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The protonat ion of some  5-aza indoles  and 5-azaindol ines  by t r i f luoroace t ic  acid in med ia  
with di f ferent  d ie lec t r i c  cons tants  was  studied by PMR spec t roscopy .  Protonat ion occu r s  at 
the n i t rogen a tom of the pyr id ine  r ing.  The  s t r u c t u r e s  of the monocat ions  of 5-azaindole,  
5-azaindol ine,  and the i r  1-phenyl  de r iva t ives  co r respond  to a cons iderable  contr ibution of 
the quinoid s t ruc tu re  with t r a n s f e r  of posi t ive  charge  to the ni t rogen a tom of the p y r r o l e  
f r agmen t  of the molecule .  On the bas i s  of an invest igat ion of the chemica l  shif ts  of the p r o -  
tons of 1 -phenyl -5-aza indo le  and 1-phenyl -5-aza indol ine  on the t r i f luoroace t ic  acid concen-  
t r a t ion  in methylene  chloride,  ace toni t r i le ,  and deuteroacetone,  a protonat ion m e c h a n i s m  in 
which t r a n s f e r  of a proton f r o m  the donor  to the accep to r  in slightly po la r  media  occurs  
through the fo rmat ion  of a hydrogen-bonded complex of the base  with the acid is  proposed.  

The pecu l i a r i t i e s  of the e lec t rophi l ic  subst i tut ion reac t ions  of azaindoles  and the effect of subst i tuents  
in the c~ posi t ion re la t ive  to the n i t rogen a tom of the pyr id ine  r ing on the reac t iv i ty  of the py r ro l e  port ion 
of the molecule  [1, 2] make it pss ib le  to a s s u m e  that protonat ion of the azaindole r ing plays  a cons iderable  
ro le  in these  p r o c e s s e s .  In addition to the pos i t ion  of the protonat ion cen te r  of the molecule ,  the d i s t r ibu-  
t ion of pos i t ive  charge  in the ion has a substant ia l  effect  on the reac t iv i ty  of the protonated fo rm.  In this 
connection, a study of the s t ruc tu re  of the protonated f o r m s  of 5-aza indoles  and the i r  2 ,3-dihydro d e r i v a -  
t ives,  which a r e  pecu l ia r  cycl ic  analogs  of 4 -aminopyr id ine ,  seemed  of pa r t i cu l a r  in te res t  in the light of 
recent  data  on the quinoid s t ruc tu re  of the monocat ion of 4-aminopyr id ine ,  which co r r e sponds  to t r a n s f e r  
of pos i t ive  charge  f r o m  the cationoid cen te r  to the exocycl ic  amino group [3]. F o r  this purpose ,  we inves-  
t igated the PMR spec t r a  of the neu t ra l  bases  and monocat ions  of 5-azaindole  (I), 5-azaindol ine (II), 1 -phenyl -  
5-azaindole  (lII), 1 -phenyl -5-aza indol ine  (IV), 1 -ace ty l -5 -aza indo l ine  (V), and 4-aminopyr id ine  (VI). 

4 ~ 4 \3/ 2 

R R 

I, Ill  II, IV, Y VI 

I, II R = H ;  III,  IV R=C6Hs;  V R=COCI~I 3 

The exper imen ta l  data  a r e  p resen ted  in Table  1. 

An examinat ion of the PMR spec t r a  demons t ra t ed  that protonat ion of all  of the invest igated compounds 
(I-V) occurs  at the ni t rogen a tom of the pyridine r ing [N(~)]. This  follows unambiguously f r o m  the change 
in the mul t ip l ic i ty  of the s ignals  of the protons  of the pyr id ine  ring in the spec t r a  of the ions re la t ive  to the 
spec t r a  of the neut ra l  molecules ,  a change caused by sp in-sp in  coupling with the proton at tached to N(5 ). 
Spin-spin  coupling with N(1 ) - H  is a l so  obse rved  in the s p e c t r u m  of the monocat ion of 4 -aminopyr id ine .  A 
compar i son  of the s p e c t r a  of I in CH2CI 2 and CF3COOtt shows that protonat ion of this molecule  leads to a 
cons iderable  (by 0.41-0.54 ppm) deshielding of the protons  of the p y r r o l e  ring. In addi t ion t0 th i s ,  the changes 
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TABLE 1. PMR Spec t ra  

Corn- Medium Chemical shifts 5, ppm L Hz 
pound s6 

I 

II 

l l I  

IV 

V 

VI 

CH2C12 
CF3COOH 
CH2CI= 
CF3COOH 
CH2C12 
CFsCOOH 
CH=CI= 
CFaCOOH 
CH2C12 
CF3COOH 
CH2CI= 
CF3COOH 

2-H 3-H 4-H 

7.39 6,67 8,97 
7.80 7,13 9,00 
3,63 3,03 8,05 
4,06 3,31 7,75 
-- 6,76 8,93 

7,29 9,10 
4~'01 3,13 8,15 
4.44 3,44 7,86 
4,O7 3,2O 8,34 
4,54 3,59 8,49 

6-H 7-H 

8,28 7,42 
8,30 7,99 
8,00 6,44 
7,85 6,69 
8,29 -- 
8,35 
8,11 6~8 
7,92 6,82 
8,31 7,93 
8,65 8,52 
8,18 6,46 
8,00 6,95 

23 37 

3,3 1,0 
3,4 1,0 

1 7 , 0 '  - -  
18,0 
3,5 O,9 
3,5 0,9 

17,0 
18,0 
17,5 
17,5 

45 47 

0,9 
o,9 

 ,7o 
;:,6 

57 67 

- -  5,8 
6,7 
5,2 
6,7 
5,7 
6,6 
5,6 

~,0 6,7 
5,4 
6,5 
4,5 
6,2 

* J23 = J c i s  + J t r a n s  (AA'XX' sys tem) .  

TABLE 2. Chemical  Shifts of the Pro tons  of the 
Pyr id ine  Ring in 5-Azaindol ines  II  and IV 

Position 
of the 
proton 

0,92 
0,28 
0,78 

Chemical shiks~, Aa~ ppm 
bases ] cations 

IV II 

0,78 1,26 
0,18 0,45 

1,30 

IV 

1,24 
0,43 

in the chemica l  shif ts  of the protons  in the ~ and 
fi posi t ions  re la t ive  to the pyr id ine  ni t rogen a tom 
(0.02-0.03 and 0.57 ppm, respec t ive ly)  a r e  consid-  
e rab ly  lower  than those obse rved  on protonat ion of 
pyr idine under  s i m i l a r  conditions (0.35 and 1.04ppm) 
[4, 5]. The d i f ference  f rom pyr id ine  is even m o r e  
dis t inct ly  displayed in the case  of 5-aza indol iaes  H 
and IV, the protonat ion of which leads to a shift  in 
the signals of the o~ protons (4-H and 6-H) to s t rong 
field by 0.15-0.30 ppm. S imi l a r  changes in the shie ld-  

ing of the ring protons  a r e  a lso  obse rved  on pass ing  f r o m  neutra l  4 -aminopyr id ine  to i ts  monocation, to 
which quinoid s t ruc tu re  Via was p rev ious ly  [3] ass igned on the bas i s  of a detai led invest igat ion of the IR 
and PMR spec t r a  (of 1 N solutions in DC1 and D20). 

I t i s  known that the appearance  of a pos i t ive  charge  in the molecule  leads to deshielding of the protons  
in, fo r  example ,  the PMR spec t r a  of anil inium sa l t s  [6]. Protonat ion of pyridine de r iva t ives  to f o r m  ions 
of the "pyr id in ium" type, r e g a r d l e s s  of the c h a r a c t e r  of the substituent,  a lways leads  to a weak-f ie ld  shift  
of the s ignals  of the r ing protons .  The predominance  of the quinoid s t ruc tu re  in the ion induces a loss  in 
the "a roma t i c i ty"  and the assoc ia ted  d e c r e a s e  in the effect of the r ing cur ren t s ,  which compensa tes  fo r  a 
l a rge  par t  of the deshielding. The  s imi l a r i ty  in the change in the spec t r a  of 5-aza indol ines  (II, IV) and 4-  
aminopyr id ine  a t t e s t s  to p redominance  of the quinoid s t ruc tu re  in the cations of IIa and IVa. The contr ibu-  
tion of this sor t  of s t ruc tu re  in the cation d e c r e a s e s  as  the e l e c t r o n - a c c e p t o r  properr  of the substi tuent  
a t tached to the p y r r o l e  r ing n i t rogen a tom increase .  Thus protonat ion of 1 -ace ty l -5 -aza indo l ine  W) is ac -  
companied by a weak-f ie ld  shift  in the s ignals  of the p ro tons  of the pyr idine ring, s i m i l a r  to that which was 
obse rved  in the protonation of 4 -n i t r aminopyr id ine  [7]. 

I 
R R 

!a ,  l l | a  f la,  IVa Via 

On the bas i s  of data  on the d iamagnet ic  anisot ropy in quinones [8], the d e c r e a s e  in the effect  of the r ing cu r -  
r en t s  of the s i x - m e m b e r e d  r ing on pass ing  to the quinoid s t ruc tu re  of the  cation can be es t imated  to be 0 . 3 -  
0.4 ppm. The d i f fe rence  in the change in the chemica l  shif ts  of thepro tons  of the s i x - m e m b e r e d  ring on p r o -  
tonation of 5-azaindole  (I) and its 1-phenyl  de r iva t ive  0II) as compared  with pyr id ine  is cha rac t e r i zed  by 
about the s a m e  value.  These  data provide  a ba s i s  for  assuming  a cons iderable  contr ibution of the quinoid 
s t ruc tu re  a lso  in the cat ions of 5-aza indoles  (Ia, HIa)." 

An es t ima te  of the r ing cu r r en t s  of the p y r r o l e  f r agmen t  in the n e u t r a l a n d  protonated f o r m s  of the 
molecu les  give useful  informat ion  regard ing  the s t ruc tu re  of the cat ions of 5-azaindoles .  The chemica l  
shif ts  of the protons  of the pyridine r ing in 5-azaindol ines  II and IV, which were  found re la t ive  to the c o r -  
responding 5-azaindoles  I and HI, a r e  p resen ted  in Table  2. The s ignals  of the pro tons  of the pyr idine ring 
a r e  shifted to s t rong field on pass ing  f r o m  azaindoles  to the i r  2 ,3-dihydro der iva t ives .  F r o m  the data in 
Table  2, one should note the c lose  (in magnitude) i nc rea se  in the shielding of the pro tons  in the 4 and 7 pos i -  
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Fig.  1. Dependence of the chemica l  shif ts  of the protons  of 1-phenyl -  
5-azaindole  (III) on the CF3COOH concentra t ion in CH2C12 (O), CH3CN 
( t ) ,  and (CD3)2CO (A). 

Fig.  2. Dependence of the chemica l  shif ts  of the protons  of 1-phenyl -  
5-azaindol ine  (iV) on the CF3COOH concentra t ion in CH2C12 (O), CH3CN 
(O), and (CD3)2CO (/',). 

t ions, which a r e  about the s a m e  dis tance  f rom the center  of the p y r r o l e  r ing (An 4 ~Ao'7), and the subs tan-  
t ia l ly  s m a l l e r  i nc r ea s e  in the shielding of the fu r t he r  r emoved  proton in the 6 posit ion (Ao" 4 (0>>A(;6). It 
follows f rom these  r e s u l t s  that the Ao- values  a r e  due main ly  to the change in the an iso t ropy  of the f ive-  
m e m b e r e d  r ing in the azaindol ines  as  compared  with the azaindoles  and c h a r a c t e r i z e  the effect  of the r ing 
cu r r en t s  of the p y r r o l e  r ing in the neu t ra l  and protonated f o r m s  of the 5-azaindoles .  An approx imate  es t i -  
m a t e  shows that the ove ra l l  contr ibut ion of the other  effects  [the change in the local  shielding of the p r o -  
tons due to the t r ansmi t t ed  (through the s y s t e m  of chemica l  bonds) e lec t ronic  effects  caused by hydrogena-  
tion of the double bond in the 2,3 posi t ion and the effect  of the magnet ic  an iso t ropy  of the pyr ro l id ine  r i n g  
with al lowance fo r  deviat ion of the CH 2 group in the 2 posi t ion f r o m  the plane of the two-r ing s y s t e m  in 5- 
azaindolines* ] to the d i f fe rence  in the changes  of the chemica l  shifts  (&o-a( 0 - A~6) is '- '  0.1 ppm, i.e., sub-  
s tant ial ly  l e s s  than the exper imenta l ly  obse rved  d i f fe rences  (Acr4(7) - Ao- 6 = 0.6-0.8 ppm).  

The following a re  obse rved  on pass ing  f rom neut ra l  b a s e s  to the monocat ions  of the invest igated m o l -  
ecules:  1) an i nc rea se  in the A~ values  fo r  all  of the pro tons  of the pyr idine ring; 2) an inc rease  in the dif-  
f e r ence  in the change in the shielding fo r  the pro tons  in di f ferent  posi t ions  re la t ive  to the cen te r  of the p y r -  
ro le  r ing (&o-4(7) - Ac~s). These  data a t tes t  to an i nc rea se  in the ring cu r ren t s  in the p y r r o l e  f r agmen t  on 
protonat ion of I and III  molecu les .  It follows f r o m  a compar i son  of the effects  of the r ing cu r ren t s  in the 

II 
VII VIII 

a r o m a t i c  indole s y s t e m  (VII) and the or tho quinoid s y s t e m  of isoindole (VIID, ca lcula ted  within the s a m e  
approximat ion  [11], that  the r ing  cu r r en t s  in the  s i x - m e m b e r e d  r ing  dec rease ,  while those  in the f ive-  
m e m b e r e d  r ing i n c r e a s e  on pas s ing  f r o m  VII to VIII. In the light of these  data, our  expe r imen ta l  r e su l t s  
a r e  in m o r e  comple te  a g r e e m e n t  with p redominance  of the quinoid s t r u c t u r e  in the cations of the inves t i -  
gated 5-aza indoles  (In, Il ia).  

In o r d e r  to study the  m e c h a n i s m  of protonation,  we invest igated the dependence of the chemical  shifts  
of the pro tons  of 1 -pheny l -5 -aza indo le  (III) and 1-phenyl -5-aza indol ine  (IV) on the t r i f luoroace t i c  acid con- 
cent ra t ion  in th ree  s o l v e n t s -  methylene  chloride,  acetoni t r i le ,  and deuteroacetone .  The expe r imen ta l  cu rves  
a r e  p resen ted  in F ig s .  1 and 2. In the s tep involving protonat ion of the molecu les  (up to 10-15 mole  go 

* F o r  these  e s t ima tes ,  we used data  on the re la t ive  effect  of vinyl and ethyl g roups  on the chemica l  shif ts  of 
the r ing pro tons  in subst i tu ted pyr id ines  [9] and the magnet ic  an i so t rop ies  of the C - C  and C - H  bonds taken 
f r o m  [10]. 
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CF3COOH) , the c h a r a c t e r  of the curves  depends re la t ive ly  l i t t le  on the med ium fo r  the pro tons  of the pyr= 
ro le  f r agmen t  but d i f fers  sharp ly  for  the protons  of the pyr id ine  ring. In methylene  chloride and ace toni -  
t r i l e  when the a c i d - b a s e  ra t io  is c lose  to equimolar  (2-3 mole  % CF~COOH), one obse rves  the appea rance  
of m a x i m a  o r  inflection points  on the cu rves  for  the pro tons  in t h e  ~ posi t ion re la t ive  to the cationoid cen-  
t e r  (4-H, 6-H). When the acid concentra t ion is inc reased  f rom 10-15 to 100 mole  %, the changes inthe chem-  
ical  shif ts  of al l  of the protons  in these  media  a r e  m in ima l  and depend p rac t i ca l ly  l inear ly  on the t r i f luoro-  
ace t ic  acid concentrat ion;  this indicates  comple te  convers ion  of the molecu les  to the monoprotonated f o r m  
and the absence  of cons iderable  effects  of sol vation of the monocat ions  by the solvent.  Befo re  the cu rves  
exit into the l inear  por t ions  (at f r o m  5-7 to 8-10 mole  % CF3COOH), the mult ipl ic i ty  of the s ignals  of the 
pro tons  of the pyr id ine  r ing changes due to s p i n - s p i n  coupling with the proton at tached to N(5 ). A fu r the r  
i nc rea se  in the acid concentra t ion does not affect  the s p i n -  spiacoupling constant .  The r e su l t s  make  it pos -  
s ible  to a s s u m e  that protonat ion of the invest igated compounds with t r i f luoroace t ic  acid in media  with r e l a -  
t ively  low d ie l ec t r i c  constants  occu r s  through fo rmat ion  of a hydrogen-bonded complex,  which can be ob- 
s e rved  n e a r  the equimolar  ra t io  of acid and b a s e  in the absence  of apprec iab le  effects  of solvation of the 
protonated f o r m  by the solvent .  

B + H A ~ B  + . . . H . . . A - ~ H B + + A  -, 
A B 

The fo rma t ion  of ion pa i r s  during the in te rac t ion  of b a s e s  with halogen-subst i tu ted  carboxyl ic  acids in 
sl ightly po la r  media  was p rev ious ly  es tabl ished f r o m  the IR spec t ra  in the case  of pyr idine and aliphatic 
amines  (for example,  see  [12-14]). The elucidation of the p rob l em of whether  the e x t r e m a l  points observed  
on the expe r imen ta l  curves  (Figs. 1 and 2) co r respond  to the format ion,  in the invest igated sys t ems ,  of com-  
plexes  of one type or  to the p r e s e n c e  of a m o l e c u l a r  c o m p l e x * - *  ion pa i r  equi l ibr ium requ i r e s  fu r the r  study 
of the IR and PM:R spec t r a  of such s y s t e m s .  

The c h a r a c t e r  of the dependences of the chemica l  shif ts  of the protons of the pyr id ine  ring of 1"[ and 
IV on the t r i f luoroaee t ic  acid concentra t ion in deute roace tone  d isp lays  sha rp  d i f ferences .  No m a x i m a  or  
inflection points a r e  obse rved  on the cu rves  when the a c i d - b a s e  ra t io  is equimolar .  An inc rea se  in the 
CF~COOH concentra t ion f r o m  ze ro  to 5-7 mole  % in this medium is accompanied  by a smooth shift  in all  
of the s ignals  to weak field. The "plateau" on the curves  co r re sponds  to t r i f luo roace t i c  acid concentra t ions  
of 7-20 mole  %. In this concentra t ion interval ,  the s ignals  of the protons  in the 4 and 6 posi t ions  a r e  shifted 
to weak field by  0.3-0.4 ppm re l a t ive  to the posi t ion of the corresponding signals  in the s p e c t r a  of the mono-  
cat ions,  m e a s u r e d  in methylene chlor ide  and ace toni t r i le  at the s a m e  acid concentra t ions .  A fu r t he r  in- 
c r e a s e  in the acid concentra t ion in deuteroace tone  (above 30 mole  %) leads to a shift  in the s ignals  of the 
protons  of the pyr idine ring to s t rong field.  This  so r t  of c h a r a c t e r  of the cu rves  a t t e s t s  to the pronounced 
effect  of solvation of the monocations* in this solvent,  which is apparent ly  assoc ia ted  with the fo rmat ion  of 
complexes  of the B+H...O = C (CD3) 2 type, which is s table  in the CF3COOtt concentra t ion range that c o r r e -  
sponds to the "plateau" on the curves .  Th is  p r o c e s s  should lead to a rapid shift of equi l ibr ium B to the 
right,  and the in te rmedia te  a c i d - b a s e  complex  cannot t he re fo re  be obse rved  in this medium.  The ap p ea r -  
ance of the s p i n - s p i n  coupling constants  of the protons  of the pyridine ring with the proton at tached to N(5 ) 
in the spec t r a  of the monocat ions  of  the invest igated compounds in deute roace tone  is obse rved  only in the 
vic ini ty  of an equimolecu la r  r a t io  of acid and solvent (~ 50 mole  % CF3COOH); this is apparent ly  due to the 
rapid  d issocia t ion  of the B+I-I...O = C (CD3) 2 complexes  in excess  t r i f luoroace t ic  acid. 

EXPERIMENTAL 

The invest igated compounds w e r e  synthesized and cha rac t e r i zed  by p rev ious ly  desc r ibed  methods 
[15, 16]. The PMR s pec t r a  of 0.30 M solut ions of  the subs tances  in methylene  chloride,  acetoni t r i le ,  deu-  
t e roace tone ,  t r i f luoroace t i e  acid, and m i x t u r e s  of these  solvents  with t r i f luo roace t i c  acid were  m e a s u r e d .  
The m e a s u r e m e n t s  we re  made  with JNM 4H-100 and C-60HL s p e c t r o m e t e r s .  The chemica l  shifts  a re  p r e -  
sented on the 6 sca le  re la t ive  to t e t r amethy l s i l ane  (internal standard).  The comple te  r eve r s ib i l i t y  of the 
dependences of the chemica l  shif ts  on the CF3COOH concentra t ion in the invest igated med ia  was ver i f ied  by 
dilution (with the solvent) of solut ions containing va r ious  CF3COOH concentra t ions .  

* The  c lose  values  of the chemica l  sh i f t s  of the protons  of the b a s e s  in all  th ree  solvents  indicate the ab-  
sence  of apprecLable d i f fe rences  in the effects  of solvat ion of the neut ra l  fo rm.  
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