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Abstract: The intrinsic (gas phase) acidities of pyrrole- and indole-2- and 3-carboxylic acids as well as those
of methyl indole-3-carboxylate and 1-methyl indole-3-carboxylic acid have been measured by means of Fourier
Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometry. Ab initio molecular orbital and DFT
calculations were performed at several levels of theory on all the relevant species. This study was extended to
the same species in aqueous solution by means of the continuum model implemented in the SCRFPAC program.
The calculated acidities, both in the gas phase and in solution, are in very good agreement with the experimental
data and conclusively show that (i) pyrrole- and indole-3-carboxylic acids behave as NH acids in the gas
phase, (ii) in the gas phase, pyrrole- and indole-2-carboxylic acids are deprotonated at the COOH group,
although competing ionizations possibly take place, and (iii) these four compounds behave in aqueous solution
as OH acids.

Introduction

The gas-phase acidity of an acid, AH, is given by the standard
Gibbs energy change,∆G°acid(g), pertaining to reaction 1:

Several experimental techniques are available nowadays1 that
allow the quantitative study of the thermodynamics of reaction
1. An important consequence is the possibility of quantitatively
assessing the influence of the solvent on the relative strengths
of the potential acidic sites of a molecule. It is known, for
example, that in aqueous or methanolic solution, hydroxamic
acids essentially act as OH acids,2a while in DMSO2a and in
the gas phase2b they act as NH acids. In the case of 4-[(2,4,6-
trinitrophenyl)amino]benzoic acid, the preferred ionization sites
in DMSO and in a 60:40 DMSO-water mixture are the amino
and the carboxylic groups, respectively.2c These are clear
examples of medium dependence of the relative strength of the
acidic sites of a molecule. Here we report an extremely large
effect of this sort involving two paradigmatic acidic function-

alities, namely, the OH group of carboxylic acids and the NH
group of simple azoles.3

In aqueous solution, the pKa’s of benzoic acid, pyrrole, and
indole are respectively 4.20,4 17.51,5 and 16.97.5 It follows that
the ionization of an isolated COOH group is favored over that
of an isolated NH group by about 12 pKa units (∼16 kcal mol-1

at 298 K). Unless exceptionally strong interactions are assumed,
the most acidic site of pyrrole- and indolecarboxylic acids in
water is thus expected to be the carboxylic functionality.

Indole- and pyrrolecarboxylic acids are of biological and
pharmaceutical significance,6-10 and this triggered our interest
in these compounds. Pyrrole-2-carboxylic acid presents antiin-
flammatory activity8 and hypocalcemic action.7 Indole-2-car-
boxylic acid is an antagonist of potentiation by glycine at the
NMDA (N-methyl-D-aspartate) receptor.9 Indole-2-carboxylic
acids are hypoglicemic compounds6 and potent type-2 specific
inhibitors of human steroid 5R-reductase.10

The acidity of these compounds was studied in aqueous solu-
tion by Cativiela et al.,11 but hitherto no study seems to have
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been carried out on the intrinsic (gas phase) acidity of
heterocyclic carboxylic acids. We have studied in this work the
intrinsic acidities of indole- and pyrrole-2- and 3-carboxylic
acids (see Scheme 1).

As indicated above, comparison of the pKa values of1-4 in
aqueous solution (see Table 1) with those for a series of
reference compounds suggests that1-4 behave as carboxylic
acids (loss of the proton from the COOH group). But, is the
behavior similar in the gas phase? This question is important,
as it is not always certain that the environment of biological
receptors behaves as bulk water and the gas phase provides the
ultimate example of a solvent-free environment.

Experimental Section

Indole-3-carboxylic acid was synthesized according to Doyle et al.12

Pyrrole-3-carboxylic acid was synthesized according to Cativiela and
Garcı́a.13 1-Methylindole-3-carboxylic acid was synthesized from methyl
indole-3-carboxylate according to a standard procedure by Kikugawa
and Miyake.14 All other products used in this work were commercial
from Aldrich. Their purity was assessed by standard methods.

The gas-phase acidities were determined from equilibrium proton-
transfer reactions conducted in a modified Bruker CMS-47 Fourier
Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer.15-18

Working conditions were similar to those already described.19 The
average cell temperature is ca. 333 K. FT-ICR measurements provide
the standard Gibbs energy change,δ∆G°acid(g), for the proton-exchange
reaction 2:

where AHref is a reference acid.
For this equilibrium:

In every case, the reversibility of reaction 2 was confirmed by means
of double resonance-like experiments.

AH and AHref were initially deprotonated by iso-C5H11O-, generated
in situ by electron ionization of isoamyl nitrite (ionization energy of
ca. 3.5 eV).

The pressure readings for the various neutral reagents, as determined
by the Bayard-Alpert gauge of the FT-ICR spectrometer, were corrected
by means of the gauge sensitivity for each reactant. The gauge sensi-
tivities relative to N2 (Sr) have been estimated according to Bartmess
and Georgiadis20 using the average molecular polarizabilities,R(ahc),
calculated according to Miller.21

Computational Details

Standard ab initio molecular orbital and density functional calcula-
tions were performed with the Gaussian 94 series of programs.22

For all the species included in this study, full geometry optimizations
were carried out at the HF/6-31G(d) level. The corresponding harmonic
vibrational frequencies were evaluated at the same level of theory to
confirm that the optimized structures found correspond to minima of
the potential energy surface and to evaluate the corresponding zero-
point vibrational energies, ZPE, thermal corrections at 298 K, and
entropy values. ZPE values were scaled by the empirical factor 0.9135,
recently suggested by Scott and Radom.23 All the minima found at the
HF/6-31G(d) level were again fully reoptimized at the HF/6-31+G(d)
level (in some cases, reoptimization was also carried out at the MP2/
6-31+G(d) level).

In recent years there has been an intensive development of density
functional theory (DFT) and its applications to various chemical
problems.24 Among the various proposed functionals, the combination
of Becke’s three-parameter hybrid exchange functional25 with the Lee,
Yang, and Parr (LYP) correlation functional26 (denoted B3LYP27) has
been widely used and Smith and Radom28 have calculated acidities
using different functionals and shown that the B3LYP method best
reproduces the experimental data.

This has prompted us to also use DFT in this work. Full geometry
optimizations were carried out at the B3LYP/6-31G(d) level, and the
corresponding harmonic vibrational frequencies were evaluated at the
same level of theory, scaling ZPE values by the empirical factor of
0.9806.23 All the minima found at the B3LYP/6-31G(d) level were again
fully reoptimized at the B3LYP/6-31+G(d) level.

Calculations on chemical species in solution have been carried out
by considering the continuum model29-31 that has been successfully
used in several studies on tautomerism29 and acid/base equilibria.32-38
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Table 1. pKa Values Measured in Water for1-4 and a Series of
Reference Compounds

compd pKa ref

1 4.36 11
2 5.01 11
3 3.82 11
4 5.29 11
benzoic acid 4.20 4
pyrrole 17.51 5
indole 16.97 5
indole-2-carboxylate anion 17.13 5
indole-3-carboxylate anion 15.59 5

AH(g) + A-
ref(g) f A-(g) + AHref(g) Kp, δ∆G°acid(g) (2)

δ∆G°acid(g) ) -RT ln Kp (3)
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The application of this model to the study of the acidity of a variety of
carboxylic acids in solution34,35 has yielded satisfactory results.
Computations were carried out by using the SCRFPAC program39

updated to the Gaussian 94 environment.22 According to this methodol-
ogy, described elsewhere,31 the solute is placed in a general-shaped
cavity embedded in a polarizable continuum whose permittivity is taken
to be equal to that of water at 25°C (78.4). The wave function of the
solute is relaxed in this environment by considering a solute-solvent
interaction obtained from a multipole expansion. Terms up to sixth
order have been used. Other solvation terms are also included in the
total energy. The B3LYP/6-31+G(d) geometries optimized in the gas
phase were used for single point calculations of solvated structures.
Previous work33-35,37,38supports this methodology because of the modest
changes observed, both in geometric parameters and in energy
contributions, when single point calculations on gas-phase geometries
are compared with full geometric optimizations in the presence of the
reaction field.

Experimental Results

The Gibbs energy change for reaction 1,∆G°acid(g), is given
by ∆G°acid(g)(av), the average of the∆G°acid(g) values obtained
through eq 4:

wherein∆G°acid(ref)(g) pertains to reaction 5:

Values of∆G°acid(ref)(g) are taken from ref 40 unless stated
otherwise.

Experimental results are shown in Scheme 1.
Notice that the uncertainties reported for the acidities are

rather small, as far as the overlaps with the references are
concerned. The “absolute” values are obviously less precise,
perhaps by as much as 1 or 2 kcal mol-1.

The experimental acidity values of1-4 (see Scheme 1) say
little about the origin of the acidic hydrogen of the molecules
(possible sites being the COOH or NH groups). To answer this
question it is necessary to carry out a theoretical study of the
intrinsic acidities of1-4.

A preliminary study, at the ab initio HF/3-21G(d) level, was
performed to determine the structure of the most stable
conformers of compounds1-4, because there are four possible
conformers of the neutral compounds and other four NH-
deprotonated conformers, depending on the orientation of the
COOH group within the molecule. In the case of deprotonation
of the COOH group there is only one possible structure.

The most stable structures of compounds1-4 and their OH-
and NH-deprotonated forms are presented as part of the
Supporting Information. As can be seen there, all the structures
are planar. In the case of anions1(N-) and3(N-) there is an
intramolecular hydrogen bond between the OH group and the
N atom of the ring. Theoretical structures of compounds1-4
and their corresponding anions, optimized at HF/6-31+G(d),
B3LYP/6-31+G(d), and in some cases MP2/6-31+G(d) levels,
are presented as part of the Supporting Information. To our
knowledge, there are no experimental data on the structures of
these compounds.

The standard Gibbs energies at 298 K, evaluated at several
levels of ab initio and DFT theories, for the most stable struc-
tures of compounds1-4 are given in Table 2. The electronic

energy values and the corresponding zero-point vibrational
energies, thermal corrections to enthalpies, and entropies,
evaluated at several levels of ab initio and DFT theories, are
collected in Tables S1 and S2 (see Supporting Information).

Discussion

The data reported in Table 2 indicate that in the cases of
pyrrole-3-carboxylic acid,2, and indole-3-carboxylic acid,4,
NH-deprotonation is clearly favored relative to COOH-depro-

(38) Li, G.-S.; Ruiz-López, M. F.; Maigret, B.J. Phys. Chem. A1997,
101, 7885-7892.

(39) Pappalardo, R. R.; Rinaldi, D. SCRFPAC, QCPE No. 622; Indiana
University, Bloomington IN, 1992. Updated version for Gaussian 94 by
Rinaldi, D.

Scheme 1

∆G°acid(g) ) δ∆G°acid(g) + ∆G°acid(ref)(g) (4)

AHref(g) f A-
ref(g) + H+(g) ∆G°acid(ref)(g) (5)
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tonation. In the other two cases, COOH-deprotonation may be
slightly more favorable but, in any case, the COOH- and NH-
deprotonated structures have quite comparable stabilities, and
the computed gap becomes even narrower when correlation
effects are included. Thus, for1(N-)/1(O-) the gaps at the HF/
6-31+G(d), MP2/6-31+G(d)//HF/6-31+G(d), MP2/6-31+G(d),
and B3LYP/6-31+G(d) levels are respectively 2.3, 1.6, 1.4, and
1.6 kcal mol-1 and for3(N-)/3(O-) the gaps are 4.8, 2.0, and
2.9 kcal mol-1 at the HF/6-31+G(d), MP2/6-31+G(d)//HF/6-
31+G(d), and B3LYP/6-31+G(d) levels, respectively. Use of
isodesmic reactions (see below) further reduces these gaps.

How does this result compare to the experimental data? We
have to obtain now reliable theoretical acidities of1-4.

The size of the molecules studied in this work does not allow
us to calculate the “absolute” acidities at the G2 or G2(MP2)
levels, which are the most suitable to obtain theoretical acidities
close to the experimental values.28,41 An alternative procedure
to improve the accuracy is to calculate “relative” acidities
through the use of isodesmic reactions42 in which there is an
important cancelation of errors.

We have calculated the acidities of the relevant compounds
using isodesmic reactions 6, for NH-deprotonation, and 7, for
deprotonation of the COOH group:

taking pyrrole (5) and benzoic acid (6), respectively, as reference
compounds and using their experimental acidities.43 Calculated
values are collected in Table 3, together with the differences
with the experimental acidities.

As shown in this table, the NH-acidities of2 and4 are very
close to the experimental values and very far from those
calculated assuming deprotonation of the carboxylic group. As
mentioned earlier, the situation of1 and3 is not so clear-cut.

(40) NIST Chemistry Webbook, NIST Standard Reference Database
Number 69, March 1998 Release; Negative Ion Energetics data compiled
by Bartmess, J. E. (http://webbook.nist.gov/chemistry/).

(41) Smith, B. J.; Radom, L.J. Phys. Chem.1991, 95, 10549-10551.
(42) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A.Ab Initio

Molecular Orbital Theory; John Wiley & Sons: New York, 1986.
(43) Experimental∆Gacid(g) values for pyrrole and benzoic acid are 351.8

and 332.9 kcal mol-1, respectively, taken from ref 40.

Table 2. Gibbs Energy Values Obtained at Different Computational Levels for Compounds1-4 and Their Corresponding NH- and
OH-Deprotonated Formsa (All Values in Hartrees)

compd B3LYP/6-31+G(d) HF/6-31+G(d)
MP2/6-31+G(d)
//HF/6-31+G(d) MP2/6-31+G(d)

1 pyrrole-2-carboxylic acid -398.70405 -396.38399 -397.54155 -397.54755
1(N-) pyrrole-2-carboxylic acid, pyrrolide anion -398.16788 -395.83699 -397.01231 -397.01838
1(O-) pyrrole-2-carboxylate anion -398.17039 -395.84065 -397.01490 -397.02058
2 pyrrole-3-carboxylic acid -398.70062 -396.38262 -397.53843 -397.54429
2(N-) pyrrole-3-carboxylic acid, pyrrolide anion -398.15905 -395.82975 -397.00211 -397.00796
2(O-) pyrrole-3-carboxylate anion -398.15490 -395.82592 -396.99871 -397.00398
3 indole-2-carboxylic acid -552.31273 -549.00095 -550.66474
3(N-) indole-2-carboxylic acid, indolide anion -551.78426 -548.45936 -550.14491
3(O-) indole-2-carboxylate anion -551.78894 -548.46693 -550.14808
4 indole-3-carboxylic acid -552.31241 -549.00272 -550.66542
4(N-) indole-3-carboxylic acid, indolide anion -551.78299 -548.46168 -550.14221
4(O-) indole-3-carboxylate anion -551.77342 -548.45337 -550.13332

a The Gibbs energy values, at 298 K, have been obtained from electronic energies by using scaled zero-point vibrational energies, thermal
corrections, and entropies, computed at B3LYP/6-31G(d) and HF/6-31G(d) levels.

Table 3. Calculated Acidities from Isodesmic Reactions 6 and 7 for NH- and OH-Deprotonations, Respectively. Differences between
Calculated and Experimental Acidities Are Indicated in Parentheses (All Values in kcal mol-1)

compd B3LYP/6-31+G(d) HF/6-31+G(d)
MP2/6-31+G(d)//

HF/6-31+G(d) MP2/6-31+G(d) exptla

1(N) 332.5 333.1 332.6 332.6
1(O) 333.3 (0.7) 332.3 (-0.3) 332.7 (0.1) 332.6 (0.0) 332.6

2(N) 335.8 (-1.1) 336.8 (-0.1) 337.1 (0.2) 337.0 (0.1) 336.9
2(O) 340.9 340.7 340.9 340.9

3(N) 327.6 329.7 328.6
3(O) 327.1 (1.2) 326.4 (0.5) 326.4 (0.5) 325.9

4(N) 328.2 (-0.2) 329.4 (1.0) 328.8 (0.4) 328.4
4(O) 336.6 336.1 336.1

7 332.3 (1.7) 332.7 (2.1) 332.3 (1.7) 330.6
8 334.8 (-1.3) 335.3 (-0.8) 335.3 (-0.8) 336.1
9 342.7 (0.8) 344.2 (2.3) 342.1 (0.3) 341.9
10 347.5 (1.1) 347.7 (1.3) 347.1 (0.7) 346.4
11 342.1 (-0.7) 342.0 (-0.8) 341.4 (-1.4) 342.8
12 329.7 (-0.3) 329.7 (-0.3) 329.4 (-0.6) 330.0
13 321.9 (1.1) 321.9 (1.1) 322.6 (1.8) 320.8
14 324.3 (-1.5) 325.3 (-0.5) 325.4 (-0.4) 325.8
15 335.4 (1.6) 334.4 (0.6) 334.0 (0.2) 333.8
|dev|b (0.9) (0.9) (0.7)

a Values taken from ref 40.b |dev| are the mean absolute deviations between theory and experiment taking into account OH-deprotonation in the
case of1 and3 and NH-deprotonation in the case of2 and4.
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To further clarify the situation, we have also measured the
intrinsic acidities of two other compounds, methyl indole-3-
carboxylate (7) and 1-methylindole-3-carboxylic acid (8), for
which there is only one possibility of deprotonation. The
experimental results are collected in Scheme 1. It is important
to point out that the methylation of the carboxylic group in4
decreases the acidity by only 2.2 kcal mol-1, while the
N-methylation decreases the acidity by 7.7 kcal mol-1.

Also carried out were the calculations at several ab initio
levels for the corresponding neutral and deprotonated structures
of 7 and8 (see Supporting Information). The calculated acidities
of 7 and 8, from isodesmic reactions 6 and 7, are in good
agreement with the experimental values (see Table 3).

For the very purpose of allowing a more strict comparison
of experimental and computed acidities, we have studied seven
compounds corresponding to NH acids, indole (9), pyrazole (10),
and imidazole (11), and carboxylic acids, 4-fluoro- (12), 4-cy-
ano- (13), 4-formyl- (14), and 4-methoxy- (15) benzoic acids.
The calculated Gibbs energy values, at 298 K, for the ionization
of all these compounds are given in Table S3 (see Supporting
Information), and the corresponding calculated acidities using
isodesmic reactions 6 and 7 are shown in Table 3.

The experimental and computed values for compounds5 to
15 (those having a single, unambiguous ionization site) obey
the excellent linear relationship, eq 8:

Ninety-five percent confidence intervals for the intercept and
the slope44aare given in parentheses. At this level, the equation
∆Gacid(calc) ) ∆Gacid(exp) remains essentially within the
confidence limits of eq 8.

Figure 1 is a plot of∆Gacid values calculated at the MP2/6-
31+G(d)//HF/6-31+G(d) level vs the experimental values for
compounds1-4. OH- and NH-deprotonation are represented
by up and down triangles, respectively. The line drawn is that
defined by eq 8, and the dotted lines limit the 99% confidence
interval for individual values (the dispersion band).44b

It is clear that deprotonation in pyrrole- and indole-3-
carboxylic acids,2 and4, respectively, occurs at the NH group
with 99% confidence. In the case of pyrrole- and indole-2-
carboxylic acids,1 and 3, respectively, both possibilities are
within the dispersion band. In the case of1, an equilibrium very
likely exists between both anionic structures in the gas phase.

Last, we go back to our initial consideration of the ionization
of compounds1-4 in water. It was assumed all through this
study that these compounds ionize in water as carboxylic acids.
To our knowledge, no direct experimental evidence seems to
support this concept. Thus, we have examined the ionization
of these species, as well as that of benzoic acid and pyrrole, by
means of a continuum solvation model39 (see computational
details).

This kind of model is known to reproduce relative basicities
of amines within 0.7 pK units.36 As previous studies have shown,
electronic correlation must be included to properly account for
structural effects on the acid-base behavior of azoles.37 This
was done here, using single point DFT calculations (see

computational details). The results are summarized in Table S4
(see Supporting Information).

Notice that, although specific solvation through hydrogen
bonding is not included, the treatment takes it implicitely into
account, as these interactions are largely electrostatic in nature.46

Using these results, we have reexamined the proton-exchange
reactions 6 and 7 in aqueous solution, taking as before pyrrole
and benzoic acid as reference compounds. Data are summarized
in Table 4.

These results are remarkable and rewarding in various
respects: (i) the conceptual self-consistency of our approach
as compounds1-4 are shown in all cases to ionize in water as(44) (a) The 95% confidence intervals of the intercept and the slope of

the regression equationy ) a + bx have been calculated through the
following equations:a ( tn-2

0.05 {(1/n + x2/∑(xi - x)2)Sy/x
2 }1/2 andb ( tn-2

0.05

{Sy/x
2 /∑(xi - x)2}1/2, taken from ref 45. (b) The 99% confidence interval for

individual values has been calculated through the equationyo ( tn-2
0.01 {(1 +

1/n + (xo - x)2/∑(xi - x)2)Sy/x
2 }1/2, taken from ref 45.

(45) Massart, D. L.; Vandeginste, B. G. M.; Deming, S. N.; Michotte,
Y.; Kaufman, L.Chemometrics: A Textbook; Elsevier: Amsterdam, 1988.

(46) Solà, M.; Lledós, A.; Bertrán, J.; Abboud, J.-L. M.J. Am. Chem.
Soc.1991, 113, 2873-2879.

∆Gacid(calc)) 12(11)+ 0.965(0.033)∆Gacid(exp) (8)

n ) 11; r ) 0.995; sd) 0.98 kcal mol-1

Figure 1. MP2/6-31+G(d)//HF/6-31+G(d)-calculated versus experi-
mental ∆Gacid values for pyrrole- and indolecarboxylic acids (com-
pounds1 to 4). OH- and NH-deprotonation are represented by up and
down triangles, respectively. The solid line is that defined by eq 8 (see
Text) and the dotted lines limit the 99% confidence interval for
individual values.

Table 4. Calculated∆G and∆pKa Values for Reactions 6 and 7 in
Aqueous Solution, at the B3LYP/6-31+G(d) Level (See Text) (All
Values in kcal mol-1)

compd ∆G ∆pKa(calc) ∆pKa(exp)

reaction 6a

1 -0.2 -0.1 -13.1
2 2.8 2.1 -12.5
3 -0.8 -0.6 -13.7
4 0.7 0.5 -12.2

reaction 7b

1 -0.2 -0.1 0.2
2 2.7 2.0 0.8
3 -2.3 -1.7 -0.4
4 2.9 2.1 1.1

a Taking pyrrole (pKa ) 17.51) as reference.b Taking benzoic acid
(pKa ) 4.20) as reference.
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carboxylic acids (this confirms our initial contention regarding
the fundamental, and so far unnoticed, role played by solvation
in the ionization of these compounds) and (ii) the excellent
quantitative agreement between the experimental and calculated
values both in gas-phase and solution systems.

Conclusions

The combination of FT-ICR experimental data with ab initio
calculations of substantial level leads to the following conclu-
sions:

(1) In aqueous solution, compounds1-4 behave as OH acids.
(2) In the gas phase, pyrrole 3-carboxylic acid,2, and indole

3-carboxylic acid,4, behave as NH acids.
(3) In the cases of pyrrole- and indole-2-carboxylic acids,1

and3, in the gas phase, a prototropic equilibrium between the
two possible deprotonated structures is expected to occur.
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