
QUANTUM-CHEMICAL INTERPRETATION OF 

RECYCLIZATION REACTIONS. 3.* AZAINDOLIZINES 

Yu.  B. V y s o t s k i i  a n d  B.  P .  Z e m s k i i  UDC 541.~7:547.792'79~'859'873 

The r ea r r angemen t s  of a number  of azaindolizines are examined within the f ramework  of the 
previously  developed [Khim. Geterotsikl .  Soedin., No. 11, 1496 (1979); No. 3, 381 (1980)] 
method of quantum-chemical  description.  Allowance for the effect of functional substitution on 
all s tages of the calculation was rea l ized  on the basis  of the bonded var iant  of per turbat ion 
theory in the 7r-electron approximation by the MO LCAO se l f -cons is ten t  field (SCF) method. 
Replacement  of the CH group by a ni trogen atom was examined as a source  of per turbat ion in 
addition to the effect of functional substituents; a small  per turbat ion pa rame te r  (/XC~N) was 
obtained f rom a compar i son  of the chemical  shifts of the protons and the energies of the lower 
s ingle t -s ingle t  t ransi t ions of azaindolizines found within f i r s t - o r d e r  (with respec t  to AaN) 
per turbat ion theory [see Ref. Zh. Khim., 12B72 (197~) and 19B195 (1978)] with the exper i -  
mental  values and the values calculated by a d i rec t  method. It is shown that, in addition to 
r ea r r angemen t s  that take place with the ejection of the he teroatom from the aromat ic  ring and 
replacement  by a carbon atom, this schenle descr ibes  recycl iza t ions  of the Dimroth type, 
sa t i s fac tor i ly  reflect ing their  revers ib le  cha rac t e r  and the shift of the equilibrium in these 
r ea r  rangements.  

A method for the descr ipt ion of the recyel izat ion react ions of the anhydro bases  of ~-methylpyr id ines  
and benzopyridines was developed in [ 1, 2] ; the competit ive formation of the anhydro bases ,  the ratios of the 
yields of which were est imated f rom the n -e lec t ron  residual  charges  on the corresponding methylene groups,  
was regarded  as the f i r s t  step in this method. The positions of the attack on the anhydro base by the hydroxide 
ion and the weakest  bond (the minimum ~-bond o rde r  cor responds  to it) ,  the cleavage of which should occur  
during the reaction,  were then determined f rom a calculation of the e lec t ron-dens i ty  distr ibution of the most  
stable of these i somers .  The anhydro bases  with a cleaved (the corresponding resonance integral  was a s -  
sumed to be equal to zero)  7r bond were  calculated, and the direct ion of cyclization,  for which the positive 
long-range bond o rders  serve  as react ivi ty  indexes, was determined in the third step. Allowance for the ef-  
fect  of functional substitution in all steps of the calculation was real ized on the basis  of the bonded var iant  of 
per turbat ion theory in the MO LCAO se l f -cons is tent - f ie ld  (SCF) method. Since rep lacement  of the CH group 
in the conjugated sys tem by a nitrogen atom can also be regarded  as a per turbat ion [3], it can be descr ibed by 
means of the same scheme.  In the present  r e s e a r c h  we studied the effect of "aza  substitution" on the r ecy -  
clization react ions of this c lass  of compounds within the f ramework  of the developed approach in the case of 
a number  of azaindolizines.  

1. The react ivi t ies  of organic molecules  within the f ramework  of a static model are  determined by the 
p a r a m e t e r s  of their  e lectronic s t ruc tures ,  d i rec t  information regarding which is r a the r  difficult to obtain ex- 
per imenta l ly  but re la t ively  easy to obtain by the methods of quantum chemis t ry .  The agreement  be~%veen the 
calculated and experimental  spectra l  cha rac te r i s t i c s  usually serves  as a c r i t e r ion  of the rel iabil i ty of the 
e lec t ron-dens i ty  distr ibution found, since it is p rec i se ly  the calculation of the ground state of the molecules 
that se rves  as the basis  of the determinat ion of their physicochemical  molecular  proper t ies .  To descr ibe  the 
react ivi t ies  of azaindolizines within the f ramework  of the scheme for  allowance for the effect of aza substi tu- 
tion on the physicochemical  proper t ies  one must  therefore  f i rs t  es t imate  the small  pa rame te r s  of the pe r tu r -  
bations of the CH groups (A~N) that are  replaced by nitrogen atoms. This can be accomplished by compar ing 

*See [1, 2] for  Communications 1 and 2. 
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TAB LE 1. 7 r - E l e c t r o n  Ring C u r r e n t s  ( i ) ,  R e l a t i v e  D i a m a g n e t i c  
S u s c e p t i b i l i t i e s  ( •  and P r o t o n  C h e m i c a l  Shif ts  (ppm)  of 
A z a i n d o l i z i n e s  

Molecule 

I 

8 

6 2 

5 3 

iI = 1,026 
i2 = 0,801 
X' = 1,481 
II 

6 2 

il = 1,085 
i2 = 0,865 
Z '  =- 1 ,58  i" 

I l l  

8 

6 

5 

il = 1,096 
i2 = 0 ,792 
)(= 1,518 
IV 

" 8 

6 2 

i1= 1,015 
i2=0,844 
X'= 1,516 

Molecule 

Cale. 

V 

8 

6 2 

i] = 1,039 
ie=0,775 
X'= 1,463 
VI 

8 

2 

5 3 

ii = 1,024 
i2 = 0,800 
X'= 1,478 
VII 

8 

a 2 

5 3 

il = 1,032 
i2 = 0,790 
X'= 1,472 

VIII 

i~ = 1,034 
i~ = 0,804 
Z'= 1,494 

Catc. I 
- ,--r- '~ I 

6,31 
6,67 
7,52 
7,79 
6,32 
7,51 

6,50 
6,94 
7 ,37  
8,84 
7,37 
7,37 

6,85 
6,97 
7,46 
7,89 
7,58 
8,91 

m 

m 

m 

m 

* D a t a  f r o m  [6] .  

the  c h e m i c a l  sh i f t s  of  the  p r o t o n s  and the e n e r g i e s  of  the  l o w e r  s i n g l e t - s i n g l e t  t r a n s i t i o n s  found v i a  th i s  
s c h e m e  ( for  e x a m p l e ,  s e e  [4, 5]) w i t h  the  e x p e r i m e n t a l  v a l u e s  and the v a l u e s  c a l c u l a t e d  b y  a d i r e c t  me thod .  

The r e s u l t s  of a d i r e c t  c a l c u l a t i o n  by  the m e t h o d  in [6] of  the  ~ - e l e c t r o n  r i n g  c u r r e n t s  ( i ) ,  the  r e l a t i v e  
d i a m a g n e t i c  s u s c e p t i b i l i t i e s  ( •  and  the c h e m i c a l  sh i f t s  (CS) of  the  p r o t o n s  a r e  p r e s e n t e d  in Tab le  1. I t  i s  
a p p a r e n t  f r o m  T a b l e  1 tha t ,  upon the whole ,  the  c a l c u l a t i o n  s a t i s f a c t o r i l y  r e p r o d u c e s  the e x p e r i m e n t a l  da t a ,  
a l though  i t  does  not  a g r e e  wi th  the  a s s i g n m e n t  in  [7] of  the  s i g n a l s  of  the  p r o t o n s  in  the  2 and 5 p o s i t i o n s  in  II 
and  IV and  the p r o t o n s  in  the  1 and 5 p o s i t i o n s  in III. In the  c a l c u l a t i o n  i t  was  a s s u m e d  tha t  the  s t r u c t u r e s  of  
the  f i v e -  and s i x - m e m b e r e d  r i n g s  in a l l  o f  the  i n v e s t i g a t e d  c o m p o u n d s  a r e  r e g u l a r  p e n t a g o n s  and hexagons  
wi th  a bond  l eng th  of  1.39 A and tha t  the  c o u l o m b i c  i n t e g r a l s  of the  n i t r o g e n  a t o m s  and the i n t e r e l e c t r o n  i n t e r -  
a c t i o n  i n t e g r a l s  a r e  the  s a m e  as  in  [6], wh i l e  the  r e s o n a n c e  i n t e g r a l s  of  the  CN bonds  in  the s i x - m e m b e r e d  
r i n g  a r e  equa l  to the  f lCN va lue  of  p y r i d i n e ,  and the r e s o n a n c e  i n t e g r a l s  of the  CN bonds  in the  f i v e - m e m -  

b e r e d  r i n g  a r e  equa l  to the  f lCN v a l u e  of  p y r r o l e .  

S ince  the  r e l a t i v e  d i a m a g n e t i c  s u s c e p t i b i l i t y  s e r v e s  a s  one o f  the q u a n t i t a t i v e  c h a r a c t e r i s t i c s  of  a r o -  
m a t i c i t y  ( fo r  e x a m p l e ,  s e e  [8 ] ) ,  f r o m  the  d a t a  in  T a b l e  1 i t  i s e a s y  to c o n s t r u c t  a s c a l e  of  a r o m a t i c i t y  that ,  
wi th  a l l o w a n c e  f o r  the r e s u l t s  in  [6], has  the  fo l lowing  f o r m :  p y r r o l e  < 5 - a z a i n d o l i z i n e  (V) < 7 - a z a i n d o l i z i n e  
(VII) < 6-azaindolizine (VI) <_ indolizine (1) < 8-azaindolizine (VIII) < 3-azaindolizine (IV) < 2-azaindolizine 
(III)< benzirnidazole < l-azaindolizine (III) < IH-indazole. Let us note that in the calculation of indolizine in 
[6] the resonance integrals of all of the CN bonds were assumed to be the same as for pyrrole, and this led 
to a somewhat overstated X' value with respect to the data in the present study. The chemical shifts of indoli- 

766 



L,eV 

1 2 

\~\\\ 3 

5 6 7 8 

b 

0 1 2 3 5 6- 7 

Fig. 1. E f f ec t  of the position of the nitrogen atom* in 
azaindolizines on the energies  of the transi t ions of the 
o~ (a) and p (b) bands: 1) calculation f rom per tu rba -  
tion theory; 2) d i rec t  calculation; 3) experimental  data. 

*Unsubstituted indolizine is designated by 0. 

zine found in [6] are  presented in Table 1 for compar i son  and depend only slightly on a change in the pa ra -  
metr izat ion.  

It follows f rom the scale  of a romat ic i ty  that replacement  of the CH group of indolizine by a nitrogen 
atom in the f ive -membered  ring leads to an increase  in the a romat ic i ty  (compare with • of the molecule as 
compared  with indolizine, while in the case of a s ix -membered  ring it leads to a decrease  in the aromatic i ty ,  
with the exception of substitution in the 8 position. However, let us emphasize that the X' values of azaindoli-  
zincs display re la t ively little variat ion (from 1.4~3 to 1.581). The aromat ic  ities of the individual rings can 
be est imated f rom the 7r-electron ring cur ren ts .  It follows f rom Table 1 that the a romat ic i ty  of the five- 
membered  ring increases  in the case  of introduction of a ni trogen atom in both five- and s ix -membered  rings,  
with the exception of IV and VI, while the a romat ic i ty  of the s ix -membered  ring decreases ;  the introduction 
of a ni trogen atom in the 1 and 3 positions of the f ive -membered  ring of indolizine constitutes an exception in 
this case.  

The energies  of the lower s i ng l e t - s i ng l e t  t ransi t ions,  which were determined as the eigennumbers of 
the Har t r ee - -Fock  ground state stabil i ty matr ixes  [8],  which is equivalent to allowance for  all of the singly 
and some of the doubly excited configurations,  were  found on the basis  of a calculation of the ground states of 
the investigated sys tems .  The calculated values a re  in sa t i s fac tory  agreement  with the experimental  values: 
I 3 .54 (3 .58 ) , *  4.27 (4.21); II 3 .75(4.00) ,  4.56 (4.43); III 3.57(3oG0), 4 .40(4.53) ;  IV 3.93(4.13) ,  4 .20(4.29);  
V 3.43 ( - ) ,  4.~1 ( - ) ;  VI 3.44 (3.59), 4.36 (4.38); VII 3.77 (3.75), 4.15 (4.43); VIII 3.35 ( - ) ,  4.29 eV (--) (the 
experimental  data f rom [10-12] are  presented in paren theses) .  It is apparent  f rom these data that rep lace-  
ment of the carbon atoms in the 1, 3, and 7 posit ions in indolizine by a nitrogen atom is accompanied by a 
hypsochromie shift of the long-wave band. The second band is less  sensit ive to aza substitution, the hypso-  
chromic  shift of which is observed when a nitrogen atom is introduced in the 1, 2, and 5 positions. This se -  
quence of the spec t ra l  lines in the case of aza substitution of indolizine is in good agreement  with the exper i -  
mental  resul ts ,  which is graphical ly  apparent  in Fig. 1. 

The coefficients of the effect of chemical  substitution on the proton magnetic shielding (Kij) and on the 
energies  of the lower s i ng l e t - s i ng l e t  t ransi t ions of indolizine were calculated by the methods in [4, 5] to de-  
scr ibe  the spect ra l  cha rac te r i s t i c s  of azaindolizines within the f ramework  of per turbat ion theory. Since the 
change in the chemical  shift of the i - thpro ton  when the j - th  CH group is replaced by a nitrogen atom is 
l inear ly  re la ted to Kij (AS i = KijAC~N), this makes it possible to find A~ N f rom the calculation of Kij and a 
knowledge of A5 i. The use of the NMR spec t ra  together  with the UV spec t ra  makes it possible to es t imate  
this value more  rel iably,  since a sufficiently large  set of experimental  data is encompassed in this case.  The 
method of leas t  squares  gives a value of 1.30 eV for  Aa N with a cor re la t ion  coefficient of 0.95. It is apparent  
f rom Table 1, in which, in addition to the resul ts  of d i rec t  calculation, the chemical  shifts found within the 
f ramework  of this scheme are  presented,  that the pat terns  of the posit ions of the signals of the protons in the 
NMR spec t ra  of azaindolizines obtained by var ious  methods vir tual ly  coincide with one another. 

Calculation of the UV spec t ra  of the azaindolizines with the use of the same Ao~ N value by the method in 
[ 5] gave the following energies  of the lower = - = *  transi t ions for  II-VIII,  respect ively:  c~ band 3.58, 3.55, 

*In [6] the calculated energy of this t ransi t ion was 3.48 eV. 
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3.60, 3.48, 3.50, 3.56, and 3.47 eV; p band 4.28, 4.29, 4.25, 4.29, 4.25, 4.23, and 4.25 eV. These data are in 
satisfactory agreement with the experimental values [10-12] and the results of direct calculation and cor- 
rectly reflect the sequence of the spectral shifts as a function of the position of the nitrogen atom in the aza- 
indolizines (Fig. 1). 

Thus, the good agreement between the calculated (within the framework of the bonded variant of pertur- 
bation theory in the MO LCAO SCF method) spectral characteristics of azaindolizines and the experimental 
values and the values obtained by direct calculation constitutes evidence for the reliability of the charge dis- 
tribution obtained via this scheme and makes it possible to draw conclusions regarding the reactivities of 
these compounds on the basis of calculation of only one indolizine molecule, the charge distribution of which 
and the atom-atom and atom-bond mutual polarizabilities are presented in Table 2. 

These data (together with the polarizabilities 7r4, 4 = +0.235, ~9,9 = +0.460, and ~4,9 =-0.048) make it pos- 
sible to find the electron-density distribution in'any azaindolizine molecule (and to describe any functional 
substitution) f rom the formulas  

qi=qi~ Pij = Po~ E~ij,~Aah, 
k k 

where qi and q~ p0j) are  the charges  (bond o rde r s )  in the substituted and unsubstituted molecules,  7rik 

and 7rij,k are  the a t o m - a t o m  and a t o m - b o n d  mutual polarizabil i t ies ,  Aa k is a pa r ame te r  that cha rac te r i zes  
the substituent (or the ni trogen atom),  and the summation is pe r fo rmed  over  all of the substituting groups. 

Let us note that, as expected, the Aa N value has Lhe same sign as AO~NO2, although it is smal le r  in ab- 
solute magnitude. This consti tutes evidence for  the identical effects of the nitro group and the ring nitrogen 
atom on the spec t ra l  cha rac t e r i s t i c s  and the react ivi t ies  of the organic compounds, par t icu la r ly  on recyc l i za -  
tion react ions.  For  example, using the formulas  and tables in [1] it is easy to show that the anhydro bases  of 
pyr imidines  should undergo recycl iza t ion  to pyr id ines ,  while sym- t r i az ines  should undergo recycl izat ion to 
diazines,  in agreement  with the experimental  data [13-16 ]. In fact, the long-range 6 - 7  bond order  is 0.4282 + 
0.088" 0.2465" 1.30 = 0.4571 when the carbon atom in the 3 position in 1- methyl-  2-methylene-  1, 2-d ihydropyr i -  
dine is replaced by a nitrogen atom, while the o r d e r  of the cleaved bond is 1~1,6 = - 0.1417. Similar ly in the 
case of simultaneous rep lacement  of the carbon atoms in the 3 and 5 positions by nitrogen atoms these bond 
o rde r s  are  PG,7 = 0.4991 and Pl,6 = -0 .1827 .  1 ,2 ,4 ,6 -Te t ramethy l - sym- t r i az in ium iodide should also undergo 
r ea r r angemen t  readily,  since the o rde rs  of the 6 - 7  and 1 - 6  bonds in its anhydro base are ,  respect ively,  
+0.6670 and -0 .4620.  It can s imi la r ly  be shown (with the aid of the tables in [2]) that 2-methylquinazoline 
salts  should undergo reeycl izat ion to quinolines with corresponding bond o rders  Pl,~ = -0 .1359 and P6,7 = 
+0.423. 

2. Indolizine can be regarded  as a fixed anhydro base,  since the 1 -R-2-methy lene- l ,2 -d ihydropyr id ine  
s t ruc tura l  f ragment  can be isolated in its molecule. The quantum-chemical  descr ipt ion of its recycl izat ion 
should therefore  begin with the determinat ion of the site of attack by the nucleophile. It follows f rom the 
molecular  d iagram of indilizine (Table 2)* that considerable positive =-e lec t ron  charge is localized on the 
ni trogen atom, whereas  the negative charges  are  localized on all of the carbon atoms except C 8. This explains 
the high stabil i ty of indolizine with r e spec t  to nucleophilie agents, while the calculated values of the residual  
=-e lec t ron  charges  and a t o m - a t o m  sel f -polar izabi l i t ies  indicate the electrophil ic  attack on the indolizine 
ring should occur  p r imar i l y  in the 3 and 1 (and subsequently 2) positions of the f ive -membered  ring. These 
conclusions a re  conf i rmed by the experimental  data (see [ 17]). 

Thus, unsubstituted indolizine should not undergo recyel izat ion under alkaline conditions, although the 
long-range  1 - 5  bond order  is r a the r  high (P1,5 = +0.1571), and the lowest bond o rde r  in the molecule (P4,5 = 
0.3890) is re la t ively  small ;  this consti tutes evidence for the possibil i ty of thermal  r ea r r angemen t  of indoli- 
zine to indole. The r eve r s e  r ea r r angemen t  of indole to indolizine is unlikely, since the 1 - 4  bond o rde r  in in- 

8 4 

6 2 ~ ? 

* Let us note that the distribution of the 7r-electron density in the indolizine molecule depends only slightly on 
the parametrization used (for example, see [6 J) and coincides in its general features with the distribution 
previously obtained by the H'uckel [ 18] and CNDO/2 [ 19] methods (let us note that the long-range bond orders 
were not examined in these studies). 
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dole is low (0.053), while the 1 - 8  and 4 - 9  bond orders  are  ra ther  high (0.437 and 0.561). Activation of in- 
dolizine by the introduction of substituents is neces sa ry  for its recycl izat ion under alkaline conditions. 

Substituents in the indolizine molecule can change the distr ibution of the 7r-electron density signifi-  
cantly. Thus, it is apparent  f rom the a t o m - a t o m  self-  and mutual polar izabi l i t ies  (Table 2) that the C 5 posi -  
tion undergoes the g rea t e s t  change in charge.  The p resence  of e l ec t ron-accep to r  substituents in the 6 and 8 
posi t ions  of indolizine (for example, a nitro group, As = 8.07 eV) changes the sign of the ~-e lec t ron  charge 
in the 5 position; thus, for  example, it becomes  equal to +0.603 for  6-nitroindolizine and +0.283 for 8-n i t ro in-  
dolizine. This explains the ease of the react ion of 6- and 8-nitroindolizines with nucleophiles; 6-ni t roindol i -  
zine should undergo nucleophilic substitution more  readi ly than the 8-ni t ro  i somer ,  and this is in agreement  
with the experimental  data [20]. The introduction of e lec t ron-accep tor  groups in the 1 and 3 positions has a 
s imi la r  effect. E lec t ron-donor  substi tuents in all of these posit ions inc rease  the negative charge  on the C 5 
atom and make nucleophilie at tack at this site unlikely. The introduction of substituents in the 2 position has 
vir tual ly no effect on the charge  on the carbon atom in the 5 position, while the probabil i ty of at tack on the C 5 
atom by a nucleophile inc reases  when e lec t ron-donor  functional groups a re  introduced in the 7 position. How- 
ever ,  the p resence  of e l ee t ron-aecep to r  groups in the 7 posit ion dec reases  the probabil i ty of nucleophilic sub- 
stitution in the 5 posit ion even as compared  with unsubstituted indolizine. The introduction of severa l  func- 
tional groups should be considered additively. 

An analysis  of the a t o m - b o n d  mutual polar izabi l i t ies  shows that although e l ec t ron-accep to r  substituents 
(for example, NO2) in the 1, 3, 6, and 8 posit ions intensify the eleetrophil ici ty of the 5 position, they also 
strengthen the 4-5 bond somewhat,  hindering, as i t  were,  its cleavage. Attack by a r a the r  s t rong nucleophile 
such as OH- is therefore  n e c e s s a r y  for  the format ion of an open form with cleavage of the 4 -  5 bond, and at-  
tack by a weaker  nucleophilic agent such as piperidine does not lead to r ing opening but r a the r  to replacement  
of the hydrogen atom [20]. Let us note that the introduction of a nitro group in the 2 posit ion weakens the 
4 - 5  bond and thereby promotes  the format ion of the open form without affecting the charge on the C~ atom. 

It follows f rom molecu la r  d iagram 2 (Table 2) that the 1 - 5  bond order ,  which se rves  as a react iv i ty  
index in react ions  involving cycl izat ion of the open form,  prevai ls  over  the 4 -  5 bond order ,  and this de te r -  
mines the di rect ion of cyclization.  It is apparent  f rom Table 2 that the introduction of e lee t ron-accep tor  func- 
tional groups in the 2, 6, and 8 posit ions (in cont ras t  to the 1 and 3 posit ions) strengthens the 1 - 5  bond and 
weakens the 4 - 5  bond. E lec t ron-donor  substituents have the opposite effect. 

Thus, all of the mater ia l  set  forth above makes it possible to a s se r t  that recycl izat ion to the co r respond-  
ing indoles with cleavage of the 4 -  5 bond and the formation of a 1 -  5 bond is possible for  6- and 8-nitroindoli-  
zincs. The reeycl iza t ion  should proceed  more  readi ly and the yield of products  for  6-nitroindolizine should be 
higher  than for  8-rdtroindolizine.  All of this is in complete  agreement  with the experimental  data [21]. Let 
us note that since the long-range positive bond o rde r s  in indolizine are  somewhat  smal le r  than in the anhydro 
bases  of 2-picoline and 1- and 3-alkylisoquinolines,  while the o rde r  of the cleaved bond is g r ea t e r  (see [ 1, 2]), 
the yields of the products  of recycl iza t ion of indolizines should be lower than the yields of 2-alkylpyridinium 
and 1-alkylisoquinolium salts;  this is also in agreement  with the experimental  data (compare [21-23]).  This 
r e a r r a n g e m e n t  should also be rea l ized  for  3-nitroindolizine.  The presence  of e l ec t ron-accep to r  groups in 
the 3,6, and 8 posit ions and of an e lec t ron-donor  group in the 7 position should facili tate the recycl izat ion.  A 
nitro group in the 2 posit ion promotes  r ea r r angemen t  only when e lec t ron-accep to r  groups a re  p resen t  in one 
(or  severa l )  of the 3, 6, o r  8 positions. 

Thus, the activating effect of substituents on the recycl izat ion react ions  of the molecules  is threefold in 
nature.  F i rs t ,  a substituent activates attack on the molecule by the nucleophile by changing the e lec t ron-  
densi ty distribution; second, it p romotes  ring opening by weakening the bond undergoing cleavage (in this case 
its n -e l ec t ron  o rde r  is decreased) ;  third, a substituent may increase  the rate of cyelizat ion of the open form 
(it may  inc rease  the corresponding long-range bond o rde r ) .  Allowance for  all of these factors  is n e c e s s a r y  
in the quantum-chemica l  descr ipt ion of the recyel iza t ion react ions.  Let us note that, depending on the s t ruc -  
ture  of the molecule and the cha rac t e r  of the substituting group, the la t te r  may have a different effect on 
these three p rocesses .  For  example, a substituent may promote  nucleophilic addition and hinder ring open- 
ing or,  in the open form, may hinder cyclization.  The  specific effect of a functional group depends on its 
numer ica l  A s  values and the magnitudes of the charges ,  bond o rders ,  and mutual polarizabiI i t ies  of the 
molecule:  

3. It follows f rom an examination of the UV and NMR spect ra  of the azaindolizines that replacement  of 
the CH group by a nitrogen atom is equivalent to the introduction of a weak e lec t ron-accep tor  substituent in 
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this position. The effect of the ring nitrogen atom on the recyeHzat ion of azaindolizines is therefore  s imi lar  
to the effect of e l ec t ron-accep te r  functional groups.  Thus, for example, the introduction of a nitrogen atom in 
place of the carbon atom in the 7 position leads, in conformity with the experimental  data [24], to nucleophilic 
attack in the 8 posit ion (in which case  q8 = +0.09, and q5 = -0 .028) .  Nucleophilic attack in 6-azaindolizine 
(V1) should take place at the C 5 atom, whereas  in 8-azaindolizine (VIII) it should take place at C 7. In 5-aza-  
indolizine (V) attack by a nucleophilic agent should be directed to the 6 position o r  to C 8 (the charges  on 
these atoms a re  +0.073 and +0.055, respect ively.  Unsubstituted 1- and 2-azaindolizines should be res i s tan t  
to recycl iza t ions ,  since q5 < 0. All of the monoazaindolizines have little inclination to undergo r e a r r a n g e -  
ments because of the smal lness  of A~N, and activation of these compounds is neces sa ry  for  their  r ecye l i za -  
tion. 

Activation can be accomplished not only by the introduction of functional groups but also by replacement  
of the CH groups by nitrogen atoms. The presence  of two nitrogen atoms in addition to a nodal ni trogen atom 
leads to recycl izat ion,  as, for  example, in the ease of the recycl iza t ion  of sym- t r i azo lo  [4 ,5-a]pyr id ine  to 
sym- t r i azo lo  [ 1, 5-a] pyridine 

N ~N 
IX X 

P6.5 =0. 3~4B P4.5 :O"/~300 
PI 5 ~0" 1342 Pl .5  ::0" 1715 

although still under ra ther  severe  conditions (10% NaOH, refluxing for 24 h) [25]. The o rders  of the cleaved 
4 -  5 bonds of the s tar t ing molecule and the long-range 1 -  5 bond o rders  in its open form are  presented in the 
scheme next to the formulas  of the compounds. Similar  values are  also presented for  the react ion product.  
The c loseness  of P4,~ and ID1, s, respect ively ,  in s t ruc tures  IX and X consti tutes evidence for the revers ib i l i ty  
of this react ion,  although their  numerica l  values indicate a shift of this equil ibrium to favor the X form. It 
follows f rom the calculat ion that activation of IX by the introduction of a n  N O  2 group in the 8 position facil i-  
tates the recycl iza t ion considerably  (10% NaOH, refluxing for 30 rain) [26]. Activation of 3,8-diazaindolizine 
leads to attack by the nueleophile on the C 5 atom and to its subsequent recyel izat ion [27]. 

Let us note that the recycl iza t ion  of azaindolizines that contain a nitrogen atom in the 1 position occurs  
with retention of the nodal ni trogen atom, in connection with which it is r evers ib le  and bears  the name of the 
Dimroth r ea r r angemen t  [ 28 ]. 

The presence  of three or  more  nitrogen atoms facili tates the reeyel izat ion to an ever  g rea t e r  extent. 
All of these possible r ea r r angemen t s  can be readi ly descr ibed within the f ramework  of the evolved approach. 
The resul ts  of the calculation are  ref lected in the following scheme:  

--N 
N . ~ / N ~ . ~ N  ~ .~N//j 
F4.5=O.4143 P4. j=0./~495 
PI[5 =0, 1907 PI .5=0+ t779 

~N~.~ "~'N ~ 

P4.5:0.4041 P4,5=0,4393 
PI.5 =0- 1849 P1,5=0,1721 

P4.5=0. 3980 P4.5=0.4332 
Pt .5 =0' I791 PI .5 =0" 1664 

~ J  
N~I,- ~ ~ ~CH 3 

T 

CH 3 

P4,5 =0" 1570 P4.5 =~ 
Pl ,5 =0.2220 PI .5 =0. I020 

P4.5=o   7 P45=o42. 

N - - N  - 

P4,5=O,40~2 P~o5=O.443~ 

PI.5 =O-L801 Pi,5=0,1801 

P4,5=0,4416 P4,5=0,4416 
PI,5 =0.1859 PI.5~.1859 
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The equi l ibr ia  of these r e a r r a n g e m e n t s  a re  shifted to the right,  in ag reement  with the available exper imenta l  
data [28-34].  

Thus, the method developed in this r e s e a r c h  makes it  possible  to descr ibe  a r a the r  la rge  amount of 
exper imenta l  ma te r i a l  on the reeyc l iza t ion  react ions  of azaindolizines (as well as azapicolines and azaalkyl-  
isoquinolines)  on the basis  of quantum-chemical  calculat ion of a small  number  of s tar t ing molecules  and to 
uncover  the pr incipal  s t ruc tu ra l  regu la r i t i e s  in the recycl iza t ion  reac t ions  of these compounds. 
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