J. Org. Chem. 1984, 49, 4379-4386

Basicity of Azoles. 6. Calculated Intrinsic Basicities for
Methyl-Substituted Pyrazoles and Imidazoles. Comparison to Aqueous
Solution Data: N-Methylation Effect

J. Catalan, O. Mo, J. L. G. de Paz, P. Pérez, and M. Yaiiez

Departamento de Quimica Fisica y Quimica Cudntica, Facultad de Ciencias C-XIV, Universidad Autémona de
Madrid, Cantoblanco (Madrid, 34), Spain

J. Elguero*
Instituto de Quimica Médica, C.S.I1.C., Juan de la Cierva, 3, 28006 Madrid, Spain
Received February 28, 1984

We have done ab initio calculations, using an STO-3G minimal basis set, for all possible methyl derivatives
of pyrazoles and imidazoles in order to predict theoretically their gas-phase basicities, since there is an almost
complete lack of experimental information regarding these magnitudes. A comparative study between these
predicted gas-phase basicities and those measured in aqueous solution has also been carried out. The calculated
proton affinities are analyzed by means of different linear correlations involving N, orbital energies, HOMO
energies, and the energy of the nitrogen lone pair orbital. In general, the correlations obtained show that
a-substitution and B-substitution effects are quantitatively distinct. Similar conclusions were reached for
methyl-substituted pyridines when employing experimental proton affinities and Ny, ionization energies. A
considerable attenuation of the basicity in aqueous solution with respect to that predicted for the gas phase is
found for both pyrazoles and imidazoles. This attenuation effect is much greater than that observed for other
nitrogen-containing cyclic bases as pyridines. Although, in solution, the basicity of N-methylated compounds
is always smaller than that of the corresponding non-N-methylated parent compound, in the gas phase, methylation
always causes an increase of the intrinsic basicity. Moreover, the attenuation of the solution basicity upon
N-methylation varies inversely with the intrinsic basicity, reflecting a parallel weakening of the hydrogen bonds
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between the protonated molecule and the solvent.

Introduction

In the last few years we have devoted some effort to
investigating,! from a theoretical point of view, those
factors which affect the gas-phase basicity of organic
compounds, including carbon, nitrogen, and oxygen bases.

Quite frequently, the corresponding experimental gas-
phase proton affinities were readily available?® and useful
correlations between them and some theoretical magni-
tudes such as 1s orbital energies,'*>** lone pair orbital
energies,'b®5 calculated protonation energies, 8 electro-
static molecular potentials,'#78 charge densities, #6910 gtc.,
could be established. These correlations were then em-
ployed to predict relative proton affinities in those cases
where experimental measurements were not possible or
had not yet been carried out.!* As a consequence, the
assignment of the preferred protonation site, difficult from
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an experimental point of view, was possible not only in
those cases, but in general.

The analysis of these correlations often led to a better
understanding, at the molecular level, of those phenomena
involved in the protonation process: resonance stabiliza-
tion,'d intramolecular charge migrations,'™y valence-shell
orbital interactions,'® etc. In particular, methylindoles!d
and 7-methyl-7-azaindole and its tautomer 7-methyl-7H-
pyrrolo[2,3-b]pyridineY are illustrative examples.

In this paper we shall obtain, within an ab initio SCF
scheme, similar correlations for methylpyrazoles and me-
thylimidazoles. Regarding these kinds of compounds, some
theoretical papers,’*}~1% mainly devoted to explaining the
considerable gap observed between the basicity in solution
of the two parent compounds, have been published. Re-
cently (part 2 of this series),® we carried out a preliminary
study, at the semiempirical level, of the basicity of some
methylpyrazoles and methylimidazoles. Some of the
conclusions reached there suggest the necessity of per-
forming a more exhaustive study of this problem. Even
though the information on the basicity of these compounds
in aqueous solution is abundant,'48 there is, surprisingly,
an almost complete lack of experimental information re-
garding their gas-phase basicities. To our knowledge, only
the proton affinities of imidazole? and N-methylimidazole®®
have been reported. The lack of experimental gas-phase
proton affinities prevents either obtaining the kind of
correlations indicated above or application of those which
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hold for analogous compounds. Hence, to have a reliable
systematization of our theoretical results, which cannot be
tested against experimental evidence for the gas phase, we
have included in the present study all possible methyl-
pyrazole and methylimidazole derivatives (amounting to
32 different compounds).

On the other hand, a comparative study between the
predicted gas-phase basicities and those observed in
aqueous solution would be feasable, since all compounds
are monocyclic aromatic systems which do not present the
problems which arise when comparing pK, and PA values
of monocyclic and bicyclic systems.? The substituents
do not present special conformational problems (as, for
example, methoxy?! or acyl groups).22 They are usually
classified as “chemically inert” in hydroxylic solvents,? and
the dipole moment is almost constant'® within each family
(around 2.3 D for pyrazoles and 3.8 D for imidazoles).

The systematic attenuation of the basicity in aqueous
solution with respect to that in the gas phase and the
specific effect of the N-Me substitution on it, will be
discussed.

Simultaneously, a parallel study of the basicity of me-
thylpyridines, whose gas-phase PA’s have been reported
in the literature®*? will be carried out in order to extend
our conclusions on methylpyrazoles and methylimidazoles.

Computations

We have carried out ab initio calculations using a
STO-3G minimal basis set for all possible methylpyrazole
and methylimidazole derivatives and all mono- and di-
substituted methylpyridines.

The corresponding protonation energies were obtained
as the energy difference between the protonated and the
nonprotonated forms. As we have indicated elsewhere,'&*
the use of optimized structures for this kind of study can
be almost crucial. Unfortunately, a geometry optimization
at the ab initio level of the 42 compounds included in this
study is far beyond our computational capacity. Conse-
quently, we have adopted, for our STO-3G calculations,
fully optimized INDO geometries, where the N-H and
C-H bond lengths have been adequately scaled, as dis-
cussed elsewhere.!d An indication of the goodness of the
geometries adopted here is the agreement between our
calculated structures and those obtained by microwave
spectroscopy for the parent compounds, pyrazole® and
imidazole.?’

Another problem is the evaluation of the corresponding
charge distributions. It is well-established that the most
widely used technique in quantum chemistry, the Mulliken
population analysis, fails to adequately reproduce? the
effect of alkyl substituents on the corresponding charge
distribution. Moreover, very recently, Stutchbury et al.?®
have shown, using the zero-flux surface criterion of Bader,
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Figure 1. Protonation energies for methylpyrazoles and me-
thylimidazoles vs. the corresponding Ny, orbial energies. All values
relative to pyrazole: (®) methylpyrazoles; (o) methylimidazoles.

that the replacement of a hydrogen atom by a methyl
group in a charged molecule is accompanied by a charge
dispersal over the methyl hydrogens which is not repro-
duced by the Mulliken population analysis. Therefore, we
shall use a different partitioning technique of the total
molecular electronic density, the so-called YSP population
analysis.?® This procedure has the advantage of being
practically insensitive® to the quality of the basis set used
to expand the corresponding wave function and reproduces
adequately the delocalization of charge over the hydrogen
atoms in cations.*® In all cases, the standard density basis
sets defined in ref. 31 were used.

Results and Discussion

We present in Table I the calculated protonation en-
ergies for methylpyrazoles and methylimidazoles. It can
be noticed that imidazoles are systematically predicted to
be stronger bases than pyrazoles, in the gas phase. This
is in agreement with the experimental finding of Flam-
mang et al.* for the parent compounds. Further, the Me
substituent effects on the basicity are almost additive for
each family. Actually, there is a reasonably good agree-
ment between the calculated protonation energies and
those predicted assuming constant increments of 5.1, 6.6,
3.7, and 6.0 kcal/mol for N-, 3-, 4-, and 5-methyl substi-
tution of pyrazoles and of 4.0, 6.7, 4.1, and 3.9 kecal/mol
for N-, 2-, 4-, and 5-methyl substitution of imidazoles,
respectively. The quality of this additive model slightly
decreases as the number of methyl substituents increases.
It must be indicated that the only experimental gas-phase
PA’s available [those of imidazole (222.7 kcal/mol* and
223.3 kecal/mol*) and its N-methyl derivative (228.2
kcal/mol'®)] show an increase in the basicity of about 5
kcal/mol upon N-methylation. Our theoretical results
predict an increase of 4.0 kcal/mol, in reasonably good
agreement with that experimental finding.

We have previously shown'®P that there exist good linear
correlations between the experimental gas-phase proton
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5317.
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estimated a abundance ratio (imidazole H*/pyrazole H*) of 130.
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Table I. Calculated Magnitudes for Methylpyrazoles and Methylimidazoles®

Me-pyrazoles

substituent AE, AE(1s) AE(HOMO) Aey Agng Awa
H 0.0 0.0 0.0 0.0 0 0.0
1-Me 5.1 6.3 34 5.2 -33 +1.7
3-Me 6.6 8.4 6.8 7.5 -28 +2.0
4-Me 3.7 2.2 5.5 3.3 -6 -0.4
5-Me 6.0 3.7 9.9 4.3 -1 +0.1
1,3-Me 11.3 (11.7)® 14.0 10.9 12.3 -58 +3.6
1,4-Me 8.2 (8.8) 8.4 8.3 8.3 -36 +1.3
1,5-Me 10.8 (11.1) 10.3 13.5 9.3 -41 +1.6
3,4-Me 9.2 (10.3) 9.7 9.8 10.1 -33 +1.86
3,56-Me 12.4 (12.6) 11.9 15.7 11.7 -36 +1.7
4,5-Me 9.8 (9.7 5.5 16.4 7.1 -12 -0.4
1,3,4-Me 13.9 (15.4) 15.3 13.1 14.8 -61 +3.3
1,3,5-Me 16.7 (17.7) 17.6 18.7 16.3 -84 +3.4
1,4,5-Me 13.2 (14.8) 114 18.3 11.7 -41 +1.1
3,4,5-Me 15.0 (16.3) 12.9 19.3 13.9 -37 +0.8
1,3,4,5-Me 18.8 (21.4) 18.6 21.9 18.3 -65 +3.1
Me-Imidazoles
substituent AE, AE(1s) AE(HOMO) Ae, Agns Aa
He 0.0 0.0 0.0 0.0 0 0.0
(18.6) (31.9) (7.4) (15.2) (-156)
1-Me® 4.0 1.2 1.7 1.5 =7 -0.5
2-Me® 6.7 10.8 9.5 9.4 =31 +2.6
4-Me 4.1 7.1 7.0 6.9 -26 +2.1
5-Me 3.9 2.1 9.3 2.2 -3 -0.7
1,2-Me 10.4 (10.7)4 12.1 11.0 10.8 -37 +2.3
1,4-Me 8.3 (8.1) 8.3 9.1 8.5 -33 +1.6
1,5-Me® 7.3 (1.9) 3.3 11.8 3.4 -6 +1.2
2,4-Me® 11.2 (10.8) 17.8 15.5 15.8 -56 +4.4
2,5-Me 10.8 (10.6) 12.8 18.2 11.3 -33 +1.8
4,5-Me 7.8 (8.0) 8.9 15.8 8.6 -29 +1.5
1,2,4-Me 14.5 (14.8) 17.9 20.8 16.8 -59 +4.1
1,2,5-Me 13.3 (14.6) 12.8 20.1 11.7 -33 +1.4
1,4,5-Me 11.0 (12.0) 9.7 18.3 9.7 -32 +1.0
2,4,5-Me 14.6 (14.7) 19.1 23.7 174 =57 +3.8
1,2,4,5-Me 17.2 (18.7) 18.9 25.1 17.7 =57 +3.4

“ Protonation energies (AE;), N1s orbital energies (AE(1s)), HOMO energies (AE(HOMO)), nitrogen lone pair orbital energies (A¢,) (all
values in kcal/mol), and YSP charge densities of the basic center (Agy; or Agys in millielectrons) referred to those of the corresponding
parent compounds. For each family of compounds the last column presents the varition (Aq, in degrees) of the endocyclic bond angle
centered on the basic nitrogen (N1N2C3 or C2N3C4) upon methyl substitution. ®Values in parentheses were predicted assuming constant
increments of 5.1, 6.6, 3.7, and 6.0 kcal/mol for 1-, 3-, 4-, and 5-methyl substitution, respectively. ¢ Within parentheses we have given those
values for imidazole relative to pyrazole. ¢Values in parentheses were predicted assuming constant increments of 4.0, 6.7, 4.1, and 3.9
kcal/mol for 1-, 2-, 4-, and 5-methyl substitutions, respectively. ¢The corresponding 4-31G values are AE; = 4.4, AE(1s) = 2.6, AE(HOMO)
= 2.6, and A¢, = 2.7 for 1-Me. AE, = 4.6, AE(1s) = 8.8, AE(HOMO) = 9.7, and A¢, = 8.7 for 2-Me. AE, = 8.8, AE(1s) = 4.4, AE(HOMO)
= 13.1, and A¢, = 5.1 for 1,5-Me. AE, = 7.1, AE(1s) = 14.2, AE(HOMO) = 16.5, and A¢, = 14.3, for 2,4-Me.

affinity and the 1s orbital energy of the corresponding basic
center within a given family of compounds. In the present
case, due to the lack of experimental information on the
gas-phase proton affinities of methylpyrazoles and me-
thylimidazoles, we shall limit ourselves to the analysis of
the relationship shown in Figure 1 between the corre-
sponding calculated magnitudes: protonation energies
(AE,) and Nls orbital energies (AE(1s)) (See Table I).

Several facts should be singled out for comment: (a) The
correlations obtained for pyrazoles and imidazoles are
different, i.e., according to these indices, pyrazoles and
imidazoles are not homologous bases. (b) Within each
family of compounds there are two different kinds of linear
correlations, ones with slope close to unity and others with
a greater slope. (c) It can also be noticed that the first ones
correspond to an a-effect, while the second ones represent
a B-effect. That is, the correlations with smaller slope give
the variation of the protonation energy (relative to the
compound of smaller basicity) produced when one or two
substituents are introduced at the a-positions relative to
the basic center. For instance, in both pyrazoles and im-
idazoles, the lower line involves the parent compound, the
a-monosubstituted derivatives, and the o,a’-dimethyl
derivative. The second and the third line correspond to
a B-monomethyl derivative and the corresponding di-

methyl- and trimethyl-substituted compound obtained by
introducing at the a-positions of the former, one or two
methyl groups, respectively. Finally, the upper line in-
volves the §,8-dimethyl compound and those trimethyl
and tetramethyl derivatives obtained by Me substitution
at one or the two a-positions of the former.

The straight lines of higher slope, on the contrary, give
the variation in the protonation energy (relative to the
compound of smaller basicity) when introducing one or two
methyl substituents on 8-positions. For example, the first
line of this group involves the parent compound (pyrazole
or imidazole) and the mono- and di-g-substituted deriva-
tives. The different slopes of these correlations imply that
compounds with analogous basicity present a greater
variation of their N1s orbital energies upon a-substitution
than upon S-substitution. The explanation of this behavior
will be given later.

One may wonder, however, whether the conclusions in-
dicated above might be an artifact of our calculations; in
other words, one may wonder whether similar effects would
be observed when dealing with experimental proton af-
finities and 1s binding energies.

To clarify this matter we have carried out similar cal-
culations on mono- and dimethylpyridines, whose gas-
phase PA’s are known.?4?® Qur calculated AEp’s, relative
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Table II. Calculated (JAE,) and Experimental (APA,,;)
Protonation Energies for Mono- and Disubstituted
Methylpyridines. AE(1s) Symbolizes the Calculated N,,
Orbital Energies. All Values in kcal/mol Relative to the
Parent Compound

substituent SAE, APA..° AE(1s)
H 0 0 0 (0)¢
2-Me 5.4 3.7 (3.1 [4.1]¢ 8.9 (7.2)4
3-Me 2.6 2.8 (2.8)% 2.6 (4.4)¢
4-Me 4.1 3.7 (4.3) 3.5 (6.0)¢
2,3-Me 8.3 6.6 10.9
2,4-Me 9.5 7.4 12.0
2,5-Me 8.3 6.6 11.2
2,6-Me 10.9 7.6 [7.8]¢ 17.1 (13.7)¢
3,4-Me 6.6 6.6 5.2 (8.86)¢
3,5-Me 5.5 5.4 4.4 (7.5)¢

%Values taken from ref 24, corrected according to the criterion of
Bromilow; see ref 25. ®Values taken from ref 25. For 4-methyl-
pyridine we use the average value obtained from those given in
Table . “Values taken from ref 35. ¢Experimental N;, binding
energies, relative to pyridine, taken from ref 37. ¢N,, binding en-
ergies estimated from the corresponding Nj, orbital energies.

to the parent compound, together with the experimental
ones, and the corresponding Nls orbital energies, are
presented in Table II.

In agreement with our findings for pyrazoles and imid-
azoles, the substituent effects are practically additive.
Moreover, when the calculated protonation energies (AEp)
are plotted against the calculated N1s orbital energies (See
Figure 2, Part a) a similar behavior to that discussed for
pyrazoles and imidazoles is found. For the sake of clarity,
exclusively ortho-substituted and nonortho-substituted
compounds were included in that figure. Both sets of
compounds follow different linear correlations, being the
slope smaller for ortho-substituted compounds.

It can also be observed, from Table II, that there exists
a good agreement between our calculated AEp’s and the
experimental ones. Actually, for those derivatives with
meta and/or para substituents, the relationship between
both magnitudes obeys a linear equation®® of slope very
close to 1. When the substituent is ortho the calculated
proton affinity slightly overestimates the experimental one.

Unfortunately, the corresponding N1s binding energies
are only known for the parent compound and the mono-
substituted derivatives,®” but to complete our discussion
we have estimated (from the corresponding N1s orbital
energies) those of 2,6-, 3,4-, and 3,5-dimethyl derivatives.
In Figure 2 Part b, we have represented the experimental
PA’s vs. the corresponding N1s binding energies for the
same compounds included in Figure 2 Part a. A similar
behavior to the one discussed when employing calculated
values is observed, though clearly attenuated; i.e., the
difference between the corresponding slopes is smaller than
that obtained when using calculated values.

We can conclude, therefore, that the «- and 3-effects
discussed for methylpyrazoles and methylimidazoles are
not artifacts of our calculations, though, very likely, they
would appear somewhat attenuated if experimental gas-
phase PA’s and 1s ionization potentials were employed.

We can come back now to the possible explanation of
these a- and B-effects.

It is well-known®®3 that the 1s orbital energy of a given
center acts as a probe of the electrostatic potential near
the corresponding nucleus. This implies that the 1s orbital

(35) Meot-Ner, M. (Mautner); Sieck, L. W. Org. Mass. Spectrom. 1983,
105, 2956.

(36) PA = 0.98 E_ +0.01 (r? = 0.944; n = 5).

(37) Bron, R. S.; Tse, A. Can. J. Chem. 1980, 58, 694.

(38) Martin, R. L.; Shirley, D. A. J. Am. Chem. Soc. 1974, 96, 5299.

(39) Davis, D. W.; Rabalais, J. W. J. Am. Chem. Soc. 1974, 96, 5305.
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Figure 2. Linear correlations between (a) calculated protonation
energies and N, orbital energies and (b) experimental proton
affinities and N, binding energies for some methyl-substituted
pyridines. See text for details. Values relative to pyridine.

energy depends primarily on the total electron population
at the host atom. The YSP charge distribution obtained
for the compounds under study (see Table I) reveals that
B-substitution induces a very small variation on the charge
density located at the basic center, while this variation is
significant when the substituent is introduced at «.
Moreover, similar to what has been observed regarding the
charge distribution of amino-substituted pyridines and
pyrimidines,® the charge density of the basic center also
reflects additivity of the substituent effects. Hence, a
greater variation of the N1s orbital energy for a-substi-
tution than for 8-substitution should be expected.

Besides, N1s orbital energies are also affected by vari-
ations in the local bonding at the host atom.** These
variations are almost negligible for $-substitution but
significant upon a-substitution, as revealed by the opening
of the endocyclic angle centered on the basic nitrogen (see
Table I). This endocyclic angle varies very little upon
3-substitution, while single a-substitution causes openings
of about 2° or more and «,o’-disubstitution of about 4.5
degrees, in both, pyrazoles and imidazoles.

These changes can be related, using simple valence shell
electron pair repulsion arguments'®4? to variations in the
hybridization at the basic center. The opening of this
endocyclic angle implies an increase in the p character of
the corresponding N o-lone pair orbital, which, as a con-
sequence, becomes less tightly bound and so the N1s or-
bital.

Both factors (charge density variations and hybridization
changes) yield a greater variation of the 1s orbital energy
upon a-substitution than upon @-substitution, reflected

(40) Escudero, F.; M6, O.; Yafiez, M. J. Chem. Soc., Perkin Trans. 2,
1983, 1735.

(41) Davis, D. W,; Shirley, D. A. J. Am. Chem. Soc. 1976, 98, 7898.
Mills, B. E.; Martin, R. L.; Shirley, D. A. Ibid. 1976, 98, 2380,

(42) Kéalman, A.; Agay, G. Y. J. Mol. Struct. 1983, 102, 391. Aue, D.
H.; Webb, H. M; Davidson, W. R.; Vidal, M.; Bowers, M. T.; Goldwhite,
H.; Vertal, L. E.; Douglas, J. E.; Kollman, P. A.; Kenyon, G. L. J. Am.
Chem. Soc. 1980, 102, 5151.
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Figure 3. Lines a’ and b’ correspond to the linear correlations
between protonation energies and HOMO energies for those
compounds included in lines a and b of Figure 1. To facilitate
the discussion, lines a and b have been repeated here.

in the slopes of the corresponding AEp vs. AE(1s) linear
correlations.

We have shown above that methylpyrazoles and me-
thylimidazoles follow different protonation energy (AEp)
vs. 1s orbital energy (AE(1s)) correlations. Let us consider,
for instance, lines a and b in Figure 1. It can be seen that
the correlation AEp vs. AE(1s) for a-substituted imidazoles
(line b) is shifted about 6 kcal/mol (in the protonation
energies scale) with respect to that corresponding to a-
substituted pyrazoles (line a). Accordingly, imidazoles
present a AEp smaller than what should be expected from
their 1s orbital energies, if the relationship obtained for
pyrazoles were valid for imidazoles.

This result is not surprising, since it has been shown!a®
that, in general, this kind of correlation holds only for
homologous series of compounds.

We have previously shown!® that multivariant linear
correlations: experimental gas-phase PA’s vs. 1s binding
energies and the first ionization potentials of the molecules
exist for carbon, nitrogen, and oxygen bases. We have also
proved!® that similar correlations can be obtained by using
orbital energies, calculated by using a STO-3G basis in-
stead of experimental ionization energies. Hence, in the
discussion which follows we shall employ N1s orbital and
HOMO energies (see Table I) instead of 1s binding ener-
gies and first ionization potentials, respectively.

For the sake of simplicity we shall discuss exclusively
those compounds belonging to lines a and b of Figure 1,
i.e., a-substituted pyrazoles and imidazoles. In Figure 3
lines a and b of Figure 1 are repeated and, for the same
compounds, the protonation energy (AEp) vs. the energy
of the HOMO [AE(HOMO)] (all values relative to pyra-
zole) is also plotted. The behavior of the correlations found
is opposite to that observed for the AEp vs. AE(1s) cor-
relations: Imidazoles (line b’) present a basicity greater
than what should be expected from their HOMO energies,
if the correlation obtained for pyrazoles were valid for
imidazoles. It is then reasonable to expect the multivariant
correlations AEp vs. AE(1s) and AE(HOMO), to be unique
for both families. Such a correlation, obtained by a
least-squares tecnique, obeys the equation:

AEp = -193.29AE(1s) - 166.04AE(HOMO) + 4816.73
1
o = 0.4 kcal /mol

Equally good multivariate correlations are obtained for the
other three groups of compounds included in Figure 1.

An alternative analysis of substituent effects in meth-
yl-substituted pyrazoles and imidazoles can be performed
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Figure 4. Protonation energies vs. the energy of the nitrogen
lone pair for methylpyrazoles (®) and methylimidazoles (a). All
vallues relative to pyrazole.

by means of the corresponding ionization potentials of the
nitrogen lone pair**® or, alternatively, the energy of the
nitrogen lone pair orbital.!>®# Similarly, linear rela-
tionships between pK, values measured in aqueous solu-
tion for N-containing heterocycles and vertical lone pair
ionization potentials have also been reported.*

Since one of our goals is to analyze the solution basicity
of the compounds under consideration, the analysis of the
behavior of the nitrogen lone pair orbital energies seems
quite important.

The corresponding calculated STO-3G values have been
summarized in Table I. Figure 4 presents calculated
protonation energies (AEp) vs. lone pair orbital energies
(Aen), all relative to pyrazole.

Some facts deserve detailed discussion: (a) Within each
family of compounds (pyrazoles and imidazoles) a behavior
similar to that discussed for 1s orbital energies, although
somewhat attenuated, is observed. (b) There is, however,
a noticeable difference with respect to the correlations
discussed in previous sections, in the sense that there is
not a significnat gap between the variations observed in
the protonation energies and those observed in the lone
pair orbital energies. This causes imidazoles and pyrazoles
to follow roughly the same correlation.! (c) A closer
analysis of this rough correlation reveals the existence of
two distinct relationships, which have been indicated in
the figure. The line with a higher slope includes those
pyrazoles and imidazoles which do not present any sub-
stituent at the a-position, while that with a smaller slope
comprises a-monosubstituted and «,o’-disubstituted de-
rivatives.

According to the arguments of Aue et al.,2* the proton
affinity and the nitrogen lone pair ionization potential of
a given base are related to each other by the equation

PA(B) = HA(B*) - IP(B) + IP(H)

(43) Beauchamp, J. L. Annu. Rev. Phys. Chem. 1971, 22, 527, Staley,
R. H.; Beauchamp, J. L. J. Am. Chem. Soc. 1974, 96, 6252. Aue, D. H,;
Webb, H. M.; Bowers, M. T. Ibid. 1975, 97, 4137. Benoit, F. M.; Harrison,
A. G. Ibid. 1977, 99, 398. Lee, T. H.; Jolly, W. L.; Bakke, A. A.; Weiss,
R.; Verkade, J. G. Ibid. 1980, 102, 2631. Bomse, D. S.; Beauchamp, J. L.
J. Phy. Chem. 1981, 85, 488. Koppel, L; Mélder, U.; Pikver, R. Org. Reac.
(N.Y., Engl. Transl.) 1983, 20, 45 and references therein.

(44) Ramsey, B. G. J. Org. Chem. 1979, 44, 2093.

(45) Bieri, G.; Heilbronner, E. Helv. Chim. Acta 1974, 57, 546. Ram-
sey, B. G.; Ann Walker, F. J. Am. Chem. Soc. 1974, 96, 3314.

(46) Catalan, J.; Elguero, J. J. Heterocycl. Chem. 1984, 21, 269.
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Table ITI. Experimental and Predicted pK, Values for Methylpyrazoles and Methylimidazoles. All Values Relative to the
Corresponding Parent Compounds

Me-pyrazoles

Me-imidazoles

opK, opK, SpK, opK,
substituent (expt)? (caled)® substituent (expt) (caled)®
H 0 (0)¢ 0 H 0= (0)° 0
1-Me -0.43 (-1.0) -0.53 1-Me 0.13 (-0.2) 0.17
3-Me 0.80 (1.1) 0.91 2-Me 0.85%¢ (1.2) 0.87
5-Me 0.82 4-Me 0.56%* (0.8) 0.53
4-Me 0.57 (0.8) 0.51 5-Me 0.51
1,3-Me 0.30 (0.0) 0.45 1,2-Me 1.00¢ (1.0) 1.04
1,4-Me -0.04 (-0.1) -0.04 1,4-Me 0.20%% (-0.1) 0.76%
1,5-Me 0.37 (0.1) 0.37 1,5-Me 0.70¢ (0.5) 0.62
3,4-Me 1.39 (1.9) 1.26 2,4-Me 1.41¢ (1.9) 1.46
4,5-Me 1.35 2,5-Me 1.41
3,5-Me 1.60 (2.2) 1.70 4,5-Me 1.02
1,3,4-Me 0.86 1,2,4-Me 1.61
1,3,5-Me 1.28 (1.3) 1.31 1,2,5-Me 1.44
1,4,5-Me 0.75 1,4,5-Me 1.13
3,4,5-Me 2.11 (2.9) 2.06 2,4,5-Me 1.96/ (2.7) 1.90
1,3,4,5-Me 1.75 (2.0) 1.64 1,2,4,5-Me 1.98

¢Predicted from eq 3-6. ®Values from ref 14. ¢3AG(aq) obtained from the corresponding pK, (expt) values. See text for details. ¢ Values

from ref 18. ¢Values from ref 15. /Values from ref 16. 2See text.

Therefore, variations in proton affinities would be
identical with those in ionization potentials if and only if
the hydrogen affinity (HA) (defined as the homolytic bond
dissociation energy of the —(=)N*H bond, in the pro-
tonated form) is constant.?’

One can reasonably assume that such a term must be
roughly constant when considering methylpyrazoles and
methylimidazoles (explaining point b). However, it must
be taken into account that HA’s are especially sensitive?%
to changes in hybridization and geometry at the basic
center. This would explain point ¢. As indicated at the
beginning of this section, the endocyclic angle centered on
the basic nitrogen of pyrazoles and imidazoles varies upon
a-substitution, while it remains practically constant upon
B-substitution. One can then conclude that derivatives
without substituents at o and a-substituted derivatives
must follow different AEp vs Aen correlations.

Finally, it must be emphasized that our previous dis-
cussion qualifies, in some manner, the implicit assumption,
generally accepted,!™* that there is a unique correlation
between protonation energies and lone pair ionization
potentials within an homologous series of compounds. Our
results clearly show that, depending on the position of the
substituent and the degree of substitution, the correlations
found are slightly different.

Similar analyses regarding the charge density of the
basic center and the minima of the electrostatic molecular
potentials lead to the same conclusions and have not been
included here but can be obtained from any of us.

To check whether our conclusions are basis set inde-
pendent we have carried out calculations, at the 4-31G level
for imidazole, 1-methyl-, 2-methyl-, 1,5-dimethyl-, and
2,4-dimethylimidazole and their corresponding protonated
forms, using the same geometries as before. The new
relative values (see Table I) for AE(HOMO) and Aen are
not significantly different from those obtained at the
STO-3G level and only for a-substituted compounds do
AEp and AE(1s) become clearly smaller when enlarging
the basis set. It can be easily seen, however, that although
these differences imply some quantitative changes with
regard to the STO-3G results, they do not affect our con-
clusions.

(47) Alder, R. W.; Arrowsmith, R. J.; Casson, A.; Session, R. B., He-
ilbronner, E.; Kovac, B.; Huber, H.; Taagepera, M. J. Am. Chem. Soc.
1981, 103, 6137.

To compare substituent effects on the basicity of a given
family of compounds in the gas phase and in aqueous
solution one may plot the variations of the free energy of
the protonation process in the gas-phase AG (g) vs. the
corresponding quantity in aqueous solution, 6AG(aq). The
latter can be calculated from the corresponding pK, values
of the two bases in solution. In our case, since we shall
try to compare N-methyl- and non-N-methyl-substituted
compounds, the pK, values of the non-N-methyl-substi-
tuted ones must be incremented by 0.3 pK, units. The
former, 6AG(g), will be substituted by the corresponding
theoretically calculated protonation energies (6AEp).
These plots for methylpyrazoles and methylimidazoles are
given in Figure 5 Part a and b, respectively.

For both families, good linear correlations 6AEp vs.
8AG(aq) are found, though 1,4-dimethylimidazole clearly
deviates. In all cases, the slopes of these linear relation-
ships, which obey the equations

SAEp = 4.566AG(aq) + 10.35 (r* = 0.987, n = 6) (3)
5AEp = 5.335AG(aq) + 0.00 (2 = 0.991, n = 6) (4)

for N-methyl-substituted and non-N-methyl-substituted
pyrazoles, respectively, and

8dEp = 5.236AG(aq) + 5.00 (*> = 0.975,n = 3) (5)
SdEp = 5.596AG(aq) + 0.05 (r* = 0.996, n = 5) (6)

for N-methylated and non-N-methylated imidazoles, re-
spectively, are considerably greater than unity, showing
a large attenuation of the substituent effect in aqueous
solution, which is practically the same for pyrazoles and
imidazoles but almost twice that observed for other ni-
trogen-containing cyclic bases, as pyridines.?? Equations
3-6 allowed us to predict the pK, values for those methyl
derivatives, whose aqueous basicity has not been measured.
Those predicted values have been listed in Table III.
It seems well-established that this partial cancellation
of substituent effects in solution is mainly due to the
difference between the relative solvation enthalpies of the
neutral base and the corresponding ion. It seems also
clear®*® that the major factor is related to the substituent
effect on the solvation of the charged species, via hydrogen

(48) Arnett, E. M. Acc. Chem. Res. 1973, 6, 404. Aue, D. H.; Webb,
H. M.; Bowers, M. T; Liotta, C. L.; Alexander, C. J.; Hopkins, H. P. J.
Am. Chem. Soc. 1976, 98, 854. Arnett, E. M.; Chowla, B. Ibid. 1979, 101,
7141 and references therein.
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Figure 5. Gas-phase protonation energies vs. aqueous solution
protonation energies: (a) methylpyrazoles; (b) methylimidazoles.
All values relative to the corresponding unsubstituted parent
compounds.

bonds.#? Correspondingly, only a few water molecules are
required to yield the attenuation effect observed in
aqueous solution.®®5® Moreover, this effect varies linearly
with the substituent, within homologous series of com-
pounds. It seems then obvious that the relative heats of
hydration must depend on the number and kind of pro-
tonic sites present in the molecule.

Some other interesting conclusions can be drawn from
the correlations seen in Figure 5, Parts a and b.

Within each family of compounds, the N-methyl-sub-
stituted derivatives follow a correlation different from that
which holds for non-N-methylated compounds. In prin-
ciple, and according to the arguments of the preceding
paragraph, this result is not surprising since the former
compounds present one fewer protonic site than the latter.
This results in a clear contrast between the substituent
effects in the gas phase and in solution. In the gas phase,
substitution by a methyl group implies an increase in the
basicity of about 4.0-5.0 keal/mol. This increment is more
or less the same for N-methy! or C-methyl substitution,
almost regardlessly the position which undergoes substi-
tution. However, in aqueous solution and due to the loss
of an active center for solvation, the basicity of N-
methylated compounds is considerably smaller than that
of non-N-methyl-substituted ones.

This effect is usually quantified by comparing the so-
lution bacisity of the N-methyl-substituted derivative to
that of the parent compound. This leads to an underes-
timation of the N-methylation effect. As indicated in the

(49) Kebarle, P.; Davison, W. R.; French, M.; Cumming, J. B;
McMaon, T. Faraday Discuss. Chem. Soc. 1977, 64, 220. Kebarle, P.;
Davison, W, R.; Sunner, J.; Meza-Hojer, S. Pure. Appl. Chem. 1979, 51,
63. Davison, W. R.; Sunner, J.; Kebarle, P. J. Am. Chem. Soc. 1979, 101,
1675. Lau, Y. K,; Kebarle, P. Can. J. Chem. 1981, 59, 151.

(50) Meot-Ner (Mautner) M., submitted for publication.
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previous paragraph, N-, 4-, and 5-methylimidazoles present
quite similar gas-phase basicities, about 4.0 kcal/mol
greater than that of imidazole. In solution, however,
N-methylimidazole is 0.33 kcal/mol? less basic than im-
idazole but about 1.0 kcal/mol (0.7 pK, units) less basic
than those methyl derivatives which present analogous
basicity in the gas phase. Therefore, the attenuation of
the solution basicity upon N-methyl substitution is not
actually given by the decrease with respect to the parent
compound, but, on the average, by the difference in the
86AG(aq) axis intercepts of the two correlations §AEp vs.
8AG(aq) (see Figure 5 Part b), which is about 1.0 kcal/mol
for imidazoles. Clearly, such a difference is even greater
for pyrazoles, [ ~2.0 kcal/mol (1.40 pK, units)], while the
difference between the solution basicity of pyrazole and
N-methylpyrazole is only of 1.0 kcal/mol (0.7 pK, units).

It could also be illustrative to consider this N-methyl
substitution effect from a different point of view, i.e., by
considering the differences in the §AG(g) axis intercepts.
Accordingly, for N-methylimidazole to be as basic as im-
idazole in aqueous solution, the former should have a
gas-phase basicity 5 kcal/mol greater than the latter.
Similarly, only if N-methylpyrazole had a gas-phase bas-
icity 10.3 kcal/mol greater than that of pyrazole would
both compounds be equally basic in aqueous solution.

The quantitative difference between N-methylation
effect on pyrazoles and imidazoles is easily explained
taking into account that in pyrazoles, besides the loss of
one active center for solvation, some steric hindrance to
solvation of the other protonic center (N2) would also
appear.

A closer look to the correlations in Figure 5 Parts a and
b reveals that this N-methylation effect is not constant.
That is, the corresponding straight lines are not parallel,
since the slope for N-methylated derivatives is smaller than
that for non-N-methylated ones (see eq 3-6). This reveals
that the strength of the hydrogen bonds involving the
additional active center of non-N-methylated derivatives
and the solvent vary inversely with the corresponding
basicity. Recently, Meot-Ner® showed that the strength
of the ionic hydrogen bond XH*.-.Y correlates with APA
= PA(X) - PA(Y) and that the ratio of enthalpies of
tetramolecular to monomolecular solvation is constant for
a wide range of onium ions. In our particular case, Y is
always a water molecule, hence PA (Y) = constant and the
strength of the corresponding hydrogen bond must cor-
relate with PA(X), in agreement with our findings.
Moreover, for strong positive ion hydrogen bonds, Des-
mueles and Allen®! have shown that there is a linear cor-
relation between the calculated dimerization energies and
the charge lost from the proton. Consequently, according
to arguments of the preceding paragraph, there should
exist a correlation between what we have called AA (the
increase in aqueous basicity of non-N-methylated com-
pounds with respect to that predicted if they would behave
as N-methylated derivatives) and the charge of the hy-
drogen atom. These correlations have been represented
in Figure 6 and within the precision of our calculations
clearly confirm our discussion.

Conclusions
From the results discussed in this paper we can conclude
that methyl-substituted imidazoles follow different pro-
tonation energy vs. N, orbital energy correlations.
Moreover, within each family of compounds there are two
different kinds of linear relationships: those with smaller
slope give the relative variation of the gas-phase basicity

(51) Desmueles, P. J.; Allen, L. C. J. Chem. Phys. 1980, 72, 4731.
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Figure 6. Quantitative attenuation effect on the aqueous solution
basicity upon N-methylation (AA) vs. the net charge (YSP) on
the basic hydrogen.

upon a-substitution, while those with a greater slope give
that variation when substitution takes place on a 8-posi-
tion. These findings are not an artifact of our calculations
since similar effects are found, though attenuated, when
using experimental proton affinities and Ny, ionization
energies for methyl-substituted pyridines. Accordingly,
methylpyrazoles and methylimidazoles can be classified
in three different groups with regard to the effect of the
substituent on the intrinsic basicity and on the corre-
sponding N, binding energy: (a) compounds which
present a-substitution, exclusively; (b) compounds with,
at least, one substituent in a 3 position; (¢c) compounds,
at least, 8,8’-substituted. Within each group, the corre-
lation found for pyrazoles and imidazoles is different.
These, so called, a- and B-effects are primarily due to
hybridization and charge density changes induced by the
substituent on the basic center.

The relative effects of the substituent on the Ny, orbital
energies with respect to those on the protonation energies
are opposite to those obtained for the HOMO energies.
Hence, the correlations indicated in the previous paragraph
become unique for pyrazoles and imidazoles if the variation
of the HOMO energy is taken into account. This confirms
that the multivariant linear correlations AEp vs. AE(1s)
and AE(HOMO) are followed by families of compounds
which cannot be considered as homologous when using
single correlations between protonation energies and ion-
ization energies.

Catalan et al.

The correlations involving the nitrogen lone pair energies
are roughly unique for pyrazoles and imidazoles. Never-
theless, there are two different correlations; that involving
a-substituted azoles and that including non-a-substituted
ones. This fact reveals that the so-called hydrogen affinity
depends, for this kind of compound, on the position which
undergoes substitution through the hybridization changes
produced on the basic center. Therefore, it is not always
possible to establish a unique correlation between pro-
tonation energies and lone pair ionization energies, even
within an homologous series of compounds.

A considerable attenuation of the basicity in aqueous
solution with respect to that predicted for the gas phase
is observed in both pyrazoles and imidazoles. This effect
is about the same for both families, but considerably
greater than that observed in other nitrogen-containing
cyclic bases.

There is a clear contrast between the substituent effects
on the gas phase and on the aqueous solution basicities.
In fact, in the gas phase, methylation always causes an
increment of the corresponding basicity, almost regardless
of the position which undergoes substitution. In aqueous
solution, however, this is not true for N-methyl-substi-
tuted compounds, whose solution basicity is always smaller
than the corresponding non-N-methylated parent com-
pound. This attenuation of the solution basicity upon
N-methylation, which on the average is about 1.0 kcal/mol
(0.7 pK, units) for imidazoles and 2.0 kcal/mol (1.4 pK,
units) for pyrazoles, is not constant but varies inversely
with the intrinsic basicity, reflecting a parallel weakening
of the hydrogen bonds between the protonated molecule
and the solvent.
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