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Abstract.- The acid-base equilibria of protonation and deprotonation of 
pyrrole and its benzologs indole and carbazole have been reexamined using 
the Excess Acidity Method (E.A.M.). 

The pyrrole ring has very weak acid and very weak basic properties'. . 
Protonation of pyrrole and indole"' derivatives takes place in 

concentrated acidic media on carbon atoms (a-carbon in pyrrole and 

p-carbon in indole 1, whereas carbazole5 protonates in these media, on 

nitrogen. The acidity constants for these protonation equilibria in 

sulfuric acid solutions have been measured and expressed using different 

acidity functions. Values of pK, of -3.80 *, -3.50 'and -4.94 s have been 

reported at 25OC for pyrrole. indole and carbazole. respectively. 

The pyrrolic NH group deprotonation in all these compounds takes place 

in bigly basic media and pK, values of 17.51 and 16.97 have been reported 

for deprotonation equilibria of pyrrole and indole in concentrated 

hydroxide solutions6, and 23.05 and 20.95 in pure DMSO ', respectively. To 

our knowledge, the direct experimental PK, value of carbazole deprotonation 

in aqueous media has not been reported. It has been indirectly estimated as 

17.06 at 20°C by an extrapolative method' and as 21.1 from fluorimetric 

titration and the Fester-Weller cycle". 

19.9 in pure DMSO '. 

This equilibrium has a pK_ value of 

It is worth to note that all these protonation and deprotonation 

equilibria take place out of the PH range and, therefore, the reported pK 

values did not represent the true thermodynamic pK,, since no adherence 0; 

the ionization data to any acidity function was observed in any case. Thus, 

the significance and utility of these apparent pKas are very restricted. 

Nowadays, it is well established that the acid-base behaviour of weak 

acids and bases in non-ideal aqueous media might be described, at least, by 

two parameters which must reflect the internal and external stabilizations 

of the acid-base conjugate pairs due to the molecular structure itself and 

the solvation process; respectively 'O'*'. The approach based in the Excess 

Acidity Methods (E.A.M.) 12-is has proved to be very useful for this 

Purpose. These methods give the thermodynamic pK, value, which is referred 
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to a standard state, and a second m* or # parameter, which are related with 

the solvation requirements of the acid-base conjugate pair. In this paper 

we have used the E.A.M. as developed by Marziano -Cimino-Passerini” and 

Cox-Yates’d’LS to reexamine the ionization equilibria of protonation and 

deprotonation of pyrrole, indole and carbazole. 

EXPERIMENTAL 

Indole and carbazole were commercial products of the best available 
quality and were used as received. Pyrrole was freshly disti 1 led 
innnediately before its use.Preparation of solutions and i$&yz@rophotometric 
measurements were carried out as previously described . Ionization 
ratios I, (I=)Acidl / (base11 were obtained by spectrophotometric titration 
or from literature where suitable data were pxai lable (pyrrole. indole, 
1-metylpyrrole and 1-metylindole protonationsl ’ . All these experimental 
measurements were carried out using thermostated solutions at a temperature 
of 25f0.1°C. Ionization data may be obtained from the authors upon request. 
Ionization constants and solvation m parameters were obtained from 
eqs.(l) and @ with were derived from the qeplication of the E.A.M. to 
protonation and deprotonatjon equilibria , respectively; 

log I - log C + = m p xp + pKp II (11 

PK” + log co,- - log a + log I = m*d xd + pK, ” (21 * 

where water activities and x functions were taken from elsewhere 1i*20*2i. 

RESULTS AND DISCUSSION 

The results of the ionization data analysis are collected in Table 1 . In 

this Table, and for comparison purposes, we have also included data from 

the literature for other structurally related compounds. A first inspection 

of these data reveals that the revised E.A.M. pKas are, in most of the 

cases, only slightly changed with respect to those previously reported and 

obtained using other methods. The more relevant difference is observed in 

the case of indole protonation, whose E.A.M. pK, of -2.43 is a pK= unity 

greater than that previously reported 4. It is interesting to note that the 

actual pK, is in very good agreement with that of -2.5 predicted from 

theoretical procedures”. On the other hand, the m* values are not 

substantially equal in each type of ionization equilibria, and therefore, 

all the compounds under study do not follow any comon acidity functions*‘. 

Data in Table 1 reveal severa 1 qualitative correlations between 

structure and acidity. Thus, from the comparison of the protonation 

parameters of the carbon bases pyrrole and indole, a clear trend towards an 

increase in pK and a decrease in m* on annelation is observed. The Q 
substantially higher m* value for pyrrole protonation than for indole 

protonation is indicative of a weaker solvation of the former. This , 

difference between m* values is also of interest since it implies an 

inversion of the basicity of pyrrole and indole going from diluted to 

concentrated acidic aqueous solutions. In wholly aqueous solutions indole 

is a stronger base than pyrrole but, above 40% w/w sulfuric acid solutions, 

the reverse is true. Similar inversions of acidities have been reported *‘. 
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TABLE 1: Ionization data analysis of the protonation and deprotonation equilibria 
at 25~C of pyrrole, indaIe and carbazole and other related compounds. 

Protonation equilibria PK, m* ra pK_(other methods1 

Pyrroleb 
1-methy&pyrroleb 

-3.57io.10 1.66iO.06 0.999 -3.802 
-3.15+0.15 1.99zo.12 0.999 -2.902 

Indole 
I-methylindoleb 

-2.43iO.30 0.95~0.17 0.968 
-2.56+0.21 

-3.50:;-2.5022 

Carbazole -4.87iO.15 

1.7720.18 0.993 

1.07?0.04 0.999 
-5.89ZO.46 1.3520.12 0.997 

-2.325 -4.945 

0.765+0.002 1.07+0.03 0.992 -;';;23 

Deprotonation equilibria 

Pyrrole 17.25+0.23 0.91io.13 0.992 17.516*23.057 
Indole 16.7220.16 1.06ZO.13 0.995 16.976;20.957 Carbazole 15.16+0.08 1.45ZO.18 0.994 19.97.21.19:17.6 8 

Dfphenylamine" 23.39 1.20 0.9999 22.4414 

a) Correlation coefficient, b) Ionization data taken from ref. 2 and 4 

Although pyrrole and indole protonate on carbon “‘, the structures of 

their protonated cations have often been supposed to involve a 1 arge 

localization of their positive charges on the nitrogen atoms. In this sense 

it seems reasonable to suspect that the different m* values for protonation 

of these compounds can be interpreted as a measure of the relative 

localization of the positive charge on the nitrogen atom, or as it is 

equivaleht, its delocalization into the aromatic ring. The more delocalized 

the positive charge, the weaker the solvation and the higher the m* values 

will be. Thus, the m* value for pyrrole protonation which is close to those 

of typical carbon bases ‘, seems to imply a greater delocalization of the 

positive charge of the pyrrole cation into the ring. In contrast, the 

smaller m* value for indole protonation can be taken as indicative of the 

minor delocalization of the positive charge of its cation. 

Certainly, the m* value of indole is rather distant from the typical 

values of carbon bases (usually between 1.7 and 2.2) 
7,*5 

being, on the 

contrary, close to those of nitrogen bases such as ani lines (around to 

1.0) ‘*lS. This somewhat exceptional behaviour of the carbon base indole 

strongly suggests the possibility of the positive charge of its protonated 

cation being almost completely localized on the nitrogen atom. In this 

connection, it is interesting to note that equilibria between N-l and C-3 

protonated cations of several indole derivatives have been substantiated in 
3 

concentrated sulfuric acid solutions . 

The pK, and m* values of carbazole are in very good agreement with its 

behaviour as a nitrogen base. Thus, the lower basicity of carbazole, as 

compared with the carbon bases pyrrole and indole and the nitrogen base 

diphenylamine, is clearly a consequence of the greater aromaticity 

disruption involved in the process of carbazole protonation. On the other 

hand, in view of the similar structures of carbazo le and diphenylamine 

protonated cations, similar m* values for the protonation of both bases 

would be expected and were, in fact. found. 
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Finally, in relation with the protonation equilibria, it is also 

noticeable that methylation on nitrogen increases the m* values for all the 

compounds under study. As it has been previously pointed out "*', this is 

consistent with a less efficient solvntion of the methylated nitrogens. 

Moreover, the greater increase of m* observed for indole methylation, us 

compared with that of pyrrole methylation, is in agreement with the above 

hypothesis of the positive charge localization on nitrogen in their 

respective cations. 

We may now turn our attention to the deprotonntion equilibria. The 

increase of acidity and m* values going from pyrrole to indole and 

carbazole, follows a rational order consistent with the resonance 

stabilization of their anions. On annelation, the negative charge of the 

deprotonated anions is progressively stabilized by resonance 

delocalization, with in turn cuuses a decrease of the interaction with the 

solvent. Therefore, annelation cause two contrasting effects on acidity, 

increasing internal and decreasing external stabilizations of the anions. 
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