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The protonation of a number  of pyrrolo[1,2-a] imidazole  derivat ives in t r i f luoroacet ic  acid 
was studied by PMR spect roscopy.  The 5,7-unsubstituted compounds form a mixture of two 
forms  of cations,  the s t ruc tures  of which cor respond  to the addition of a proton to the C 5 and 
C 7 atoms of the two-r ing sys tem with predominance (60-90%) of the 5-C cation. The in t ro-  
duction of a CH 3 group into the 5 position changes the direct ion of protonation to favor p r e -  
dominant (95%) formation of the 7-C cation. The 7-methyl derivatives of pyrroloimidazole  
are  protonated exclusively at the C 5 atom. It is demonstra ted that the basici ty  of the py r -  
roloimidazoles  considerably  surpasses  the basic i ty  of indolicine der ivat ives .  The c o m p a r a -  
tive p ro ton-accep tor  capaci ty  of these sys tems  is compared  with the energy indexes and the 
reac t iv i ty  indexes calculated by the simple MO LCAO method. 

An investigation of electrophil ic  substitution react ions in the pyrrolo[1,2-a] imidazole  se r ies  [1] has 
revealed a s imi lar i ty  in the react iv i ty  of this two-r ing sys tem and the react ivi ty  of the isoelectronic  in- 
dolicine sys tem.  Electrophil ic  attack is directed p r imar i ly  to the 5 position, and, if it is occupied, to the 
7 position of the two-r ing sys tem.  When the 5 and 7 positions are  free,  the formation of 5,7-disubsti tuted 
pyrro lo imidazoles  is observed.  

In this connection, it seemed of in teres t  to study the protonation of pyrroloimidazole  derivat ives  as a 
typical  electrophil ic  addition react ion.  For  this, we studied the PMR spec t ra  of the bases  (in CC14 and 
CDC13) and of the cations {in CF3COOH ) of a number  of pyrrolo imidazole  derivat ives [1-4] q-k-IV, Table 1). 
The experimental  resul ts  obtained are  presented in Table 2. 

On the basis of data on the protonation of indolicine [5] and severa l  of its heteroanalogs [6,7], it could 
be assumed that the s t ruc tu res  of the cations of the investigated compounds should cor respond  to the addi- 
tion of a proton to the C 5 or  C 7 atoms of the pyrroloimidazole  two-r ing sys tem to form 5-C or  7-C cations:* 

R R 
5-C 7-C 

The centers  of protonation of 5- and 7-methyl-subst i tuted pyrrolo imidazoles  (XIII and XIV) are  un- 
ambiguously determined f rom the cha rac t e r  of the splitting of the signals of the protons of the pyrro le  ring 
(Fig. 1). An examination of the spec t rum of XIII in CF3COOH indicates that this compound forms a mixture 
of two protonated fo rms  corresponding to the s t ruc tures  of the 7-C (95%) and 5-C (5%) cations.  The singlets 
at 4.24 ppm (2H) and 2.54 ppm (3H) observed in the spec t rum of this compound were ascr ibed,  respect ively ,  
to the methylene group attached to C 7 and to the methyl group attached t o  C 5 of the 7-C cation. The quartet  
of a proton (5 = 5.63 ppm) and a doublet of a CH 3 group (6 = 1.79 ppm) attached to the C 5 atom (A3X sys tem,  

*The 5 and 7 positions of the pyrrolo[1 ,2-a] imidazole  two-r ing sys tem correspond to the 3 and 1 positions 
of the indolicine molecule .  
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*Compounds IV, VI, VIH-X, and XII-XIV were  prev ious ly  descr ibed  
in [1-4]. Compounds I-III, V, VII, and XI (nap 158-160,  135-137,  120- 
122, 151-153,  91-92,  and 103-104 ~ respect ive ly)  w e r e  synthes i zed  for 
this invest igat ion via the methods  descr ibed  in [1-4].  

TABLE 2. C h a r a c t e r i s t i c s  of the P MR Spec t r a  and B a s i c i t i e s  of the 
Inves t iga t ed  Compounds  

Comp. ApKa 
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a s e e  [1,4] f o r  t he  a s s i g n m e n t  of  t h e  s i g n a l s  of t h e  p r o t o n s  a t t a c h e d  

to  C 5 a n d  C 7 of  t h e  p y r r o l o i m i d a z o l e  t w o - r i n g  s y s t e m .  
b T h e  c h e m i c a l  s h i f t s  of  t h e  p r o t o n s  of  t h e  m e t h y l  a n d  m e t h y l e n e  

g r o u p s  of  t h e  s u b s t i t u e n t s  in t h e  1 a n d  6 p o s i t i o n s  a r e  p r e s e n t e d .  

C T h e  s i g n a l s  of  t h e s e  p r o t o n s  a r e  o v e r l a p p e d  b y  t h e  s i g n a l s  of  t h e  

~ r o t o n s  of  t h e  p h e n y l  g r o u p s  ( 7 . 0 - 7 . 5  p p m ) .  
T h e  p e r c e n t a g e s  of t h e  f o r m s  w e r e  n o t  d e t e r m i n e d  b e c a u s e  of  o v e r -  

l a p p i n g  of  t h e  p r o t o n  s i g n a l s .  
e T h e  c h e m i c a l  s h i f t s  of  t h e  p r o t o n s  of  a CH 3 g r o u p  a t t a c h e d  to  t h e  

C 5 a n d  C 7 a t o m s .  
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Fig .  1. PMR s p e c t r u m  of XIII  in CF3COOH Ok) and PMR s p e c t r u m  
of XIV in CF3COOH 03): a) s igna ls  of the p ro tons  of the 5-C ca t ion ;  
b) s igna l s  of the p ro tons  of the 7-C ca t ion .  
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Fig .  2. PMR s p e c t r u m  of VI in CF3COOH (A) and PMR s p e c t r u m  of 
X in CF3COOH 03): a) s ignal  of the pro tons  of the 5-C ca t ion;  b) s i g -  
na l s  of the p ro tons  of the 7-C ca t ion .  

T A B L E  3. Resu l t s  of Quan tum-Mechan i ca l  Ca lcu la t ions  

Lbases)_ . . . . .  _Ener~jndexes(in B units)_ ..... 
[ I 0 base 5-C (3-C) 7-C (l-C) 

Compound ' f z I - ~  - -  - -  cation cation 

I , ~  I ~ 1 

H 

i 92 !0 253 0,477 188 
1 l '  70 '0'257 0 51'5 l '8' 

1 ,2 I I  0,274 0,541 1,72 
1,240 0,266 0,480 I 1,8l 

75~ 1,20'5 0,27~2 0,546 
1,23,1 0,262 0,477 

0,33'8 

0,273 

0,27'5 

3,1.3'0 2,760 

2,82,5 2.529 

2,55,8 2,529 

--0,37 2,430 

2,3,2q 

- 0,70 

--0,50 

--0,24 

aAED = E D (cation) - E D (base). 
bkN4 C = 0.8.  
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JAX = 7.5 Hz), as well as the singlet of a methylidyne proton attached to C 7 (6 = 7.09 ppm), cor respond to 
the 5-C cation. The presence of only two singlets of the protons of the methylene (5.19 ppm) and methyl 
(2.53 ppm) groups in the spec t rum of the cation of XIV indicates that this compound is protonated exclusively 

a tC  5. 

It follows f rom a compar ison of the spec t ra  of XIII and XIV that the signals of the protons of the 7-CH 2 
and 5 - C H  2 groups in the corresponding cations (7-C and 5-C) have substantially different chemical  shifts 
~55, 7 = 1.0-1.4 ppm). A s imi lar  difference in the  shielding of the methylene groups in the 1 and 3 positions 
was previously observed in indolicine cations [5]. We used this difference to establish the s t ruc tures  of the 
cations of 5,7-unsubstituted pyrroloimidazole  derivatives (I-XII). A singlet (3.82-4.57 ppm), which is 
shifted to s t ronger  field by 1.0-1.2 ppm, is observed along with the signal of the 5 - C H  2 group (5.03-5.70 
ppm) in the spect ra  of these compounds.  This signal is assigned to the 7-CH 2 group in the 7-C cation. The 
signals of the C H  2 and CH 3 groups of the benzyl and tolyl substituents in the 1 and 6 positions of the two- 
ring sys tem,  in addition to the signals of the 5 - C H  2 and 7 - C H  2 groups, which are affiliated with the 5-C and 
7-C cations, also differ distinctly in the spec t ra  of III-VI (Fig. 2). 

Thus, in contras t  to 1,3-unsubstituted indolicines [5], which are protonated only at the C 3 atom, py r -  
roloimidazole derivat ives under s imi la r  conditions form a mixture of two protonated forms - 5-C end 7-C. 
The rat io of these forms changes as a function of the donor-acceptor  proper t ies  of the substituents in the 
imidazole portion of the molecule and in the 6 position of the two-r ing sys tem,  but the percentage of the 
5-C cation, as follows from the PMR spectra ,  is always predominant (60-90%). The presence  of a CH 3 
group in the 5 or 7 position of the pyrro le  ring leads to a sharp decrease  in the pro ton-acceptor  capaci ty 
of the carbon atom bonded to it. As noted above, 7-methyl-subst i tuted pyrroloimidazole  (XIV) is protonated 
exclusively at C 5. In contras t ,  the introduction of a CH 3 group into the 5 position (XIII) changes the d i r ec -  
tion of protonation of the molecule to favor the predominant (95%) formation of the 7-C cation. It should be 
noted that the direction of protonation in 3-methyl  derivatives of indolicine also changes, but the percentage 
of the 1-C cation does not exceed 70~c [5]. It follows from these resul ts  that the difference in the proton-  
acceptor  capacity of the C 5 and C 7 atoms ofpyr ro lo imidazole  decreases  in compar ison with the C 3 and C 1 
atoms of ' indolicine. 

The change in the pK a values of the investigated compounds demonstrated that their  basici t ies  con-  
siderably (by two to five o rde rs  of magnitude) exceed the basici t ies  of indolicine derivat ives .  Thus, in 80% 
ethanol the PKa value of 1 -benzyl -6-  (p-tolyl)pyrroloimidazole (VI) is 8.63, while the pKa of indolicine and 
the most  basic 1,2-dimethylindolicine in 60% ethanol is 3.5 and 6.37, respect ively  [8]. in ni tromethane,  
ApKa for most  of the investigated pyrroloimidazoles  ranges f rom -1  to +1 (Table 2), which makes these 
compounds close in basici ty  to such strong bases  as t r ie thylamine [ApKa = --1.15, PKa (H20) = 11.01] and 
diphenylguanidine [ApK a = 0, pKa = 0, pK a {H20) = 10.12]. 

The react iv i ty  indexes (RI) and energy indexes of the isoelectronic  indolicine end pyrroloimidazole  
sys tems,  which we calculated by the simple MO LCAO method, are  compared in Table 3. The relat ive 
values of the "boundary" ~-e lec t ron  densities (f~) and the indexes of free valence (F) and emergies of e lec-  
trophilic localization (L +) cor respond to the greates t  react ivi ty,  with respec t  to electrophil ic substitution 
react ions,  in the  5 position of pyrroloimidazole  and the 3 position of indolicine,* which is in agreement  with 
the experimental  data [1, 8]. The F values charac te r ize  the high activity of the investigated compounds in 
electrophilic additions to the C 5 and C 7 atoms of pyrroloimidazole  and the C 3 and C l atoms of indolicine and 
are  in agreement  with the experimental ly  observed pro ton-acceptor  capaci ty of these atoms in the indicated 
two-r ing sys tems [F5c3) > F7(1) ]. 

The react ivi ty  indexes indicate a cer tain increase  in the react iv i ty  on passing f rom indolicine to p y r -  
roloimidazole,  but the differences in these indexes proved to be re la t ively  small .  

The considerably la rger  pro ton-acceptor  capacity of pyrroloimidazole  as compared  with indolicine is 
apparently p r imar i ly  due to energy fac tors .  Calculation of the energy indexes demonstrated that both s y s -  
tems are charac te r ized  by the presence  of a comparat ively  h igh-energy upper occupied level (EuoMo),  and 
the energy of the UOMO increases  on passing f rom indolicine to pyrroloimidazoIe .  It follows from a corn- 

*The resul ts  of our calculations,  like the data in [5], indicate the absence of a corre la t ion between the r e l a -  
tive react ivi ty  and the magnitudes of the ~ :e lec t ron  densities (fv) on the C 7 end C 5 atoms of pyr ro lo imid-  
azole and the C l end C~ atoms of indolicine. 
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par i son  of these  values  and the delocal izat ion energ ies  (E D) that  the a romat i c  v s y s t e m  of the p y r r o l o -  
[1 ,2-a] imidazole  base  is l e s s  s table .  At the s a m e  t ime,  the d i f ference  in the E D values of the c o r r e s p o n d -  
ing protonated f o r m s  of these  compounds d e c r e a s e s  apprec iab ly .  It is e s sen t i a l  to note that the t rans i t ion 
f r o m  the a roma t i c  s t r u c t u r e  of the base  to the s t r u c t u r e s  of the cat ions with sp3-hybridized a toms in the 7 
or 5 posi t ions of py r ro lo imidazo le  is a s soc ia ted  with a l e s s e r  dec r ea se  in E D than in the case  of indolicine.  
Protc~at ion  at the carbon a tom adjacent  to the common ni t rogen a tom is energe t ica l ly  m o r e  favorable  in 
both compounds,  but the d i f ference  in E D of the obse rved  fo rms  of cat ions d e c r e a s e s  in py r ro lo imidazo le .  

Our var ia t ion  of t h e  h e t e r o p a r a m e t e r s  demons t r a t ed  that the ene rgy  indexes,  p r i m a r i l y  ED, a re  
espec ia l ly  sens i t ive  to the values  of the r e sonance  in tegra ls  for  the N4C bond. Thus,  f r o m  a compar i son  of 
the two computa t ional  va r i an t s  (a and b) p resen ted  in Table  3, it is seen that a d e c r e a s e  in the kN4 C bond 
in tegra l  of 0.1 has v i r tua l ly  no effect  on the reac t iv i ty  index but has  a fully apprec iab le  effect  on the mag n i -  
tude of E D. The ce r ta in  d e c r e a s e  in this  in tegra l  in the py r ro lo imidazo le  base  as c o m p a r e d  with indolicine 
(variant b) apparent ly  is m o r e  in keeping with a d i f ference  in the g e o m e t r y  of these two-r ing  s y s t e m s .  The 
cons ide rab ly  s m a l l e r  d e c r e a s e  in E D on pass ing f r o m  the base  to the pyr ro lo imidazo le  cat ions co r r e sponds  
to this  computat ional  va r ian t .  

Thus the g r e a t e r  p ro to~ -accep to r  capaci ty  of py r ro lo imidazo le  as compa red  with indolicine is ap-  
pa ren t ly  explained by the lower  s tab i l i ty  of the e l ec t ron - supe r f luous  v s y s t e m  of the base  and the g r e a t e r  
energe t ic  f avo rab i l i t yo f t r ans i t i on  of this s y s t e m  to the monocation fo rm.  

EXPERIMENTAL 

The PMR spectra of 0.15 M solutions of the investigated compounds in CC14, CDCI3, and CF3COOH 

were recorded with a JNM-4H-100 spectrometer. The chemical shifts were measured on the 5 scale with 

tetramethylsilane as the internal standard. The basicity constants of the investigated substances in nitro- 

methane were measured. The relative measure of the basicity in nitromethane was the ApK a value, which 
is equal to the pK a' value of diphenylguanidine (DPG) minus the pK a' value of the test substance [9]. The 

pK a' values were determined by a graphical method as the pH at the point of semineutralization. The titra- 

tion of 1 �9 10 -3 M solutions of the substances was carried out automatically witha 0.125 N HCIO 4 solution in 
nitromethane with glass and calomel electrodes with a Radiometer titrograph. The pK a' value for DPG was 

determined daily at the begirming and end of each series of determinations. In contrast to the pK a' value, 
the ApK a value was constant within the limits of 0.05 pK a units. 

The structural and energy indexes of the bases and the indolicine and pyrroloimidazole cations were 

calculated by the simple MO LCAO method with the parameters in [I0]. The ~ C-X-Y hyperconjugation 

model ~C = -0.I, hy = -0.2, kCX = 0.6, and kxy = 2.0) [II] was used for the methylene groups in the 5-C 

(3-C) and 7-C (1-C} cations. An auxiliary induction parameter was introduced for all of the carbon atoms 
forming a carbon bond with the heteroatom (C-X). h C = 0.1h X and 0.05h X. 
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