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A b s t r a c t  - T r a d i t i o n a l l y ,  we have descr ibed t h e  type o f  a  

bond i n  terms o f  i t s  l o c a t i o n  a long a  continuum from s i n g l e  

t o  t r i p l e  bond. A review of t h e  bond leng ths  o f  a  v a r i e t y  

o f  molecules ( f rom t h e  X-ray c r y s t a l l o g r a p h i c  d a t a ) ,  a long 

w i t h  VESCF c a l c u l a t i o n s  on some i s o e l e c t r o n i c  analogues of 

enamines, and t h e i r  nmr spect roscopic  data,  i n d i c a t e d  t h a t  

bonds can o n l y  occur i n  i n t e g r a l  u n i t s  and t h a t  no bond can 

be of an in te rmed ia te  type.  Th is  conc lus ion leads t o  a  re -  

d e f i n i t i o n  of a r o m a t i c i t y  which d e f i n i t i v e l y  revea ls  t h e  

p o s s i b l e  a r o m a t i c i t y  o f  h e t e r o c y c l i c  molecules. 

I n t r o d u c t i o n  

Unusual chemis t ry  i n  carbohydratela and d ihydrophtha l ide 'b  r e a c t i o n s  have 

l e d  us t o  exp lo re  t h e  r o l e  of l one  p a i r  i n t e r a c t i o n s  i n  the chemis t ry  o f  

the oxygen h e t e r o c y c l i c  c o m p o ~ n d s l ~ - ~ ~ n d  t o  examine t h e  s t r u c t u r a l  

features o f  carbohydrate m o l e c u l e s . ' ~ ~ ' "  I n  o rder  t o  be ab le  t o  examine 

r a p i d l y  t h e  d is tances  between cen te rs  n o t  d i r e c t l y  bonded toge ther ,  the 

molecular graph ics  program STR3DI.EXE had a l s o  been developed2. and was 
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used extensively'9,ln to facilitate the viewing of the X-ray 

crystallographic structures of organic molecules. This program can also 

automatically locate a atoms and aromatic systems using a bond length 

algorithm developed during that study. 

All of the data from the crystallogra~hic studies of carbohydrate and non- 

carbohydrate (natural and organic) molecules were totally consistent, and a 

number of important conclusions stated (and clearly implied) in the 

reviews'9,'" on the carbohydrate molecules are valid for all molecules and 

must again be stated briefly. 

First, bond angle size in an organic molecule cannot consistently be 

related to the state of hybridization of the central atom, particularly 

when a heteroatom is attached to the central atom. Steric and electronic 

stress can often account for some of the unusual bond angles, but many 

cannot be easi 1 y explained. 

Secondly, classical organic chemistry has suggested that bond types, and 

their closely related bond lengths (which should be within 1%-2% of the 

mean length), must fall into the following specific categories: 

a) single bonds (longest bonds) 

b) bonds intermediate in type and length between single and double 

C) double bonds 

d) bonds intermediate in type and length between double and triple 

e) triple bonds (shortest bonds) 

and that molecules which possess delocalizable n systems have bonds whose 

lengths should fall into the grey area between the single bond and double 

bond lengths (conjugated alkenes), or the double bond and the triple bond 

(conjugated alkynes). 

However, the bond length data from many organic molecules revealed that the 

range of lengths of any given type of bond varied by more than 2% and was 

the length of that bond found in very simple molecules, or the sum of the 

covalent radii of the atoms, + 7% of that value. This observation held very 
strongly for more than 99% of the single and double bonds in the (more than 



350 n a t u r a l  and s y n t h e t i c  o rgan ic )  molecules reviewed. 

F u r t h e r ,  t h e  l i m i t s  of t h e  e m p i r i c a l l y  determined 7% ranges o f  bond l e n g t h s  

f o r  s i n g l e  bonds and double bonds, composed o f  a  p a r t i c u l a r  p a i r  o f  atoms, 

were found t o  approach each o t h e r  almost seamlessly b u t  n o t  t o  over lap.  

These ranges were n o t  separated by an in te rmed ia te  range/space. Only a  few 

s i n g l e  bonds were found whose leng ths  d i d  n o t  f a l l  w i t h i n  t h e i r  s p e c i f i e d  

ranges, and these were present  i n  s t r a i n e d  and unusual molecules. '9.3 

Therefore, these i 7% bond l e n g t h  ranges were r e l i a b l e  c r i t e r i a  f o r  

ass ign ing  a  bond type o f  s i n g l e  o r  double t o  any g iven bond. 

Whi le t h e  data  suggested t h a t  t h i s  7% range might a l s o  app ly  t o  t r i p l e  

bonds, i f  t h e  assumption t h a t  bond leng th  ranges do n o t  o v e r l a p  i s  invoked, 

then t h e  range of  t h e  l e n g t h  of t r i p l e  bonds should be f 6%, a  l o g i c a l  

in ference based on the r i g i d i t y  o f  t r i p l e  bonds. However, i t  migh t  w e l l  be 

t h a t  t h e  double and t r i p l e  bond ranges do over lap  s l i g h t l y  and a  f u t u r e  

s tudy o f  a  l a r g e r  number o f  molecules con ta in ing  t r i p l e  bonds w i l l  he lp  t o  

revea l  t h i s .  

T h i r d l y ,  t h e  f a c t  t h a t  t h e  bond leng th  ranges f o r  a  g iven p a i r  o f  atoms 

were n o t  separated by i n t e r v a l s  showed t h a t  t h e  f r a c t i o n a l  bonds whose 

leng ths  were supposed t o  f a l l  i n t o  in te rmed ia te  leng th  zones, between t h e  

normal bond ranges, cannot e x i s t .  Th is  leads t o  t h e  impor tant  conc lus ion  

t h a t  no bond can have t y p e  and l e n g t h  in te rmed ia te  between t h a t  o f  a s i n g l e  

and a  double bond, o r  a  double and a  t r i p l e  bond. Every bond does f a l l  

i n t o  a  p a r t i c u l a r  range o f  l eng ths  corresponding t o  s i n g l e ,  double, o r  

t r i p l e ,  s ince  t h e r e  are no ranges o f  bond leng ths  t h a t  correspond t o  

i n d e f i n i t e  bond types.  

F o u r t h l y ,  by us ing  an a l g o r i t h m  based on t h i s  f 7% bond l e n g t h  range, 

STR3DI.EXE had r e l i a b l y  recons t ruc ted  and d isp layed  t h e  s t r u c t u r e  o f  

severa l  hundred molecule whose coord inate  and atom type  d a t a  ( i n  any 

sequence o f  t h e  atoms) had been i n p u t ,  and had a u t o m a t i c a l l y  and c o r r e c t l y  

l oca ted  t h e  s i t e s  of i~ atoms and m u l t i p l e  bonds, and i d e n t i f i e d  aromat ic  

systems. It must be emphasized t h a t  t h e  a lgo r i thms  o f  STRBDI.EXE were 
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based on e m o i r i c a l  observat ions o f  molecu lar  geometr ica l  f ea tu res ,  and 

t h r e e  dimensional  geometr ical  p r i n c i p l e s ,  and had no th ing  t o  do w i t h  

auantum mechanics o r  molecular  mechanics. The u n o u a l i f i e d  success of 

STR3DI.EXE conf i rmed the  v a l i d i t y  o f  t h e  + 7% bond range concept.  

Bond Order and Bond Type. 

One of t h e  impor tan t ,  c o n s i s t e n t l y  r e ~ r o d u c i b l e .  observat ions which emerged 

from t h e  use o f  STR3DI.EXE was t h a t  any r i n g  atom i n  a  benzenoid aromat ic  

system was a t tached  t o  i t s  two ne ighbour ing r i n g  atoms by bonds whose 

lengths  were w i t h i n  t h e  double bond l e n g t h  range. Thus, each o f  these r i n g  

bonds must have s u b s t a n t i a l  double bond c h a r a c t e r . ' s . ' "  c o n s i s t e n t  w i t h  t h e  

a l k e n e - l i k e  chemis t ry  of these molecules and t h e  f a c t  t h a t  each ad jacen t  

p a i r  o f  atoms of aromat ic systems can show a l k e n e - l i k e  behav ior .  

Th is  review t h e r e f o r e  re-examines t h e  r e l a t i o n s h i p  between bond o rde r  and 

bond t ype  i n  n bonds i n v o l v i n g  t h e  heteroatoms. us ing  e m p i r i c a l  da ta  and 

VESCF n c a l c u l a t i o n s , ' w h i c h  combinat ion i s  much l e s s  l i k e l y  t o  be s u b j e c t  

t o  the  p o s s i b l e  f l a w s  inheren t  i n  p u r e l y  t h e o r e t i c a l  s t u d i e s .  By ana lyz ing  

t h e  bonding i n t e r a c t i o n s  i n  smal l  o rgan ic  molecules c o n t a i n i n g  heteroatoms, 

one can develop an understanding o f  t h e  f a c t o r s  which w i l l  enable these 

heteroatoms t o  p a r t i c i p a t e  i n .  o r  b lock ,  t h e  fo rmat ion  of aromat ic 

h e t e r o c y c l i c  systems. 

The I s o e l e c t r o n i c  Analogues o f  t h e  A l l y l i c  Anion. 

Tables 1 and 2,  below, show t h e  r e s u l t s  o f  t h e  VESCF n c a l c u l a t i o n s 4  on two 

groups o f  n systems analogous t o  ( i s o e l e c t r o n i c  w i t h )  t h e  a l l y l i c  an ion,  

based on t h e  assumotion t h a t  a l l  o f  t h e  atoms i n  these svstems were n atoms 

(sp2  h v b r i d i z e d ) .  These s imple  molecules can be regarded as r e p r e s e n t a t i v e  

of impor tan t  s t r u c t u r a l  fragments which a re  o f t e n  found i n  compounds which 

a r e  p o s s i b l y  aromat ic ,  and so t h e  da ta  they revea l  w i l l  h e l p  us t o  f u l l y  

apprec ia te  t h e  ex i s tence ,  o r  l a c k .  o f  a r o m a t i c i t y  i n  more complex 

h e t e r o c y c l ~ c  (and homocyc l ic )  systems. 

Table 1 shows, i n  each group, t h e  molecule which was p r e d i c t e d  t o  d i s p l a y  

t h e  most e f f i c i e n t  n-n* d e l o c a l i z a t i o n  a t  t h e  t o o ,  and t h a t  w i t h  t h e  l e a s t  
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e f f i c i e n t  n-n* de loca l i za t i on  a t  the bottom, of t h a t  group. Table 2 shows 

the  ca lcu la ted  bond orders of the  same two groups o f  molecules. MMX.EXE'a 

a l t e r n a t i n g l y  minimizes the  s t e r i c / e l e c t r o s t a t i c  energy of the s t ruc tu re  

framework and does the VESCF ca lcu la t ions .  Therefore, the f i n a l  models 

presented by MMX.EXE were a l so  the  optimized geometries o f  the n systems. 

Table 1 .  

NIC-C(CN )=CH-N(CH3 ) z  
O=CH-CH-CH-N(CH3 ) 2  

O=C(CH3 )-CHrCH-N(CH3 1 2  

NAC-CH=CH-N(CH3 1 2  
O=C( CHs )-CH:CH-0-CHJ 
benzene 

Table 2. 

(Numbering of n atoms) 
1--2--3--4--5 

NIC-C(CN)=CH-N(CHa ) z  
O=CH-CH=CH-N(CH3 ) 2  

O=C(CH3 )-CHzCH-N(CH3 ) 2  

NIC-CH=CH-N(CH3 ) z  
O=C( CHs )-CH-CH-0-CH3 
benzene 

ELECTRON DENSITY DISTRIBUTION AT n ATOMS 

BOND ORDERS I N  THE n SYSTEM 

a )  a l l  d i subs t i t u ted  double bonds had the E conf igurat ion.  
b )  the symbol "I" represents a t r i p l e  bond. 
C )  the  e lec t ron  dens i t i es  on the  atoms of the n i t r i l e  groups were very 

s i m i l a r ;  t h i s  number i s  the  average e lec t ron  densi ty .  

The a l l y l i c  anion was predic ted t o  show the most de loca l i za t i on  and i t s  C-C 
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bonds should have bond o rde rs  o f  about 1.66. T h i s  c l e a r l y  f o l l o w s  f rom t h e  

o v e r a l l  symmetry and atomic homogeneity o f  t h e  framework. The bond o rde rs  

and e l e c t r o n  d e n s i t i e s p r e d i c t e d  f o r  the  a l l y l i c  an ion and benzene ( a l s o  

about 1.66) t h e r e f o r e  p rov ide  us w i t h  a  good frame of re ference f o r  

a p p r e c i a t i n g  t r u l y  d e l o c a l i z e d  systems. 

The Role of P o l a r i z a t i o n  o f  Heteroatomic n Systems. 

The VESCF c a l c u l a t i o n s ,  above, revea led t h a t  those molecules which 

possessed h i g h l y  p o l a r i z e d  n systems should d i s p l a y  maximal d e l o c a l i z a t i o n  

processes, and t h e i r  CHBO-C and (CH3).?N-C bond o rde rs  should l i e  between 

1 .25  and 1 . 5 5 .  An examinat ion of t h e  i n t e r a c t i n g  o r b i t a l s  he lps  us t o  

understand t h i s  fea tu re ,  which w i l l  p l a y  a  v i t a l  r o l e  i n  t h e  d i scuss ions  

below. 

I n  r e a l i t y ,  a  molecu lar  o r b i t a l  does n o t  e x i s t  u n t i l  t h e  molecule i s  

chal lenged, o r  pe r tu rbed ,  by t h e  e l e c t r o n  d e n s i t y  which t h a t  o r b i t a l  w i l l  

be r e q u i r e d  t o  "accommodate". A t  t h a t  p o i n t ,  t h e  system undergoes t h e  

s t r u c t u r a l  changes necessary t o  a l l o w  t h e  a d d i t i o n a l  e l e c t r o n ( s 1  t o  adopt 

t h e  energy s t a t u s  which we have been ab le  t o  understand by a p p l i c a t i o n  of 

t h e  p r i n c i p l e s  o f  quantum mechanics. A d i s c u s s i o n  which r e f e r s  t o  n*, o r  

a*, o r b i t a l s  i m p l i c i t l y  accepts t h i s  f a c t ,  b u t  i t  i s  convenient  t o  engage 

i n  these d i scuss ions  as i f  these o r b i t a l s  were a l ready  created,  and s a t  

w a i t i n g  f o r  t h e  e l e c t r o n  t o  a r r i v e .  

I n  t h e  a l l y l i c  an ion,  and i t s  i s o e l e c t r o n i c  analogues s t u d i e d ,  t h e  atom 

bear ing the  lone p a i r  of e l e c t r o n s  i s  a t tached  t o  t h e  n bond and, s ince  a  P 

o r b i t a l  has symmetry c h a r a c t e r i s t i c s  s i m i l a r  t o  both  n and n* o r b i t a l s  and 

t h e  VESCF c a l c u l a t i o n s  assume t h a t  t h e  lone p a i r  of e l e c t r o n s  a re  i n  a  P 

o r b i t a l ,  we s h a l l  f l r s t  examine t h i s  i d e a l i z e d  n system. 

The bond r o t a t i o n  process which b r i n g s  t h e  lone p a i r ' s  p  o r b i t a l  i n t o  t h e  

same plane as t h e  n* o r b i t a l ,  i n  order  t o  e f f e c t  o r b i t a l  ove r lap  and 

d e l o c a l i z a t i o n ,  a l s o  b r i n g s  t h e  lone p a i r ' s  p  o r b i t a l  i n t o  t h e  same Dlane 

w i t h  t h e  e l e c t r o n  r i c h  II o r b i t a l .  As t h e  p  o r b i t a l  i s  r o t a t e d  f rom a  

p o s i t i o n  or thogonal  t o  t h e  n bond, towards an e c l i p s e d  arrangement, t h e  
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f i r s t  e f fects  are t he  repu ls ion  o f  the p  o r b i t a l  e l ec t ron  dens i ty  by the n  

bond e lec t ron  dens i ty .  I n  ( o r  c lose t o )  t he  ec l ipsed  arrangement t he  n* 

o r b i t a l  W i l l  emerge s ince i t s  s p a t l a l / e l e c t r o n i c  domain i s  challenged by 

the p  o r b i t a l ' s  e l ec t ron  dens i ty .  I f  t he  p-x* i n t e r a c t i o n  ( c o n t r o l l e d  by 

the r e l a t i v e  energies o f  these o r b i t a l s )  i s  s i g n i f i c a n t  enough t o  cause a  

mixing of these o r b i t a l s  then de loca l i za t i on  w i l l  occur, the o v e r a l l  

energet ic  s ta tus  o f  t h i s  ec l ipsed  conformation w i l l  favourable/stable,  and 

the ec l ipsed  conformat ion w i l l  p e r s i s t ,  o r  have a  long l i f e t i m e .  If the p  

and n* o r b i t a l s  are no t  c lose enough i n  energy t o  a l low mixing, then 

de loca l i za t i on  w i l l  no t  occur and the ec l ipsed  conformation w i l l  s t i l l  be 

dominated by t he  P-n repu ls ion ,  be uns tab le / repu ls ive ,  and be t r ans ien t  and 

o f  h igh  energy. 

I f  the n  bond i s  po la r i zed  by some attached group, so t h a t  the end close t o  

the p  o r b i t a l  bear ing atom i s  e l ec t ron  d e f i c i e n t ,  then the s i t u a t i o n  i s  

more favourable.  I n i t i a l l y ,  the bonds at tached t o  the e l ec t ron  d e f i c i e n t  

end o f  t he  n  bond w i l l  be shortened by the increased e lec t ronega t i v i t y  o f  

t h a t  carbon. As t he  p  o r b i t a l  i s  ro ta ted  from an orthogonal,  t o  the n  bond, 

towards t he  ec l ipsed  arrangement, the i n i t i a l  e f f ec t  i s  an a t t r a c t i v e  

d i po la r  i n t e r a c t i o n  between the e lec t ron  dens i ty  of the p  o r b i t a l  and t h e  

e l ec t ron  poor terminus of t he  n  bond. I n  t he  ec l ipsed  arrangement the 

e l e c t r o s t a t i c  i n t e r a c t i o n  w i l l  be maximal a t  p rec i se l y  the geometry 

requi red f o r  maximal p-n* over lap and these e n e r g e t i c a l l y  favourable 

e f f e c t s  w i l l  f a c i l i t a t e  mix ing o f  the o r b i t a l s ,  and de loca l i za t i on .  

Bonding i n  t h e  MMX.EXE Optimized r Systems. 

When STR3DI.EXE was used t o  d isp lay  the opt imized s t r uc tu res  of the 

compounds l i s t e d  i n  Table 1 ,  i t  revealed t h a t  bonds whose orders were 

p red ic ted  t o  be i n  the range 1  t o  1.5 had lengths w i t h i n  t he  s i n g l e  bond 

range o f  lengths, bu t  bonds whose orders were p red ic ted  t o  be greater  than 

1.5 had lengths w i t h i n  t he  double bond range o f  lengths.  Thus, i n  these 

systems, i f  p-n* i n t e r a c t i o n  was e f f i c i e n t  enough t o  achieve a  bond order 

greater  than 1.5 then a  t r u l y  de loca l i zed  n system, w i t h  double bonds, 



exis ted,  otherwise the system remained as a  d i sc re te  n bond jo ined t o  the p  

o r b i t a l  bearing atom by a  s i ng le  bond. 

Undoubtedly, a  double bond whose order i s  c lose t o ,  bu t  greater  than, 1 .5  

w i l l  be very much weaker than a  double bond whose order i s  much c loser  t o  

2 ,  and so c loser  t o  opt imal s t rength.  However, if t h i s  bond order/bond 

type t r a n s i t i o n  p o i n t  i s  r e a l ,  then even these very weak double bonds 

should show some double bond behavior, such as an observable r e s t r i c t e d  

r o t a t ~ o n  about the  weak double bond. This energy b a r r i e r  t o  f r e e  r o t a t i o n  

w i l l  be low, but  must be higher than the  normal b a r r i e r s  t o  r o t a t i o n  

imposed by s t e r i c a l l y  c o n t r o l l e d  conformational preferences. Thus, t h i s  

r e s t r i c t e d  r o t a t i o n  must be observable i n  the room temperature nmr spectra 

of these mater ia ls .  Fur ther ,  a  bond whose order i s  g rea te r  than 1 but  less  

than 1.5 should s t i l l  d isp lay  dominant s i ng le  bond c h a r a c t e r i s t i c s  and no t  

show r e s t r i c t e d  ro ta t i on .  

Esters.  Enol Ethers and t h e  Anomeric E f fec ts .  

Esters ought t o  be the best poss ib le  s i t u a t i o n s  f o r  n-n* de loca l i za t i on  

i nvo l v i ng  oxygen. However, the  VESCF ca l cu la t i ons  show t h a t  on ly  8% of the 

ava i l ab le  lone p a i r  e l ec t ron  densi ty  would be delocal ized.  The vinylogous 

es te r ,  3-0x0-1-methoxybutene, was pred i c t ed  t o  show a 6% de loca l i za t i on  of 

the ava i l ab le  e lec t ron  densi ty  o f  the oxygen's lone p a i r .  For simple en01 

ethers,  VESCF ca l cu la t i ons  reveal t h a t  the  n-n* de loca l i za t i on  should be a  

marginal process since only  1% o f  the ava i l ab le  e lec t ron  densi ty  of the 

oxygen's lone p a i r  should delocal ized. 

I f  the oxygen's lone p a i r  i s  not  i n  a  pure p  o r b i t a l  ( b u t  i n  a  sp3 o r  

s i m i l a r  hybr id  o r b i t a l ) ,  then the  de loca l i za t i on  w i l l  be much less  

e f f i c i e n t  s ince the o r b i t a l  symmetries would no t  be opt imal f o r  over lap. 

The lone p a i r s  on oxygen have been represented as a  0-n pai r .5  However, 

there i s  evidence i n  support of the sp3 hyb r i d i za t i on  of oxygen.5 Thus, the 

extents  o f  de loca l i za t i on  ca lcu la ted  by the VESCF method, which assumes p  

type o r b i t a l s ,  could be f a r  more o p t i m i s t i c  t h a t  w i l l  occur i n  r e a l i t y .  I n  

any event, these ca l cu la t i ons  i nd i ca te  the upper l i m i t  o f  the  e f f i c i e n c y  o f  



the delocalization processes involving oxygen. 

Most, if not all, n-n* delocalization processes must be much more efficient 

or favourable than n-o* processes because of the energetic separations and 

the symmetries of the participating orbitals. If optimal oxygen n-n* 

delocalization is insignificant in the ground state of enol ethers and 

esters, then the much less favourable n-o* processes cannot possibly be of 

any importance in the ground state of the simple acetals, and related 

molecules. 

A comparison of the predicted efficiency of delocalization of the lone pair 

electron density on nitrogen and carbon with that on oxygen shows that the 

electronegativity of oxygen effectively limits the extent to which the lone 

pair is shared. Indeed, the VESCF calculations predict that the C1 of 

methyl vinyl ether is electron deficient, rather than electron rich, and 

this must be due to the strong perturbation of the molecular framework by 

the oxygen's electronegativity. 

These VESCF calculations indicate that it is highly unlikely that any 

simple compound which has an oxygen atom attached to a n system will 

experience n-a* delocalizations with sufficient efficiency to give the C-0 

bond an order close to 1.5. Further, since there is no appreciable 

delocalization in the ground state of enol ethers, the nucleophilic 

reactivity of these molecules must be rationalized as a lowering of the 

activation energy for the formation of an intermediate oxonium ion by 

participation of the lone pair after the double bond has been attacked by 

an external reagent and the n bond is almost broken. 

Finally, the nmr spectra of simple en01 ethers6 do not show restricted 

rotation about the carbon oxygen bonds, clearly indicating that these bonds 

have no double bond character. 

Enamines and Arnides. 

The VESCF calculations suggest that dimethylvinylamine should display a C-N 

bond order of 1.4 and the electron density distributions shown in the Table 

2. The nmr spectrum of dimethylvinylamines shows one methyl resonance 
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i n d ~ c a t i n g  t h a t  t h i s  molecule does show t h e  f r e e  r o t a t i o n  about t h e  C-N 

bond, t y p i c a l  of a  s i n g l e  bond. Thus, as discussed above, t h e  energ ies  o f  

t h e  n i t r o g e n ' s  lone p a i r  o r b i t a l  and t h e  ad jacent  a* o r b i t a l  energ ies  a r e  

n o t  s u i t e d  f o r  over lap and t h e  i n t e r a c t i o n  between these o r b i t a l s  must be 

t r a n s i e n t ,  and o v e r a l l  r e p u l s i v e .  The characters  o f  t h e  i n t e r a c t i n g  p  and 

, ( K * )  o r b i t a l s ,  and t h e i r  pa ren t  atoms, w i l l  remain unchanged and t h e  C-N 

bond i s  s t i l l  a  t r u e  s i n g l e  bond. L i k e  enol  e the rs ,  t h e  n u c l e o p h i l i c  

r e a c t i v i t y  o f  these molecules must be r a t i o n a l i z e d  as a  lower ing of t h e  

a c t i v a t i o n  energy f o r  t h e  fo rmat ion  o f  an in te rmed ia te  iminium i o n  by 

p a r t i c l p a t i o n  of t h e  lone p a i r  a f t e r  t h e  double bond has been at tacked by 

an e x t e r n a l  reagent and t h e  a  bond i s  almost broken. 

However, t h e  n-n* i n t e r a c t i o n s  i n  t h e  p o l a r i z e d  molecules dirnethylformamide 

and (dimethylaminomethylene~malononitrile (see Tables 1  and 2), a t t a i n  

enough energe t i c  importance t o  enable these o r b i t a l s  t o  mix and hence lead 

t o  t h e  format ion o f  t r u e  K systems ( t h e  C-N bond o rders  are  g r e a t e r  than 

1 . 5 ) .  Indeed, w h i l e  t h e  nmr spect ra6 o f  t h e  enamine analogues ( l i s t e d  i n  

t h e  t a b l e s  1  and 2) whose C-N(CHs 1 2  bond o rders  were p r e d i c t e d  t o  be l e s s  

than 1.5 d isp layed r o t a t i o n  about t h e  C-N bond, those enamine analogues 

whose C-N(CH3)z bond o rders  were predicted t o  be g r e a t e r  than 1.5 d isp layed 

r e s t r i c t e d  r o t a t i o n  about t h e  C-N bond and showed two methyl s i g n a l s .  

Thus, t h e  nmr spec t ra  do c o n f i r m  t h a t  a  bond whose o rder  i s  g r e a t e r  than 

1.5 i s  a  double bond ( a l b e i t  q u i t e  weak if t h e  bond o rder  i s  c l o s e  t o  1 . 5 ) ,  

and t h a t  a  bond whose o rder  i s  l e s s  than 1.5 r e t a i n s  a l l  of t h e  phys ica l  

f e a t u r e s  o f  a  s i n g l e  bond. 

Thus, VESCF c a l c u l a t i o n s  which p r e d i c t  a  bond order  g r e a t e r  than I b u t  l ess  

than 1.5 i n d i c a t e  t h a t  even though t h e  atoms cou ld  become i n v o l v e d  i n  weak 

n-a* ( o r  p a * )  i n t e r a c t i o n s  these i n t e r a c t i o n s  would be t o o  weak t o  

generate formal n  bonding and so t h e  atoms w i l l  r e t a i n  t h e i r  o r i g i n a l  

c h a r a c t e r i s t i c s .  These bonds, whose o rders  a r e  l e s s  than 1.5, a r e  t r u e  

s i n g l e  bonds. 
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New C r i t e r i a  For  A r o m a t i c i t y .  

Benzene i s  t h e  a rche typa l  aromat ic  molecule and t h e  concept o f  a r o m a t i c i t y  

must be de f ined  us ing  t h i s  molecule.  Each C-C bond of benzene has a  

p r e d i c t e d  bond order  o f  1 . 6 7  and t h i s  c l e a r l y  suggest  t h a t  each atom i n  t h e  

aromat ic  r i n g  i s  n bonded t o  i t s  two ne ighbour ing atoms. F u r t h e r ,  t he  

leng ths  o f  t h e  C-C bonds i n  benzene do f a l l  w l t h i n  t h e  range o f  lengths of 

C=C double bonds. Atoms i n  aromat ic  systems a re  t h e r e f o r e  f o r m a l l y  

pentacoord inated ( w h i l e  remaining t e t r a v a l e n t )  and t h i s  f e a t u r e  of aromat ic 

systems i s  t h a t  which t r u l y  d i s t i n g u i s h e s  them f rom o t h e r ,  non-aromatic n 

systems. 

Pentacoord inat ion i n  t e t r a v a l e n t  systems has long been invoked i n  t h e  

t r a n s i t i o n  s t a t e  o f  812 r e a c t i o n s  and 1 , 2 - s h i f t s  ( o r  non-c lass ica l  

carbonium i o n s )  and i s  n o t  a  new concept. Indeed, if bond order  i s  d i r e c t l y  

equated t o  number o f  bonds, and t h e  o rde rs  o f  a l l  o f  t h e  bonds t o  any 

carbon atom of benzene a r e  added toge the r ,  then VESCF c a l c u l a t i o n s  suggests 

t h a t  each carbon atom of benzene en joys  a  t o t a l  o f  4 .333 bonds. Thus, 

regard less  of one 's  t h e o r e t i c a l  p re ferences,  t h e  carbon atoms of benzene, 

and a l l  o t h e r  aromat ic  molecules,  a re  n o t  t e t r a c o o r d i n a t e d .  Since the re  i s  

formal n bonding between every p a i r  o f  ne ighbour ing r i n g  atoms i n  benzene, 

and t h e r e f o r e  i n  every o t h e r  t r u l y  aromat ic molecule,  an aromat ic  system 

must t h e r e f o r e  be: 

C y c l i c  and each r i n g  atom must be bonded t o  each o f  i t s  neighbour ing 

r i n g  atoms by a  bond whose l e n g t h  l i e s  w i t h i n  t h e  r e l e v a n t  double bond 

range. Thus, each r i n g  atom would be f o r m a l l y  pentacoord inated ( lone 

p a i r s  a re  regarded as s u b s t i t u e n t s ) .  

A l t e r n a t i v e l y ,  b u t  congruen t l y ,  an aromat ic  system must be: 

C y c l i c  and each r i n g  atom must be bonded t o  each of i t s  neighbour ing 

r i n g  atoms by bonds whose o rde rs  a r e  g rea te r  than 1 .5 .  

T h i s  model i s  q u i t e  c o n s i s t e n t  w i t h  t h a t  generated by molecular  o r b i t a l  

t h e o r y ,  b u t  d i f f e r s  from t h e  d e s c r i p t i o n  generated by t h e  cannonical  forms, 

h y p o t h e t i c a l  "molecules" w i t h  a l t e r n a t i n g  double and s i n g l e  bonds, used i n  



c l a s s i c a l  resonance theory .  

H e t e r o c y c l i c  Aromatic Molecules. 

M u l t i p l e  bonding between two carbon atoms w i l l  be most e f f i c i e n t  because of 

t h e  i d e n t i c a l  s i z e s  of t h e  o r b i t a l s  i nvo lved  and t h e  e l e c t r o n e g a t i v i t i e s  of 

t h e  atoms, and thus we apprec ia te  t h e  n bonding which leads t o  t h e  

a r o m a t i c i t y  of some carbon compounds. The e f f i c i e n c y  of n bonding between 

carbon and t h e  heteroatoms i s  n o t  as e a s i l y  assessed and we are n o t  always 

ab le  t o  a r r i v e  a t  t h e  c o r r e c t  s t a t u s  of n bonding, o r  t h e  t o t a l  number o f  

de loca l i zed  n e l e c t r o n s ,  i n  a  h e t e r o c y c l i c  system. There has t h e r e f o r e  

been a  g rea t  need f o r  a  s imple method f o r  assessing t h e  presence, o r  

absence, o f  n bonding i n  some very s imple h e t e r o c y c l i c  molecules whose 

a r o m a t i c i t y  have been t h e  sources o f  cont roversy,  no tw i ths tand ing  t h e  

m u l t i t u d e  of modern t o o l s  which have been a p p l i e d  t o  these problems.' 

Since t h e  new definition of a r o m a t i c i t y ,  s t a t e d  above, does n o t  r e q u i r e  t h e  

e x p l i c i t l y  knowledge o f  t h e  number o f  d e l o c a l i z e d  r e l e c t r o n s  i n  o rder  t o  

eva luate  t h e  a r o m a t i c i t y  of any system, t h i s  d e f i n i t i o n  reso lves t h e  

u n c e r t a i n t i e s  concerning t h e  a r o m a t i c i t i e s  o f  some h e t e r o c y c l i c  molecules, 

shown below, whose known phys ica l  data  and chemistry do n o t  a l l o w  f i r m  

dec is ions t o  be made. 
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Table 3 shows t h e  leng ths  and o rde rs  f o r  some bonds t y p i c a l l y  encountered 

i n  o rgan ic  mo lecu les . ' s . ' "  As was s t a t e d  e a r l i e r ,  t h e  * 7% ranges o f  

l eng ths  f o r  bonds between any two types of atoms do n o t  ove r lap  and the 

Table 3 shows t h e  upper and lower l i m i t s  of t h e  l e n g t h  o f  each bond type,  

a t  t h e  boundar ies,  based on t h e  7% ranges. The l i m i t i n g  bond o rde rs  are 

those a r r i v e d  a t  f rom t h e  VESCF c a l c u l a t i o n s ,  and d iscuss ions,  above. 

I n  t h e  f o l l o w i n g  analyses o f  t h e  a r o m a t i c i t i e s  o f  t h e  molecules,  shown 

above, MMX.EXE was used t o  c a l c u l a t e  t h e  minimum energy s t r u c t u r e  o f  each 

molecule and t o  p rov ide  t h e  bond order  data .  STR3DI.EXE was then used t o  

measure t h e  bond leng ths  i n  t h e  minimum energy s t r u c t u r e s .  The bond lengths  

i n  the  ground s t a t e ,  minimum energy s t r u c t u r e s  a r e  used, even though t h i s  

exper imen ta l l y  determined da ta  might  be a v a i l a b l e , '  because t h e  a p p l i c a t i o n  

of t h i s  a n a l y s i s  t o  a h y p o t h e t i c a l  molecule must i n v o l v e  t h e  use o f  the 

bond leng ths  o f  t h a t  minimum energy s t r u c t u r e .  There i s  l i t t l e  cause f o r  

concern about t h e  accuracy of these bond leng ths  s ince  i t  i s  w e l l  kown t h a t  

MM2 and t h e  d e r i v e d  programs a r e  very successfu l  i n  t h e i r  a b i l i t y  t o  

reproduce t h e  s t r u c t u r e s  of s imple  molecules w i t h  g r e a t  accuracy.  

Table 3. 

Bond TvDe 

C-C 

c=c 

C-0 

C=O 

C-N 

C=N 

C-S 

C=S 

Averaqe Bond 
Length 

154 pm 

134 pm 

140 pm 

122 pm 

148 pm 

129 pm 

188 pm 

164 pm 

Umer/Lo_wer Bond 
Length L i m i t  

165 pm t o  143 pm 

143 pm t o  125 pm 

150 pm t o  130 pm 

130 pm t o  113 pm 

158 pm t o  138 pm 

138 pm t o  120 pm 

201 pm t o  175 pm 

175 pm t o  152 pm 

Bond Order Ranqe 

P y r i d i n e  (1). 

The C-N bonds i n  t h e  minimum energy s t r u c t u r e  of p y r i d i n e  should have 
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l e n g t h s  o f  134 pm, w e l l  w i t h i n  t h e  range o f  l eng ths  f o r  C=N double bonds, 

and o rde rs  o f  1 . 6 5 .  The bond o rde rs  of t h e  C2-C3 bond and t h e  C3-C4 bond 

should be 1.67 and 1.66 r e s p e c t i v e l y ,  very  s i m i l a r  t o  those o f  t h e  r i n g  

bonds o f  benzene. The bond leng ths  of t h e  C2-C3 bond and t h e  C3-C4 bond 

should be 140 pm, aga in  very  s i m i l a r  t o  those o f  t h e  r i n g  bonds of benzene 

and w i t h i n  t h e  range of l eng ths  f o r  C=C double bonds. Thus, p y r i d i n e  i s  a  

t r u e  heteroaromat ic  molecule,  and i t s  s imple  d e r i v a t i v e s  i n  which t h e  II 

system has n o t  been d i s r u p t e d  w i l l  be t r u l y  aromat ic .  

P y r r o l e  ( 2 ) .  

The C-N bonds of p y r r o l e  should have bond leng ths  o f  137 pm and bond o rde rs  

of 1 .503 ,  which i n d i c a t e  t h a t  these bonds would j u s t  b a r e l y  be w i t h i n  t h e  

range o f  l eng ths  and bond o rde r  f o r  C=N double bonds. The C2-C3 bond and 

t h e  C3-C4 bond should have leng ths  o f  139 pm and 141 pm r e s p e c t i v e l y ,  

w i t h i n  the  C=C double bond range, and bond o rde rs  of 1 .744 and 1.605 

r e s p e c t i v e l y .  P y r r o l e  and i t s  s imple  d e r i v a t i v e s  w i l l  t h e r e f o r e  be 

aromat ic  molecule o f  modest a r o m a t i c i t y .  Note t h a t  s u b s t i t u e n t s  which 

promote the  d e l o c a l i z a t i o n  o f  t h e  lone p a i r  f rom n i t r o g e n  w i l l  enhance t h e  

a r o m a t i c i t y  o f  p y r r o l e ,  as discussed above. 

Furan ( 3 ) .  

The C-0 bonds of f u r a n  should have bond lengths  and bond o rde rs  o f  135 pm 

and 1.308,  which i n d i c a t e  t h a t  these bonds would be w e l l  w i t h i n  t h e  range 

of l eng ths  and bond o rde r  f o r  C-0 s i n g l e  bonds. The C2-C3 bond should have 

l e n g t h  and bond order  o f  136 pm and 1.881,  q u i t e  c l o s e  t o  those parameters 

of a  t y p i c a l  i s o l a t e d  double bond ( 1 3 4  Dm and bond o rde r  2 . 0 0 0 ) .  The C3-C4 

bond should have l e n g t h  and bond order  of 144 pm and 1 .427 ,  which 

demonstrate t h a t  t h i s  bond would be a  s i n g l e  bond. Thus t h e  molecule does 

n o t  show the  f e a t u r e s  o f  an aromat ic  system. Furan i s  n o t  an aromat ic  

molecule.  Indeed, p l a c i n g  s imple  e l e c t r o n  wi thdrawing groups a t  C3 and C4 

does f a c i l i t a t e  d e l o c a l i z a t i o n  of the  oxygen's lone p a i r  enough t o  cause 

t h e  development of a r o m a t i c i t y  i n  t h e  ground s t a t e  o f  f u r a n .  The chemis t ry  

Of fu ran i s  known t o  be t y p i c a l  o f  a  s lmple  d iene and/or en01 e t h e r .  
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Benzofuran ( 4 ) .  

The 01-C2 and 01-C7 bonds o f  benzofuran should have leng ths  o f  135 pm, w e l l  

w i t h i n  t h e  range f o r  C-0 s i n g l e  bonds. These bonds should a l s o  have orders  

o f  1.280 and 1.265 r e s p e c t i v e l y .  The C2-C3 bond should have l e n g t h  and 

o rde r  136 pm and 1.906, r e s p e c t i v e l y ,  va lues which are q u i t e  c l o s e  t o  those 

o f  an i s o l a t e d  C=C double bond. Indeed, t h e  c a l c u l a t e d  bond o r d e r s  and 

bond leng ths  o f  t h e  h e t e r o c y c l i c  r i n g  of benzofuran suggest t h a t  t h e  bonds 

and e l e c t r o n  d e n s i t i e s  i n  t h i s  r i n g  should be more l o c a l i z e d  than the  

cor responding bonds and e l e c t r o n  d e n s i t i e s  o f  fu ran.  Benzofuran possesses 

an aromat ic  homocycl ic  r i n g ,  b u t  t h e  h e t e r o c y c l i c  r i n g  i s  n o t  aromat ic.  

N-Methyl-4-pyridone ( 5 ) .  

The C-N bonds should have leng ths  and o r d e r s  of 138 pm and 1 . 4 4 4  

r e s p e c t i v e l y .  The C2-C3 bond s i m i l a r l y  should have va lues o f  137 pm and 

1.835 r e s p e c t i v e l y .  Most i n t e r e s t i n g l y  t h e  carbonyl  group shou ld  have 

l e n g t h  and o rde r  o f  123 pm and 1.821 r e s p e c t i v e l y .  These va lues c l e a r l y  

show t h a t  t h e  2-pyr idone system i s  a  l o c a l i z e d  system and i s  n o t  aromat ic.  

I f  d e l o c a l i z a t i o n  lead ing  t o  a r o m a t i c i t y  were t o  be achieved, then the C-0 

bond would have been w i t h i n  t h e  s i n g l e  bond range o f  l eng ths  and have a  

bond o rde r  l e s s  than 1.5. I n s t e a d  t h e  va lues o f  l eng th  and o rde r  p r e d i c t e d  

a r e  ve ry  s i m i l a r  t o  those of an i s o l a t e d  carbonyl  group. 

N-Methyl-2-pyridone ( 6 ) .  

The C-N bonds should have lengths  and o rde rs  o f  138 pin and 1.45 

r e s p e c t i v e l y .  The C=O bond should have l e n g t h  and order  o f  124 pm and 

1.780 r e s p e c t i v e l y .  These values c l e a r l y  show t h a t  t h e  2-pyr idone system i s  

n o t  aromat ic .  

Eva lua t ions  o f  A r o m a t i c i t y  o f  Novel Systems. 

C l e a r l y ,  f rom t h e  above analyses,  t h e  concepts developed here a r e  

e s p e c i a l l y  meaningful and s i g n i f i c a n t  i n  h e t e r o c y c l i c  chemis t ry .  Access t o  

bond l e n g t h  da ta  and/or t o  VESCF c a l c u l a t e d  bond o rde rs  f o r  the  energy 

minimized s t r u c t u r e s  o f  any h e t e r o c y c l i c  compound can now a l l o w  us t o  

assess t h e  a r o m a t i c i t y  of t h a t  h e t e r o c y c l i c  system and hence r a t i o n a l i z e  
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t h e  s t e r e o - e l e c t r o n i c  s t a t u s ,  and hence t h e  chemis t ry ,  o f  t h e  system i n  i t s  

ground s t a t e .  

For example, t h e  molecules ( Z ) ,  l a ) ,  12) and 110)  a re  h y p o t h e t i c a l  e n t i t l e s  

whose syntheses might  pose s i g n i f i c a n t  cha l lenges and whose a r o m a t i c i t i e s  

might  n o t  t h e r e f o r e  be e a s i l y  assessed exper imen ta l l y .  The molecules 19 )  

and (10) demonstrate t h e  v a l i d i t y  o f  t h e  d i scuss ion  above on t h e  r o l e  of 

p o l a r i z a t i o n  o f  a  II system i n  i n c r e a s i n g  d e l o c a l i z a t i o n  i n  t h a t  system, 

here lead ing  t o  a r o m a t i c i t y .  Table 4  shows the  bond o rde rs ,  c a l c u l a t e d  by 

MMX.EXE,  f o r  t h e  bonds i n  t h e  molecules 111, I ,  ( 9 )  and (10). 

Table 4. 

MLeCU 1  e  Bol?dOrder Between Atoms 

1 2 3  

l l )  1.3124  1  ,9062 1  ,3348 

( 8 )  1  ,5037 1.7874 1 ,5098 

19) 1 ,4963 1 .7222  1.6356 

(lo) 1 . 5 1 5 8  1.7042 1.5746 

The molecule ( Z ) ,  l i k e  furan,  would n o t  be aromat ic ,  aga in  d ramat i z ing  t h e  

f a c t  t h a t  s imple ,  uncharged, oxygen he te rocyc les  a re  u n l i k e l y  t o  be 

aromat ic  i n  t h e i r  ground s t a t e .  On t h e  o t h e r  hand, t h e  molecule ( a ) ,  l i k e  

p y r r o l e ,  would be aromat ic .  

The molecule 19) poses i n t e r e s t i n g  ques t ions  because t h e  o rde rs  of t h e  r i n g  

bonds, except  those t o  N1, a re  of t h e  c o r r e c t  magnitudes f o r  h i g h l y  

aromat ic  systems. However, t h e  bonds t o  N1 a r e  s i n g l e  bonds because of t h e  

l o c a l i z a t i o n  o f  the  lone p a i r  on N1. I t  i s  q u i t e  l i k e l y  t h a t  t h e  molecule 



( 3 ) ,  in an unperturbed state, would not show aromaticity. If the hydrogens 

on C3 and C4 are replaced by cyano-groups then the resulting molecule (10) 

is aromatic, as is shown by the orders of its bonds. 

The transformation of a non-aromatic heterocyclic molecule into an aromatic 

molecule by attaching suitable substituents to the ring is probably a 

widespread phenomenon. Unfortunately, it is likely that a report on the 

aromaticity of molecule (a ) ,  which did not include an evaluation of the 

aromaticity of the analogue (91, would imply that the analogue ( 9 )  should 

also be aromatic, and this would be fallacious. 

Transition States. 

In the acyclic systems examined above, the VESCF calculations suggested 

that the lone pair bearing atom must participate in a 25% to 30% 

delocalization of one electron of the lone pair into the T system, in order 

to raise that bond's order to the critical limit of 1 . 5 ,  and hence to 

transform the bond into a formal double bond. It is intuitively acceptable 

that the reverse must also be true, and that 70% to 75% of the electron 

density in a double bond must be removed, or that bond's order otherwise 

reduced to less than 1.5,  in order to cause it to be converted into a 

single bond. 

In general, the + 7% bond length range logically leads to the conclusion 

that one must stretch any bond beyond its 7% limit, or otherwise reduce its 

bond order by 0 . 5  "bond order units" (for example from 1 . 0  to 0.5,  or from 

3.0  to 2 . 5 ) ,  before that bond begins to be broken, or transformed into to 

its next, lower, type. 

Since delocalization is not a dominant feature of the ground states of 

simple furans, benzofurans, enamines and enol ethers, it is clear that 

their nucleophilic reactions are processes in which the n bond must be 

perturbed, or attacked, by the approaching electrophile before the lone 

pair will participate, or become delocalized. The VESCF calculations 

performed on analogous compounds will provide valuable guidance as to the 

existence of true delocalization in their ground states and so allow a 
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proper  mechanis t ic  a p p r e c i a t i o n  o f  t h e i r  chemis t ry .  

Conclusions 

No bond can be of i n te rmed ia te  c h a r a c t e r ,  f o r  example, a h a l f  double bond 

( 1  o and 0.5 n ) ,  o r  a h a l f  t r i p l e  bond ( 1  o and 1.5 n ) .  Bond o rde r  does 

n o t  rep resen t  bond type,  r a t h e r  i t  gu ides us  t o  recognize t h e  p o i n t  a t  

which one t y p e  of bond i s  transformed i n t o  another.  There i s  a fundamental 

r e l a t i o n s h i p  between bond o rde r  and bond leng th ,  namely: 

a )  a l l  s i n g l e  bonds have bond o rde rs  l e s s  than  1.5 

b )  a l l  double bonds have bond o rde rs  g r e a t e r  than 1.5 and l e s s  than 2 .5  

C )  a l l  t r i p l e  bonds have bond o rde rs  g r e a t e r  than 2.5. 

Bond t ypes  must t h e r e f o r e  be s t r i c t l y  l i m i t e d  t o  i n t e g e r  va lues.  I n  a 

formal  sense, t h i s  concept recognizes t h e  q u a n t i z a t i o n  o f  bond types,  so 

endowing t h e  progeny o f  e l e c t r o n s  and n u c l e i  w i t h  t h e  fundamental quantum 

mechanical c h a r a c t e r i s t i c s  o f  t h e i r  parents ,  a t  l a s t .  

These c r i t e r i a  a re  c o n s i s t e n t  w i t h  HMO theory  and, i n  a d d i t i o n ,  they lead 

t o  a more r i g o r o u s  d e f i n i t i o n  of a r o m a t i c i t y .  The a r o m a t i c i t y  o f  new 

h e t e r o c y c l i c  systems can now be p r e d i c t e d  by c a l c u l a t i n g  t h e  o rde rs  o f  

t h e  bonds i n  t h e i r  c y c l i c  n atom a r rays .  The c l o s e  r e l a t i o n s h i p  between 

bond o rde r  and bond l e n g t h  e labora ted  above a l s o  enables t h e  a r o m a t i c i t y  o f  

new systems t o  be eva luated from i t s  bond leng ths ,  i f  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 a l  da ta  f o r  t h a t  system i s  a v a i l a b l e .  
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