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This review is the final par t  of our analysis [1] of the concepts of v -excess  and v-def ic iency in the chem- 
i s t ry  of he te roa romat i c  compounds [2]. The development  of quantitative c r i t e r i a  of u-def ic iency and F-excess  
(~-acceptor  and z-donor abilities) remains  ex t r eme ly  relevant .  Thus the sea rch  for effective organic conduc- 
to r s  modelled on u-complexes  [3] has centered on he terocycl ic  r -donors  and u-acceptors  and so the quantita- 
tive evaluation of thei r  d o n o r - a c c e p t o r  p roper t ies  has become important .  Another example is the control led 
synthesis  of drugs,  par t icu lar ly  sulfanilamides.  The p r im a ry  requ i rement  for  new and effect ive preparat ions  
of this s e r i e s  is thought to be a combination of the sulfanilamide f ragment  with a z-deficient  cen ter  in a he te ro :  
a romat ic  molecule [4]. 

We should especia l ly  emphasize  the biochemical  significance of the subdivision into u-excess ive  and ~- 
deficient  he te roa romat i c  compounds. In the living organism the functions of sys tems  based on these two types 
of he te rocyc les  are  ve ry  c l ea r ly  different iated.  The u-excess ive  sys tems  (pyr ro le ,  indole, reduced forms  of 
v-def ic ient  he te rocyc les ) ,  possess ing ene rgy - r i ch  e lec t rons ,  c a r r y  out the t r an s f e r  of these e lements  in the 
r e s p i r a t o r y  chain and are  involved in react ions  associated with the t r ansmiss ion  of the nerve  impulse and the 
act ivi ty of the cent ra l  nervous sys tem [5]. u-Deficient  he t e rosys t ems  (pyridinium salts ,  pyr imidines ,  purines,  
pter idines ,  etc.)  are  cha rac te r i zed  by low v-orbi ta l  energy.  Consequently they p re fe ren t i a l l y  accept  e lec t rons .  
Thus there  are  repor t s  that purines form molecular  complexes with amino acids,  indoles [6, 7], and polynu- 
c l ea r  a romat ic  compounds in the process  of carc inogenesis  [8]. Covalent hydration is a react ion typical  only 
of u-deficient  he te rocyc les  and is par t icu lar ly  important  in b iochemical  t e r m s  [9]. 

C L A S S I F I C A T I O N  OF z - D E F I C I E N T  H E T E R O S Y S T E M S  

We consider  that an ex t r eme ly  convenient c lass i f icat ion of r -def ic ient  he te rosys tems  would be: 

I. He te rocyc tes  containing only pyr idine- type ni trogen atoms (all azines,  including pyridine and its benzo- 
logs, diazines and their  benzologs,  naphthyridines,  etc.).  

II. Compounds s imultaneously containing both pyridine-  and pyr ro le - type  he te roa toms (azoles,  purine, 
azaindoles,  etc.) .  Many of the he te rocyc les  of this group are  intermediate  in proper t ies  between typical  u- 
deficient  and v-excess ive  he te rosys tems  [1]. 

III. Cationoid he t e rosys t ems  (quaternary salts of he te rocyc les  of the f i r s t  two types,  and also pyryl ium, 
thiapyryl ium,  se lenapyry l ium sal ts ,  etc.) .  

IV. He te rocyc les  containing a he teroa tom with an unoccupied orbital  (borepin, phosphabenzene, a r saben-  
zene, b ismabenzene,  st ibabenzene, etc.).  Although they also par t ly  sat isfy the physical and quantum-mechani-  
cal c r i t e r i a  for  a romat ic i ty ,  the major i ty  differ  in having lower stabil i ty and high reac t iv i ty  [10]. 

Here  we intend to deal pr incipal ly with he te rocyc les  of the f i r s t  two types and to a r a the r  l e s s e r  extent  
with he t e roa romat i c  cations.  We shall not consider  he te rocyc les  of the fourth group. 

u - D E F I C I E N C Y  

Definition and Methods of Evaluation. Although the concept of z-def ic iency is f i rmly  entrenched in chemi-  
cal terminology,  it has not, surpr is ingly ,  been analyzed in quantitative t e rm s .  Obviously we must  refine the con- 
cept  i t se l f  and then develop appropria te  c r i t e r i a .  

There  seem to be three  meaningful definitions of v -d e f i c i en cy - to t a l  (TD), average (AD), and local (LD). 
When r e f e r r i n g  to z-deficiency,  we usually mean the  z-def ic iency of the ent i re  h e t e ro cy c l i c  sys tem as a general  
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index (excluding the he te roa toms) ,  i .e. ,  the total  F-def ic iency (TD). This  is essen t ia l ly  the total  posi t ive r_ 
charge  remain ing  on the r ing carbon a toms a f t e r  the withdrawal  of pa r t  of the F-e lec t ron  densi ty  by the he te ro -  
a tom and is numer ica l ly  equal to the negative r - c h a r g e  localized on the he t e roa tom.  Consequently the  m a g n i -  
tude of this ~ -cha rge  can a l so  se rve  as an indirect  m e a s u r e  of the r -def ic iency ,  pa r t i cu la r ly  as it can be eval -  
uated not only theore t ica l ly  but a l so  exper imenta l ly .  Thus there  is a good l inear  co r r e l a t i on  between the nega-  
t ive 7r-charge on the pyridine ni t rogen a tom and the lSN chemica l  shift  [11]. 

It  is e x t r e m e l y  tempt ing t o  follow our  :analysis of ~ -exces s ivenes s  [1] by introducing the concept  of the 
AD, meaning the ave rage  of the effect ive r - c h a r g e s  on all the carbon a toms  of the he te ro  ring. However  here  
we encounter  s eve ra l  diff icult ies.  Whereas  in x -excess ive  he te rocyc les  the ca rbon  a toms  a re  no rma l ly  I t -ex-  
c e s s ive  and averaging  is t he re fo re  just if ied in many  r e s p e c t s ,  in 7r-deficient s y s t e m s  the r - e l e c t r o n  densi ty  
dis tr ibut ion is much less  uni form.  The fact  is that  the 7r-acceptor he t e roa tom causes  the charges  inthe he te ro  
r ing to a l te rna te  and r e o r g a n i z e s  the v - e l ec t ron  dis tr ibut ion in such a way that  the e lec t ron  deficiency appea r s  
exclus ive ly  in the ortho and para  posi t ions while the meta  posit ions may  even develop a sl ight  negative F-charge.  
These  include the f l-posi t ions in pyridine and quinoline, posit ion 5 in pyr imidine ,  etc.  Should these be included 
in evaluating the AD? If  not, then what is  to be done with compounds such as pyrazine ,  pyr idazine,  and re la ted  
molecules  inwhich  each C a tom is in the meta  posit ion to one he te roa tom,  but or tho or  para  to the o ther?  Ap- 
paren t ly  it is valid to include in the evaluation of the •D only those carbon a toms  on which there  is a ~ -e lec t ron  
deficiency.  

Secondly the magnitude of the AD is mainly  of theore t ica l  in te res t .  In p rac t i ce  the organic  chemis t  is 
more  in te res ted  in the effect ive cha rges  on the individual a toms ,  i .e . ,  the local r -def ic iency ,  since chemica l  
reac t ions  proceed  at  speci f ic  a toms  r a t he r  than at  an a b s t r a c t  ave raged  cen te r .  As the local r -de f i c i ency  we 
shall  hencefor th  unders tand the  a tom with the g r e a t e s t  posi t ive r - c h a r g e .  

C lea r ly  the magnitudes of the TD, AD, and LD will not n e c e s s a r i l y  va ry  in the s a m e  sense .  This  is ex-  
empli f ied by pyridine and pyr idazine (Table 1). Quantum-mechanica l  calculat ions demons t r a t e  that  the TD in- 
dex is higher in pyridazine whereas  the ,~D and LD a re  g r e a t e r  in pyridine.  

Methods for  evaluating ~-def ic iency a r e  essen t ia l ly  methods of calculat ing ~-e lec t ron  densi t ies .  In py r i -  
dine the ~-def ic iency can be analyzed mos t  comple te ly  and cons is tent ly  on the bas i s  of molecu la r  orbi ta l  ca lcu-  
lat ions.  The p rob lem here  is  that  dif ferent  methods do not a lways give cons is ten t  r e su l t s  and that  it is not so 
s imple  to choose an adequate method of calculat ion.  These  difficult ies a re  graphica l ly  i l lus t ra ted  by the r e su l t s  
of a calculat ion of the ~-def ic iency of posi t ions 2 and 4 in such key compounds as  pyridine,  pyr imidine ,  and 
quinazoline. Thus Hiickel [12], Extended Hiickel [13], and SCF MO [14, 15] calculat ions r evea l  that posi t ions 2 
in these he te rocyc les  have higher ~-def ic iency than posi t ions 4, whereas  CNDO/2 [16] and ab initio [17] calcu-  
lations predic t  the opposite.  In this context  the need for independent, and if at all  possible  exper imenta l ,  eval-  
uation of r - e l e c t r o n  cha rges  becomes  obvious.  

The major i ty  of expe r imen ta l  methods will provide local e lec t ron  densi t ies  with varying accuracy .  The 
NMR methods s e e m s  mos t  impor tant .  A c l ea r ,  though approximate ,  co r r e l a t i on  between F-e lec t ron  densi t ies  
and 13C chemica l  shifts has been r e p o r t e d  [18, 19]. Others  have c la imed a be t te r  co r re l a t ion  if the total  (~+r)  
e lec t ron  densi ty  is used [16, 20]. The co r r e l a t i on  of ~ -e lec t ron  densi t ies  with proton chemica l  shifts  is often 
unsa t i s fac to ry  in the case  of bases  (because of the anisot ropic  effect  of the lone pa i r  of the he teroa tom) ,  but 
s eems  be t t e r  for  he te roa tomic  cat ions.  

The NQR frequencies  of 35C1 a toms have been suggested as an e x t r e m e l y  s a t i s f ac to ry  means  of ca lcula t -  
ing the r - e l e c t r o n  cha rges  on the carbon a toms bear ing  them [21]. The a constants  of the he te rocyc l ic  r ad ica l s ,  
the NH 2 s t re tch ing  f requencies  in the he ta ry l  amines ,  and some  other  f igures  can be used for  the same  purpose .  

We now cons ider  the var ious  exper imen ta l  t e s t s  for  ~-def ic iency agree ingwt th  one another  and with the r e -  
sults  of theore t i ca l  calculat ions.  Both the 1~C chemica l  shif ts  in azines  and the r e su l t s  of calcula t ions  (Table 
1) c lose ly  re f l ec t  the charge  a l te rnat ion  in such compounds as pyridine,  pyr imidine ,  and quinoline, where  the 
meta  posi t ions have dis t inct ly  ~ -excess ive  c h a r a c t e r  by compar i son  with benzene.  Many other  azines  have no 
r - e x c e s s  carbon cen te r s .  

An impor tan t  r e su l t  of the 13C NlVIR method is that  posit ion 2 in pyridine,  pyr imidine ,  quinoline, and 
quinazoline, and posit ion 3 in pyridazine a r e  more  ~-def ic ient  than posit ion 4. The s ame  conclusion can be 
drawn f r o m  the 35C1 NQR frequencies  in ch loropyr id ines  and ch loropyr imid ines  [21], which for  example  a re  
34.194, 35.238, and 34.739 MHz in 2-,  3- ,  and 4 -ch lo ropyr id ines  r e spec t ive ly .  
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TABLE 1. n-Electron Charges and laC and l~N Chemical  Shifts in 
the Azine Ser ies  

Compound 

pyridine 

pyridazine 

pyrimidine 

pyrazine 

sym-uiazire 

sym-te=azine 

Position 

I 
2,6 

4 
3,5 
1,2 
3,6 
4,5 
1,3 
'2 

4,6 
o 

1,4 
2.3.5.6 
1.35 
2;4 ,6  
1,2,4,5 

3, 6 

-Charge 

,~b initr SCF MO 

-o,11 -0,100 
+0,05 +0,050 
+ 0,07 +- 0,O20 
--0,04 -:0,010 
- 0 , 0 6  - 0,054 
4 0,03 § 0,0-12 
+0,04 q 0,01 I 
--0,14 --0,112 
+0,11 +0,100 
~-D,12 +0,074 
-- 0,07 - 0,026 
- 0,05 - 0,080 

0,02 + 0,040 
-0,17 -OJ I8 
+0,17 ~0.118 
-0,03 
+0,05 -- 

Average 7r =charge a 

b :21,7 
+ 7,-t 
- 4,6 

-i- 2.t.3 
+(1.8 

~-31,0 
29,0 

-6, t 

!17,1 

-+ 38,1 

+ 3 3 , 1  

Ab  intli~) SCF MO 

+0,057 § 

-~- 0,035 i- 0,028 

+0,117 i 11,(18'3 

~-0,020 +0.040 

~.0,170 I 40,118 

'- 0,050 -- 

& ppm b 

I,Nu 

+,G8 

-20 

i 82 

+42 

+98 

aOver the electron-deficient  carbon atoms,  bt3c chemical  shifts rela-  
tive to benzene; 15N chemical  shifts relative to the NQ- ion. 

TABLE 2. NH 2 Stretching Frequen- 
c ies  (cm -1) in Hetarylamines 

Heterocycle 
(solvent) 

pyridine [25 ] (CC 14) 

pyridazine [24](CHCl a} 
pyrimidine [231(CC14) 

pytazine [24] (CHCIa) 
quinoline [22](CHC13) 

acridine [22](CHC1~) 
c innoline [23](CC 14) 
quinazoline [23] (CC 14) 

Position 
of the 
amino 
~roup 

2 
4 
3 
l 
2 
4 
5 
2 
2 
.I 
9 
3 
2 
4 

3509 
3508 
3482 
3514 
3541 
3535 
3t86 
3511 
3517 
3513 
3525 
3510 
3543 
3537 

3411 
3413 
3396 
3415 
3431 
3423 
3423 
3410 
3413 
',3425 
3435 
3405 
3.131 
3423 

The N -  H s t r e t c h i n g  force  cons t an t s  in h e t a r y l a m i n e s  a r e  d i r e c t l y  p r o p o r t i o n a l  to the extent  of con juga-  

t ion  of the lone pa i r  of the amino  group  with the r i n g  [22-24].  The con junc t ion  in t u r n  is con t ro l l ed  by the e lec -  
t r o n  de f i c i ency  of the c a r b o n  a t o m  b e a r i n g  the a mi no  group.  Consequen t ly  the f r e q u e n c i e s  Vas and u s i n c r e a s e  
wi th  the e l e c t r o n  de f i c i ency  of th i s  a tom.  Th i s  t e s t  (Table  2) a l so  favors  pos i t ions  2 in p y r i m i d i n e  and qu inazo-  
line but  y i e ld s  no def in i te  c o n c l u s i o n  for py r id ine  and quinol ine .  

M e a s u r e m e n t s  of the r e s o n a n c e  cons t an t s  alR~ of h e t e r o c y c l i c  r a d i c a l s  a r e  s p a r s e  (Table  3). A lmos t  all  
have been  d e r i v e d  by the tgF NMR method.  They  imply  that  pos i t ions  2 and 4 in p y r i m i d i n e  are equa l ly  v -de -  

f ic ien t .  However  the i m p r e s s i o n  has a r i s e n  that  th i s  method  is not  s e n s i t i v e  enough to de tec t  s m a l l  and p o s s i -  
b ly  even  m o d e r a t e  d i f f e r e n c e s  in  n - d e f i c i e n c y .  

The ave rage  H a m m e t t  ~ - c o n s t a n t s  of the 2- ,  3- ,  and 4 - p y r i d y l  r a d i c a l s  ca l cu la t ed  f rom m e a s u r e m e n t s  of 
a ldox ime  ac id i ty ,  the k ine t i c s  of e s t e r  h y d r o l y s i s ,  and the exchange  of ch lo r ine  for methoxy [28], a r e  0.71, 0.55, 
and 0.94 r e s p e c t i v e l y ,  i . e . ,  the 4.-pyridyl  r e s i d u e  has the g r e a t e s t  e l e c t r o n - a c c e p t i n g  ab i l i ty .  The value of these  
cons t an t s  for  c a l c u l a t i o n s  of n -de f i c i ency ,  however ,  is  r a t h e r  u n c l e a r  b e c a u s e  of the s m a l l  amoun t  of i n f o r m a -  
t ion  and the poss ib l e  s u p e r p o s i t i o n  of d y n a m i c  e f fec t s .  

In g e n e r a l  we may  conclude  that  the t3C NMR, NGR, and IR methods  give s i m i l a r  r e s u l t s  when applied to 
h e t a r y l a m i d e s .  Th i s  a g r e e m e n t  can ha rd ly  be fo r tu i tous .  It  mos t  p robab ly  d e m o n s t r a t e s  that  these  methods  
give a quite r e a l i s t i c  p i c tu re  of the 7r-electron dens i ty  d i s t r i b u t i o n  p a r t i c u l a r l y  wi thin  individual  h e t e r o s y s t e m s .  

It i s  s u r p r i s i n g  tha t  t h e o r e t i c a l  t e c h n i q u e s  such as the Htickel, Extended Hiickel, and SC F MO methods  
give b e t t e r  a g r e e m e n t  with e x p e r i m e n t  than the CNDO/2 and ab in i t io  methods ,  a l though the l a t t e r  a re  g e n e r a l l y  
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TABLE 3. aR~ Constants  of Heterocycl ic  Radicals  

I ~" Radical o." Radical 
I 
I 

2-p~idyl ["26] ] o.ol 
2-quinolyl [26] t 0,01 
2- ~r [2'/]. 0109 
4- ~yr imidin~r 1 [27] 029 

I 
sy m-triazinyl [2q] l 0,20 
2~benzimidhzo Iyl [26] ] 0,05 
2-benzo[hiazolyl $6] 0,10 
2-be nzoxazo lyl [g6] 0. l 4 

cons idered  to give more  accura te  informat ion  on the e lec t ron  distr ibut ion.  The origin of this d i sc repancy  is 
not c l e a r - w h e t h e r  it is some def ic iency of these  methods or that the exper imen ta l  constants  a re  not de te r -  
mined sole ly  by the n -e lec t ron  charges .  This  g rea t ly  impedes  analys is  of Jr-deficiency on a quanti tat ive level.  
In view of this in the subsequent  compar i son  of the F-deficiency of he te rocyc les  we will offer  specif ic  conclu- 
sions only when they a re  justif ied by the ma jo r i ty  of expe r imen ta l  and theore t i ca l  methods.  

In the ensuing analys is  of the re la t ive  ~-def ic iency of the ma jo r  types of he te rocyc l ic  s y s t e m s  we shall  
give precedence  to the TD and LD indices.  We shall  d i scuss  the ave rage  zr-deficiencies se lec t ive ly .  

Pyridine and Noncondensed Polyazines .  The n-def ic iency is ve ry  s t rongly  dependent on the number  and 
or ienta t ion of the he t e roa toms .  At f i r s t  sight it s e e m s  natural  to a s sume  that the n-def ic iency should inc rease  
with the number  of pyridine-t:vpe he te roa toms  in the molecule .  In fact this widespread  view is not comple te ly  
valid.  The corpus  of expe r imen ta l  and theore t ica l  r e su l t s  shows that the si tuation is more  complex  and not un- 
ambiguous.  

Ab initio calculat ions (Table 1) indicate that both the LD and AD of azines  va ry  in the following way 
(brackets  enclose  the mos t  n-def ic ient  center ) ;  s y m - t r i a z i n e  > pyr imidine  (C4) > pyridine (C4) > s y m - t e t r a z i n e  > 
pyr idazine (C4) > pyraz ine .  TheSCF MOcalcu la t ions  s u m m a r i z e d  in Table 1 a lso  give the s ame  order  for the 
LD although they favor  the C 2 a tom as the posit ion with the g r e a t e s t  posi t ive charge .  The 13C NMR method 
yields  a sl ightly different  cor re la t ion :  t r i az ine  > te t raz ine  > pyr imidine  (C2) > pyr idazine (C3) > pyridine (C2) > 
pyraz ine .  Roughly the same  re su l t s  come f rom IR spec t roscopy  (Table 2). These  cons idera t ions  suggest  sev-  
e ra l  conclusions regard ing  the LD of azines:  

1) s y m - T r i a z i n e  has a higher LD than all other azines ,  including t e t r az ine ;  

2) in the diazine s e r i e s  the LD o rde r  is: pyr imidine  > pyridazine > pyraz ine ;  

3) the n-def ic iency of pyridine is s l ightly higher than that of pyrazine ,  i .e. ,  pyrazine  is the leas t  F-de- 
ficient of all the azines .  

Two not comple te ly  c l ea r  points r e m a i n  The f i r s t  concerns  the re la t ive  LD of pyridine and pyr idazine.  
Theore t i ca l  r e su l t s  indicate that  the LD and AD are  higher  in pyr id ine  but the 13C NMR and IR methods imply 
that pyr idazine has a sl ightly higher ,v-deficiency. We bel ieve that some p re fe rence  should be given to the ex- 
pe r imen ta l  r e su l t s .  The second difficulty concerns  the accura te  location of s y m - t e t r a z i n e  in the LD se r i e s .  

Nor has the si tuation regard ing  the TD of azines  been definit ively reso lved .  All the theore t ica l  methods 
imply that the TD o rde r  is :  s y m - t r i a z i n e  > pyr imidine  > pyridazine > pyridine.  The var ious  quan tum-mechani -  
cal  calculat ions give e x t r e m e l y  d iscordant  r e su l t s  for pyraz ine .  Thus the methods using the ~-approx imat ion  
place it between pyr imidine  and pyr idazine ,  whereas  those using the a, n -approx imat ion  imply that it has the 
lowest  TD of the ent i re  s e r i e s  of noncondensed az ines .  The same  p rob lem a r i s e s  in the evaluat ion of the TD 
of t e t raz ine .  

Unfortunately these  incons is tenc ies  a re  difficdlt to r e so lve  exper imenta l ly  by, e.g. ,  the 15N NMR method, 
because  of its two se r ious  inherent  l imi ta t ions .  F i r s t ly ,  the anomalous ly  high upfield 15N shifts  in pyridazine,  
cinnoline, and phthalazine demons t r a t e  its inapplicabil i ty to he te rocyc les  with adjacent  he t e roa toms  (obviously 
because  of the i r  mutual  anisot ropic  effect) .  Secondly it is unclear  whether  an additive scheme can be applied 
to compounds with di f ferent  number s  of he te roa toms .  Thus the l'SN chemica l  shift  in pyridine is higher than 
that in pyraz ine .  However  this means  only that the n -e lec t ron  densi ty  on the ni t rogen a tom of pyridine is 
h igher  than that on e i ther  of the n i t rogens  of pyraz ine .  C lea r ly  the total  ~ -e lec t ron  densi ty on the two ni t ro-  
gen a toms of pyraz ine  and consequently its total  ,v-deficiency could be higher .  I f  we a s sume  additivity, we have 
to recognize  that  the TD of pyrazine  is higher than that  of pyridine.  This  p rob lem does not exis t  for s y s t e m s  
such as s y m - t r i a z i n e  and pyr imidine .  The lSN NMR method quite unambiguously placcs  them in the f i r s t  two 
places  in the total  F-deficiency s e r i e s .  
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TABLE 4. 
[11, 20] in Benzoazines 

r -E l ec t ron  Charges [12] and t3C and t~N Chemical Shifts 

,r- Charge Tota lcharge on 
Heterocyc le Position (Hifckel)a 6, ppmb benzene ringC 

N 
2 
4 
N 
2 
4 
N 
1 
3 
N 
6 
N 
9 
N 
2 
4 
N 
2 
4 
N 
2 
4 

--0,195 
+0,077 
+D,050 
--0,216 
+0,104 
+ 0,068 
--0,198 
+0,t05 
+0,053 
-0,216 
+0,131 
--0,254 
+0,105 
-0,214 
+0,094 
+0,059 
-0,221 
+0,112 
+0,074 
-0,209 
+0,092 
+ 0,059 

+68 
+21,7 
+7,4 
+72 
+22,4 
+,7,5 
+68 
+24,6 
+ 15,3 ' 

+04 
+7,4 

pyridine 

quinoline 

isoquinoline 

phenanthridine 

acridine 

benzo[f]quinolire 

benzo [g ]quinoline 

benzo[h]quinoline 

+0,011 

+0,029 

+ 0,039 
--0,004 
+0,019• 
+0,010 
+ 0,009 

-0,001 
+0,003 

+ 0,002 
+0,013 

aHere and subsequently Hiickel calculations were ca r r i ed  out with 
pa rame te r s  hN = 0.5, kCN = 1. bsee the note to Table 1. CQuoted 
without allowance for the bridging carbon atoms.  For benzoquino- 
lines the f i rs t  number  is the charge on the central  benzene r ingand 
the second that on the outer ring. For  phenanthridine the charges  
on the isoquinoline-type benzene ring appears  f i rs t  and that on the 
quinoline-type second. 

The ~-deficiency does not vary  s t r ic t ly  in the same se r ies  as the number  of heteroatoms because their  
~-acceptor  ability is most  effectively exerted only with meta orientation (sym-t r laz ine ,  pyrimidine,  quinazolin0. 
This can be compared  with the well-known phenomenon of the consis tent  orientation in the a romat ic  se r i es .  
When the he teroatoms have the ortho, para  orientation, each carbon atom becomes subject  to the effect of two 
opposing forces ,  the e lec t ron-accept ing  effect of the ortho or para nitrogen atom conjugated with it and thee lee -  
t ron-donat ing effect of the meta nitrogen atom (due to the reorganizat ion of the r-cloud).  The consequence is a 
reduction in the ~-deficiency that differs in the various sys tems  of this type. 

Benzoazines.  In this section we can conveniently consider  two q u e s t i o n s - f i r s t l y ,  how benzoannelat ionaf-  
fects ,T-deficiency and secondly how r -def ic iency var ies  as a function of the number and orientation of the hetero-  
atoms.  

Comparing pyridine with quinoline and isoquinoline, wefind an increase  in both TD and LD. Quinoline and 
isoquinotine themselves  exemplify the lack of agreement  of the TD and LD indices.  Thus Hiickel calculat ions 
and the 15N NMR method (Table 4) show that quinoline has a slightly higher TD than isoquinoline. If  we con- 
s ider  these he terocycles  as naphthalene derivat ives,  this ref lects  the well-known fact that the conjugation of the 
~-subs t i tuent  with the nucleus is s t ronger  than that of the/3-substi tuent.  On the o ther  htmd, isoquinoline is 
shown by the Hiickel and 13C NMR methods to have a slightly higher LD. 

The cor re la t ions  of the ~-deficiency of the dibenzo derivat ives of pyridine are  even more  complex (Table 
4). Their  TD var ies  in the o rder :  acridine >benzo[g]quinoline > phenanthridine > benzo[f]quinoline > benzo[h]- 
quinoline. Quinoline has the same TD as phenanthridine, whereas that of isoquinoline is infer ior  to all these 
compounds. We would par t icu lar ly  note that the TD is enhanced by linear annelation of benzene rings (acridine, 
benzo[g]quinoline) to a g rea te r  extent than by angular annelation. This is a general  feature of the he te roaro-  
matic ser ies  and is also encountered for example in azoles (see below). 

Annelation of benzene r ings to the f and h sides of quinoline produces compounds that a re  even less ~- 
deficient than quinoline itself. Phenanthridine, in which one benzene ring is of the quinoline type and the other 
of the isoquinoline type, occupies an intermediate position. 

The order  of the local x-deficiency of benzoazines is slightly different:  phenanthridine > benzo[g]quino- 
line > acridine,  isoquinoline > quinoline > benzo[f]quinoline > benzo[h]quinoline. Since we unfortunately have no 
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TABLE 5. ~-Eleet ron Charges and 
t3C and tSN Chemical Shifts in Ben- 

zodiazines 

Hereto- [ .Posi- 
cycle ~ion 

c i n n o l i n ~  Nt 
N2 
3 
4 

phtha lazi ne N 

quirmzol/.~ N) 
N~ 
2 

qninoxalim N 4 
2 (3) 

(SCF MO] ~, ppm '~.=~ 
pl 5] l l 

1 0 ~ 0 5 9  ~ 3 ~  

-0,066 --36 
+0,032 + 17,62 
+ 0.022 -3.87 
-0,070 + l l 
+ 0,047 + 23,52 
--0,098 +90 
- 0,095 + 90 
-F 0,072 + 32 
+ 0,063 + 27,2 
- 0,082 + 46 
+ 0,047 + 17,2 

information on the t3C NMR spect ra  of the major i ty  of benzoquinolines it does not Seem possible to secure  sup- 
port for this se r ies  by an independent method. 

In benzodiazines (Table 5) the TD diminishes in the order  quinazoline > quinoxaline > phthalazine > cin- 
noline. Quinazollne also occupies the f i rs t  place in the local ~-deficiency ser ies ,  but the theoret ical  and NMR 
resul ts  for the other compounds are  contradictory.  Phthalazine seems to have a higher LD than einnoline, but 
the position of quinoxaline requi res  fur ther  clarif icat ion.  

Table 4 shows that the pyridine nitrogen atom also causes benzene rings condensed with the hetero ring 
to acquire slight ~-deficiency. Isoquinoline-type benzene rings are depleted of e lect rons  to a much g rea te r  ex- 
tent than the quinoline-type benzene r ings.  We should however n o t e t h ~  in general ,  the effect of ~-deficiency 
hetero rings on the proper t ies  of benzene r ings condensed with them (including the ~-deficiency) is cons tdera-  
b ly lower  than that of I t-excessive he te ror ings  [1]. Below we present  additional examples in support  of this cor -  
relation. 

Azoles.  As would be expected, the presence in azoles of both pyridine- and pyr ro le - type  heteroatoms re -  
sults in a ve ry  nonuniform ~-electron density distribution. Together with centers  with considerable ~-excess ,  
azoles general ly  contain an atom with high ~-deficiency, often higher than that in many azines.  Imidazole sys-  
terns are  a typical example (see the d iagram and Table 6): 

+0,006 -0,05~, 

" - 0 ~ , 0 2 4  ~ o - .o,o.-:,., : "  ~176 
.o, oo, o,oo 5.o,o  

I ": o ~  .o ,  . �9 
o" + - 0)093 

- 0 y 0 0 7  - 0 t 0 0 7  

- 0,006 [ ~ - 0 , 0 0 3  H -0,007 ~ ' 0 , 0 0 4  
-o,,o, 

r p%.o,,,, 
-olo3o~,~ ,~L~o, oz~ -o ,ozsR~  ~ , ~  / 

1--" ~ ~ N /  - O , O t ~  ~o '?+0 '26Z  

- 0 0 0 5  ' ~  o ~ o _0t316 

e ~ " . . . V J P " - .  ' ~ N _  -0,00 : /  - ~ /  y \ \  
I_ [ I[  +o,,88 

- 0 , o 0 e ~ . . . . , . , ~ . ~  ~ / 
o ~ ~, ~N+0 248 

-0,006 ~ -~ ~- I ' 
o-  o ~ o  , o * H 

In imidazole i tself  the donor effect of the pyrrole  heteroatom prevai ls  over the acceptor  action of the py- 
ridine nitrogen atom and consequently the net ~-charge on the carbon atoms is negative, i .e. ,  imidazole has a 
net a-excess  ra ther  than a ~-deficiency. This is consistent  with the entire chemis t ry  of imidazole, which is 
typified by eleetrophilie ra ther  than nueleophilic substitution react ions .  We note as re levant  that individual 
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TABLE 6. u-Charges  in Imidazole Systems (Htickel Calculations) 

[121 

He terocyc le 

imidazole 
bermimidazole 
1 H- naphtho [2,2- d]imidazole 
3 H- naphtho 112.2- d ]i midazo le 
naphtho[2.3 -d ]imidazo le 
perimidlne 

7r-Deficiency 

total local (Cz) 

-0,0l I +0,094 
�9 t- 0,056 + 0,170 
+0,036 +0,151 
+0,036 +0,152 
+0,068 +0,186 
+ 0,057 + 0,256 

Total charge on the 
benzene ring 

--0,098 
--0,041; --0,021 
-- 0,042; -- 0,022 
--0,076; --0,027 
--0,146; --0,159 

electrophil ic  substitution react ions (bromination, hydroxymethylation, diazo coupling) in the imidazole se r ies  
also take place at the C 2 atom [29], although it is highly a-deficient.  

The 7r-electron distr ibution var ies  substantially in condensed imidazole sys tems .  Since the acceptor  ef- 
fect of the pyridine ni trogen atom is now grea te r  than the u-donor stability of the pyrrole  nitrogen atom, the 
TD's  of condensed imidazoles diminish in the o rder :  naphtho[2,3-d]imidazole > perimidine > benzimidazole > 
naphtho[1,2-d]imidazole.  The LD of the p-carbon atom in these compounds increases  to an even g rea te r  ex- 
tent - per i -naphthoimidazole  (perimidine) is notable for the par t icular ly  high positive ~-charge.  Linear  naph- 
thoimidazole comes  next and the other compounds appear in the same order  as for the TD. 

The pyrro le  nitrogen atom in azoles does not oppose the induction of such a high positive u-charge  on the 
adjacent carbon atom. The reason  for this is that the u-donor effect of the pyrrole  nitrogen atom is exe r t eda l -  
most  exclusively on the condensed benzene rings.  In fact all the condensed imidazoles have considerable nega- 
tive u-charge  on the benzene rings.  This par t icu lar ly  applies to the perimidine molecule, which we have dis-  
cussed in detail ea r l i e r  [1]. 

There  is no doubt that the Hiickel method gives a real is t ic  picture of the 7r-electron density distr ibution 
in imidazoles (the SCF MO [30] and CNDO/2 [31] methods give essent ial ly  the same resul ts) .  In agreement  
with these considerat ions,  nucleophilic substitution react ions at position 2 become most  typical in all condensed 
imidazole sys tems  [29, 32]. Conversely electrophil ic  substitution react ions also proceed ex t remely  read i lyon  
the benzene r ings.  

Calculations [33, 34] and t3C NMR paramete r s  [33, 35] imply that pyrazoles  have lower LD than imida- 
zoles. Thiazoles and oxazoles are more 7r-deficient than imidazoles (Table 3). 

Systems consist ing of u-excess ive  and Tr-deficient rings condensed with each other (azaindoles, purine, 
etc.) are of considerable interest .  All the evidence indicates that the effect of the pyrrole  heteroatom on the 
proper t ies  of the u-deficient f ragment  i s  g rea te r  than that of the pyridine atom on the proper t ies  of the 7r-ex- 

c e s s i v e  ring. Thus the pyridine nucleus in azaindoles is completely inert  in nucleopMlic substitution react ions ,  
whereas  the electrophil ic  substitution react ions that are typical of indole take place at position 3 in azaindoles,  
though with slightly more difficulty [36]. Similar ly  in purines,  although the pyrimidine ring is more  ~-deflcient 
than the imidazole,  nucleophilic substitution react ions proceed more  readi ly at the carbon atom of the imida- 
zole ring [37]. This is also reflected in quantum-mechanical  calculations [12, 38]. 

Heteroaromat ic  Cations. The u-deficiency of  heterocycl ic  cations is much grea te r  than that of their  
bases ,  but the u-deficiency o rders  show no great  changes. Thus various quantum-mechanical  calculations [12, 
13] reveal  that the TD order  for the cations of noncondensed azines and benzoazines remains  the same as that  
of their bases  : pyrimidinium > pyridazinium > pyrazinium > pyridinium (Table 7) and acridinium > quinolinium > 
isoquinolinium > pyridinium (Table 8). 

The situation regarding the LD is slightly more  confused. Calculations imply that the LD and TD orders  
for the cations ofnoncondensed azines are  identical. However the 1H and 13C chemical  shifts interchange the pc_ 
raz inium and pyridinium ions (Table 7). This resembles  the situation for pyrazine and pyridine (Table 1). 

The PMR and quantum-mechanical  methods also give conflicting resul ts  for the LD of benzoazine cations. 
Whereas  the PMR method ranks the acridinium cation ahead of the isoquinolinium and quinolinium cations, 
Hiickel calculations give the opposite o rder :  isoquinolinium > quinolinium > acridinium > pyridinium (Table 8). 
The choice between these resul ts  remains  open. 
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TABLE 7. ~ -Charges  (Extended HiiekeI) [13] and tH and tSC Chemi-  
cal  Shifts in A z n e  Monocations [13] 

Ca~on 

pyridinium 
pyridazinium 

-DefiCiency 

pyrimidiniurn 
pyrazintum 

total 

+ 0,820 
+ ~ 244 
+ 1,360 
+1,188 

loca 1 

+o,3t8  (c2) 
+0,495 (Cs) 
+0,594 (C2) 
+0,374 (C2) 

*Chemical  shifts  re la t ive  to benzene.  

6; ppm * 

�9 I H  11 ~sC 
w 

I 2,49 (2-H) 19,84 (Cd 
2,50 (3,6-H) 23,21 (Ca,s) 
2,84 (2-H) 30,29 (C2,3) 
2,11 (2,3-H) 14,47 (C2,3) 

The NMR spec t ra  of the p ro-  
tonated spec ies  were  m ea su red  in water .  Consequently because  of 
the fas t  r e v e r s i b l e  proton migra t ion  in the diazine cat ions the chemi-  
cal  shif ts  of the fo rma l ly  inequivalent nuclei  were  identical .  Since 
conver se ly  the quan tum-mechanica l  calculat ion was c a r r i e d  out for  
cat ions with the charge  fixed on one of the ni t rogen a toms ,  the ~- 
cha rges  on all the carbon a toms  were  different .  

TABLE 8. ~ -Charges  (Htickel) [12] and IH Chemical  Shifts [39] in 
Benzoazine Cations 

Cation 

p~idininm 
quinoliniam 
isoquinoUninm 
acridiaiam 

-Deficiency 

total I local 

+0,622 +0,248 (C~) 
+0,661 +0,306 (C2) 
+~,629 +0,329 (C~) 
+0,716 +0,288 (C9) 

5, ppm* 

8,9 (2-H) 
9,4 t2,H) 
9,87 (I-H) 

10,05 (9-H) 

* PMR spec t ra  of the methiodides in DMSO solution. 

The LD ' s  of he t e roa rom a t i c  cations a re  c l e a r l y  re f lec ted  by the i r  a subst i tuent  constants  (Table 9). These  
were  der ived  f r o m  work  on two consecut ive equi l ibr ia  where  the ~ constant  of the py r id in ium-2-y l  ion was  
taken as 0 [40, 41]: 

- - N - - N =  N 4- X 0"---" = N - - N ~ N ~ X  
X.-N~ 

f f 
E't E t 

=NH 4- H -- NH 2 

E't Et 

Although these ~ constants  incorpora te  inductive and resonance  components ,  we may  expect  both compo-  
nents to va ry  in the s ame  sense .  The f igures  provide suppor t  for the a s s ignment  of higher LD ' s  to the quino- 
l inium ion thanthe  pyr idinium and to the benz imidazol ium ion than the indazolium. The benzothiazol ium ion has 
higher  LD than the thiazol ium and angular  naphthothiazol ium ions. We have a l ready  noted this so r t  of var ia t ion  
of the LD in the s e r i e s  i m i d a z o l e - b e n z i m i d a z o l e - n a p h t h o [ 1 , 2 - d ] i m i d a z o l e  and p y r i d i n e - q u i n o l i n e - b e n z o [ l ] -  
quinoline. 

We can use the benzazole  cat ions as examples  of how the n.ature of a second p y r r o l e - t y p e  he te roa tom af- 
fects  the L D .  The LD diminishes  in the o rder :  benzose lenazo l ium >benzoth iazol ium> benzoxazol ium > benzi-  
midazol ium, i .e . ,  the e l ec t ron-accep t ing  c h a r a c t e r  of the unoccupied se len ium and sulfur  d orbi ta ls  has con- 
s iderab le  s ignif icance in the case  of the f i r s t  two compounds.  

In connection with this las t  s e r i e s  we encounter  the question of the re la t ive  ~-def ic iency of the pyryl ium,  
th iapyryl ium,  and se lenapyry l inm ions. We have no re l iab le  f igures  for the T D ' s  of these  ions.  The LD indices 
of the var ious  posi t ions do not v a r y  in the s ame  way. Thus the PMR method [42, 43], which is in ag reemen t  
with quan tum-mechanica l  calculat ions using d orbi ta ls  [43], gives the LD o rde r  as th iapyry l ium > se lenapyry l i -  
um > pyry l ium for  the f l-posit ion and pyry l ium >th iapyry l ium > se lenapyry l ium for  the y-pos i t ion .  The a -p ro ton  
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TABLE 9. a Constants  of Cationic N - H e t e r o a r o m a t t c  Substituents 
[40, 41] 

Substi tuent a Substituent 

1- e thylpyr id in ium-  2- yl 
1- ethylquinolinium- 2- yl 
1,2- d ie thyl indazol ium- 3- yl 
1,3- d ie thylbenzimidazol i -  

urn- 2- yl 
3- e thyl th iazol ium- 2-yl  

0 
1.21 
0.41 

2.52 
3.60 

3- e thylbenzothiazol ium- 
2-yl  

3-ethylnaphtho[2,1-d]-  
thia zol ium- 2- yl 

3- ethylbenzoxa zol ium-2- yl 
3- e thylbenzose lenazolium- 

2-yl  

TABLE 10. 

4.89 

4.79 
4.33 

4.98  

~R ~ Constants  of the He te roa tom in Pyr id in ium Ions [46] 

Compound 

pyridine 
1- methyipyridinium iodide 
pyridine boram 

0,268 
0,281 
0,209 

Compound 

lpy~idine N-oxide 
- methoxypyridinium iodide 

O'RO 

--0,212 
-0,171 

chemica l  shif ts  ( se lenapyry l ium > th iapyry l ium > pyryl ium) s e e m  unsuitable for  evaluat ing the LD of the ~ -  
posi t ions because  of the s t rong  an iso t rop ic  effect  of the he te roa tom.  Thus the common view, which is based  
mainly  on r eac t iv i ty  data,  that  the pyry l ium cation is mos t  ~-def ic ient  [44] mus t  be cons idered  nei ther  unam-  
biguous nor  defini t ively e s t ab l i shed .  

The quest ion of the u-def ic iency of N - h e t e r o a r o m a t i c  cations has another  in te res t ing  aspect ,  involving the 
fo rm in which the onium ni t rogen a tom exis ts .  Thus the 7 -p ro ton  chemica l  shif t  impl ies  that  the LD of posi-  
tion 4 in pyr id in ium ions va r i e s  in the o rde r :  N-phenylpyr id in ium> pyr idinium > N-methoxypyr id in ium > N- 
methylpyr id in ium > N-aminopyr id in ium [45]. The oR ~ constants  of the he te roa toms  calculated f r o m  the inte- 
gra ted  intensi ty  of the 1600 cm -1 band [46] (Table 10) show that  the N-oxide and N-methoxy  groups  a re  r e s o -  
nance donors ,  i .e . ,  t hey  reduce  the u-def ic iency of the r ing even by compar i son  with pyridine i t se l f  (see a lso  
[47]). 

~ - A C C E P T O R  P R O P E R T I E S  

Pyr id ine - type  he te roa toms ,  possess ing  cons iderable  e l e c t r o n - a c c e p t o r  abil i ty,  reduce  the ene rgy  of all  
the MO's ,  including the lowest  unoccupied ; - o r b i t a l .  This  causes  an inc rease  in e l ec t ron  affinity (EA) in lr_ 
def ic ient  he te rocyc les .  As a r e su l t  many now typical ly  f o r m  m o r e  or l ess  s table rad ica l  anions [48]. We 
should emphas ize  that ; - e x c e s s i v e  he t e rocyc le s  will a l so  fo rm rad ica l  anions with g r ea t  difficulty under  spe -  
cific conditions but this is accompanied  by rad ica l  changes in mo lecu la r  s t ruc tu re  [49, 50]. 

There  is ve ry  little informat ion  on d i rec t  methods of measu r ing  the EA ' s  of he te rocyc les  in the gas  phase.  
Thus the e lec t ron  impac t  technique has been used to es tab l i sh  that  pyridine has a negat ive EA, - 0.62 eV (ben- 
zene has - 1.15 eV) [51]. This  demons t r a t e s  the instabi l i ty  of the rad ica l  anion of pyridine,  which is a l so  r e -  
f lected by the difficulty of detect ing it [52]. Diazines and t r i az ines  f o r m  more  s table  rad ica l  anions,  whose EA's 
a re  usual ly  posi t ive [51]: s y m - t r i a z i n e  (0.45 eV), pyrazine  (0.40 eV), pyr idazine (0.25 eV), and pyr imidine  
(0.00 eV). Unfor tunate ly  the e lec t ron  impact  technique is not sui table for the de te rmina t ion  of posi t ive EA's ,  
and so the f igures  quoted here  were  der ived indirect ly  on the bas i s  of the l inear  co r r e l a t i on  between the EA and 
the polarographic  r e v e r s i b l e  reduct ion po t en t i a l  

The ease  of m e a s u r e m e n t  of hal f -wave reduct ion potentials  makes  the po la rographie  method perhaps  the 
f i r s t  choice at the p re sen t  t ime  for  the quanti tat ive evaluation of the e l e c t r o n - a c c e p t o r  p rope r t i e s  of ~-deficient  
he te rocyc les .  Of cour se  the e lec t ron  is a s sumed  to enter  the lowest  unoccupied ~-orbi ta l .  This  is supported 
by the exis tence  of a good l inear  co r r e l a t i on  between E~/2 (reduction) and the ene rgy  of the lowest  unoccupied 
orbi ta l ,  calculated by LCAO MO methods,  which has been r epor t ed  on s eve ra l  occas ions  [53-55]. 

Table  l l  s u m m a r i z e s  -E~/2 for  ni t rogen he te rocyc les  and the i r  cat ions.  The potentials  in the f i r s t  column 
were  der ived  by cycl ic  vo l t amet ry ,  i .e . ,  they a r e  r e v e r s i b l e .  The f igures  in the two other  columns were  mea-  
su red  by no rma l  po la rography  and r e p r e s e n t  essen t ia l ly  the i r r e v e r s i b l e  e l ec t ron  reduct ion p r o c e s s .  Never the-  
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TABLE 11. Polarographic One-Electron Reduction Potentials (-E~/2, 
V) of F-Deficient  He te rocyc les  and The i r  Cations 

Iryridi~e 
pyrimidlne 
pyridazine 
p~azine 
sym-lriazir~ 
svrn-tetrazinv 
~uinoline 
isoq/finoline 
~henanthridine 

~nzo[f~tuiaoline 
benzo[h] quinoline 
phthalhzine 
quinagoline 
quinoxaline 
cinnoline 
phenazire 

�9 pte2idine 

Base ] 

in V~ [53] in CH3CN [54] 

2,20 2,62 
1,82 2,34 
1,66 2,12 
1,57 2,08 
1,53 
0,29 
1,60 2,1 l 
1,64 222 
- -  2,12 
- -  1,62 
- -  2,14 
- -  2,21 

1,43 1,98 
1;26 1,80 
1,1O 1,70 
0.98 1,69 

- -  1,23 
0,53 - -  

Cation in 
D ~  [55] 

1,27 
0,94 
0,74 
0,73 

0,84 
1,05 

0,32 

0,33 
0,37 
0,53 

less  in all  c a se s ,  r e g a r d l e s s  of the nature  of the solvent,  the re la t ive  ease  of reduct ion of the he te rocyc les  r e -  
mains  the same .  We can draw s eve ra l  conclusions f r o m  the f igures  of Table  11. 

1. He t e roa ro m a t i c  cat ions have cons iderab ly  g r e a t e r  ~ -accep to r  abi l i ty than the neut ra l  he te rocyc les  
(the d i f ference  between the f igures  in the f i r s t  and third columns in fac t  is even g r e a t e r ,  s ince the r e f e r ence  
e lec t rode  is a m e r c u r y  pool in the f i r s t  case  and the sa tu ra ted  ca lomel  e lec t rode  in the second; the pyr idinium 
cation has EV2 of - 0 . 7 5  V re la t ive  to the m e r c u r y  pool}. I t  is vi ta l  he re  that  the ease  of reduct ion of the neu- 
t r a l  he t e rocyc l e s  va r i e s  in the s a m e  way as that of  the i r  cat ions with one exception (cinnoline). Thus  in those 
ca se s  where  the neu t ra l  h e t e r o s y s t e m  is po la rographica l ly  inact ive (imidazole s y s t e m s  for  example) ,  po laro-  
graphic  reduct ion of the cation can provide a m e a s u r e  of the r - a c c e p t o r  abi l i ty  of the neut ra l  h e t e r o s y s t e m .  

2. In thenoncondensedaz ines ,  the r - a c c e p t o r  abil i ty d iminishes  in the o rder :  s y m - t e t r a z i n e  > s y m -  
t r i az ine  > pyrazine  > pyridazine > pyr imidine  > pyridine,  i .e. ,  the ~ -accep to r  p rope r t i e s  intensify with the num- 
her  of l~vteroa toms in the molecule .  Amongdiaz ines ,  pyraz ine  has the g r e a t e s t  ~ -accep to r  abi l i ty and py r imi -  
dine the lowest ,  which is  the opposite of the ~-def ic iency s e r i e s .  

3. Like v-def ic iency,  the r - a c c e p t o r  p rope r t i e s  a r e  not a s imple  function of the number  of benzene r i ngs  
but a r e  highly dependent on the i r  orientat ion.  Thus quinoline and isoquinoline have higher  accep to r  abil i ty than 
pyridine but the r - a c c e p t o r  abi l i t ies  of benzo[f]quinoline and benzo[h]quinoline a re  sl ightly lower  than that of 
quinoline. The v - a c c e p t o r  abi l i ty is enhanced to the g r e a t e s t  extent  by l inear  annelation of benzene r ings ,  as 
in acr id ine  and phenazine in the azine s e r i e s  and naphtho[2,3-d]imidazole in the imidazole  s e r i e s  [56]. Com- 
par i son  of quinoline and isoquinoline r e v e a l s  that  annelation of a benzene r ing  to posi t ions 2 and 3 of pyridine 
produces  more  s t rongly  ~-accept ing s y s t e m s  than does 3,4-annelat ion.  Inbenzodiaz ines ,  benzoannelat ion a lso  
sl ightly modif ies  the re la t ive  o rde r  of ~ -accep to r  abi l i ty re la t ive  to noncondensed diazines .  The f i r s t  place is 
occupied by cinnoline among neut ra l  he te rocyc les  and by the quinazolinium ion among cat ions.  

Po la rography  of benzazole  cat ions r e v e a l s  that  in these  h e t e r o s y s t e m s  the ~ -accep to r  p rope r t i e s  diminis] 
in the o rder :  benzoxazole  > benzothiazole  > indazole > benz imidazole  [57]. 

Another technique for  the indi rec t  m e a s u r e m e n t  of EA ' s  uses  the spec t r a  of c h a r g e - t r a n s f e r  complexes  
between r -def ic ien t  h e t e r o s y s t e m s  (normal ly  cations) and various 7r-donors [58]. The bas i s  of this method is 
that  the f requency of the c h a r g e - t r a n s f e r  band, lWcT, is r e la ted  to the EA by the equation: 

hVcT = I P -  EA + W, 

where IP  is the ionization potential  of the donor,  EA is the e lec t ron  affinity, and W is the f ree  t e r m ,  which is 
approx imate ly  constant  for  CT complexes  of a pa r t i cu la r  type and is on ave rage  1.2 eV. Table  12 s u m m a r i z e s  
the EA ' s  der ived by this method for  s e v e r a l  he t e roa roma t i c  cat ions.  Plainly these  f igures  a r e  in complete  
a g r e e m e n t  with the r e su l t s  of po larographic  m e a s u r e m e n t s .  

Thus these  cons idera t ions  imply  that,  like 7r-excess and ~r-donor abi l i ty [1], the ~r-deficiency and 7r-ac-. 
cep tor  abi l i ty do not va ry  in the s a m e  sense .  This  neces s i t a t e s  a dual is t ic  in te rpre ta t ion  of the concept  of 
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TA BLE 12. 
Measured  by the C h a r g e - T r a n s f e r  Technique 

E lec t ron  Affinities of Some He t e roa roma t i c  Cations 

Cation lEA, eV lEA, eV I Cation 

5,0 N-methylacridinium [60] I~ 6,1 
5,4 ]phenazinium [61] [ 6.8 
5,6 I xanthylium [62] 6,75 

N- methy lpyridinium [59 ] 
N- me thy lisoquinolinium [59] 
N- methylquinoliniu m [59] 

e lec t rophi l ic i ty  as  r e g a r d s  n-def ic ient  he te rocyc les  and the i r  cat ions.  Apparent ly  we should different ia te  be-  
tween orb i ta l  e lec t rophi l ic i ty  (or e l ec t ron  affinity) and a tomic  or local e lect rophi l ic i ty ,  which is usual ly  under-  
stood to be the affinity of the n-def ic ient  cen te r  for the e lec t ron  pair  of the nucleophile.  These  questions a re  
d i scussed  in r a t h e r  m o r e  detai l  in the next sect ion.  

R E A C T I V I T Y  O F  7 r - D E F I C I E N T  H E T E R O S Y S T E M S  

The reac t iv i ty  of u-def ic ient  he te rocyc les  is an e x t r e m e l y  complex  p rob lem and, despite numerous  studies 
and s e v e r a l  detai led rev iews  [63-67], is s t i l l  ve ry  far  f rom a definitive solution. Although u-def ic iency and n_ 
accep to r  abil i ty a r e  p rope r t i e s  of the ground s ta te  of he te rocycl ic  molecules ,  organic chemis t s  have beco me  a c -  
cus tomed to in te rpre t ing  the i r  r eac t iv i ty  in these  t e r m s .  Infac t ,  chemical  work shows that the 7r-deficiency 
controls  the poss ib i l i ty  of nucleophilic subst i tut ion reac t ions ,  the ease  of reduction reac t ions ,  the inc reased  
reac t iv i ty  of the protons of the methyl  groups,  etc.  In this context we encounter  the question of whether  the r e l -  
at ive local  r -de f i c i ency  of he t e rocyc le s  or  the i r  ~ -accep to r  p rope r t i e s  can be a s s e s s e d  f r o m  reac t iv i ty  d a t a -  
in other  words ,  whether  these  p a r a m e t e r s  quanti tat ively de te rmine  the ease  of in terac t ion  with a nucleophile.  
It  is now well known that  the re  is no single answer  to these  questions and that there  a re  few reac t ions  where  
this s o r t  of co r r e l a t i on  is s a t i s f ac to ry .  

The r ea son  for  the complexi ty  of the s i tuat ion is p r i m a r i l y  that  nucleophilic subst i tut ion reac t ions  in 
he te rocyc les  can proceed  by s e v e r a l  ve ry  di f ferent  mechan i sms ,  the mos t  impor tan t  of which a r e  SN2Ar , 
SN1Ar, a ryne ,  SRN1 [68], and ANRORC [69]. Secondly within each  of these  m e c h a n i s m s  the contr ibutions of the 
individual s tages  can va ry  in turn.  Finally the reac t iv i ty  is a lso  s t rongly  affected by such specif ic  fac tors  as  
the ~ - a z a  effect ,  the p r e l im ina ry  in te rac t ion  of the he t e roa tom with the nucleophile or  the solvent ,  the phenom-  
enon of au toea ta lys is ,  the na ture  of the nucleophile and the leaving group, the di f ferent  polar izabi l i t ies  of the 
reac t ion  cen te r s ,  etc.  [64, 65]. 

Hence it  is c l ea r  that the re la t ion between 7r-deficiency and reac t iv i ty  can bes t  be analyzed in the context 
of a single,  mos t  typical  m e c h a n i s m  and a s imul taneous ly  chosen se t  of reac t ions  where  the effects  of speci f ic  
f ac to r s  reduce  to a min imum or a re  zero.  These  r e q u i r e m e n t s  a r e  mos t  c lose ly  sa t is f ied by SN2Ar reac t ions .  
These  include the s tage of addition of the nucleophile,  which genera tes  a - complex  (I) or (II) (which can be de-  
tected in many  cases  [70]), and the stage of e l iminat ion of the leaving group with regenera t ion  of the a r o m a t i c  
s t ruc tu re :  

. - - •  II 

I 

Three  types  of potential  ene rgy  curve  a re  poss ib le  here  (Fig. 1). 

The occu r r ence  of any one pathway will depend mainly  on the nature  of the leaving group, the nucleophile,  
and the he t e roa rom a t i c  molecule  i tself .  Obviously a quanti tat ive compar i son  of ra te  data is meaningful only for  
r eac t ions  with the same  energy  profi le .  Thus the posit ive charge  on the carbon a tom can be co r re l a t ed  with 
the ease  of aminat ion  of ni t rogen he te rocyc les  by sodium amide only in smal l  groups of re la ted  compounds [71]. 
The reac t ion  for  this is [72] that  all  three  types of curves  can occur  in the Chichibabin react ion,  depending on 
the nature  of the he te rocyc le .  Curve b is found for  he te rocyc les  with an extended r r -sys tem (acridine, phenan- 
thr idine,  per imidine ,  etc.) ,  i .e. ,  an e x t r e m e l y  s table  a - complex  is formed,  which r equ i r e s  high t e m p e r a t u r e s  
for  a romat iza t ion .  Converse ly  monocycl ic  compounds (pyridine, imidazole) typical ly  follow curve  a (an unstable 
and difficult ly fo rmed  a -complex ) .  Bicycl ic  s y s t e m s -  isoquinoline, b e n z i m i d a z o l e - o c c u p y  an in te rmedia te  
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a b C 

Fig. 1. Types of potential energy curve for  SN2Ar 
react ions (the absc issa  axis is the react ion coordi-  
nate and the: ordinate axis the potential energy}: 
a) limited by the addition stage;  b) limited by the 
elimination stage; and c) the contributions of both 
stages are  roughly the same.  

TABLE 13. Rate Data for the Reactions 
HetSO2CH3+CHaO--~HetOCHa + CHaSO~- 

HetCI + Ca HsO---~ HetOC~ Hs + CI" 
(1_}[73] 
(2)[74] 

Heterocyc lic radical 

2-pyrldyl 
4-pyrid~l 
3- pyridazinyl 
4-pyridazinyl 
2- p~azinyI 
2-quiaolinyl 
4-quinoli n~]l 
1 -tsoquinolinyl 
9-acrtdiayl 
2 -quinoxa li ny 1 
2-qulnazoli.@l 
4-cinnolinu 
1- phfl~ala~inyl 

Reaction (1) 

teml~_ramre, | k. 10~ 1 
" C  " Kliter mole- ~ sec" 

108,7 
110,5 
30,2 
30,3 
29,9 
6O 
60,3 
59,1 

t5,1 

1,97 
40,2 
9,71 

121 
3,86 
2,72 
7,20 
5,19 

117 

*These are  the rate  constants at 20~ 

t Reaction (2). 

k .  10 ~ 
(liter mole-' sec -1) 

0,00022 
0,00087 

0,063 
0,065 
0,O69 
6.2 

828 
208 
477 
186 

position; the rapidity of their  react ion wfth sodium amide is due to the optlmum combination of the ease of ad- 
dition of amide ion and the ease of abstract ion of hydride ion f rom the a-complexes  (curve c). 

The substitution reactions of such good leaving groups as CI, Br, SO2CH3, etc.,  on different  nucleophilic 
res idues  are  most  common in the he te roaromat ic  ser ies  and have received most  attention. Their  energy pro-  
file is of type a and consequently it is among these react ions  that we may hope to detect a cor re la t ion  between 
the r - c h a r g e  and the ease of reaction.  Analysis of a considerable amount of rate data reveals  that these  hopes 
are  only part ial ly fulfilled. Even in pyridine i tself  these groups are  substituted far  more easi ly at position 4 
than at the more  ~r-deficient position 2 (Table 13). Similar ly  in pyridazine,  pyrimidine,  and quinoline position 
4 is more  react ive than the s -pos i t ion .  Comparison of var ious heterocycles  with each other also reveals  a di- 
rec t  corre la t ion  of react ivi ty  with w-deficiency in some but not all cases .  

The figures of Table 13 for substitution of methylsulfonyl by the methoxy group and other resul ts  [64, 65] 
reveal  that in t e rms  of their  react ivi ty  toward nucleophiles the noncondensed azines fall in the order :  sym-  
tr iazine > pyrimidine >pyridazine >pyrazine >pyridine.  Although this se r ies  is very  s imi la r  to the T-deficiency 
ser ies  (Table 1), there is one excep t ion- the  less ~r-deficient pyrazine appears  ahead of pyridine. Similar ly 9- 
chloroacridine is much more  react ive than the chloro derivat ives  of quinoline and isoquinoline, although their  
local r -def ic iencies  are  s imi lar .  In the benzodiazine ser ies ,  despite the relat ive T-deficiency 2-chloroquinaz-  
oline is less react ive than to 2-chloroquinoxaline (which however is less react ive than 4-chloroquinazoline 
[74]} while 1-chlorophthalazine is less react ive than 4-chlorocinnoline.  

The cause of all these inconsistencies is undoubtedly that, since the s t ructure  of the t ransi t ion complex 
in the limiting stage of these react ions lies much nea re r  the a - complex  than the original reactant ,  the rate of 
the react ion is controlled not so much by the charge as by the stability of the a -complex .  The different polar i -  
zabilities of the react ion centers  a lso seem significant. 

We may expect that the d i sc r imina tory  effect of these fac tors  would be strongly reduced in a set  of very  
s imi lar  compounds in which the react ion center  has the same molecular  environment and that the corre la t ion  
between react ivi ty  and w-deficiency will than be more  sa t i s fac tory .  This conjecture is in fact justified in sev- 
era l  cases .  Thus the lability of chlorine in react ions  with the CHsO- ion and with piperidine diminishes in the 
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TABLE 14. Rate Data for the Piperidinolysis  Reaction of 2-Chloro 
Derivat ives of Imidazole Sys tems  [72] and Kinetic Acidity of the 
Methyl Group in 2-Methyl imidazoles  [78, 79] 

--N (X = CH 3) _ N  x (X = CI ) -- 
I I I 

CH 3 CH3 CH] 

Compound type 

perimidine 
naphtho[2,3 -d ] [midazo le 
benzimidazole 
.3 H- naphtho [1, 2 -d]imtdazo le 
lmlflaZOle 

0,256 
0,186 
0,170 
0.152 
0,094 

X=CI 

k, see " 1 0 o  o) 

2,56.10 -s 
2,01 �9 10 -4 
5,25.10 -7 
6,05- 10 -6 

no reaction 

X=CH~ 

--Ig kso 

2,7 
3,0 
5,0 
5,9 
6,6 

same order  as the positive r - c h a r g e  on the carbon atom bearing the chlorine in the ser ies  1-chloronaphtho[2, 
3-d]pyridazine > 1-chlorophthatazine > 3-chloropyr tdaztne  [75, 76] and 2-chlorobenzoxazole > 2-chlorobenzo-  
thiazole > 2 -ch lo ro - l -me thy lbenz imidazo le  [77]. The rate of piperidinolysis of 2-chloro  derivat ives  in tmidaz-  
ole sys tems  in general  also depends on the local r -def ic iency index (Table 14), although there is one exception, 
in that 3-methyl-2-chloronaphtho[1,  2-d]imidazole is slightly more  react ive than 1-methy l -2-ch lorobenz imid-  
azole, the positive, r - c h a r g e  on the /~-carbon atom in which is slightly grea ter .  

In principle a corre la t ion  between r -def ic iency  and react ivi ty would most  logically be expected in those 
cases  where the s t ruc ture  of the t ransi t ion complex tn the limiting stage closely resembles  that of the original 
reactant .  These react ions are  conveniently r e fe r r ed  to as charge-cont ro l led  and occur  with rigid, difficultly 
polarizable nucleophiles [80]. Only one react ion of this type seems to be known in the nitrogen heterocycl ic  
s e r i e s - d i r e c t  hydroxylation using solid alkali [32, 71, 81]. The process  usually takes place at such high tem-  
pera tures  that there are  no problems with the aromat izat ion of the a -complexes  and the ease of this react ion 
is ent i re ly determined by the positive ~-charge .  

Strange as it may seem at f irst ,  a corre la t ion  between r -def ic iency and react iv i ty  is also possible in 
principle for react ions  whose energy profile cor responds  to curve b (Fig.l).  A necessa ry  condition here  is 
that the t ransi t ion complex in the aromat iza t ion stage and the end product of the react ion have s imi la r  s t ruc-  
tures .  There  seem to be no rel iably identified examples of such react ions in the he te roaromat ic  se r i es .  The 
c loses t  are  possibly the react ions of abst ract ion of hydride [on f rom dthydro derivat ives of heterocycles ,  which 
fo rm he te roaromat ic  cations. Since rate data for these react ions unfortunately are  ext remely  sparse  (they r e -  
fer  mainly to 1,4-dihydropyridines)  we have to l imit the analysis to qualitative information. 

Crossed  hydride t rans fe r  between dihydro derivat ives of heterocycles  and various he teroaromat ic  cations 
has been used to derive severa l  hydride lability se r ies  [57, 82]: 

~H3 ~H3 
N\  ~ ' ~ N  H ~ .CH 2 

~ N  / ~"~-/ "N C6H 5 ~ "N 
I ( I 
CH 3 CH 3 CH 3 

CH 3 CH~ 
1 I 

> X > 
S CaH 5 ~ " 0  C6H 5 

H H H H H H 

> > (S>O>Se) 

These se r i e s  general ly  follow the relat ive LD' S of the he te roaromat ic  cations conjugated with the dihy- 
dro compounds. However although the LD's  of benzimidazol ium cations are  higher than those of indazolium 
cations, benzimidazolines are s t ronger  hydride donors.  This implies that the r -def ic iency  of the cations is not 
the sole factor  responsible for hydride lability. 

The not infrequently encountered corre la t ion  of the react iv i ty  of r -def ic ient  heterocyeles  with their  v - ac -  
ceptor proper t ies  demands par t icular  attention. Thus the hydride lability of dihydro derivat ives of heterocycles  
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TABLE 15. Half-Wave Reduction Potentials and 

Ease of Addition of Bisulfite Ion for Some Hetero- 

aromatic Systems [83] 

Compourld -El~ 2, V lg ~add 

quinazolininm ion 
acridinium ion 
pyrimidiniurn ion . 
2-amfnopyrimidininm 
Ix~rinium Ion 
aaenir~ 

ion 

0.40 
0,53 
0.62 
0,71 
0,83 
1,12 

8,55 
6,04 
4,49 
3,26 
1,34 

very slow 

c o r r e l a t e s  c lose ly  with the ease  of po larographic  reduct ion of the cor responding  he t e roa roma t i c  cat ions:  
g r e a t e r  difficulty of reduct ion of the cation is accompanied  by higher hydride reac t iv i ty  of the conjugate dihy- 
dro  der iva t ive  [57]. In pa r t i cu la r  the reduced hydride reac t iv i ty  of indazolines re la t ive  to benzimidazol ines  is 
cons is ten t  with the marked ly  g r e a t e r  ease  of reduct ion of the indazolium ion by compar i son  with the benz imid-  
azol ium i o n  [57]. The re  is  a l so  a good l inear  co r re la t ion  between the ease  of addition of bisulf i te  ion to the 
C = N bond of  ~-def ic ient  h e t e r o s y s t e m s  and the ease  of the i r  polarographic  reduct ion (Table 15) [83]. 

The exis tence  of such cor re la t ions  impl ies  that  e lec t ron  t r a n s f e r  f rom the nucleophile to the lowest  un- 
occupied orbi ta l  of  the he te rocyc l i c  compound is of cons iderable  s ignif icance in the l imiting stage of these r e -  
ac t ions .  These  r eac t ions  a r e  conventionally r e f e r r e d  to as  being control led by the energy  of the f ront ie r  o r -  
b i ta l s  [80]. 

At f i r s t  s ight  it  s e e m s  tempt ing to use  m e a s u r e m e n t s  of the kinetic carbon acidi ty of he te rocyc les  to 
evaluate the re la t ive  ~-def ic iency,  s ince m o r e  ~-deficient  cen te r s  should c o r r e l a t e  with more  acidic C - H  bonds.  
However  no co r r e l a t i on  has been found, probably  because  of the exis tence  of the ~ - a z a  effect ,  which des tab i -  
l izes  the carbanionic  cen te r  lying next to the he te roa tom [78, 84]. 

The si tuat ion rega rd ing  the co r re l a t ion  between the carbon acidi ty of the methyl  group in C - m e t h y l - s u b -  
sti tuted he te rocyc les  and the ~ -cha rge  on the a tom bear ing  the CH 3 group c lose ly  r e s e m b l e s  that  for  SN2Ar r e -  
act ions.  Thus 4 -me thy l - subs t i tu t ed  pyr idines  and quinolines have higher ac}dity than the 2 -methy l  de r iva t ives  
while the methyl  group in 2 -me thy lpyraz ine  is three  o rde r s  of magnitude m o r e  acidic than that  in 2 -methy l -  
pyridine.  This  is not cons i s ten t  with the re la t ive  LD ' s .  The obse rved  o rde r  of the carbon acidity of these 
methyl  groups  is thought to be due mainly  to the re la t ive  s tabi l i ty  of the carbanions  that  a re  fo rmed  [79]. On 
the other  hand c lose ly  re la ted  compounds in which the methyl  groups  have identical  molecu la r  env i ronments  
usual ly  show a co r re la t ion  between the i r  acidity and the LD of the a tom to which they a r e  bonded. This  is c l e a r -  
ly exempli f ied by  2- methyl - subs t i tu ted  imidazole  s y s t e m s  (Table 14). 

The c h e m i s t r y  of ~-deficient  he te rocyc les  has s e v e r a l  other in te res t ing  aspec t s .  These  include in p a r t i c -  
u l a r  the effect  of ~-deficient  he te ro  r ings  on the reac t iv i ty  of benzene r ings  condensed with them,  the r eac t i v -  
i ty of s y s t e m s  consis t ing of a ~,def ic ient  and a ~ -exces s ive  f ragment ,  e tc .  However  d iscuss ion  of these  points 
would take us beyond the  confines of this  review.  

C O N C L U S I O N S  

The p rob lems  assoc ia ted  with ~-def ic iency thus have much in common with those of ~7-excess. Our a im 
should p r i m a r i l y  be to develop a single sca le  for  ~ -excess  and ~-def ic iency  based  on some eas i ly  measu rab l e  
and re l iab le  expe r imen ta l  p a r a m e t e r  or  on an adequate quan tum-mechanica l  method. Withthis  we could both 
c la r i fy  the re la t ive  ~-def ic iency of he te rocyc l ic  compounds and ass ign  them more  p r e c i s e l y  to one pa r t i cu la r  
c l a s s .  Benzimidazole  could act  as this r e f e r e n c e  c o m p o u n d - i n  A lbe r t ' s  t e rmino logy  it belongs with the ~-ex-  
ce s s ive  compounds (six ~-e lec t rons  in a f i v e - m e m b e r e d  ring) but in addition it d is t inct ly  d isplays  net ~-de- 
f iciency.  

Secondly chemis t s  have to date used the concept  of  ~ -excess  and q-def ic iency  mainly  as a convenient  
model c lass i f ica t ion  and have not given due attention to i ts  use as a guiding pr inciple  in quanti tat ive work  on 
r eac t iv i ty  and physical  p rope r t i e s .  Expansion of this work  would be useful  and he re  p r o g r e s s  in our knowledge 
of the mechan i sm of nucleophilic subst i tut ion reac t ions  would have no smal l  pa r t .  The ~ - a c c e p t o r  ability, like 
the ~-donor abili ty,  is a p a r a m e t e r  that  is highly amenable  to p rec i se  definition and m e a s u r e m e n t .  

I thank Corresponding  M em ber  of the Academy of Sciences V. P. Mamaev  and P r o f e s s o r s  O. N. Chupakhin 
and A. K. Sheinkman for valuable d i scuss ions  of the quest ions dea l t  with in t h i s  review.  
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