s u l t s  o n  t h e  c a t a l y t i c  a u t o m e r i z a t i o n  of  phenan th rene  
may be summarized a s  f o l l o w s  : 

I n i t i a l  l a b e l i n g  Scrambl i nq 
1 - 3  
3 - 1 - 4  
4 - 1 - 3  

I s o t o p i c  sc rambl ing  t o  q u a t e r n a r y  s i t e s  i s  more d i f f i c u l t  t o  o b s e r v e  
because of low N M R  peak i n t e n s i t i . e s ,  t h e r e f o r e  a s p e c i a l  s e a r c h  inust be 
under taken  f o r  t h i s  purpose  i n  t h e  f u t u r e .  
The r e s u l t s  o b t a i n e d  so  f a r  can be e x p l a i n e d  s a t i s f a c t o r i l y  by t h e  f o l l o w -  
ing mechanism. I t  i s  known t h a t  s t r o n g  Lewis a c i d s  (aluminum or an t imony 
h a l i d e s )  form w i t h  w a t e r  Brons ted  s u p e r a c i d s  which a r e  a b l e  t o  p r o t o n a t e  
even sigma C - H  bonds ,  l e a d i n g  t o  carbonium ions  which can decompose i n t o  
carbenium ions  and hydrogen which i s  e v o l v e d .  When such a c i d s  r e a c t  w i t h  
phenanthrene  t h e y  w i l l  c e r t a i n l y  p r o t o n a t e  t h e  9 , lO  C = C  b o n d ,  b u t  t h i s  
process  does n o t  l e a d  t o  any r e a c t i o n .  However, p r o t o n a t i o n  of o t h e r  bonds 
does lead  t o  r ea r r angemen t s  ; t h e  s i m p l e s t  a n d  most p l a u s i b l e  mechanism 
(which by v i r t u e  of  Occam’s Razor can be cons ide red  as  s a t i s f a c t o r y  f o r  
e x p l a i n i n g  t h e  known f a c t s  t i l l  n o w )  i s  o u t l i n e d  below : 

Result of  lsotoplc scrmllns : 11’4 l*3 

In a l l  above f o r m u l a s ,  we conserved  f o r  c l a r i t y  t h e  o r i g i n a l  numbering of 
carbon atoms a s  i n  t h e  s t a r t i n g  m a t e r i a l .  
Ab i n i t i o  c a l c u l a t i o n s  a t  t h e  STO-3G l e v e l  performed by R ,  D ,  Topsom ( L a  
Trobe U n i v e r s i t y ,  Bondoora,  A u s t r a l i a )  i n d i c a t e  t h a t  t h e  i n t e r m e d i a t e  A 
may be more s t a b l e  t h a n  B by 2 . 6  kca l /mol .  
The above mechanism a l s o  e x p l a i n s  why t h e r e  i s  no c a t a l y t i c  a u t o m e r i z a t i o n  
o f  naph tha lene  : no benzyl  i c - t y p e  s t a b i l i z a t i o n  of  c a t i o n i c  i n t e r m e d i a t e s  
ana logous  t o  A i s  p o s s i b l e  i n  t h a t  c a s e  ( e v i d e n t l y ,  f o r  naph tha lene ,A  and 
B i n t e r m e d i a t e s  a r e  i d e n t i c a l ) .  
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Other  mechanis ms may be t a k e n  i n t o  c o n s i d e r a t i o n  
3 

& 
00 

a l s o ,  as s h o w n  below : 

2 
1 

1 

c1 

H A I C 1 2  H AIC+ 

Such mechanisms may account  f o r  i s o t o p i c  scrambl ing  between p o s i t i o n s  1 
a n d  3 ,  b u t  n o t  4 .  Other conce ivab . le  mechanisms involve  d i c a t i o n s .  
2 . 3  Outlook.  I t  i s  p o s s i b l e  t h a t  under  s i m i l a r  c a t a l y t i c  c o n d i t i o n s ,  
t r i p h e n y l e n e  may undergo a u t o m e r i z a t i o n  : 

b c  

t 

The cy 'c lohexadienyl ic  c a t i o n i c  i n t e r m e d i a t e  would lead  t o  i s o t o p i c  
sc rambl ing  a+c  between n o n - e q u i v a l e n t  c a r b o n s  in  the  s t a r t i n g  m a t e r i a l !  
w h i l e  t h e  benzy l i c  c a t i o n l c  i n t e r m e d i a t e  would undergo a l a b e l  s c r a m b l i n g  
a + d  between two e q u i v a l e n t  ca rbons  i n  t r i p h e n y l e n e .  A s y n t h e t i c  approach  
t o  t h e  cyc lohexad ieny l i c  c a t i o n  might s t a r t  from 9 - c y c l o p e n t a d i e n y l - 9 -  
f 1 uorenol  . 
F u t u r e  work i n  the  phenanthrene  s e r i e s  w i l l  involve  t h e  s e a r c h  f o r  d e t e c t -  
i n g  any scrambling invo lv ing  q u a t e r n a r y  ca rbon  atoms, a s  we l l  a s  t h e  i n -  
v e s t i g a t i o n  of phenanthrene  l a b e l e d  w i t h  ca rbon-13  i n  p o s i t i o n  2 : c a t i o n  
B conse rves  the  l a b e l i n g  i n  p o s i t i o n  2 ,  b u t  c a t i o n  A l e a d s  t o  s c r a m b l i n g  
between p o s i t i o n s  2 and 3 ,  y e t  p h e n a n t h r e n e  l abe led  i n  p o s i t i o n  3 d i d  n o t  
l e a d  t o  d e t e c t a b l e  Scrambling t o  p o s i t i o n  2 .  
A s  f a r  a s  c a t a l y t i c  i s o m e r i z a t i o n s  o f  benzeno ids  a r e  conce rned ,  t h e  f o l -  
lowing two seem p o s s i b l e  : d i b e n z [ a , c ] a n t h r a c e n e  i n t o  t h e  K(max) benzeno id  
w i t h  h = 5, a n d  tetrabenz[a,c,h,j]anthracene i n t o  t h e  K ( m a x )  benzeno id  
w i t h  h = 7 ; however,  i n  t h e  l a t t e r  c a s e ,  a S c h o l l - t y p e  i n t r a m o l e c u l a r  
r i n g  c l o s u r e  t o  a p e r i f u s e n e  might a l s o  o c c u r .  

3.  CONCLUSIONS 

Benzenoids  wi th  maximum number of Kekule' s t r u c t u r e s  f o r  g iven  numbers of  
hexagons a r e  branched c a t a f u s e n e s  hav ing  no a n t h r a c e n i c  p o r t i o n  ; t h e  
s t r u c t u r e s  of t h e s e  K(max) benzeno ids  p r e s e n t  remarkable  4 -  and 3 - D e r i o d i -  
c i t i e s  i n  terms of  t h e  number h of b e n z e n o i d  r i n g s .  These p e r i o d i c i t i e s  
a l l o w  t h e  p r e d i c t i o n  of such K(max) b e n z e n o i d  s t r u c t u r e s ,  which may c o r -  
respond t o  s e v e r a l  i s o a r i t h m i c  s t r u c t u r e s  d i f f e r i n g  on ly  i n  t h e  d i r e c t i o n s  
of  k inks  f o r  t h e i r  d u a l i s t  g raphs  ( r e f s . 2 8 , 2 9 ) ,  
Gas-phase  t h e r m o l y t i c  i s o m e r i z a t i o n s  and  a u t o m e r i z a t i o n s  of b e n z e n o i d s  a t  
t e m p e r a t u r e s  around 10000 a r e  l i k e l y  t o  i n v o l v e  d i f f e r e n t  mechanisms and 
i n t e r m e d i a t e s  t han  c a t a l y t i c  r e a c t i o n s  t a k i n g  p l ace  i n  1 i q u i d  s t a t e  a t  
much lower  t empera tu res ,  i n  c o n d i t i o n s  which  a r e  c l o s e r  t o  o r g a n i c  chemi-  
c a l  exper iments .  
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It is i n t e r e s t i n g  t o  n o t e  t h a t  m o s t  o f  t h e  c a r c i n o g e n i c  b e n z e n o i d s  h a v e  
a n t h r a c e n i c  s u b g r a p h s ,  w h e r e a s  n o n e  o f  t h e  K(max) b e n z e n o i d s  a r e  a m o n g  t h e  
k n o w n  c a r c i n o g e n s .  S i n c e  t h e  f o r m e r  a r e  l e s s  s t a b l e  t h e r m o d y n a m i c a l l y  t h a n  
t h e  l a t t e r ,  it w o u l d  b e  h i g h l y  d e s i r a b l e  t o  f i n d  a n  e a s y  c a t a l y t i c  w a y  t o  
c o n v e r t  t h e  c a r c i n o g e n i c  c a t a f u s e n e s  i n t o  t h e  K(max) n o n - c a r c i n o g e n i c  
i s o m e r s  ; so f a r ,  no f e a s i b l e  p a t h w a y  f o r  c o n v e r t i n g  a n o n - b r a n c h e d  c a t a -  
f u s e n e  i n t o  a b r a n c h e d  o n e  i s  k n o w n .  U n f o r t u n a t e l y ,  f o r  c a r c i n o g e n i c  p e r i -  
f u s e n e s  s u c h  as benzo[a]pyrene, n o  s u c h  h o p e  e x i s t s ,  

A c k n o w l e d g e m e n t s .  T h e  a s s i s t a n c e  of t h e  W e l c h  F o u n d a t i o n  o f  H o u s t o n ,  TX, 
a n d  o f  t h e  S o r o s  F o u n d a t i o n  f o r  a n  O p e n  S o c i e t y  i s  g r a t e f u l l y  a c k n o w l e d g e d  
a n d  t h a n k s  a r e  e x p r e s s e d  t o  t h o s e  w h o  c o n t r i b u t e d  t o  t h e  r e s u l t s  r e v i e w e d  
h e r e  : D.J.Klein and X.Liu ( T e x a s  A & M U n i v e r s i t y ,  Galveston), S.J.Cyvin 
( U n i v e r s i t y  o f  T r o n d h e i m ,  N o r w a y ) ,  M . D . G h e o r g h i u ,  A , S c h i k e t a n z  (Racoveanu), 
A . N e c u l a ,  1.Pogany ( c o l l e a g u e s  a t  t h e  T e c h n i c a l  U n i v e r s i t y  Bucharest). My 
t h a n k s  a r e  d u e  t o  R . D . T o p s o m  ( L a  T r o b e  U n i v e r s i t y ,  A u s t r a l i a )  f o r  p e r s o n a l  
c o m m u n i c a t i o n s  o f  t h e o r e t i c a l  c a l c u l a t i o n s ,  a n d  to L.T.Scott f o r  h a v i n g  
i n v i t e d  m e  t o  l e c t u r e  a t  t h e  7 t h  I n t e r n a t .  Symp. o n  Novel A r o m a t i c  C o m p d s .  
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