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By e lec t ron ic  spec t roscopy  and PMR spec t roscopy  it has been shown that the protonat ion 
of der iva t ives  of fi- and a - a c e t y l p y r r o l e s  and the cor responding  f o r m y l p y r r o l e s  in 14-26 
N H2SO 4 takes  place at the oxygen a tom of the carbonyl  group. The c~ der iva t ives  subs t i -  
tuted by an alkyl group (CH3, C2H5) in posi t ion 4 have a s i m i l a r  s t ruc tu re  of the conjugate 
acids in concent ra ted  H2SO 4. Under  the same conditions, the a de r iva t ives  not subst i tuted 
in posi t ion 4 a re  capable of adding a proton to C 4 of the py r ro l e  ring. 

The study of the protonat ion of carbonyl  der iva t ives  of py r ro le  is of cons iderable  in te res t  in view of 
the fact  that these compounds are  the s ta r t ing  m a t e r i a l s  in syntheses  of d ipyr ry lme thanes  which proceed  
under  conditions of acid ca ta lys i s .  In a p reced ing  investigation,  we studied the s t ruc tu re  of the conjugate 
acids of fl- and c<-ethoxycarbonylpyrroles ,  and it was shown that the protonat ion of the f l -ethoxycarbonyl  
de r iva t ives  in 22-25 N H2SO 4 takes  place at the C 5 a tom of the pyr ro le  ring. The conjugate acid of a 2- 
e thoxycarbonylpyr ro le  unsubs t i tu ted inpos i t ion  5 has a s i m i l a r  s t ruc tu re .  The s t ruc tu re  of the stable f o r m s  
of the conjugate acids of the 5 - a lky l -2 - e thoxyca rbony lpy r ro l e s  co r re sponds  to the addition of the proton to 
the py r ro l e  n i t rogen atom. A r i se  in the e l ec t ron -accep t ing  p r o p e r t i e s  of the subst i tuent  in the py r ro l e  
r ing may  lead to a change in the d i rec t ion of protonat ion of the molecule .  Thus, a study of the IR spec t r a  
of the sa l t s  of some  ace ty l -  and f o r m y l p y r r o l e s  has shown that the s t ruc tu re  of the conjugate acids in the 
c ry s t a l s  correslSonds t o  the addition of the pro ton  to the oxygen a tom of the carbonyl  group [2, 3]. In the 
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Fig. 1. UV spectra of the bases (1, 3) 
and of the conjugate acids (2, 4) ofp- 
pyrrole derivatives: 1, 2) 3-ethoxy- 
carbonyl-2,4-dimethylpyrrole; 3, 4) 
3-acetyl- 2,4-dimethylpyrrole (If). 

presen t  work,  we have studied the protonat ion of fi- and a - a c e -  
t y l p y r r o t e s  and the cor responding  f o r m y t p y r r o l e s  (I-XII) in 
aqueous solutions of sulfur ic  acid by the method of e lec t ronic  
spec t roscopy  and PMR spec t roscopy .  As model compounds we 
used the co r respond ing  fl- and ~ -e thoxyca rbony lpyr ro le s ,  which 
have conjugate acids of es tab l i shed  s t ruc tu re .  The exper imen ta l  
r e su l t s  obtained are given in Tables  1 and 2. 

f i-Carbonyt Der iva t ives  of Py r ro l e .  A compar i son  of the 
UV s p e c t r a  of neutra l  molecules  of aee ty l - ,  f o r m y l -  and ethoxy-  
ca rbony lpy r ro l e s  shows the i r  cons iderable  s imi l a r i t y  in the 210- 
360-rim region, both with r e spec t  to the posi t ions  and to the in- 
t ens i t i es  of the absorpt ion  bands (Table 1 and Fig, 1). In addi- 
tion to this ,  the changes in the spec t r a  of the compounds inves-  
t igated and of model compounds on protonat ion proved to be 
opposite .  

In the s e r i e s  of e thoxycarbonylpyr ro les ,  on pass ing  f r o m  
the neutra l  molecules  to the monocat ions,  in which protonat ion 
takes  place at the C 5 atom, a hypsochromic  shift of the abso rp -  
t ion bands is observed,  and in the s p e c t r a  of the conjugate acids 
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TABLE 1. UV Spec t ra  of the B a se s  and of the Conjugate  Acids  of 
Acetyl  and F o r m y l  Der iva t ives  of P y r r o l e  
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CHa 

CH3 
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CHa 

C 2 H 5  

CHa 

CHa 

H 

H 

H20 
20 N H2SO4 

H20 
16 N H2SO4 

H20 
23 N H~SO4 

H20 
17 N H2SO4 

H20 
14 N H~SO4 

H~O 
16 N H2SO4 

H20 
26 N H~SO4 

H~O 
2'5/V H2SO4 

H~O 
14 N H2SO4 

H20 
16 N H2SO4 

H~O 
20 N H2SO4 

H~O 
25 N H2SO4 

280, 948 
330, 275,5 
290, 253 
335, 276 
300, 254,5 
350, 277,5 
300, 254 
360, 277,5 

295~ 257 
335, 271,5 
295, 263. 
335, 280 
316, 265 
330, 302 
315, 265 
330, 302 
315,5 270 
330, 293 
304, 270 
340, 291,5 
305 260 
319 -- 
309 260 
298 - -  

3910 12600 
2100 22900 
4700 9800 
2580 15900 
4100 10100 
2920 18800 
3860 947O 
1580 17600 
4650 12700 
2300 19600 
7550 12000 
2860 19500 

18600 4650 
107O0 13900 
19500 4950 
11500 14200 
19200 6400 
8650 15700 

15100 8600 
5670 18O00 

20200 4480 
22000 -- 
21500 4120 
17700 -- 

the re  is  one t r a n s i t i o n  at  252-255 n m  (~ ~5000). The p ro tona t ion  of a c e t y l -  and f o r m y l p y r r o l e s  l eads  to a 
c o n s i d e r a b l e  b a t h o c h r o m i c  d i s p l a c e m e n t  of both t r a n s i t i o n s  and to a sha rp  r i s e  in  the i n t ens i t y  of the s h o r t -  
wave band .  It m u s t  be e m p h a s i z e d  that the s p e c t r a  of the conjugate  ac ids  of a l l  the p - ace ty l  and f i - f o r m y l -  
p y r r o l e s  s tudied,  r e g a r d l e s s  of the p r e s e n c e  or  absence  of subs t i t uen t s  in  the ~ pos i t i on  to the p y r r o l e  n i t r o -  
gen, a re  e x t r e m e l y  s i m i l a r  and a re  c h a r a c t e r i z e d  in  each case  by a s t rong  band in the 2 7 2 - 2 8 0 - n m  reg ion  
(~ ~20,000) and by a m e d i u m - i n t e n s i t y  band  in  the 3 3 0 - 3 6 0 - n m r a n g e  (~ ~2000). These  facts  show a change 
in  the c e n t e r  of p ro tona t ion  of the m o l e c u l e s  inves t iga ted  as c o m p a r e d  with the mode l  f i - e thoxyea rbony l -  
p y r r o l e s .  On the o ther  hand, the m a r k e d  d i f fe rence  in  the s p e c t r a  of the conjugate  ac ids  i nves t iga t ed  f rom 
the s p e c t r a  of the N-pro tona ted  f o r m s  of 2 - e t h o x y c a r b o n y l p y r r o l e  shows the absence  of p r o t ona t i on  on the 
p y r r o l e  n i t r o g e n  a tom.  And, f ina l ly ,  the changes  in  the s p e c t r a  on p a s s i n g  f r o m  the n e u t r a l  m o l e c u l e s  to 
the ca t ions  show a c o n s i d e r a b l e  change in  the 7r-electronic  s y s t e m  when the compounds  inves t iga ted  u n d e r -  
go p ro tona t ion .  All  these  fac ts  p e r m i t  the a s s u m p t i o n  that  the s t r u c t u r e  of the conjugate  ac ids  of the /3- 
a c e t y l - a n d  f i - f o r m y l p y r r o l e s  c o r r e s p o n d s  to the addi t ion  of a p ro ton  at the oxygen a tom of the ca rbony l  
group [ s t r u c t u r e s  (Ia-VIa) ]. 

O.~ 
I R4~ c-R 

I 

l-Yl a 

A c o n s i d e r a t i o n  of the PMR s p e c t r a  of compounds  (I-VI) (Table 2, F ig .  2) l eads  to a s i m i l a r  c onc lu -  
s ion .  The a s s i g n m e n t  of the s igna l s  g iven  in  Table  2 follows f r o m  a c o m p a r i s o n  of the s p e c t r a  of the c o m -  
pounds inves t iga ted .  A m e a s u r e m e n t  of the dependence  of the chemica l  shif ts  on the c o n c e n t r a t i o n  of s u l -  
fu r i c  ac id  in  the range  f r o m  10 to 35.5 N p e r m i t t e d  the m e a s u r e d  p a r a m e t e r s  of the s p e c t r a  to be a s s i g n e d  
to the p ro tona ted  f o r m s  unambigous ly .  The na tu re  of the change in  the PMR s p e c t r a  on p a s s i n g  f r o m  the 
b a s e s  to the conjugate  ac ids  is  advan tageous ly  i l l u s t r a t e d  for  the case  of the 5- and 4 - u n s u b s t i t u t e d  c o m -  
pounds (II) and {VI) (Fig. 2). In the s p e c t r u m  of the n e u t r a l  mo lecu le  of (II) the s igna l  of the 4-CH a p ro tons  
appea r s  in  the f o r m  of a doublet  because  of s p i n - s p i n  coupl ing (SSC)with the 5-H, the s igna l  of which f o r m s  
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TABLE 2. C h e m i c a l  Shifts in  the PMR Spec t ra  of the Bases  a n d C o n -  
jugate  Acids  of the Ace t y l -  and F o r m y l p y r r o l e  D e r i va t i ve s  (I-XII) 

Com- 
pound 

I 

II 

ltI 

IV 

V 
VI 

VII 

VIII 

IX 

X 

XI 

XII 

-Medium 

(CDa)2CO 
25 N H2SO4 
(CDs) 2CO 

12--18 N H~SO4 
CDCI3 

12--32 N H2SO4 
CDCla 

25 N H~SO4 

CDCI3T 
CC14 

25 N H2SO4 

CDCI3 
25 N H~SO4 

CDCI3 

25 N H2SO4 

CDCt3 
23--28 N H2SO4 

C'DClz 
23--28 N H2SO4 

C'DCIa 
12--33 N H=SO4 

& ppm* 

R' R2 I R a  I R  ' 

8,35 br 7,47 m 2,28 2,21 d 
- -  8,25 br , 2,30 2,88 

8,37br 2,43 ] 2.28 ! 2,17 d 
-- 2,76 ] 2,24 2,62 

8,39br 2,46 2,38 2,14 
- -  2,78 2,15 2,63 

8,37br 2,46 2,36 2,16 

- -  .2,87 2,22 2,69 

8,78br 2,50 9,94 2,27(] 

1,32t 2,49 9,59 6,06 
3,88q I 
1,37t 2,61 8,53 6,58 
4,13q 
9,14br 2,38 2,16 1,89 

-- 2,38 2,45 2,01 
9,32 br 2,36 2,18 0.97t ] 

- -  2,36 2,46 I, 05 t 
--q 

9,99 br 9,37 2,22 1,89 
- -  8,03 2,24 1,98 

9,89br 9,54 d 2,26 1,99d 
-- 8,30 2,32 2,08 

9,28 2,38 2.22 5,7~ 
- -  2,45 2,45 6,40 br 

R ~ 

6,55 m 
6,85 br 
6,35 q 
6,60br 
2,08 
2,15 
1,11 t 
2,56 q 
1,22 t 
2,55 q 
6,34m 
2,22 

2,29 �9 

2,24 
2;70 
2,22 

-?.,70 

2,22 
2,45 
6,86 d 
7,90 br 
2,32 
2,66 
2,31 
2,57 

CDCIa 9,99 br 9,44 2,31 5,84d 
25 N H2SO4 -- 8,18 2,4I 6.51 br 

* No index - s ing le t ;  d - doublet ;  t - t r i p l e t ;  q - qua r t e t ;  b r  - b r oa d  
s igna l ;  m - mu l t i p l e t .  
Ht was  i m p o s s i b l e  to m e a s u r e  the PMR s p e c t r u m  in  25 N HzSO 4 b e -  
cause  of the i n s t a n t a n e o u s  s e l f - c o n d e n s a t i o n  of the s u b s t a n c e .  

a q u a r t e t  at 6.35 ppm (J4,5 = 1.3 Hz). In the weakes t  f ield there  is  the b r oa de ne d  s ing le t  of 2 -CH 3. Thewid th  
of the s igna l  is  obvious ly  due to SSC with the p ro ton  of the h e t e r o a t o m  of the r ing .  The s ing le t  of the ace ty l  
group appea r s  at 2.28 ppm.  In the s p e c t r u m  of the conjugate  ac id  m e a s u r e d  in  17 N H2SO 4 the b r oa dened  
s igna l  of the 5-H me th ine  p ro ton  is  shif ted downfield r e l a t i ve  to the s p e c t r u m  of the base  by 0.25 ppm.*  
The s i gna l s  of the me thy l  g roups  in  pos i t ions  2 and 4 a re  a l so  shif ted downfield and a p p e a r  in  the f o r m  of 
s i ng l e t s  at 2.76 and 2.62 ppm.  The s ing le t  of the p ro tons  of the ace ty l  g roup  is  o b s e r v e d  in  a s t r o n g e r f i e l d  
r e l a t i ve  to the s p e c t r u m  of the base  (A6=0.04 ppm).  On p a s s i n g  f r o m  the n e u t r a l  mo lecu l e  to the conjugate  
ac id  in  compound (VI) aga in  a downfield d i s p l a c e m e n t  of the s igna l s  of the 4-H and of the p ro tons  of the 
me thy l  g roups  in  pos i t i ons  2 and 5 t akes  p lace  with no change in  t h e i r  m u l t i p l i c i t i e s .  Such changes  in  the 
s p e c t r a  do not  c o r r e s p o n d  to the p ro tona t i on  of the m o l e c u l e s  i nves t iga t ed  in  the p y r r o l e  r ing .  In addi t ion  
to this ,  an upf ie ld  shift  of the s igna l  of the f o r m y l  p ro ton  (A6 = 1.49 ppm) into the r eg ion  of a r o m a t i c  p r o -  
tons  s e r v e s  as an i n d i r e c t  p roof  of the p ro ton a t i on  of these compounds  at the oxygen a tom of the ca rbony l  
group.  Changes  of a s i m i l a r  n a t u r e  a r e  o b s e r v e d  in  the PMR s p e c t r a  of al l  the compounds  of this  s e r i e s  
and c o r r e s p o n d  to s t r u c t u r e s  (Ia-VIa) for  the conjugate  ac ids .  

The p r o t o n a t i o n  of compounds  {I-VI) in  c o n c e n t r a t e d  ac ids  pos s ib ly  t akes  p lace  at the o the r  c e n t e r .  
However ,  the d e t e r m i n a t i o n  of the s t r u c t u r e  of the ca t ions  u n d e r  these  cond i t ions  r e q u i r e s  f u r t h e r  i n v e s t i -  
ga t ion .  

a - C a r b o n y l  De r iva t i ve s  of P y r r o l e .  With r e s p e c t  to the c o m p a r a t i v e  p r o t o n - a c c e p t i n g  capac i ty  of 
the m a i n  c e n t e r s ,  al l  the c~ d e r i v a t i v e s  can  be divided into two g roups :  compounds  con t a in ing  an a l k y l g r o u p  
((]Ha, C2I-I5) in  pos i t i on  4, and compounds  unsubs t i t u t e d  in this  pos i t ion .  

*In so lu t ion  in  10.3 N H2SO 4, the 5-H s igna l  is  not  obse rved ,  while the pos i t i ons  and m u l t i p l i c i t i e s  of the 
o the r  s i g n a l s  a re  unchanged .  This  g ives  g rounds  for  a s s u m i n g  that the absence  of the 5-H s ignal  unde r  
these  condi t ions  is  due to a high ra te  of p ro ton  exchange .  
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Fig. 2. PMR s p e c t r a  of the bases  (1, 3) and of the con-  
jugate acids (2, 4) of f l -carbonyl  der iva t ives  of py r ro le :  
1, 2) 3 -ace ty l -2 ,4 -d ime thy lpy r ro l e  (II); 3, 4) 1-ethyl-2,  
5- d ime thy lpy r ro l e -  3-carba lde  hyde {VI). 

The e lec t ronic  s pec t r a  of the bases  of the two groups  are s i m i l a r  to the spec t r a  of the cor responding  
model e thoxycarbonylpyr ro les  (Table 1, Fig. 3). They are  cha rac t e r i zed  by the p re sence  of a high-intensi ty  
band in the 304-316-nm range (c 15,1.00-21,500) and of a medium- in tens i ty  band at 260-270 nm (c 4120-8600). 

The spec t r a  of the cat ions of compounds substi tuted in posit ion 4, r e g a r d l e s s  of the p resence  or  ab-  
sence of a subst i tuent  at C 5, differ  sharp ly  f r o m  the spec t r a  of the conjugate acids of the cor responding  
e thoxycarbonylpyr ro les  over  the whole range of concentrat ions of H2SO 4. Thus, the fo rmat ion  of cations 
for  the 5 -a lky l -2 -e thoxyca rbony lpyr ro le s ,  in which protonat ion takes  place at the ni t rogen a tom of the p y r -  
role ring, is accompanied by a hypsochromic  shift and by a hypochromic  effect,  and in the s p e c t r a  of the 
conjugate acids there  is in each case  a single t rans i t ion  at 253-263 nm (e 4800-5600). The spec t rum of the 
conjugate acid of 2 -e thoxycarbony l -3 ,4 -d imethy lpyr ro le ,  in which the addition of the proton takes place at 
the unsubsti tuted C~ atom, has s i m i l a r  p a r a m e t e r s  (~max 277 nm, c 5000). 

The e lec t ronic  s pec t r a  of the cat ions (VII-X) are  s im i l a r  to one another  and are  cha rac t e r i zed  by two 
t r a n s i t i o n s -  in the 302-291-nmreg ion  (c 13,900-18,000) and the 330-340-mn region (e 5670-11,500). Con- 
sequently, the fo rmat ion  of cations in ace ty l -  and f o r m y l p y r r o l e s  substi tuted in posi t ion 4 leads to a batho-  
chromic  shift, to an inc rease  in the intensi ty of the shor t -wave  band, and to a lowering of the intensi ty of the 
long-wave t rans i t ion.  The changes in the s p ec t r a  on pass ing f r o m  the neutra l  molecu les  to the cat ions in 
these compounds �9 a re  s i m i l a r  in nature  to those observed  in the protonat ion of f l -ace ty l -  and f i - fo rmylpyr -  
ro les ,  which is evidence in favor  of the protonation of compounds {VII-X) at the oxygen a tom of the carbonyl  
group. A s i m i l a r  s t ruc ture  may  be asc r ibed  to the 4-unsubst i tuted (XI) and (XII) compounds in 20~26 N 
H2SO 4. The spec t r a  of the cat ions of these compounds are  e x t r e m e l y  s i m i l a r  to the s p e c t r a  of the conjugate 
acids of {VII-X) and dif fer  sharply  f r o m  the spec t rum of the conjugate acid of 2 -e thoxyearbony l -3 ,5 -d i -  
me thy lpyr ro le .  
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Fig. 3. UV s p e c t r a  of the ba se s  ( ) and of the conjugate acids 
of ~ -ca rbony l  de r iva t ives  of py r ro l e  in 14-26 N H2SO 4 ( - - - - )  and 
in 35.5 N H2SO 4 ( . . . .  ): 1) 2 - E t h o x y c a r b o n y l - 3 , 4 , 5 - t r i m e t h y l p y r -  
role;  2) 2 - a c e t y l - 3 , 4 , 5 - t r i m e t h y l p y r r o l e  (VII); 3) 3 ,4 ,5 - t r ime thy l -  
p y r r o l e - 2 - c a r b a l d e h y d e  (IX); 4) 2 - e thoxyca rbony l -3 ,5 -d ime thy lpy r -  
role;  5) 2 - a c e t y l - 3 , 5 - d i m e t h y l p y r r o l e  (XI); 6) 3 , 5 - d i m e t h y l p y r r o l e -  
2 -ca rba ldehyde  (XII). 

A cons idera t ion  of the PMR s p e c t r a  gives additional informat ion  on the s t ruc tu re  of the conjugate 
acids of the s e r i e s  of compounds studied. In the f i r s t  place,  in the s p e c t r a  of the cat ions of (VII-IX) the 
s ignals  of the methyl  pro tons  in posi t ions  3, 4, and 5 and in the case  of (X) those in posi t ions  3 and 4 are  
shifted downfield re la t ive  to the s p e c t r a  of the ba se s  and cons i s t  of s ingle ts .  In the second place ,  the s ig -  
nal of the methine proton in the s p e c t r u m  of the conjugate acid of (X) is shifted downfield by 1.04 ppm. In 
the third place,  the signal of the fo rmyl  p ro ton  in the s p e c t r a  of the cat ions of compounds (IX) and (X) is 
shifted upfield by 1.24-1.34 ppm as c o m p a r e d  with its posi t ion in the s p e c t r a  of the ba se s .  Thus, the PMR 
s p e c t r a  do not c o r r e s p o n d  to protonat ion in the py r ro l e  ring. At the same  t ime,  the l a t t e r  fact  shows the 
addition of the proton to the oxygen a tom of the carbonyl  group [ s t ruc tures  (VIIa-Xa)].  A s i m i l a r  tendency 
in the change in the PMR s p e c t r a  on pass ing  f r o m  the ba se s  to the cat ions is obse rved  fo r  compounds (XI) 
and (XII) in 12-33 N H2SO 4, 

R 4 \  / C H  3 

H OH 

V I I - X  a 

On pass ing  to concent ra ted  acids,  no changes wha teve r  a re  obse rved  in the UV s p e c t r a  of the cat ions 
of the 4 - a l k y l - 2 - a c e t y l p y r r o l e s  and 4 - a l k y l - 2 - f o r m y l p y r r o l e s ,  At the s ame  t ime,  in the s p e c t r a  of the 4-  
unsubst i tuted compounds (XI) and (XII) inves t iga ted  and those of the model  2 - e thoxyca rbony l -3 ,5 -d ime thy l -  
p y r r o l e  a cons iderab le  change takes  place:  a s t rong  band appea r s  in the 290-325-nm region (e 22,000- 
26,000). S imi la r  changes  have been desc r ibed  p rev ious ly  for  a number  of f l-unsubsti tuted pheny lpyr ro les  
to which, on this bas i s ,  a f l -pyr ro len in ium s t ruc tu re  was a sc r ibed  [5]. This gives  grounds for  assuming  
the poss ib i l i ty  of the protonat ion of the compounds studied at the C 4 a tom o r  the p r e s e n c e  of an equi l ibr ium 
of the two protonated  f o r m s  in concent ra ted  acids .  

So fa r  as can be judged f r o m  the r e su l t s  of m e a s u r e m e n t s  of the UV s p e c t r a  in t ime,  the s tabi l i ty  of 
the p roposed  fl f o r m  falls in the sequence of the 2 - f o r m y l  > 2-aee ty l  > 2-e thoxycarbonyl  de r iva t ives  s y m -  
ba t ica l ly  with the fall  in the e l e c t ron -accep t i n g  p r o p e r t i e s  of the subst i tuent  in the py r ro l e  ring. 
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E X P E R I M E N T A L  

The UV sp ec t r a  of compounds (I-XII) were  m e a s u r e d  on a Hitachi E PS-3T spec t ropho tomete r .  Weighed 
samples  of the substances  w e r e  dissolved in 96% ethanol and were  then diluted with s tandard ized  solut ions 
of sulfuric  acid. The concentra t ion of ethanol in the solution m e a s u r e d  was 1%. The s p e c t r a  of the ba se s  
were  obtained by diluting the initial solutions with water .  

The PMR s p e c t r a  were  m e a s u r e d  on a JNM-C-60HL s p e c t r o m e t e i  ~ in CDC13, (CD3)2CO,and in sulfur ic  
acid solut ions.  The chemica l  shifts  a re  given in the 5 sca le .  Te t ramethy l s i l ane  was used as in ternal  s tan-  
dard for  the solutions in C DC13 and (CD3)2CO, and sodium 4 , 4 - d i m e t h y l - 4 - s i l a p e n t a n e - l - s u l f o n a t e  for  the 
solutions in H2SO 4. 
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