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Abs t rac t  - New c r i t e r i a  (based on X-ray c r ys ta l l og raph i c  

data)  f o r  assessing t he  presence o f  d e l o c a l i z a t i o n  i n  

conjugated n systems reveal  t h a t  d e l o c a l i z a t i o n  i s  no t  a 

widespread phenomenon i n  the ground s ta tes  of many o f  these 

n systems. Instead, these molecules p r e f e r  t o  r e t a i n  h i g h l y  

l oca l i zed ,  independent, n systems. Thus, many explanat ions 

o f  t he  s t r u c t u r a l  fea tu res  and r e a c t i v i t i e s  o f  these 

unsaturated organic  molecules, based on t h e i r  presumed 

de loca l i zed  ground s ta tes ,  must be c r i t i c a l l y  reviewed. Th is  

i s  e s p e c i a l l y  important f o r  understanding t he  chemistry and 

p rope r t i es  o f  hetero-aromatic molecules. 

INTRODUCTION 

For many years organic  chemists have been fasc inated by the f a c t  t h a t  t r u e  

de loca l i za t i on  i n  molecules which conta in  conjugated n systems confers 

add i t i ona l  s t a b i l i t y  on these molecules. Indeed, so g rea t  i s  t h e  appeal of  

t h i s  concept, t h a t  any n system which seems t o  be capable o f  d e l o c a l i z a t i o n  

i s  au tomat ica l l y  assumed t o  be de loca l ized,  unless s t rong  evidence t o  t h e  
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contrary is provided. This situation is more acute in the consideration of 

aromatic molecules. Here, as long as any given molecule seems to satisfy 

Huckel's Rules,' that molecule is assumed to be truly delocalized and hence 

aromatic. The instances of "inhibition of resonance" by steric or other 

factors are viewed as being quite unusual' and any suggestion that a 

conjugated r system might not be truly delocalized is most often met with 

great scepticism. 

Undoubtedly, there has been a need for the development of experimentally 

verifiable, non-theoretical criteria for establishing the presence of 

delocalization in conjugated systems. Many of the experimental attempts to 

identify delocalization in conjugated r molecules have involved the 

spectrosco~ic methods,J but the data generated are very often ambiguous. 

For over sixty years organic chemists have used molecular orbital theory' 

and Huckel's Rules for aromaticityls' in considerations of the stereo- 

electronic features of molecules, and delocalization. Indeed, many people 

have come to regard molecular orbital theory as the physical basis of 

molecular bonding phenomena, rather than a human attempt to rationalize 

these phenomena. Huckel's Rules and HMO theory have been good guidelines 

for the assessment of the possibility of the existence of aromaticity in 

cyclic conjugated n systems, and the existence of delocalization in 

conjugated r systems. The many valuable results and insights generated by 

the molecular orbital theoretical treatment of truly delocalized n systems 

will undoubtedly continue to be meaningful. However, the users of the 

theory will benefit from the recognition of situations in which molecular 

orbital theory should be applied with great caution, or not at all. 

This review will address the fact that many molecules which have been 

regarded as good examples of delocalized n systems (like unsaturated 

carbonyl compounds, polyenes, enols and enamines) are in fact not 

delocalized in their ground states. Thus, the validity of the molecular 

orbital theoretical studies of the "delocalized ground states" of these 

systems can be questioned. Fortunately, many of these molecular orbital 
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t h e o r e t i c a l  analyses can be va luab le  if t h e  data  i s  p r o p e r l y  i n t e r p r e t e d .  

The R e l a t i o n s h i p  Between Bond Type and Bond Order 

Dur ing t h e  development o f  t h e  molecu lar  graph ics  program STRBDI.EXE, an 

ex tens ive  review o f  t h e  X-ray c r y s t a l l o g r a p h i c  da ta  o f  severa l  hundred 

o rgan ic  molecules revealed some very  d e f i n i t i v e  r e l a t i o n s h i p s  between bond 

l e n g t h s  and bond types. '  Fu r the r ,  and q u i t e  c o i n c i d e n t a l l y ,  i t was a l s o  

d iscovered t h a t  these bond l e n g t h  - bond type  r e l a t i o n s h i p s  cou ld  be 

c o r r e l a t e d  w i t h ,  and were c l o s e l y  supported by, t h e  c a r e f u l l y  i n t e r p r e t e d  

r e s u l t s  of bond o rder  c a l c u l a t i o n s  a v a i l a b l e  f rom t h e  w e l l  known area o f  

VESCF-HMO theory . '  These bond leng th / t ype /o rder  r e l a t i o n s h i p s  are  shown 

below (Table  1 ) .  

The va lues of t h e  bond lengths have been rounded. The numeric va lue o f  bond 

t ype  ( u s u a l l y  s i n g l e ,  double, o r  t r i p l e )  i s  obv ious ly  equal t o  t h e  i n t e g r a l  

va lue o f  t h e  VESCF-HMO c a l c u l a t e d  bond o rder .  

Table 1. 

Bond TVDe - Bond Lenqth - Bond Order R e l a t i o n s h i ~ s ~ ~  

Bond TvDe Average Bond U ~ ~ e r / L o w e r  Bond Bond Order Ranqe Numeric 
Lenqth ( ~ m )  Length L i m i t  ( ~ m )  (ex VESCF-HMO) Bond T v ~ e  

C-C 154  165 - 143 < 1.5 1 
C=C 134  143 - 125 1 . 5  t o  2 .5  2 
C-0 140  150  - 130 < 1 .5  1 
C=O 122 130 - 113 1.5 t o  2.5 2 
C-N 148  158 - 138  < 1 .5  1 
C=N 129 138 - 120 1.5 t o  2.5 2 
C- S 188 201 - 175 < 1.5 1 
C=S 164  175 - 152 1.5 t o  2.5 2 

I n  essence, t h e  bonds i n  molecules which possess l o c a l i z e d  n bonds have 

c a l c u l a t e d  o rders  and leng ths  which l i e  w i t h i n  t h e  r e l e v a n t  ranges f o r  t h e  

appropr ia te  ( m u l t i p l e )  bonds (Table  1. above). Fur ther ,  t h e  bond leng ths  

found i n ,  and o rders  c a l c u l a t e d  f o r ,  t h e  t r u l y  de loca l i zed  n systems 

d e f i n i t i v e l y  revea l  t h e  dominant bonding features i n  these systems. For 

example, a  bond whose VESCF-HMO c a l c u l a t e d  o rder  i s  1 .4  w i l l  be a  t r u e  

s i n g l e  bond even though t h e  e l e c t r o n  d e n s i t y  between t h e  bonded centers  i s  

g rea te r  than t h a t  found i n  a  s imple  (e thane)  s i n g l e  bonded system, and a  
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bondwhose order i s  1 . 6  w i l l  be a  t r u e  double bond which i s  weaker than a  

double bond whose order i s  c loser  t o  ( o r  greater  than) 2. . . 

The app l i ca t i on  o f  these new, c r i t e r i a  f o r  de loca l i za t i on  t o  many simple 

conjugated x  systems has l ed  t o  several  important resu l ts . '  

a) It was demonstrated t h a t  amides are t r u l y  de local ized II systems (whose 

bond orders and bond lengths l i e  w i t h i n  the  ranges f o r  double bonds), 

but  s imple en01 ethers,  enamines and es te rs  have l oca l i zed  n  and a 

o r b i t a l s  (no. n-x* de loca l i za t i on )  and the  lengths and orders o f ,  t h e i r  

bonds f a l l  w i t h i n  the  re levan t ranges  f o r  s i ng le  and double bonds. 

Consequently, it was suggested t h a t  the '  enhanced nuc leoph i l i c  

r e a c t i v i t i e s  of enols and enamines ( i n  comparison w i t h  simple alkenes).  

were due mainly t o  t r a n s i t i o n  s t a t e  phenomena. 

b )  De loca l i za t ion  i n  c y c l i c  conjugated n systems was examined and t h i s  l ed  

t o  the  formulat ion of new c r i t e r i a  f o r  a romat ic i t y .  Since these c r i t e r i a  

are based on bond lengths and bond orders,  the  "aromatic" s ta tus  o f  any 

molecule can be v e r i f i e d  exper imenta l ly  (by X-ray c r ys ta l l og raph i c  and 

s i m i l a r  s t r u c t u r a l  s tud ies ) ,  o r  by r e l i a b l y  ca lcu la ted  bond orders.  

C )  I t  was shown tha t ' subs t i t uen t  induced p o l a r i z a t i o n  o f  the  enamine 

f u n c t i o n a l i t y  could lead t o  t r u e  n-x* de loca l i za t i on  i n  t h a t  system, bu t  

t h a t  enols  and t h e i r  neu t ra l  de r i va t i ves  could no t  be so influenced. 

S i m i l a r l y ,  it was shown t h a t  there  are he te rocyc l i c  molecules which 

s a t i s f y  Huckel 's Rules, bu t  which are no t  aromatic i n  t h e i r  unsolvated 

ground s ta tes .  However, s u i t a b l y  subs t i t u ted  de r i va t i ves  o f  some o f  

these molecules, whose e lec t ron  dens i t i es  have been s i g n i f i c a n , t l y  

po la r i zed ,  can become t r u l y  de loca l i zed  and hence aromatic. 

The discussion below w i l l  apply these new c r i t e r i a  f o r  de loca l i za t i on  t o  

some other  important x  systems and w i l l  use both bond leng th  data (obtained 

from X-ray c rys ta l lograph ic  and o ther  s tud ies)  and the  VESCF-HMOcalculated 

bond lengths and orders o f  some model compounds.5c A l l  of the  ca lcu la ted  

bond lengths w i l l  be enclosed i n  brackets t o  d i s t i ngu i sh  them from 

exper imenta l ly  determined values. 
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Since molecular  mechanics programs o f t e n  r e t u r n  bond leng ths  which a re  

s l i g h t l y  d i f f e r e n t  from those revea led by X-ray c r y s t a l l o g r a p h y ,  t h e  bond 

l e n g t h  and bond order  d a t a  f rom these VESCF-HMO c a l c u l a t i o n s  were c l o s e l y  

examined. Thus, i t  became apparent  t h a t  t h e  bond o rde rs  generated f o r  

unsymmetrical he te rocyc les  which have more than  one heteroatom i n  t h e i r  

r i n g s  a re  n o t  always congruent w i t h  t h e i r  assoc ia ted bond leng ths .  I n  

ana lyz ing  t h e  bond l e n g t h s  and t h e  bond orders  f o r  t h e  n i t r o g e n  c o n t a i n i n g  

he te rocyc les  discussed below, t h e  f o l l o w i n g  d a t a  must be remembered: 

a )  an i s o l a t e d  C=N double bond, i n  a  s imple imine,  i s  129 pm long,  

b )  t h e  C-N bonds of p y r i d i n e  a r e  134 pm long and have o r d e r s  of 1 . 6 6 ,  

C )  bond o rde rs  g rea te r  than  1 . 5  should  be ob ta ined  f o r  C-C bonds which a r e  

s h o r t e r  than about 1 4 3 . 2  pm, and f o r  C-N bonds which a re  s h o r t e r  than 

137 .6  pm. 

These data  w i l l  enable us  t o  recognize i n c o n s i s t e n t  bond order/bond l e n g t h  

p a i r s  among those presented he re in ,  and the  s i g n i f i c a n c e  of these anomalous 

d a t a  can then be weighed. 

DISCUSSION 

D e l o c a l i z a t i o n  i n  Some Simple rr Molecules 

I n  o rde r  t o  c r e a t e  a  frame o f  re fe rence  w i t h i n  which t h e  ideas below can be 

examined, l e t  us f i r s t  rev iew t h e  s t r u c t u r a l ,  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  

and bond o rde r  d a t a  of p y r i d i n e a n d  benzene, two t r u l y  d e l o c a l i z e d  aromat ic  

 molecule^..^ Then, s i n c e  most h e t e r o c y c l i c  molecules possess conjugated T 

bonds, we s h a l l  examine t h e  r e a l i t y  of d e l o c a l i z a t i o n  i n  non-aromatic 

molecules which possess con jugated n bonds. 

a )  P y r i d i n e  and-Benzene 

The l e n g t h s  o f  t h e  C-C bonds o f  benzene and p y r i d i n e  a re  about 139-140 pm, 

and t h e  o rde rs  of these bonds a re  about 1 . 6 6 ,  i n d i c a t i n g  t h a t  each o f  these 

bonds i s  a  t r u e  double bond. S i m i l a r l y ,  t h e  C=N bonds of p y r i d i n e  have 

o r d e r s  of 1 . 6 6  (and a re  134  pm l o n g ) .  The double bonds of these molecules 

a r e  weaker than those of i s o l a t e d  alkenes o r  imines (which have bond o rde rs  

c l o s e r  t o  2  and much s h o r t e r  bonds) because o f  t h e  a t tenua ted  e l e c t r o n  
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dens i t y  i n  each double bond ( t h e r e  a re  s i x  II e l e c t r o n s  f o r  s i x  II bonds). 

Thus, each r i n g  atom of benzene and p y r i d i n e  ( f o r  which we inc lude  t h e  lone  

p a i r  as an "atom o r  group")  must be recognized t o  be t e t r a v a l e n t  and 

pentacoordinated ( n o t  pen tava len t ) .  F u r t h e r ,  t h e r e  i s  fo rmal  x bonding 

between every p a i r  of ne ighbour ing atoms i n  benzene, p y r i d i n e  and every  

o t h e r  t r u l y  aromat ic  molecule. The pen tacoord ina t ion  of t h e  r i n g  atoms i n  

aromat ic systems i s  t h e  most impor tan t  p h y s i c a l  f e a t u r e  t h a t  d i s t i n g u i s h e s  

aromat ic molecules f rom a l l  o the rs .  

p y r i d i n e  bond bond l e n g t h  (pm)3,5C bond ordersc  

benzene bond bond l e n g t h  (pm)4b, s c  bond ordersC 

1 - 2  140 ( 1 4 0 . 0 )  1 . 6 6 7  

The i n i t i a l  processes i n  the  r e a c t i o n s  of benzene and p y r i d i n e  a r e  

undoubtedly i d e n t i c a l  t o  those analogous processes i n  t h e  r e a c t i o n s  of 

alkenes, and i n  bo th  cases must i n v o l v e  e i t h e r  a t t a c k  by t h e  a r y l / a l k e n e  x 

e l e c t r o n  d e n s i t y  on an e l e c t r o p h i l e ,  o r  t h e  a t t a c k  o f  a  nuc leoph i le  on t h e  

a ry l /a l kene  lowest  unoccupied II* molecular  o r b i t a l .  Dur ing t h e  subsequent 

t ransformat ions o f  t h e  r e a c t i o n  complex, o r  i n te rmed ia te ,  t h e  r e a c t i o n  

paths  o f  benzene and p y r i d i n e  d i v e r g e  f rom t h a t  o f  a  s imple  alkene. The 

a r y l - d e r i v e d  i n t e r m e d i a t e  undergoes s t r u c t u r a l  m o d i f i c a t i o n s  d i r e c t e d  

toward r e s t o r i n g  t h e  a r o m a t i c i t y  of t h e  p a r e n t  system, whereas t h e  alkene- 

der ived in te rmed ia te  ( n o t  d r i v e n  by as powerful  a  thermodynamic impera t i ve )  

r e a c t s  o therwise.  T h i s  i s  t r u e  f o r  a l l  e l e c t r o p h i l i c  and n u c l e o p h i l i c  

r e a c t i o n s  of s u i t a b l y  s u b s t i t u t e d  d e r i v a t i v e s  o f  benzene, p y r i d i n e  and t h e  
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a1 kenes. 

Benzene, p y r i d i n e  and t h e i r  d e r i v a t i v e s  can t he re fo re  be regarded as 

spec ia l  alkenes, d is t ingu ished  from simple alkenes and o ther  non-aromatic 

molecules by t he  pentacoordinated nature o f  each o f  t h e i r  r i n g  atoms and a  

dramatic thermodynamic imperat ive t o  r e t a i n  t h e i r  very s tab le  e l e c t r o n i c  

s t ruc tu res .  

b )  Conjugated, Non-Aromatic n Molecules 

Since most heterocyc les conta in  conjugated a bonds, it w i l l  a l s o  be 

va luable t o  examine the fea tu res  o f  some simple conjugated molecules i n  

order  t o  i d e n t i f y  those fea tu res  which i nd i ca te  the presence, o r  absence, 

o f  t r u e  de loca l i za t i on .  Thus, we s h a l l  no t  on ly  be ab le  t o  recognize 

de loca l i zed  aromatic systems, bu t  a l so  de loca l i zed  non-aromatic molecules. 

The issue of de loca l i za t i on  i n  non-aromatic, conjugated a systems l i k e  (1) 

has no t  been resolved because experimental data have no t  been invoked t o  

prov ide conv inc ing support  f o r ,  o r  against ,  t h i s  premise. For tuna te ly ,  t h e  

s t r u c t u r a l  features o f  some simple molecules, espec ia l l y  cyc looctatet raene 

(2) prov ide us w i t h  t he  c r i t e r i a  t h a t  we need t o  reso lve these issues, i n  

a d d i t i o n  t o c o n f i r m i n g  the v a l i d i t y  o f  the new concepts o f  d e l o c a l i z a t i o n  

s ta ted  above. 

The C-c s i n g l e  bond lengths i n  cyc looc ta te t raene~  are 146 pm, sho r te r  t han  

t h a t  of 1,3-butadienes (146 pm). There i s  no p o s s i b i l i t y  o f  d e l o c a l i z a t i o n  

i n  cyc looctatet raene because t he  d ihedra l  angles between t h e  a bonds are 

about 650 i n  t he  s tab le  conformation o f  t h i s  molecule. Fur ther ,  any 

d e l o c a l i z a t i o n  would be very unfavourable s ince a  h i g h l y  unstab le  " a n t i -  

aromatic" (4N a e lec t ron )  species would be generated.' Thus, t he  leng th  of 

t he  s i n g l e  bond o f  cyc looctatet raene i s  no t  an i n d i c a t i o n  o f  p a r t i a l ,  o r  
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f u l l ,  de loca l i za t i on  i n  t h i s  molecule. 

The leng th  o f  the C2-C3 s i n g l e  bond o f  cyclooctatetraene (as f o r  1,3- 

butadiene) i s  determined by the f a c t  t h a t  the  o r b i t a l s  invo lved i n  the  bond 

formation process are sp2 hybr ids ,  which l i e  c loser  t o  t h e i r  respect ive 

nuc le i  than sp3 hybr ids.  Thus, the  greater  e l ec t ronega t i v i t y  o f  the  sp2 

hybr id ized  C2 and C3 atoms lead t o  a  shor te r  C2-C3 bond. 

cyclooctatetraene (2) bond bond length (pm)e.Jc bond order5= 

The lengths o f  the s i n g l e  bonds o f  cyclooctatetraene are we l l  w i t h i n  the 

range o f  normal C-C s i ng le  bonds; and i t s  double bonds have lengths and 

orders which are i d e n t i c a b w i t h  those of an i so la ted  C-C double bond. These 

data are the def in ing features of a  h i g h l y  l oca l i zed  II system. 

I t  i s  a l so  important t o  note t h a t  the bond lengths and VESCF-HMO ca lcu la ted  

bond orders o f  the neu t ra l  conjugated alkeness-8 and carbonyl compounds, 

f o r  example-cis- and t cans~ re t i na1 ,g  a lso  show t h a t  these molecules are 

h igh l y  l oca l i zedspec ies .  

These bond length features, which i nd i ca te  l o c a l i z a t i o n  of II bonds, must 

a l so  be present i n  the s t r u c t u r e s o f  non-aromatic, conjugated he te rocyc l i c  

molecules, 1  i k e  (1) above and o ther  s t r u c t u r a l l y  i n t r i g u i n g .  heterocycles t o  

be described below, and w i l l  be extremely valuable c r i t e r i a  i n  enabl ing us 

t o  appreciate t h e i r  t r u e  s t r u c t u r a l  features.  

c). Dipyr . idy ls  and Biphenyls 

The d ipy rd i y l s .  (3) are an espec ia l l y  i n t e r e s t i n g  group of. molecules because 

t h e i r  non-planar conformations must r e s u l t  i n  the molecules having two sets  

of " l oca l i zed "  molecular o r b i t a l s  (one fo r  each r i n g ) ,  wh i le  t h e i r  p lanar  

conformations could a l low i n t e r - r i n g  de loca l i za t i on  which would "blend" 

these " l oca l i zed "  molecular o r b i t a l s  i n t o  one global molecular o r b i t a l .  I f  

the two aromatic r i n g s  were p a r t i c i p a n t s  i n  a  t r u l y  de loca l i zed  system then 
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the  i n t e r - r i n g  bond should be considerably shor te r  than a  s i n g l e  bond and 

would normally be expected t o  show the length and physical  c h a r a c t e r i s t i c s  

of a  double bond. 

The important s t r u c t u r a l  features of the d i p y r i d y l s ,  two aromatic r i ngs  

l i n k e d  together,  are a lso  found i n  molecules l i k e  the dibenzofurans and t h e  

azaphenanthrenes and so it must be valuable t o  resolve issues o f  i n t e r - r i n g  

de loca l i za t i on  i n  these compounds. Fortunately,  the s t r u c t u r a l l y  s i m i l a r  

biphenyls have been extens ive ly  inves t iga ted  and are exce l l en t  models f o r  

these molecules. 

I n  the  so l  i d  phase, the two aromatic r i ngs  o f  b iphenylT0 (4.) are coplanar 

and the  bond l i n k i n g  them i s  148 pm long ( longer  than t h e  s i n g l e  bond of 

cyc looctatet raene) .  The X-ray c r ys ta l l og raph i c  data lo  f o r  o ther  non-ortho- 

subs t i t u ted  biphenyls,  i n  which the  aromatic r i n g s  are no t  coplanar, show 

t h a t  t h i s  i n t e r - r i n g  bond i s  usua l l y  148-151 pm long. These bond lengths 

show t h a t  the i n t e r - r i n g  bonds i n  p lanar  and non-planar biphenyls are t r u e  

s i n g l e  bonds. I n  the ground s ta te ,  the n systems o f  the two l inked  aromatic 

r i n g s a r e  independent o f  each o ther ,  even when t h e r i n g s  a re  coplanar, and 

the re  i s  no g lobal  de loca l i za t ion .  

The biphenyls which are no t  subs t i t u ted  i n  the  o r tho-pos i t ions  show free 

r o t a t i o n  about the  i n t e r - r i n g  bond,2 a s  would be expected f o r  a  t r u e  s i n g l e  

bond. B i p h e n y l s  which are s u i t a b l y  subs t i tu ted  a t  t h e i r  o r t ho  pos i t ions  

can show r e s t r i c t e d  r o t a t i o n  about the s ing le  bond, but  t h i s  r e s t r i c t e d  

r o t a t i o n  i s  we l l  known t o  be mediated by s t e r i c  i n te rac t i ons , *  and i s  riot 'a 

r e s u l t  of a  de loca l i za t i on  phenomenon. 

~g 88&538 . N 

These important s t r u c t u r a l  features o f  the biphenyls must a lso  be 

encountered i n  the d i p y r i d y l s  and a l l  other hetero-aromatic molecules o f  

general s t ruc tu re  ( 5 ) .  
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d )  Dibenzofuran 

Dibenzofuran ( 8 )  can be regarded as a  biphenyl-der ived molecule which 

should be h i g h l y  s tab le ,  s ince t he  cen t ra l  r i n g  looks l i k e  a  moiety which 

obeys Huckel 's Rules. The X-ray c r ys ta l l og raph i c  data f o r  dibenzofuranT2 

shows t h a t  t he  leng th  o f  the bond j o i n i n g  t he  two benzenoid r i n g s  i s  148 

pm and so i s  a  s i n g l e  bond. Indeed, the leng ths  o f  the C-0 bonds a re  140 

pm, s i m i l a r  t o  t he  C-0 bonds of s imple a l i p h a t i c  e thers .  Thus, t he  c e n t r a l  

r i n g  of dibenzofuran has no feature which could suggest de loca l i za t i on ,  o r  

a romat ic i t y ,  i n  t h a t  moiety. The oxygen's lone p a i r s  are very h i g h l y  

l oca l i zed  and t he  two benzenoid r i n g s  are q u i t e  independent o f  each o ther .  

e )  9.10-Diazaphenanthrene 

9,lO-Diazaphenanthrene (1) has t he  features of a  biphenyl  whose two r i n g s  

have been f u r t h e r  l i n k e d  together .  The c e n t r a l  r i n g  i s  a  six-membered 

heterocyc le  which one would assume must have fea tu res  s i m i l a r  t o  those of 

pyr idaz ine (see below). However, t he  X-ray c r ys ta l l og raph i c  data f o r  9,lO- 

diazaphenanthrenell shows t h a t  the bond i s  about 143.6 pm long ( j u s t  w i t h i n  

t he  143.2 pm lower l i m i t  o f  t he  leng th  o f  a  C-C s i n g l e  bond) and hence i s  

e i t h e r  a  t r u e  s i n g l e  bond, o r  a t  best  a  very  weakly de loca l i zed  n bond. 

Fur ther ,  t he  N-N bond i s  129.2 pm long ( i d e n t i c a l  w i t h  t he  length of an 

i so la ted  N=N bond), and the C-N bonds are about 139.6 pm ( w i t h i n  t he  137.6 

pm lower l i m i t  o f  t he  length o f  a  C-N s i n g l e  bond). Thus, there  i s  very 

l i t t l e  d e l o c a l i z a t i o n  between the two benzenoid r ings ,  o r  i n  t he  Centra l  

r i n g .  The molecule 's geometry c l e a r l y  i nd i ca tes  t h a t  t he  combined 

s t a b i l i t y  of two independent benzene r i n g s  i s  greater  than the s t a b i l i t y  of 

t he  g l o b a l l y  de loca l i zed  K system. 

These analyses o f  t he  molecules (91, ( 4 ) ,  ( 8 )  and (1) are of g rea t  
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importance s i n c e  they d i s c r e d i t  t h e  assumption t h a t  t h e  more extens ive a  IT 

system i s ,  t h e  g rea te r  w i l l  be i t s  s t a b i l i t y  ( s i n c e  i t  would possess many 

more cannonical forms). The f a c t  t h a t  t h e r e  i s  no d e l o c a l i z a t i o n  between 

t h e  aromat ic  r i n g s  of compounds ( 4 ) ,  (6 )  and (1) shows t h a t  t h i s  assumption 

i s  n o t  always c o r r e c t .  

f )  Pyr idaz ine,  Py r im id ine  and Azobenzene 

The chemistry and bond leng th  data' f o r  p y r i d a z i n e  ( 8 )  and p y r i m i d i n e  ( 9 )  

show t h a t  they a r e  as s t r o n g l y  aromat ic as p y r i d i n e .  

p y r i d a z i n e  ( 8 )  bond bond l e n g t h  (pm)3,5c bond o rdersc  

p y r i m i d i n e  ( 9 )  bond bond l e n g t h  ( p m ) S ~ 5 C  bond o rdersc  

1 

These molecules p rov ide  e x c e l l e n t  models f o r  d e l o c a l i z e d  N=N and C=N bonds 

i n  hetero-aromat ic systems and show t h a t  these d e l o c a l i z e d  bonds a r e  longer  

than t h e i r  l o c a l i z e d  analogues which are  bo th  about 129 pm long.  

The X-ray c r y s t a l l o g r a p h i c  s t r u c t u r e  o f  t h e  azobenzene (10)  showsT3 t h a t  

t h e  C-N bonds a r e  about 145 pm long,  and t h e  N=N bonds a r e  about 123 pm. 

Since t h e  C-N s i n g l e  bond i s  a lmost t h e  same leng th  as an i s o l a t e d  C-N bond 

(about 148 pm), then t h e  bond leng ths  o f  t h e  compound (10)  i n d i c a t e  t h a t  

t h e r e  i s  no d e l o c a l i z a t i o n  between t h e  benzenoid r i n g s  and t h e  N-N groups. 

The N=N bond of compound (10) i s  unusual ly  s h o r t ,  much s h o r t e r  than an 

i s o l a t e d  N=N bond i n  an azoalkane. 
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g) 1.3-Diazanaphthalene and 2,3-Diazanaphthalene 

The X-ray crystallographic structure'' of 2.3-diazanaphthalene (11) shows 

that C1-CIO and-C4-C5'bonds of the hetero-aromatic ring are about 141 pm 

long and are similar in length to those in the benzenoid ring. The C=N 

bonds are 129.7 pm long, similar to the average length of an isolated C=N 

bond (129 pm) and considerably shorter than the C=N bonds of pyridine (134 

pm) and pyridazine (8). The N=N bond is 1.37 pm long, longer than the N=N 

bond of pyridazine (B), and barely lies within the outer limit (138 pm) of 

the normal range of lengths for N=N (double) bonds. Thus, the molecule 

(11) is probably not aromatic since its a electron density is highly 

localized. 

2,3-diazanaphthalene (11) bond bond length (pm)' ' z S c  bond ordersc 

* 
6 4 

Indeed, the VESCF-HMO calculated, unsolvated, ground state of the molecule 

(11) shows that the C-C bonds of the heterocyclic ring have bond lengths 

and orders suited to single bonds. Thus, all the data suggest that the 

heterocyclic moiety of the molecule (11) is, at best, only very weakly 

aromatic. 

1,3-diazanaphthalene (j2) ' bond bond length (pm)32sc bond ordergc 

The X-ray crystallographic structural data of 1,3-diazanaphthalenes (12) 

show that the C2:NI and C4=N3 bonds are about 131 pm long. When compared 

with pyrimidine ( 9 )  whose C-N bonds are 133 pm long, we must conclude that 

the C=N bonds of compound (12) are more localized and hence this molecule 

is less aromatic than pyrimidine. This increased localization is also 
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revealed by the VESCF-HMO calculated features of compound (12). 

The X-ray crystallographic structural data of the hetero-aromatic molecules 

(11) and (12) enable us to recognize the very important fact that a 

heterocyclic moiety which is fused to a benzenoid, or another strongly 

aromatic, ring system will show greater localization of its n electron 

density and hence reduced aromaticity. Other examples of this phenomenon 

wi 1 1  be encountered below. 

h) The Five-membered Ringed Hetero-aromatic Molecules. 

The non-aromaticity of furan (13) has been discussed5 and this conclusion 

is strongly is supported by the bond length data for this m~lecule."'~ 

The  length^^.'^ of the C-S bonds and the C-C bonds of simple derivatives 

thiophene are within the ranges of lengths of the respective C=S and C=C 

(double) bonds and these, along with the bond order data from VESCF-HMO 

calculations, show that thiophene (14.1 is undoubtedly aromatic. The 

aromaticity of pyrrole (15) has been discussed5. and is also supported by 

its bond length data.3 

The bond lengths3.17 of imidazole (16) indicate that this molecule is only 

weakly aromatic, if at all. The length of the N3-C4 indicates that it is at 

the smaller extreme of the range of lengths for C-N single bonds, and the 

length of the C5-N1 bond places this bond at the higher extreme of the 

range of lengths for C-N double bonds. Further, the length of the C4-C5 

bond shows that it is highly localized. The VESCF-HMO calculated bond 

lengths for imidazole (16) are similar (between 0.3 and 1.0 pm longer) to 

those ascertained by the X-ray crystallographic study.3 except for the 

calculated lengths of the N3-C4 bond (which is 1.7 pm shorter), and the C4- 

C5 bond (which is 2.0 pm longer). The calculated bond lengths (but not the 

bond orders) are closer to those predicted for an aromatic imidazole 
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molecule, but still show that the calculated model of imidazole would only 

be weakly aromatic in its unsolvated ground state. 

imidazole (18) bond bond length (pm)S.5c bond ordersc 

benzimidazole (17) bond bond length (~m)'~ bond ordersc 

The VESCF-HMO calculated bond lengths (and orders) for the heterocyclic 

ring of benzimidazole (17) are similar to those for imidazole, but these 

data indicate that there is more n localization in the heterocyclic moiety 

of benzimidazole than in imidazole. Thus, the heterocyclic ring of 

benzimidazole wi 1 1  undoubted1 y be non-aromatic in its unsolvated ground 

state. 

The bond lengths3 and VESCF-HMO calculated bond orders of the heterocyclic 

moiety (the atoms N1, C2 and C3) of indole (18) also reveal that there is 

greater localization of the K electron density in this heterocyclic ring 

than i n  pyrrole. 

indole (18) bond bond length (pm)J n S C  bond order5= 
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Indeed, both the bond order and the bond length criteria suggest that the 

heterocyclic ring of the indole structure is not aromatic in the unsolvated 

ground state of this molecule. 

The Reality of Delocalization 

The examples discussed above dramatically reveal that delocalization is not 

always a feature of the ground states of neutral, stable molecules which 

have conjugated n systems. 

The absence of global delocalization in the aromatic molecules reviewed 

above (biphenyl, 9,lO-diazaphenanthrene, and dibenzofuran) indicates that 

truly aromatic systems which engage in external delocalization in their 

ground states must experience severe energetic penalties (loss of stability 

and possibly aromaticity). Instead, the aromatic and n electron moieties 

remain independent and highly localized. Similarly, the conjugated alkenes, 

unsaturated carbonyl compounds, enamines, esters and enols remain highly 

localized in their ground states. 

The data for the heterocyclic molecules reveal that the fusion of a hetero- 

aromatic nucleus to a benzenoid nucleus reduces the degree of aromaticity 

in the heterocyclic moiety, because of the reluctance of the benzenoid 

nucleus to permit global delocalization which involves (and quite possibly 

disrupts) its stable n electron density distribution. The chemical 

consequences of the loss of aromaticity in the heterocyclic parts of benzo- 

fused hetero-aromatic molecules have been widely observed.3 

The reluctance of the benzenoid ring to participate in delocalization 

involving entities attached to the ring can also be appreciated by 

considering the efficiency of delocalization in radicals and carbocations, 

common reactive intermediates. For example, homolytic bond dissociation 

energies's* indicate that a carbon radical is stabilized just as much by 

one flanking K bond (as in the allylic radical) as by a flanking phenyl 

group (as in the benzylic radical), even though the benzylic radical could 

possibly provide greater overall delocalization. 

However, as the internal energy of the reactive intermediate increases, so 



1646 HETEROCYCLES. Vol 34, No. 8, 1992 

too will the energetic advantages of extensive delocalization because of 

the stability to be gained. Thus, we should expect delocalization to be a 

feature of very high energied intermediates, as indeed is suggested by the 

experimental data. For example, heterolytic bond dissociation energiesiob 

indicate that the carbocation center of a benzylic carbocation is more 

highly stabilized than that of an allylic carbocation. 

When free rotation is possible, the conformations adopted by localized 

conjugated n systems are not determined by resonance or delocalization 

effects, but by through-space n-n, n-n, n-n* and n-n* interactions,lg and 

steric and dipole-dipole interacti~ns.~ 

Truly aromatic heterocyclic molecules in their ground states will also . 
demonstrate a reluctance to participate in external delocalization 

processes, similar to benzene, and this fact must guide our discussions on 

the chemistry and structural features of.al1 the polycyclic hetero-aromatic 

molecules. 

The Chemical Reactivity of Conjugated n Systems 

The data above leads us to conclude that molecular orbital theory has 

unwittingly been inappropriately applied to the rationalization of the 

structural/electronic features of some conjugated n electron systems, whose 

ground states had incorrectly been assumed to be delocalized. However, 

these molecular orbital theoretical studies have been used successfully in 

the rationalization of the free radical and ionic chemistry of conjugated n 

systems, and in the rationalization of their electrocyclic, sigmatropic and 

cycloadditive reactions.20 This paradoxical situation suggests that these 

n systems do achieve true delocalization at an early stage in their 

reactions and so become systems to which molecular orbital theory can then 

be rigorously and properly applied. 

The bond order and bond length data for simple enamines and enol ethers 

have indicated that these molecules are not delocalized in their ground 

states.' These non-delocalized, conjugated n systems examined above must 

therefore react either in discrete steps (by a totally non-concerted 



HETEROCYCLES. Vol. 34, No. 8.  1992 1647 

reac t ion) ,  o r  i n i t i a l l y ' i n  a non-concerted fashion fo l lowed by a  concerted 

process ( a  p a r t l y  concer ted- reac t ion) .  

P a r t l y  Concerted Reactions , . ,  

The reac t ion  of a  conjugated, but  loca l i zed ,  n system could be i n i t i a t e d  by 

an "event" wh ichper tu rbed the n systems (and hence the geometry) o f . t h e  

reacting.molecule;so leading t o  the  establishment o f  t r u e  de loca l i za t i on .  

Then, the molecular o r b i t a l  t heo re t i ca l  analyses, developed on' the  

assumption t h a t  these n systems were de loca l i zed  i n  t h e i r  ground s ta tes ,  

wo,uld become complete1 y  b a i i d  f o r  the subsequent Steps i n  the. react ion, .  

This reac t ion  type could v a l i d l y  be described as a  " p a r t l y  concerted 
. . . .  . . . 

. . reac t ion" .  

The nature o f  t h i s  c r i t i c a l  "event" w i l l  d i f f e r  from one reac t i on  t o  

another ( i t  might be a  rehyb r i d i za t i on ,  o r  an energy o r  e l ec t ron  t rans fe r  

process), bu t  the  "event" undoubtedly requi res much l ess  energy than the  

ove ra l l  a c t i v a t i o n  energy . . of the reac t ion  s i n c e t h e s e  "events" have ,. eluded . 
, 

de tec t ion  t o  date. Thewide  range of experimental condi.tions overC.which 

the e l e c t r o c y c l i c ,  ckc loadd i t ion  and the  other  -concerted" r e a c t i o n i ~ o f  

simple conjugated n systems are known t o  occur i s  probably i n d i c a t i v e  of 

the energy requirements o f  these "events".  

De loca l i za t ion  i n  HeterocyC.1ic T rans i t i on  States 
. . 

The concept o f  de loca l i za t i on  has a lso  been invoked, and abused, i n ;  

d i s c u s s i o n s o f  t r a n s i t i o n  s ta tes  ,o f  reacttons. Some t r a n s i t i o n - s t a t e s  have 

been re fe r red ' t o ' as  "aromatic" because they are suggested t o  be c y c l i c   and^ 

invo lve  the  s imul taneousreorganizat ion o f  4N+2 e lec t rons .  Of ten however, 

t h i s  terminology cannot b e ' j u s t i f i e d  when a  comparison i s  made between 

these t r a n s i t i o n  s t a t e s a n d  the important s te reo-e lec t ron ic  f ea tu res  of 

aromatic molecules. . . . . 

For example, the .he te rocyc l i c  t r a n s i t i o n  s t a t e  invoked i n  the  mechanism fo r  

the Claisen rearrangement reac t ion  i s  no t  p lanar  and i s  usua l l y  descr ibed 

as being e i t h e r  c h a i r - l i k e ,  or  boat- l ike.21 Fur ther ,  the new o bond i s  . ' 

being establ ished between the ends of the n bonds, C1 and C6, b y a  l i n e a r  
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overlapping of two "p type" orbitals (not to be confused with the edgewise 

overlapping of two "p type" orbitals which normally would lead to a II 

bond), scheme 1 .  Thus, regardless of the possibility that 6 (or any other 

4N+2 number of) electrons might simultaneously (if we ignore the 

Uncertainty Principle') be involved in the transition state, this type of 

transition state does not show the stereo-electronic features required of 

aromatic molecules (either by the new criteria, or by Huckel's rules). 

Scheme 1 

*:---- Y 

.-(I>-. +-- I = R e  

I 
I 
X 

Scheme 2 

On the other hand, the transition state in the transformation of a 

dihydropyridine to the aromatic product, scheme 2, must show the features 

typically found in aromatic systems and can thus be cautiously described as 

an aromatic transition state. Thus, the term "aromatic transition state'' 

should properly be reserved for the transition states of reactions which 

create, disrupt, or rearrange truly aromatic systems since these transition 

states do have the features of truly aromatic entities. 

The Chemistry and Physical Properties of Some Conjugated Heterocyclic 

Molecules. Hetero-aromaticity and the Tertiary Structures of DNA 

The discussions above will be meaningful in understanding the chemistry and 

physical properties of some heterocyclic systems which satisfy Huckel's 

Rules but which are not truly aromatic in their ground states. Some of 
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these heterocycles sporadically show aromatic character in their chemistry 

and this inconsistent chemistry, particularly when not properly interpreted 

mechanistically, has led to great uncertainty as to the aromatic status of 

these molecules. A discussion of two examples of heterocyclic molecules 

that show varying degrees of aromaticity, depending on their environments, 

will help to clarify this topic. 

a) Furan 

Furan's chemistry occasionally seems to be similar to that of a truly 

aromatic molecule, particularly when very high energied intermediates are 

involved or when the reactions require high activation energies. However, 

the chemistry of furan' is clearly consistent with that of a non-aromatic 

molecule, since it very frequently undergoes addition reactions instead of 

substitution reactions. Further, the structural criteria stated above show 

that furan (u) is non-aromatic in its ground state. 
This ambiguity in the chemistry of furan reminds us that there are several 

molecules whose features almost, but not totally, satisfy the criteria for 

aromatic systems. During their reactions, these molecules can gain enough 

energy, or undergo subtle structural modification, to enable them to form 
. . 

highly delocalized intermediates, but this does not mean that the parent 

molecules were aromatic in their ground states. 

b) Imidazoles 

The structural data for imidazole (B) and benzimidazole (17) have been 

presented and show that these heterocycles are highly localized in their 

unsolvated ground states and so must be, at best, only very weakly 

aromatic. Remarkably, the protonation of these molecules (to produce the 

symmetrical imidazolium (m) and benzimidazolium (G) ions) causes quite 

dramatic structural and n electron density changes which convert the 

resulting ions into more strongly aromatic species. This observation helps 

us to rationalize the basicities of these molecules, particularly 

imidazole, by revealing that there are two important factors involved, 

name1 y : 
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a) t h e s t a b i l i t y  gained by the  increased aromat ic i t y  i n  the  i on ,  and 

b )  the s t r e n g t h o f  the  newN-H bond. 

imidazolium (16A) bond bond leng th  (pm)SC bond order5c 

benzimidazolium (17A) bond bond length (pm)5= bond ordersc 

1mida;o'le (16) 'and benzimidazole (u) thus in t roduce us t o  the  f a c t  t h a t  
" 

the ~hetero-aromat ic i t y  of s u i t a b l e  molecules can be manipulated by simple 
. ,  . 

processes. We have recognized t h a t  hydrogen bonding, d ipo le-d ipo le,  ion- 
. . 

d ipo le  and ion- ion i n te rac t i ons  are s t r u c t u r a l  and s tereo-e lect ron ic '  
, . 

fac to rs  t h a t  in f luence the  chemistry,  r e a c t i v i t y  and s t r u c t u r a l  features o f  
. .  . 

organic molecules. Now we must add t o  t h a t  l i s t  the  manipulat ion of the  

hetero-aromat ic i ty  o f  su i t ab le  heterocycles, which as we see above, can be 
. . . , 

-switched onn and -switched o f f "  i n  a  predetermined fashion by simple 

processes. 

The T e r t i a r y  S t ruc tu res  of DNA. The Aromat ic i t ies  o f  Hydrogen Bonded 

Purines and Pyr imid ines 

Purines and pyr imid ines occur n a t u r a l l y  (as t h e i r  glycosides) i n  the  

polynucleot ides DNA and RNA. The DNA polymers adopt h e l i c a l  and other  

t e r t i a r y  s t ruc tu res  which are s t a b i l i z e d  by the  i n te rac t i ons  between the  

bases i n  the  polynucleot ide chains. I n  RNA, the polynucleot ide chain Often 

fo lds  back onto i t s e l f  so b r i ng ing  bases of non-adjacent nuc leo t i d i c '  u n i t s  

c lbse enough fo r  them t o  i n t e r a c t  and s t a b i l i z e  the  fo lded s t ruc tu re .    he 
s t a b i l i t i e s '  of these three dimensional polymeric s t ruc tu res  undoubtedly 

play v i t a l  r o l e s  i n  t h e i r  a b i l i t i e s  t o  a c t  as b i o l o g i c a l l y  important 

molecules.2z Understanding the o r i g i n s  of the  s t a b i l i t y  o f  the  t e r t i a r y  
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s t ruc tu res  o f  DNA and RNA i s  c l e a r l y  very important and th ree  main 

factors22 are now thought t o  be s i g n i f i c a n t :  

a )  Watson-Crick type23 hydrogen bonding between t h e  base pa i r s ,  

b )  K o r b i t a l  i n te rac t i ons  between the "stacked" base p a i r s ,  and 

C )  repuls ions among the  charged phosphate residues o f  the  nuc leo t ide  

backbone. 

The observat ion t h a t  imidazole and benzimidazole ga in  subs tan t i a l  increases 

i n  t h e i r  a roma t i c i t i es  upon becoming protonated suggests t h a t  a  s i m i l a r  

e f fec t  might be displayed by the  nuc leo t i d i c  bases a f t e r  they have become 

involved i n  Watson-Crick type hydrogen bonding. 

Indeed, the s t imu la t i on  of a romat ic i t y  i n  he te rocyc l i c  systems by Watson- 

Cr ick  type hydrogen bonding i s  probably q u i t e  common i n  s u i t a b l e  molecules. 

For example, the 2-pyridones are non-aromatic i n  t h e i r  unsolvated ground 

states,s bu t  become aromatic on d imer iza t ion  (by mutual hydrogen bonding 

of t h e i r  amide groups i n  a  "Watson-Crick type p a t t e r n " ) .  This i s  q u i t e  

c l e a r l y  shown comparing the  X-ray c r ys ta l l og raph i c  data24 f o r  5schloro-2- 

pyr idone (19) w i t h  the  ca lcu la ted  bond lengths f o r  i t s  unsolvated ground 

s t a t e  (given i n  b racke ts ) .  

5-~hloro-2-pyr idone (19) bond bond leng th  

The "push-pul l"  nature o f  the  hydrogen bonds i n  these dimers are c l e a r l y  

apparent. The hydrogen'bond t o  the carbonyl oxygen po la r i zes  t h e  e lec t ron  

dens i t i es  i n  the  C=O (double) and the  N-H bonds, and these p o l a r i z a t i o n s  

f a c i l i t a t e  the  & l o c a l i z a t i o n  o f  the  lone p a i r s  o f  e lec t rons  of the  amidic 

n i t rogen ( t he  p u l l ) .  The developing p o s i t i v e  charge on t h e  amidic n i t r ogen  

of one e n t i t y  i s  then simultaneously s t a b i l i z e d  by the  developing negat ive 

charge on the  carbonyl oxygen of the  other  molecule ( t he  push). These 
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e f fec ts  are  undoubtedly s y n e r g i s t i c  and mutua l l y  maximize both  t h e  s t r e n g t h  

of t h e  hydrogen bond and t h e  p o l a r i z a t i o n  o f  t h e  amidic group. 

The hydrogen bonds l i n k i n g  t h e  n u c l e o t i d i c  bases i n  Watson-Crick p a t t e r n s  

a r e  very s i m i l a r  t o  those i n  t h e  5-chloro-2-pyridone dimer (s) and cou ld  

have a e q u a l l y  dramat ic  e f f e c t s  on the s t r u c t u r a l  and e l e c t r o n i c  features 

of t h e  hydrogen bonded n u c l e o t i d i c  bases. 

N-Methyl-2-pyridone (20)  bond bond l e n g t h  (pm)Sc bond order55 

N-Methyl-4-pyridone (21)  bond. bond l e n g t h  (pm)ac bond o r d e r 5 =  

The non-aromat ic i ty  o f  t h e  unsolvated ground s t a t e s  o f  N-methyl-2-pyridone 

(20)  and N-methyl-4-pyridone (21 )  has been d i s ~ u s s e d . ~  The i r  da ta  a r e  

presented f o r  comparison w i t h  those o f  compound (B) and t h e  pyrimidones. 

The unsolvated s t r u c t u r e s  of t h e  pur ines  and py r im id ines ,  N-methylated a t  

p o s i t i o n s  9 o r  3, were modelled i n  order t o  generate s imple  analogues o f  

t h e  n u c l e o t i d i c  bases, whose bond lengths and o rders  might  a l l ow us t o  

b e t t e r  understand t h e i r  e l e c t r o n i c  features.  

The c a l c u l a t e d  bond l e n g t h  and bond order  d a t a  f o r  t h e  homologous molecules 

N-methylthymine (22) and N-methy lurac i l  (23) revea l  t h a t  they have n e a r l y  

i d e n t i c a l  s t r u c t u r a l  parameters and t h a t  bo th  are  non-aromatic i n  t h e i r  

unsolvated ground s t a t e s  (see Table 2 ) .  

The c a l c u l a t e d  bond l e n g t h  and bond order  data  f o r  4-aminopyrimidine (24) 

suggest t h a t ,  l i k e  p y r i m i d i n e  ( z ) ,  t h i s  molecule i s  aromat ic .  However. t h e  
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calculated bond length and bond order data for 9-methyladenine (25)  is 

ambiguous and suggests that this molecule might only,be weakly aromatic in 

its unsolvated ground state. It seems likely that the bicyclic structure 
. . . . 

of this molecule- has resulted in the attenuation in the aromaticity of each 

ring, a s  was demonstrated above for the benzo-fused heterocycles. 

The calculated bond length and order data fdr methylcytosine (a) show that 

it cannot be aromatic in its unsolvated ground state, and similar data for 

9-methylguanine (22)  indicate that the "pyrimidbne" ring, 1 ike cytosine, .. 
also cannot possibly be aromatic in the unsolvated ground state of molecule 

(a). . The "imidazole" ring of the molecule (27) could however be very 
, . .  . ., . weak1 y akomat i c. 

The X2ray crystallographic sfructural data of sodium adenylyl-3', 5'-uridine 

hexahydratez5 (ApU) (28) and sodium guanylyl-3',5'-cytidine nonahydrateze 

(GpC) (29) have been obtained. Each of these molecules crystallized as a 

highly hydrated dimer held together by Watson-Crick type hydrogen bonding 

(as we1 1 as ion-dipole interactions) and so these molecul&s are acceptable 

models for the nucleotidic fragments of the double-helical'structures of 

DNA. . ..  

Notwithstanding the similarities between the compounds (s), (29) and 
. . .  .. . 

fragments of the DNA polymers, the  ats son-crick hydrogen bonded nucleotidic 
pairs of the DNA polymers will be located in a much less hydrated, more 

. . .  

hydrophobic; environment2z than the hydrated' dikers of the compounds (28) 

and (29) are in their solid phases.   he hydrophdbic c o b  of the DNA 
polymers will stimulate the formation of stronger,hydrogen bonds between 

the nucleotidic bases thanwould exist in a more hydrated, environment. 

Thus, the stereo-electrdnic effects observed in the solid phase studies of 

the compounds (28) and '(B) will be attenuated in comparison to those which 

exist in the hydrophobic core of the DNA polymers. 

A comparison of the bond length data for the bases in the structures (a) 
and (29) with those data for the compounds (z) ,  (z) ,  (s), (G) and (27) 

(Tables 2) show that adenine, in compound.(B), is the only base that 
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Table 2 

C r v s t a l l o g r a ~ h i c  Bond Lengths (Dm) 

WmethvlthvmineZ' 2-deoxvthvmidine2' 

137 .9  138.5 

ADU (281 2-deoxvuridine28 
137 .8  138.3 
137 .5  137 .9  
138 .8  138.1 

Wmethvluraci l  ( 2 3 )  
( 1 3 8 . 5 )  1 . 4 3 3  
( 1 3 7 . 1 )  1 . 4 3 4  
( 1 3 6 . 9 )  1 . 4 3 8  

ADU (28) Adenosi ne29 
134 .6  134 .0  
134.6 133 .0  
135 .0  1 3 4 . 9  
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becomes t r u l y  aromat ic  on hydrogen bonding i n  t h e  Watson-Crick P a t t e r n .  

Th is  r e s u l t  must be viewed c a u t i o u s l y  however, because w h i l e  we can 

conclude t h a t  adenine w i l l  be aromat ic  i n  environments i n  which i t  i s  

engaged i n  Watson-Crick hydrogen bonding (and so i n  t h e  DNA po lymers) ,  we 

cannot conclude t h a t  t h e  o the r  bases w i l l  n o t  become aromat ic  i n  t h e  DNA 

polymers, whose environments a re  q u i t e  d i f f e r e n t  f rom t h e  c r y s t a l s  of 

compounds (28) and ( 2 9 ) .  

Un fo r tuna te l y ,  we must a w a i t  t h e  atomic r e s o l u t i o n  X-ray c r y s t a l l o g r a p h i c  

s t u d i e s  of n u c l e o t i d i c  o l igomers  ( s t r u c t u r a l l y  more s i m i l a r  t o  DNA) i n  

o rde r  t o  determine t h e  r o l e s  of t h e  o t h e r  n u c l e o t i d i c  bases i n  t h e  t e r t i a r y  

s t r u c t u r e s  o f  DNA, b u t  t h e  da ta  f r o m  t h e  c r y s t a l l o g r a p h i c  s t r u c t u r e s  o f  t h e  

compound (28) have c l e a r l y  revea led a  s p e c i a l  r o l e  f o r  adenine i n  t h e  

t e r t i a r y  s t r u c t u r e  o f  DNA. 

There a re  severa l  o t h e r  fea tu res  o f  t h e  Watson-Crick hydrogen bonded 

n u c l e o t i d i c  bases of t h e  compounds (28) and (29)  which should be noted.  

a )  No tw i ths tand ing  t h e  d a t a  f o r  t h e  molecule ( 2 1 1 ,  whose i m i d a z o l o i d  r i n g  

seemed t o  be weakly aromat ic,  t h e  guanyl group i n  compound (29 )  has 

s t r u c t u r a l  f e a t u r e s  which i n d i c a t e  t h a t  i t  i s  non-aromatic. 

b )  The lone p a i r s  o f  t h e  pr imary  amino-groups o f  c y t o s i n e ,  guanine and 

adenine, a re  d e l o c a l i z e d  i n t o  t h e  f l a n k i n g  C=N bonds, i n  a l l  o f  t h e i r  

compounds. 

C )  The l e n g t h s  o f  t h e  C5-C6 bonds o f  the  p y r i m i d i n o i d  compounds (a),  (a), 
(a), u r a c y l  o f  (a), and c y t o s y l  o f  (29 )  a re  a l l  q u i t e  c l o s e  t o  t h a t  o f  

an i s o l a t e d  C=C double bond and hence these bonds a r e  h i g h l y  l o c a l i z e d .  

Any system whose s t r u c t u r a l  components a r e  induced i n t o  a r o m a t i c i t y ,  by 

hydrogen bonding ( l i k e  adenine) o r  p r o t o n a t i o n  ( l i k e  im idazo le ) ,  d u r i n g  i t s  

assembly, o r  r e a c t i o n s ,  w i l l  g a i n  both  t h e  s t a b i l i t y  due t o  t h e  new bond 

and t h e  newly-established/strengthened aromat ic  charac te r .  Thus, w h i l e  we 

can deduce t h a t  t h e  s t a b i l i t y  o f  t h e  t e r t i a r y  s t r u c t u r e s  o f  DNA w i l l  

i ncrease as t h e  p r o p o r t i o n  o f  adenine i n  t h e  polymer increases,  f u t u r e  

s t u d i e s  w i l l  be r e q u i r e d  t o  revea l  t h e  t r u e  r o l e s  of t h e  o the r  n u c l e o t i d i c  
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bases. 

CONCLUSION 

The e l e g a n t l y  s u b t l e  man ipu la t i on  o f  he te ro -a romat i c i t y  by na tu re  has n o t  

been p r e v i o u s l y  recognized because of t h e  absence o f  r i g o r o u s  c r i t e r i a  f o r  

d e f i n i n g  a r o m a t i c i t y .  The new c r i t e r i a  f o r  e s t a b l i s h i n g  t h e  presence o f  

d e l o c a l i z a t i o n  i n  molecules c o n t a i n i n g  con jugated n systems have revea led  

many aspects o f  o rgan ic  chemis t ry  which were p r e v i o u s l y  unrecognized, and 

have a s s i s t e d  i n  t h e  r e s o l u t i o n  o f  some d i f f i c u l t  issues.  

Since the  d e l o c a l i z a t i o n  phenomena can now be unequivoca l ly  i d e n t i f i e d ,  and 

s ince  we a r e  now aware o f  t h e  s imple  methods by which t h e  a r o m a t i c i t y  of 

s u i t a b l e  h e t e r o c y c l i c  molecules can be manipulated,  we should be a b l e  t o  

use t h i s  i n f o r m a t i o n  i n  the  r a t i o n a l  des ign o f  molecules f o r  s p e c i f i c  uses. 

F u r t h e r ,  s o l u t i o n s  t o  some o f  t h e  o l d  mechanis t ic  puzzles from the  r i c h  

legacy of exper imenta l  o rgan ic  chemis t ry  w i l l  now become apparent. 
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