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A new me thod  for  a l lowance for  the ac t iv i ty  of the nucleophile in ca lcula t ions  of the r eac t iv i t i e s  
of  h e t e r o a r o m a t i c  compounds that  is based  on the spec ia l  appl icat ion of the va lence  mo lecu l a r  
o rb i t a l  (VMO) theory  in the f o r m  of Dewar  r eac t iv i ty  number s  is proposed,  It  is shown that  
t he r e  is a co r r e spondence  be tween the p roposed  method and the gene ra l  VMO theory .  The 5 -  
azacinnoline molecu le  was calculated by both methods .  According to the calcula t ions ,  the 6-C 
a tom should be  the m o s t  ac t ive  in r eac t ions  with hard  b a s e s ,  whe reas  the 4-C a tom should be  
the m o s t  ac t ive  in r eac t ions  with soft  b a s e s .  A quali tat ive co r re spondence  between the proposed 
method and the DMTS (delocal izat ion mode l  of the t rans i t ion  state) method is a lso  demons t r a t ed  
in the case  of the quinolinium cation. 

An impor tan t  p rob l em  in quan tum-mechan ica l  calculat ions of the r eac t iv i t i e s  of h e t e r o a r o m a t i c  c o m -  
pounds is the neces s i t y  for  a l lowance for  the change in the r eac t iv i ty  of the subs t r a t e  as  the act ivi ty  of the 
r eagen t  changes.  Two such methods* - the gene ra l  va lence  m o l e c u l a r  o rb i ta l  (VMO} theory  (the Klopman 
method ) [1] and the DMTS (delocal izat ion mode l  of  the t r ans i t ion  state) method [2] - a r e  p resen t ly  known. 
Calcula t ions  by  these  methods  a r e  labor ious  and r e q u i r e  the use of a computer .  

In addition, t he re  is a s imple  and, a t  the s ame  t ime ,  effect ive method for the es t imat ion  of the r e a c t i v i -  
t i e s  of the a r o m a t i c  compounds with the appl ica t ion of the spec ia l  VMO theory  - the Dewar  method [3]. In the 
de t e rmina t ion  of the local iza t ion ene rg i e s  by  this  method t he r e  is no need to make  c u m b e r s o m e  calcula t ions ,  
s ince the coeff ic ients  of  the AO for the boundary  MO a r e  found by  s imple  ru les .  During a study of e l e c t r o -  
phil ic  subst i tu t ion r e a c t i o n s  in he t e rocyc l e s  it was  found that  the fl value in the Dewar  fo rmula  is not a con-  
s tant  equal  to the r e sonance  in tegra l  but r a t h e r  depends on the e lec t rophi le  used and d e c r e a s e s  as  the act ivi ty  
of the l a t t e r  i n c r e a s e s  [4]. I t  is logical  to a s s u m e  that  as  applied to nucleophilic subst i tut ion r eac t ions ,  the 
ca lcula t ion of the change in the loca l iza t ion  ene rgy  with va r i a t ions  in f will  co r re spond  to a change in the r e -  
ac t iv i ty  of the subs t r a t e  a s  a function of the na ture  of  the nucleophile.  The Dewar  fo rmula  can then be  r e p r e -  
sented as  AE(~) = 2fix(C%r + C0,s) - f~.hi(C0,i)  2, where  fix is a m e a s u r e  of the act ivi ty  of the nucleophile 

1 
and t akes  on va lues  ranging f rom ze ro  to p ,  and C0,r, C0,s, and C0,i a r e  the coeff ic ients  of the AO for the 
lower  vacan t  MO (LVMO) for  the r and s a toms  adjacent  to the reac t ion  center  and for the i a toms  with 
p a r a m e t e r s  h i (the coulombic  fac tor  in ~ i  = ~ + hi]~)" 
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Fig. 1. Calculat ions of the r eac t iv i ty  
of the qninolinium cat ion by the 
Dewar method: AE(v ) is the loca l i -  
zat ion ene rgy  of the anion, and fix is 
a p a r a m e t e r  that  c h a r a c t e r i z e s  the 
act ivi ty  of the nueleophile.  

* M o r e  complex  computat ional  methods  a r e  p r e sen t ly  not appl icable  to m a n y - a t o m  s y s t e m s  and not found in the 
l i t e r a ~ r e .  
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Fig. 2. Calculat ion of the reac t iv i ty  of  5-azacinnol ine  
by  the Dewar  method:  ~E(v) is the local izat ion energy  
of the anion [ re la t ive  to ~E{r) ,4] ,  and Bx is  a p a r a m -  
e t e r  that  c h a r a c t e r i z e s  the ac t iv i ty  of the nucleophile.  

Fig. 3. Calculat ion of the reac t iv i ty  of 5-azacinnol ine  
by the Klopman method:  Epe r is  the pe r tu rba t ion  en -  
e r g y  during a t tack  on the 4-C or  6-C a tom,  and E m  is 
a m e a s u r e  of the ha rdnes s  of the b a s e  (i t  i n c r e a s e s  
f rom the r igh t  to the lef t ) .  

To ve r i f y  this a s sumpt ion  we calculated the change in the local izat ion energy  in the ca se  of nucleophilic 
a t t ack  a t  the  2-C and 4 -C a toms  of the quinolinium cat ion as  fix changes.  It  follows f rom the calculated data  
p resen ted  in Fig. 1 that  a t tack  at  the 2-C a tom is energe t ica l ly  m o r e  favorable  for  hard  ba se s  - for low 6x  
values  - w h e r e a s  a t tack  a t  the 4-C a tom is m o r e  favorable  for soft  b a s e s  - for l a r g e r  Bx values .  The r e s u l t s  
of the calcula t ion by the proposed  method a r e  in a g r e e m e n t  with the calculat ions by  the DMTS method [2], as  
well  as with the expe r imen ta l  data:  the a t tack  by  hard  b a s e s  - O-anions - is d i rec ted  at the 2-C a tom,  and a t -  
tack  by  soft  b a s e s  [5] - ca rban ions  - is  d i rec ted  at  the 4-C a tom of the quinolinium cat ion.  

We a lso  used the improved Dewar  method for  the ca lcula t ion of the change in the reac t iv i ty  of 5 - a z a c i n -  
noline in nucleophilic subst i tut ion reac t ions  involving the hydrogen a tom as  a function of the act ivi ty  of the 
nucleophile.  It  follows f rom Fig. 2 [AE(~) for the 4-C a tom was selected as the standard] that  the 6-C a tom 
is m o s t  r eac t i ve  in the h a r d - b a s e  region,  whe re a s  the 4-C a tom is  m o s t  r e a c t i v e  in the so f t -base  region.  The 
s a m e  re la t ionship  was p rev ious ly  obse rved  [7] for  r eac t ions  control led by  the cha rge  and the boundary  e l e c -  
t r o n  densi ty .  

A s i m i l a r  r e su l t  is obtained in the ca lcula t ion of the change in the reac t iv i ty  of 5-azacinnol ine  as a func-  
t ion of the act ivi ty of the nucleophile with the use of the genera l  VMO theory .  The upper occupied MO (UOMO) 
energy  (Era)* is a m e a s u r e  of the s t rength  of the nucleophile (the ha rd ines s  of the base) in this  method [1], 
and the pe r tu rba t ion  ene rgy  during a t tack  on this  posi t ion is a m e a s u r e  of the reac t iv i ty  of any posi t ion in the 
subs t ra t e  molecule :  

vac 2(C.,~)2 p2. 
ZPer'i= ~' Em-En+l 

The r e s u l t s  of the calculat ion,  which a r e  p resen ted  in Fig. 3, a r e  in comple te  a g r e e m e n t  with the calculat ions 
by the proposed  method:  a t tack  a t  the 6-C a tom is  energe t ica l ly  m o r e  favorable  in the h a r d - b a s e  region,  
while a t tack  a t  the 4-C a tom is m o r e  favorable  in the s o f t - b a s e  region.  

This  a g r e e m e n t  between the two methods is not accidental ,  since the s ta r t ing  physica l  models  for the 
calculat ion of the reac t iv i t i e s  of the he t e rocyc le s  by the two methods cor respond  to one another .  This  a s s e r -  
t ion can be  explained. In the case  of a r eac t ion  with a s t rong b a s e  the t rans i t ion  s ta te  of the reac t ion  is 
r eached  rapidly  and is s t ruc tu ra ly  c lose r  to the s ta r t ing  s ta te ;  the coulombic in terac t ion  between the reagen t s  
is l a rge ,  a s  a r e s u l t  of which the reac t ion  is  control led by the cha rge  d is t r ibut ion  in the reagen t  molecu les  - 
in the Klopman method this co r re sponds  to a low-lying UOMO of the nucleophile with sma l l  E m values .  At 
the s a m e  t i m e ,  in the Dewar method this co r r e sponds  to sligh t pe r tu rba t ion  of the ~ - e l e c t r o n  sy s t em of the 

*In addition to other  fac to rs ,  the cha rge  of the reagen t  en te r s  into calculat ions of E m by the method of the 
genera l  VMO theory  [1]. 
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subs t ra te  when the carbon  atom undergoing at tack has not yet  taken on sp 3 hybridizat ion and has  not gone out 
of conjugation with the adjacent  a toms of the ring; this is descr ibed  by small  ~x values.  In the reac t ion  with 
a soft  base  the orbi ta l  in terac t ion  takes on its maximum value,  as a resu l t  of which the reac t ion  is control led 
by the boundary e lec t ron  densi ty - in the Klopman method this co r responds  to a high-lying UOMO of the nu-  
cleophile with la rge  E m values .  In the Dewar method this in teract ion cor responds  to pronounced pe r tu rba -  
t ion of the v - e l e c t r o n  sys tem of the subs t ra te ,  when the conjugation of the carbon  atom undergoing at tack with 
the adjacent  a toms is disrupted in view of its convers ion  to the sp 3 state;  this is desc r ibed  by l a rger  ~x 
values. 

Thus we have dem~nstratedthe correspondence between our proposed method for allowance for the ac- 
tivity of the nucleophile, which is based on the special application of the VMO theory in the form of Dewar 
reactivity numbers, and the method for allowance for the activity of the nucleophile on the basis of the general 
VMO theory - the Klopman method. A qualitative correspondence between the proposed method and the DMTS 
model was also demonstrated in the case of reactions of the quinolinium cation. 
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