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Abstract. The physical properties of chemicals are
strongly influenced by their protonation state, affecting,
for example, solubility or hydrogen-bonding characteris-
tics. The ability to accurately calculate protonation states
in the form of pKj,s is, therefore, desirable. Calculations
of pK, changes in a series of substituted pyridines are
presented. Computations were performed using both
ab initio and semiempirical approaches, including free
energies of solvation via reaction-field models. The
selected methods are readily accessible with respect to
both software and computational feasibility. Comparison
of calculated and experimental pK,s shows the experi-
mental trends to be reasonably reproduced by the
computations with root-mean-square differences ranging
from 1.22 to 4.14 pK, units. Of the theoretical methods
applied the best agreement occurred using the second-
order Moller—Plesset/6-31G(d)/isodensity surface polar-
ized continuum solvation model, while the more
computationally accessible Austin model 1/Solvent model
2 (SM2) approach yielded results similar to the ab initio
methods. Analysis of component contributions to the
calculated pK,s indicates the largest source of error to be
associated with the free energies of solvation of the
protonated species followed by the gas-phase protonation
energies; while the latter may be improved via the use of
higher levels of theory, enhancements in the former
require improvements in the solvation models. The
inclusion of alternate minimum in the computation of
pKas is also indicated to contribute to differences between
experimental and calculated pK, values.
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Introduction

The exact state of protonation is a key factor dictating
the function of many biological molecules [1-5].
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Changes in the protonation state of molecules of
biological and pharmacological relevance can have a
drastic impact on their physicochemical properties, such
as solubility and lipophilicity, thereby affecting their
absorption and disposition characteristics. Recently,
computer-based studies have been performed from
which good correlations between calculated free energies
of aqueous solvation and blood-brain partitioning [6]
and atomic solvent accessibilities and drug absorption
[7] were obtained. In those studies, however, functional
groups with pK, values close to physiological pH were
not included. Studies in our laboratory have extended
the works cited previously to include the influence of
substituents on drug permeability [8]. The compounds
used in this study were substituted pyridines. Since the
pK, of the ring nitrogen in pyridine (pK, = 5.25) is close
to physiological pH there is a possibility that its
protonation state could be influenced by substituents,
thereby affecting the calculated physical properties as
well as the experimentally measured permeabilities.
This problem motivated the present investigation
into computational approaches for the determination
of pK, differences in substituted pyridines.
Computational determination of pK,s has been ap-
plied to both small molecules [9] and macromolecules,
typically proteins [10—13]. In pK, calculations changes in
free energies of solvation of the neutral and charged spe-
cies are required as are free energies of protonation in the
gas phase (see Sect. 2). Determination of absolute pK,
values also requires the free energy of solvation of the
proton, a value that is not exactly known [14]. Accord-
ingly, most pK, calculations involve the determination of
pK, differences, although small molecule studies have at-
tempted to determine absolute pK,s [9]. Small molecule
pK, studies have used a variety of techniques to obtain
the free energies of solvation, including free-energy
perturbation methods [15-17], quantum mechanical
(QM) molecular mechanical free-energy perturbations
[18], continuum electrostatic approaches that involve
solving the Poisson—Boltzmann or generalized Born
equations [19-21], and reaction-field methods [14, 22].
The majority of pK, shifts in proteins are calculated using
continuum methods based on the Poisson—Boltzmann
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equation [23] due to computational considerations, al-
though semimicroscopic approaches have been applied
[24]. Of these approaches quantum-chemical-based
methods combined with reaction-field models are attrac-
tive for small molecule studies due to their ability to de-
termine gas-phase deprotonation energies and free
energies of solvation in a computationally accessible
manner.

Results on pK,s calculated using both ab initio and
semiempirical approaches, including several reaction-
field solvation models [25, 26], are presented. In Sect. 2 the
methods of the computational approaches are described
along with the equations for the calculation of pK, dif-
ferences. Section 3 includes data from a collection of re-
sults from the different levels of theory and includes direct
comparison of pK,, proton affinity (PA) and free energy of
solvation data with experimental values. A brief conclu-
sion is used to summarize and highlight the results.

2 Computational methods

pK, differences in the present paper were calculated for substituted
pyridines (xpyr) relative to unsubstituted pyridine (pyr) based on
the thermodynamic cycle shown in Scheme 1 [9].
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The absolute pK, for unsubstituted pyridine, pK,(pyr), is related to
the free energies of solvation, AGs,(pyrH™) and AGse(pyr), for the
protonated and neutral forms of pyridine, respectively, the free
energies of solvation of the proton, AGs(H™), and the deproto-
nation energy of pyridine in the gas phase, AG,,s(pyr), as shown in
Eq. (1).

pK. (pyr) = [AGsoi (pyr) + AGsoi (HT)

—AGsol (pyrH+) + AGgas (pyr)] (1)

Similarly, Eq. (1) can be written for the pK, of a substituted
pyridine, pK,(xpyr), as shown in Eq. (2).

2.3RT 3RT

[AGSOI (Xpyr) + AGsol( )
—AGs (xpyrH™)
+AGgs(xpyr)] 2)

Ka (xpyr) = !
PLa(Xpy 23RT

Subtracting Eq. (1) from Eq. (2) yields the difference in pK,,
ApK,(xpyr — pyr) as shown in Eq. (3),
[AAGsq1 (xpyr — pyr)
—AAG;o (xpyrH — pyrH™)
+AAGs (xpyr — pyr)] (3)

1
ApK, (xpyr — pyr) = 3RT

where AAGq (xpyr — pyr) and AAGs, (xpyrH — pyrH') are the
differences between the free energies of solvation of substituted

pyridine and pyridine for the neutral and protonated species, re-
spectively, and AAGg,(xpyr — pyr) is the difference in the gas-
phase deprotonation energies of the substituted pyridine and
pyridine. Importantly, the free energy of solvation of the proton
cancels. Thus, only the difference in the gas-phase deprotonation
energies and the solvation-free-energy differences for both the
protonated (cationic) and neutral species of pyridine are needed to
determine the pK, differences. Calculation of the gas-phase de-
protonation energies were performed using both ab initio and
semiempirical methods and the free energies of solvation were
obtained by using the different reaction-field models as presented
later.

Gas-phase geometry optimizations were performed via both
ab initio and semiempirical QM methods. Ab initio calculations
were performed using Gaussian 94 [27] with the 6-31G(d) basis set.
Geometry optimizations were performed at the Hartree-Fock (HF)
level of theory. All Moller—Plesset perturbation theory to second-
order (MP2) level calculations were performed using the HF/
6-31G(d) optimized geometry. Semiempirical calculations were
carried out using the Austin model 1 (AM1) Hamiltonian [28] via
the program AMSOL 5.0 [29].

For several of the compounds studied rotation of the substit-
uent leads to multiple minima. These include the 2-OH, 2-CHO, 2-
C,Hs, and all methyl-substituted pyridines. To identify their global
minima these compounds were subjected to the following proce-
dure. Potential-energy surfaces were obtained via AM1 calculations
for both the neutral and protonated species by fixing the dihedral
angle defining the rotation of the substituent (e.g. the O-C-C2-C3
dihedral angle of the 2-CHO pyridine analog) and allowing all
other degrees of freedom to relax. The solvated surfaces (see later)
were obtained at the AM1-SM2 level of theory using the structures
from the gas-phase surfaces. From each surface the global mini-
mum was identified and used for the determination of the AM1-
SM2 pK,s and also as the starting geometry for the HF/6-31G(d)
optimizations. Potential-energy surfaces were not performed at the
HF/6-31G(d) level due to computational considerations. While
individually such calculations are feasible, the goal was to identify
a method that would allow pK, calculations on a large number
of compounds such that a significant number of HF/6-31G(d)
potential-energy surfaces becomes prohibitive.

Free energies of solvation in aqueous solution were calculated
using a variety of reaction-field methods. All solvation calculations
were performed on the gas-phase optimized structures. Due to the
pyridine ring, the presence of solvent is not expected to have a
significant influence on the optimized geometries, as was verified in
several tests (not described). Reaction-field models include AM1—
SM2 [30, 31] implemented in AMSOL [29], and the isodensity
surface polarized continuum model (IPCM) [32] and the self-con-
sistent IPCM (SCIPCM) of Miertus et al. [33] and Cossi et al. [34].
The IPCM and SCIPCM are implemented in the Gaussian 94
package. For all ab initio reaction-field calculations the dielectric of
water was set to 78.36 and the isodensity cutoff values were 0.001
a.u. for the IPCM and 0.0004 a.u. for the SCIPCM. Solvation free
energies in aqueous solution were obtained as the difference be-
tween the total free energies in aqueous solution and the gas-phase
heat of formation. pK, values of the substituted pyridines were
calculated via Eq. (3) assuming the pK, of pyridine to be 5.25 [35]
and a temperature of 298 K, with the exception of the 2-NH,,
2-CHO, 2-OH, and 4-OH substituted compounds, where a
temperature of 293 K was applied, consistent with experiment.

No free-energy (e.g. vibrational) corrections were taken into
account in the present calculations, except for the calculated gas-
phase PAs, based on the assumption that their contributions in the
different substituted pyridines would be similar and, therefore,
cancel. This was tested by including free-energy corrections into the
gas-phase deprotonation energies based on HF/6-31G(d) frequency
calculations [36]. Inclusion of these corrections yielded changes in
the calculated pK,s ranging from 0.00 to 0.19 pK, units supporting
the above assumption.

The nomenclature describing the level of theory used through-
out the manuscript is as follows. AM1/SM2 indicates the AM1
optimized structures and gas-phase deprotonation energies with the
SM2 solvation models. HF/SM2 indicates the HF/6-31G(d) gas-



phase deprotonation energies with the AM1/SM2 solvation ener-
gies calculated using HF/6-31G(d) optimized geometries. MP2/
SM2 indicates the HF/6-31G(d) optimized structure with the sin-
gle-point MP2/6-31G(d) gas-phase deprotonation energies and the
AM1/SM2 solvation energies. SM2 can be substituted with IPCM
and SCIPCM to indicate use of the different solvation models. In
those cases the HF/6-31G(d) gas-phase optimized structure was
used for the reaction-field calculations.

3 Results and discussion

The compounds included in the present study are those
for which experimental pK, values are available [35] and
were included in our study on drug permeability [8]. In
addition, four compounds, three dimethyl-substituted
pyridines and one bromide meta-substituted pyridine,
were studied due to both pK, [35] and gas-phase PAs
and/or free energy of solvation experimental data [37]
being available for these compounds. Both the position
of the substituents and the types of functional groups
vary significantly. This variability allows a more rigor-
ous test of the computational approaches for the
determination of pK, differences. Emphasis was placed
on both accuracy and computational feasibility. While
the highest accuracy is always desirable, in order to
apply a method to a large number of compounds as is
often required in rational drug design studies, compu-
tational accessibility is necessary. Examples of recently
published works using higher levels of theory are
discussed in the concluding section. Preliminary studies
using the Onsager model [38—41] yielded poor agreement
with experiment (results not given).

3.1 Tautomers of 2- and 4-hydroxyl pyridines

Among the compounds studied, the 2- and 4-hydroxyl
substituted pyridines are in tautomeric equilibria with the
corresponding pyridones [40, 42-45], as shown in Fig. 1.
It has been observed experimentally that the taut-
omerization is medium-dependent. In the aqueous phase
the pyridone forms are predominant while in the gas phase
the hydroxyl forms are preferred [42, 45, 46]. To verify
these results calculations were performed to obtain the
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tautomerization energies, with the results being presented
in Table 1. Asmay be seen the tautomerization energies in
both the gas phase and with the solvation models
are dependent on the theory applied, in agreement
with previous studies [40, 43]. In the gas phase the HF/6-
31G(d) calculation indicates the pyridone form of
the 2-hydroxyl analog to be favored; however, both the
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Fig. 1. Diagram of the tautomers of A the 2-hydroxyl-, B the
4-hydroxyl pyridines and C the species used in the pK, calculations
of the hydroxyl pyridines

Table 1. Tautomerization ener-

a b.c
gies (kcal/mol) of 2-hydroxyl ~ Compound Level of theory
and 4-hydroxyl pyridines HF/6-31G(d) MP2/6-31G(d)  AMI Exp.4
Gas phase
2-Hydroxyl -0.09 1.61 0.47 04 + 0.7
4-Hydroxyl 271 4.54 8.17 >1.36
HF/I MP2/1 HF/S AM1/SM2 Exp.?
Aqueous phase
2-Hydroxyl -58 -22 -43 -18 -4.1
4-Hydroxyl -12.0 -6.1 -27 1.4 -45

? Energies represent the conversion from the hydroxyl to oxo forms

® All calculations were done using HF/6-31G(d) optimized geometries except for AM1

I indicates the isodensity surface polarized continuum mode (/PCM) and S the self-consistent IPCM
9Beak et al. [12]. No errors were reported for the aqueous-phase data
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MP2/6-31G(d) and AM1 levels indicate the hydroxyl
form to predominate, consistent with the experimental
data, although the quantitative agreement is poor. For 2-
hydroxyl pyridine in the aqueous phase all calculations
indicate the pyridone form to predominate, consistent
with experiment although the quantitative agreement is
again poor. In the case of 4-hydroxyl pyridine the gas-
phase calculations all indicate the hydroxyl form to be
favored, which is consistent with experiment. In aqueous
solution, three of the four approaches applied predict the
pyridone to be favored; only the AM1/SM2 level of theory
predicts the 4-hydroxyl form to be favored, however, the
magnitude is smaller than that for the other levels of
theory. Based on both the experimental and calculated
data further calculations on the 2-hydroxyl and 4-
hydroxyl pyridines were performed using the hydroxyl
forms in the gas phase and for the protonated form in the
aqueous solution, while the pyridone forms were used for
the neutral form in aqueous solution (Fig. 1C).

3.2 Gas phase

Experimental data on the gas-phase protonation ener-
gies are available for most of the compounds included in
the present study. This data allows the levels of theory
used in the present study to be quantified, such that
discrepancies between experimental and calculated val-
ues of the pK,s may be understood in greater detail. The
total energies of each compound in the protonated and
neutral states were calculated at the HF/6-31G(d), MP2/
6-31G(d), and AMI levels of theory. The PAs based on
these calculations are presented in Table 2 along with
the available experimental data. Root-mean-square
(rms) differences of the absolute PAs at the HF and
MP2 levels were 5.8 and 1.0 kcal/mol, while the AMI1
values are not directly comparable to experiment
(Table 2). Inclusion of electron correlation clearly
improved the predicted values of the PAs. The PA
values predicted by HF, MP2, and AM1 follow the
experimental trend in a satisfactory manner as indicated
by correlation coefficients of 0.98, 0.99, and 0.90,
respectively. Analysis of the data in Table 2 shows the
HF PAs to be consistently too large, while the MP2
values are scattered around the experimental data, as
emphasized by the average difference of 0.1. While both
the HF and AMI1 calculated gas-phase PA values are in
relatively poor agreement with experiment, it should be
emphasized that it is the differences in these values as a
function of substituent that are required for determina-
tion of pK, differences, as shown in Eq. (3). Additional
details of the relative PA values are presented later.
Experimentally it has been observed [47-51] that
electron-withdrawing substituents (e.g. Cl and CHO)
lower the acidities of the substituted pyridinium ions by
diminishing the electron density around the ring nitro-
gen and the acidic hydrogen, while electron-donating
groups (e.g. NHj) increase the pyridinium acidity by
stabilizing the electron-deficient ring nitrogen [52, 53].
For the compounds studied for which experimental PAs
are available, the amino substituent is the strongest
electron-donor group and two aminopyridines in our

Table 2. Gas-phase proton affinities (PA4) of pyridines. The PA
values were calculated as the sum of enthalpies at 0 K and the
unscaled thermal corrections (vibrational) under standard condi-
tions of 7= 298.15 K and P = 1 atm. The average difference and
the root mean-square (rms) difference are the differences between
the calculated and experimental values for the compounds for
which experimental data is available

Exp.* HF/6-31G(d) MP2/6-31G(d) AMI

PA
2-C,H; 2249 230.3 224.5 —148.3
2-CH; 223.7 230.0 224.3 —148.3
2-CHO 214.1 210.5 —158.5
2-NH, 223.8 231.6 224.3 —144.5
2-OH 222.6 216.2 —148.3
3-CH; 222.8 228.1 223.2 —148.3
3-COO~ 316.7 314.0 -73.9
3-Cl 215.7  218.1 214.0 —156.6
4-CHj; 223.7  230.1 224.2 —149.2
4-NH, 231.0 2393 232.7 —140.1
4-OH 230.0 224.1 —150.0
2-3-DiCH;  226.2 2322 227.0 —146.7
2-4-DiCH;  227.1 233.5 227.2 —145.5
3-5-DiCH;  225.6 230.1 225.7 —149.0
3-Br 216.3 218.8 214.2 -156.9

Pyridine 2204 2258 220.5 —152.1

Average 5.56 0.05

difference

Rms 5.82 1.00

difference

# Aue et al. [37]

calculations indeed have higher PAs than the parent
pyridine. The position of substitution also seems to play
a role in determining the corresponding PA values. The
4-amino pyridinium ion has a stronger PA than the 2-
amino analog partly due to greater delocalization of the
positive charge on the ring nitrogen. The halogen-sub-
stituted pyridines gave the lowest PAs in the calcula-
tions since they are the most electronegative atoms on
the list. Their PA values correlate well with their elec-
tronegativity. There are also several alkyl pyridines in
the series. As expected, they all have higher PAs than
pyridine itself due to their electron-donating nature.
The preferential charge-induced dipole stabilization of
the alkyl-substituted ion and, to a lesser extent, the
electron-donating inductive effects contribute to their
elevated PAs [54]. The polarizability effects of the alkyl
groups have been suggested to be more important in the
gas phase than in the aqueous phase, which leads to
a solvent attenuation factor greater than 1.0 (see later)
[51, 55].

3.3 Free energy of aqueous solvation

Analysis of Eq. (3) shows that the relative free energies
of solvation of the different substituted species in both
the neutral and protonated states are required for
the determination of the pK,s. Accordingly, the free
energies of aqueous solvation were calculated, with the
results being presented in Table 3 along with the
available experimental data. For the neutral compounds,



Table 3. Absolute aqueous solvation free energies (kcal/mol) of
pyridines

Exp.* HEF/I MP2/1 HF/S AMI/SM2
Neutral
2-C,H; -24 =39 -34 -4.5 -2.6
2-CH; -2.7 -45 -4.0 -4.6 -34
2-CHO -43% —6.1 -4.6 -7.7 -6.8
2-NH, -7.0 -6.4 -7.9 -8.8
2-OH -14.3 -8.5 -92 -104
3-CH; -29 -47 -4.3 -4.9 -4.1
3-COO~ -71.6  —-66.1 =56.5 -=72.0
3-Cl 2.1 -42 -3.6 =51 -4.6
4-CH; -3.0 -47 -4.1 -5.1 -4.2
4-NH, -5.8 =53 -9.8 -10.1
4-OH -16.5 -9.7 -10.0 -8.2
2-3-DiCH; -29 =50 -4.0 -3.1 -3.2
2-4-DiCH3 -3.0 =54 -4.4 -3.1 -3.2
3-5-DiCHj -3.0 -5.6 -4.8 -34 -3.7
3-Br -4.3 -33 -34 -5.7
Pyridine -2.8 -45 -39 -5.0 -4.4
Average difference -195 -120 -1.74 -1.11
Rms difference 1.98 1.20 2.05 1.38
Protonated
2-C,Hs -539 =523 -52.5 -67.5 -49.1
2-CHj; -555 =540 -542 -682 -50.8
2-CHO -60.6 -58.7 -73.7 56.6
2-NH, -56.9 -57.0 -71.2 =575
2-OH -61.6 —-61.5 -73.6 -59.2
3-CH; -56.1 =549 -548 -68.6 -54.6
3-COO~ -449 -359 414 -426
3-Cl -58.6 -588 =579 -740 -59.0
4-CH; -559 =553 =555 -68.2 -54.6
4-NH, -55.1 =546 -693 -57.7
4-OH -572 =568 -74.1 —61.8
2-3-DiCHj3; -54.0 -52.7 =520 545 -48.6
2-4-DiCHj; -53.2 =527 =524 540 -484
3-5-DiCHj -54.0 -53.1 =520 =553 =521
3-Br -61.2 -58.8 —-60.8 —-58.7
Pyridine -57.8 =578 =578 -704 -57.1
Average difference 0.82 .10 -9.08 2.74
Rms difference 1.02 1.27 10.81 3.42

& Aue et al. [17]
®The hydration free energy of 2-CHO pyridine is from Cabani
et al. [56]

the rms differences ranged from 1.2 to 2.1 kcal/mol for
the MP2/IPCM and the HF/SCIPCM, respectively.
For the protonated species, the rms differences varied
from 1.0 to 10.8 kcal/mol, with the best and poorest
agreement occurring with the HF/IPCM and the HF/
SCIPCM, respectively. Thus, the absolute values of the
free energies of solvation for the neutral compounds are
reasonably well predicted, while those of the protonated
species are generally in poorer agreement with experi-
ment. With the neutral species the calculated free
energies of solvation are generally too favorable, as
indicated by the negative average differences. This is due
to all the solvation models predicting the free energy of
solvation of pyridine to be too favorable. As with the
gas-phase data, however, it is the relative values of the
free energies of solvation (see Eq. 3) that are required for
the calculation of the change in pK,; the quality of the
relative values will be discussed later.
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3.4 Calculated versus experimental pK,s

Based on Eq. (3) and a pK, of 5.25 for pyridine, pK,s
were determined for the substituted pyridines listed in
Table 4. Included in Table 4 along with the calculated
pKas are the corresponding experimental values. The
same data is presented in graphical form in Fig. 2, with
the compounds ordered along the x-axis according
to their experimental pK, values. For the majority of
compounds the agreement with experiment is reason-
able. Only with the 2-CHO and 4-OH analogs are
systematic deviations from experiment calculated for the
majority of the methods applied.

To assess the quality of the methods applied for the
determination of pK, differences in a series of substituted
compounds the average and rms differences between the
calculated and experimental numbers were determined
and are included in Table 4. Overall, the quality of the
predictions can be considered to be satisfactory. The best
method is the MP2/IPCM method and the worst is the
HF/SCIPCM method. The poor agreement of the HF/
SCIPCM method was somewhat surprising. The self-
consistent determination of the solvent accessible surface
is expected to yield improvements over the ICPM
method. Analysis of the individual values in Table 4
shows some of the HF/SCIPCM values to differ signif-
icantly from experiment, including the three disubsti-
tuted compounds and the 3-Br substituted compound;
additional analysis of these compounds indicates prob-
lems associated with the free energy of solvation calcu-
lation (see later).

The remaining approaches all yielded similar results
with rms differences from 1.9 to 2.6. The computation-
ally least expensive AM1/SM2 method yielded a rms
difference of 2.1 with respect to experiment. This value is
better than the HF/SM2 and MP2/SM2 results, where
improved values are expected due to more accurate de-
termination of the PAs, while the solvation energies are
identical. To better understand this result, as well as to
investigate the contributions to the pK, values deter-
mined via all the methods applied, component analysis
of the data was performed.

3.5 Component contributions to the calculated pK,s

Inspection of Eq. (3) shows the relative gas-phase
protonation energies and the relative free energies of
solvation of both the neutral and protonated species
with respect to pyridine contribute to the calculated
changes in pK,s. Detailed analysis of these results was
performed by determining these relative energies from
both the calculations and from experiment. This data is
presented in Tables 5 and 6 for the gas-phase deproton-
ation energies and free energies of solvation, respectively.
In addition, the overall contribution of the free energy of
solvation based on the difference between the relative
free energies of solvation of the neutral and protonated
species is presented in Table 7. The data in Table 7 will
be referred to as AAAG,,. Comparison of the available
experimental values in Tables 5, 6, and 7 with the
various calculated data shows the agreement to be
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Table 4. Experimental and cal-

culated pK,s for the pyridines Exp.? HF/1 MP2/1 HF/S AMI1/SM2 HF/SM2 MP2/SM2

studied
2-C,H; 5.89 491 4.59 6.69 3.54 4.00 3.58
2-CH; 5.97 5.55 5.32 6.96 4.20 4.45 4.13
2-CHO 3.80 1.15 1.41 0.64 0.92 -1.90 -0.89
2-NH, 6.82 6.71 5.42 7.64 7.95 6.31 4.83
2-OH 0.75 -2.01 1.02 1.76 1.80 —-0.33 —-1.15
3-CHj; 5.68 5.05 5.19 6.04 4.30 5.72 6.07
3-COO~ 4.77° 6.22 5.19 5.88 2.39 4.70 6.60
3-Cl 2.84 0.33 0.62 1.93 3.18 0.66 1.55
4-CH; 6.02 6.36 6.08 6.62 5.70 6.61 6.21
4-NH, 9.11 12.12 10.83 10.77 10.31 11.33 10.39
4-OH 3.20 -1.03 2.83 7.36 7.50 8.99 8.53
2-3-DiCH; 6.57 5.87 5.67 —-0.45 3.78 4.52 4.62
2-4-DiCH; 6.99 6.87 6.20 0.52 4.62 5.80 5.03
3-5-DiCH; 6.15 4.99 510 -0.73 4.27 6.07 6.76
3-Br 2.84 2.52 1.66  —6.10 1.93 0.12 0.64
Average difference -0.77 -0.67 -1.45 -0.69 —-0.68 -0.69
Rms difference 1.86 1.22 4.14 2.09 2.56 2.43

“Ref. [35]

® Experimental pK, of 3-COO™ is from Jaffé and Doak [72]
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Fig. 2. pK, values as a function of the pyridine substituent.
Compounds are ordered based on increasing experimental pK,
values [35]. Data presented include experimental pK,s (&) and those
calculated at the following levels of theory: HF/IPCM (@), MP2/
IPCM (%), HF/SCIPCM (), AM1/SM2 (), HF/SM2 (O). See
Sect. 2 for a description of the levels of theory

reasonable in the majority of cases, consistent with the
pK, data in Table 4. Thus, while the absolute values of
the energies (see Tables 2, 3) often differ significantly
from experiment, relative energies are typically in much
better agreement with experiment, allowing reasonable
estimates of changes in pK, values to be made via the
selected methods.

The data in Tables 5, 6, and 7 will first be used to
investigate the problems with the calculated pK,s of the
4-OH and 2-CHO substituted species. These compounds
show more systematic deviations from experiment
compared to the remaining compounds (Fig. 2). With
the 4-OH analog, the variation in the calculated pK,s is

large. Analysis of the results in Tables 5, 6, and 7 indi-
cates that the larger pK, variation of the 4-OH analog
could be due to both the gas-phase deprotonation energy
and the solvation energy of the protonated species. The
relative gas-phase deprotonation energies are systemat-
ically too large, compared to the negative values for the
2-OH analog. Positive relative protonation energies will
yield pK, differences that are large and positive, consis-
tent with the overestimation of the 4-OH pK,s. Problems
in the gas-phase deprotonation energy calculations may
also contribute to the large calculated tautomerization
energies in the gas phase and the wide variation of the
tautomerization energies in solution (Table 1). Also,
the solvation energies of the protonated species by the
SCIPCM and SM2 methods are too favorable, which
may also contribute to the high calculated pK, values.
Moreover, it is suggested that para substitution by the
hydroxyl group may contribute to resonance effects that
are poorly modeled, especially at the HF level. This is
consistent with the MP2 calculated pK, (IPCM and
SM2) being in better agreement with experiment than
the HF counterparts, although the absolute MP2/SM2
values are still too high (Table 4).

With the 2-CHO analog the calculated pK,s are
consistently lower than the experimental value. Exami-
nation of Table 7 shows the overall solvation contri-
butions to be relatively small, ranging from —2.9 to
1.2 kcal/mol, while the gas-phase deprotonation ener-
gies are larger in magnitude, ranging from —6.7 to
—2.9 kcal/mol (Table 5). The only available experi-
mental value besides the pK, for 2-CHO is the hydration
free energy [56] of the neutral species. The relative free
energies of solvation of the 2-CHO analog (Table 6) are
satisfactorily treated by the IPCM method, with the
SCIPCM and SM2 approaches yielding values that are
too negative, which may contribute to the correspond-
ing pK,s being too small. While the lack of gas-phase
experimental data prevents rigorous comparison, com-
parison can be made for 4-CHO, which has an experi-
mental PA of —5.2 kcal/mol relative to pyridine, which
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Table 5. Relative deprotona-

tion energies (kcal/mol) versus Exp.* HF/6-31G(d) MP2/6-31G(d) AMI

pyridine in the gas and aqueous

phases Gas phase
2-C,H; 4.5 4.5 39 3.9
2-CH; 3.3 4.2 3.8 3.9
2-CHO -6.7 =53 -2.9
2-NH, 34 5.4 3.4 7.6
2-OH -3.7 -3.2 -0.3
3-CH3; 2.4 2.8 3.3 1.6
3-COO~ 81.4 83.9 78.2
3-Cl —4.7 -7.9 -6.7 —4.5
4-CH; 3.3 4.2 3.6 29
4-NH, 10.6 13.5 12.2 12.1
4-OH 4.1 3.5 2.1
2-3-DiCHj; 5.8 6.4 6.5 5.4
2-4-DiCHj; 6.7 7.7 6.7 6.6
3-5-DiCHj; 5.2 4.3 5.2 3.1
3-Br —4.1 -7.0 -6.3 —4.8

Exp.° HF/I MP2/1 HF/S AMI/SM2
Aqueous phase

2-C,H5 0.87 -0.46 -0.90 1.97 -2.33
2-CH; 0.98 0.41 0.09 2.33 -1.43
2-CHO -2.06 -5.62 -5.27 -6.31 -5.93
2-NH, 1.98 1.84 0.11 3.08 3.50
2-OH -6.15 -9.85 -5.79 —4.80 -4.74
3-CH; 0.59 -0.28 -0.08 1.08 —-0.62
3-Cl -3.29 -6.71 -6.32 —4.52 -2.82
3-COO™ -0.65° 1.33 -0.08 0.85 -3.90
4-CH; 1.05 1.52 1.14 1.87 0.61
4-NH, 5.26 9.37 7.61 7.53 6.90
4-OH =3.11 —-8.53 -3.36 2.71 2.90
2-3-DiCHj; 1.80 0.85 0.57 =1.77 -2.00
2-4-DiCHj; 2.37 2.21 1.30 —-6.44 —-0.85
3-5-DiCHj3; 1.23 -0.35 -0.21 -8.15 -1.33
3-Br -3.29 -3.72 -4.90 —-15.48 —4.53

* Aue et al. [37]

® Experimental free energies of deprotonation were converted from the corresponding pK, values in Ref.

[35]

“The experimental free energy of 3-COO™ pyridine was converted from the pK, value reported by Jaffé

and Doak [72]

compares with HF/6-31G(d) and MP2 single-point val-
ues of —7.2 and —6.1 kcal/mol, respectively. This sug-
gests that the error in the pK, values with the 2-CHO
analog may also be partly due to overestimation of
the PA. While the level of theory used in the present
calculations may be the problem, the intramolecular
hydrogen bond between the formyl hydrogen and the
pyridine nitrogen may also contribute. Additional
details of the possible effects associated with this inter-
action are presented later.

It should be noted that the 2-CHO analog is in
equilibrium with its hydrated tautomeric form at neutral
pH [57]. Calculations, therefore, were performed at the
HF/IPCM and MP2/IPCM levels using the zwitterionic
tautomer of the hydrated species as the alternate final
product in aqueous solution. From these calculations
pK,s of 8.3 and 6.9 were determined, respectively, in
poorer agreement with the experimental value of 3.8
compared to the calculated values of 1.2 and 1.4 for the
nonhydrated species. Due to this poorer agreement ad-
ditional analysis of the hydrated 2-CHO analog was not
performed, although the possibility that this species may
contribute to the experimental pK, cannot be excluded.

The data in Tables 5, 6, and 7 may also be used to
understand the overall quality of agreement of the cal-
culated pK,s for the different methods applied. To aid in
this comparison, average and rms differences of the
relative energies in Tables 5 and 6 were determined and
are presented in Table 8. For the gas-phase PAs, the
MP2/6-31G(d) calculations yielded the best agreement
with experiment, followed by the AMI and HF/6-31G(d)
methods. This, along with the pK, data, indicates that
explicit treatment of electron correlation via MP2 is
necessary for accurate calculation of PA values. Con-
cerning the free energies of solvation, with the neutral
species all approaches yield satisfactory agreement with
experiment. The MP2/IPCM method is best, followed by
the HF/IPCM, AM1/SM2, and HF/SCIPCM methods.
For the protonated species the quality of the relative free
energies of solvation is significantly worse than with the
neutral compounds, with both the average and rms dif-
ferences increasing by an order of magnitude. The HF/
IPCM method is best, closely followed by the MP2/
IPCM approach, with the AM1/SM2 and HF/SCIPCM
methods being the worst. Thus, from the data in Table 8
it is evident that to improve calculations of pK, differ-
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ences, significant improvements in the determination
of the free energies of solvation of charged species are
required.

Another trend that may be explained via component
analysis is the average underestimation of the pK,s by all
the methods applied as seen in the average differences in
Table 4. Analysis of Table 8 shows that the average
differences of the relative free energies of solvation of the
protonated species are all positive. Inspection of Eq. (3)
indicates that the AAG,,, of the protonated species

Table 6. Relative free energies (kcal/mol) of solvation versus
pyridine for the SM2, IPCM, and SCIPCM

being too positive leads to a decrease in the ApKj,,
leading to the average differences in Table 4 being neg-
ative. Thus, limitation in the free energies of solvation of
the protonated species leads to systematic variation in
the calculated pKjs.

Of note based on the present study, are the rea-
sonably high quality of the AM1/SM2 method and the
poor quality of the HF/SCIPCM method for the cal-
culation of pK,s (Table 4). The quality of the AMI1/
SM2 approach appears to be due to the reasonable
quality of the method in reproducing experiment for
the gas-phase and solvation data (Table 8). The quality
of the gas-phase result appears to be due to the pa-
rameterized component of the semiempirical method,
while the quality of the solvation data is attributable to

Compound Exp® HF/I  MP2/1 HF/S AMI/SM2 the form of the SM2 model, including the large set of
] compounds used in the parameterization (150 neutral
Nezuté“h 04 0.6 05 0.5 I8 molecules and 28 ions) [30, 58]. It has previously been
-Los . . . . . e
2-CH, 01 01 01 0.4 1.0 suggested that ab initio data be used for gas-phase
2.CHO 15 ~1.6 0.7 27 24 energetics, with the SM2 model used for treatment of
2-NH, -25 -25 -2.9 4.4 the free energies of solvation [59]. In the context of this
2-OH -9.8 -4.6 -4.2 -6.0 suggestion it is interesting that the AM1/SM2 pK,s are
3-CH; -0.1 -0.2 -0.4 0.1 0.3 in better agreement with experiment than the MP2/
3-CO0 -67.1  -622 =515 -67.6 SM?2 values (Table 2). This appears to be associated
i:ng3 _8:; _8:; _8:; :8} _8:; with the class and limited number of compounds used
4-NH, 13 -14 -48 =57
4-OH -120 -58 -50 -38 . A
2-3-DiCH; 0.1 ~05 0.1 -1.9 12 Table 7. Differences between the neutral and protonated relative
2—4-DiCH.3 —0.2 ~0.9 05 1.9 12 free energies (kcal/mol) of solvation. The difference (AAAGs,) =
3-5-DiCH; —0.2 12 0.9 1.6 0.7 neutral AAGg—protonated AAG,,, is based on the values in Table 6
3-Br 0.1 0-6 L6 -13 Compound Exp® HF/I MP2/I HF/S AMI/SM2
Protonated
2-C,H; 3.9 5.5 53 2.9 8.0 2-C,Hs 35  -49 -48 -25 —62
2-CH; 23 3.8 3.6 2.2 6.3 2-CH3; =22 -3.8 -3.7 -1.9 =53
2-CHO -2.8 -0.9 -33 0.5 2-CHO 1.2 0.2 0.5 -2.9
2-NH, 0.9 0.8 -0.8 -0.4 2-NH, -34 -3.2 -2.2 -4.0
2-OH -3.8 -3.7 -3.2 -2.1 2-OH —-6.0 -2.5 -0.9 —4.3
3-CH; 1.7 2.8 3.0 1.8 2.5 3-CH; -1.8 -3.1 -3.4 -1.8 -2.2
3-COO~ 12.9 21.9 29.0 14.5 3-COO™ -80.0 -84.0 -80.5 —82.1
3-Cl -0.8 -1.0 -0.1 -3.6 -1.9 3-Cl 1.5 1.2 0.4 34 1.7
4-CH; 1.9 2.5 2.3 2.2 2.5 4-CH3; -2.1 =27 -2.5 -23 -23
4-NH, 2.7 3.2 1.1 -0.6 4-NH, -4.1 -4.6 -5.9 -5.2
4-OH 0.6 1.0 -3.7 —4.7 4-OH -12.6 -6.8 -1.3 0.9
2-3-DiCH3; 3.8 5.1 5.8 15.9 8.5 2-3-DiCHj3; -2.1 =55 -59 -14.0 -7.4
2-4-DiCH3; 4.6 5.1 5.4 16.4 8.7 2-4-DiCHj3; 39 -6.0 -59 -145 -7.4
3-5-DiCH; 3.8 4.7 5.8 15.1 5.0 3-5-DiCH; 4.8 -5.8 -6.6 -13.5 -4.4
3-Br -3.4 -1.0 9.6 -1.6 3-Br 4.0 3.6 -1.7 -8.0 0.3
% Aue et al. [37] % Aue et al. [37]
Table 8. Average and rms dif-
ferences of the relative calcula- HF/6-31G(d) MP2/6-31G(d) AM1
ted and experimental gas-phase
PAs and free energies (kcal/ Gas-phase PA
mol) of solvation of the neutral Average difference 0.15 -0.07 0.13
and protonated species with Rms difference 1.78 1.10 1.55
respect to pyridine. The original
data for the gas-phase PA are HF/I Mp2/1 HF/S AMI/SM2
in Table 5, while those for the AG,q. neutral
solvation energies are in Average difference 0.21 0.17
Table 6 Rms difference 0.46 0.41
AG,q, protonated
Average difference 1.83 52.8 9.42
Rms difference 35 7.27 3.07




in the present study. With the HF/SCIPCM method the
poor quality of the calculated pK,s appears to be due
SCIPCM significantly overestimating the solvation en-
ergies of the charged species (Table 8). It has been
noted in several cases that SCIPCM tends to overesti-
mate the solvation energies [60, 61], which may be at-
tributable to the SCIPCM method being developed
using a rather limited set of compounds [34, 62, 63].
Furthermore, the approach used in the SCIPCM
to obtain the cavity size from a charge distribution
isosurface has been suggested to be unlikely to give
improved accuracy [64]. Detailed analysis of Table 6
shows the largest errors with the HF/SCIPCM method
to be associated with the three disubstituted compounds
and the 3-Br analog. This indicates that improvements
in the treatment of disubstituted compounds is required,
while the poor treatment of the bromine is not sur-
prising since it was not included in the training set
during the parameterization of the SCIPCM.

3.6 Solvent attenuation effect

Solvent attenuation effects, which relate the influence of
solvation on deprotonation energies, offer an additional
means to test the present calculations. Solvent attenu-
ation factors may be determined from the relative
deprotonation free energies of pyridinium ions in the
gas and aqueous phases as presented in Table 5.
Inspecting the data in Table 5 indicated that the
substituent effect on the acidity of pyridinium ions is
reduced upon aqueous solvation. The attenuated sub-
stituent effect by the solvent is partly attributed to the
solvation at the ring nitrogen of the neutral and
protonated pyridines as well as at the substituents,
although it has been suggested that the attenuation lies
more in the hydration of the protonated pyridines [65].
Electron-donating substituents have been shown to have
larger attenuation effects than electron-withdrawing
ones [51]. Substantial deviations from the linear corre-
lation between gas-phase PA and aqueous-phase acidity
have been noted [37, 51, 66, 67] for strong m-electron
donors (e.g. NH, and OCH3) or electron-withdrawing
groups (e.g. CHO and NO;) due to specific solute—
solvent interactions (e.g. hydrogen boding) involving the
substituents. Studies have shown that 2-substituted
pyridines have smaller solvent attenuation factors than
3- and 4-substituted ones [37, 48, 55] due to limited
solvent accessibility of the ring nitrogen and stronger
polarization in the gas phase due to the position of the 2-
substituents relative to the 3- and 4-substituents [68, 69].
The experimentally observed solvent attenuation factor,
calculated as the slope of the gas-phase versus the
aqueous-phase deprotonation energies, for 3- and 4-
substituted pyridines is approximately 2.5 [37], while
that for 2-substituted analogs is 1.7 [37]. In the present
study, solvent attenuation factors of 3.1 and 4.0 were
determined for 3- and 4-substituted and 2-substituted
species, respectively, at the MP2/IPCM level. Rigorous
comparison between calculated and experimental values,
however, is limited by there only being five compounds
common to both studies and the omission of 2-NH,,
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4-NH,, and 4-CHO substituted pyridines from deter-
mination of the solvent attenuation factor in the
experimental study.

3.7 Influence of conformation on calculated pK s

For several of the substituted pyridines rotation of the
substituent yields multiple minima, which may influence
the calculated pK,. This problem may be especially acute
with 2-CHO, where direct interactions of the formyl and
the pyridine nitrogen can occur and which will be highly
dependent on the protonation state of the ring. The
potential-energy surfaces associated with the 2-CHO and
2-OH substituents are presented in Fig. 3; both proto-
nation states are presented for both compounds. Only
the protonated form is shown for the 2-OH analog in the
aqueous phase (Fig. 3C) due to the pyridone being the
dominate species for the neutral form in solution.
Energy differences for the 2-CHO substituent are 1.0
and 1.8 kcal/mol for the gas and solvated neutral
species, respectively, and 1.0 and 3.5 kcal/mol for the
gas and solvated protonated species, respectively. For
the 2-OH substituent the gas-phase energy difference
between two minima is approximately 4.7 kcal/mol for
the neutral state, and 2.0 and 2.5 kcal/mol for the gas

23 ]

Energy, kcal/mol

;180 -120 60 0 60 120 180
Dihedral angle, degrees

Fig. 3. Gas-phase potential-energy (@) and solvation free-energy
(M) surfaces in kcalorie per mole as a function of substituent
dihedral angle for A the neutral and B the protonated forms of the
2-CHO substituted compound and of C the neutral form and D the
protonated forms of the 2-OH substituted compound. The 2-CHO
dihedral angle was defined as C3-C2-C=0 and the 2-OH dihedral
angle was defined as C3-C2-O-H
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and solvated protonated species, respectively. In both
compounds the location of the global minimum is
switched upon going from the neutral to the protonated
species. Given the limitations of the level of theory used
in the calculations, energy differences between some of
the minima being less than 2 K7, and the switch in the
location of the minima upon protonation it is probable
that alternate conformations, other than the global
minima used in the present calculations, could contrib-
ute to the pKjs.

To test the influence of conformation on the calcu-
lated pK,s all possible pK, values were determined for
the 2-OH and 2-CHO substituted compounds based on
all minimum-energy structures using the AM1/SM2 level
of theory. Since three calculated values are required for
each pK, determination and two conformers exist for
each species yielding four possible values for each term
on the right-hand side of Eq. (3), 64 combinations exist
for the 2-CHO analog. With the 2-OH analog, there are
only 32 combinations to be considered due to the use of
the pyridone for the neutral species in solution. Histo-
grams of the 64 and 32 pK,s calculated for the 2-CHO
and 2-OH substituted analogs, respectively are presented
in Fig. 4A and B. Clearly, the variations in the pK,s are
quite large. In the 2-CHO compound the variation is
from —4 to 6 and in the 2-OH analog it is from —5 to 7.
Note that the ranges of calculated pK,s for the 2-CHO
and 2-OH analogs encompass the experimental values
(see Table 4). Thus, the calculated pK, is sensitive to the
conformation of the substituent. While this effect may be
assumed to be magnified for the 2-position substituents
due to their being ortho to the site of protonation, it is
clear that alternate conformations accessible at room
temperature can significantly influence the pK, of the

12

Frequency
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4 -3 -2 -1 0 1
pKa
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Fig. 4. Histograms of all possible pK, values associated with all
possible permutations of energy minima for A the 2-CHO and B the
2-OH substituted compounds at the AM1/SM2 level of theory

molecule. The importance of taking into account alter-
nate minima in pK, calculations has previously been
noted in studies using free-energy perturbation methods
[17]. Tt is expected that accounting for these contribu-
tions will improve the calculation of pK, differences via
QM-based methods.

4 Conclusions

Calculations to determine changes in the pK, of
pyridines associated with substitution have been pre-
sented. Three methods were used for the determination
of gas-phase deprotonation energies: the AM1 semiem-
pirical and the HF/6-31G(d) and MP2/6-31G(d) ab in-
itio approaches. Three different solvation models were
applied, including the AM1/SM2 model, the IPCM and
the SCIPCM. These models vary widely in computa-
tional requirements as well as assumptions made;
however, all are implemented in available quantum
chemistry programs allowing them to be readily applied.
Emphasis was placed on using computationally accessi-
ble methods as required to study a collection of
compounds, some of which include conformational
flexibility.

Of the methods tested the MP2/IPCM approach
yielded the best agreement with experiment, HF/
SCIPCM was significantly worse than the other
approaches, with the remaining approaches being of
similar quality (Table 8). Accordingly, the MP2/IPCM
method is suggested for use in determination of pK,
changes in a series of compounds. This approach is
computationally feasible due to the use of the HF/
6-31G(d) level of theory for the geometry optimizations
and the semiempirical AM1 and AM1/SM2 to identify
the location of global energy minima via energy surfaces.
Alternatively, to minimize computational requirements,
the AM1/SM?2 method is suggested as it yields results of
a quality similar to more computationally expensive
ab initio methods, although the level of agreement ob-
tained may be fortuitous. The present results, however,
indicate that further improvements in methods for the
computation of pK, differences are required. It should be
noted that the present conclusions are based on a rela-
tively small number of compounds of the same structural
class and should be interpreted in this context.

Analysis of the component contributions allowed the
strengths and weaknesses of the present methods in
determining pK, differences to be better understood.
This involved comparing the calculated relative gas-
phase PAs and free energies of solvation with experi-
mental data (Table 8). The quality of the MP2/IPCM
approach is due to this method being in best or near-
best agreement with experiment for the three relative
energies required for the pK, difference calculations
(Eq. 3). The explicit treatment of electron correlation
via MP2 clearly improves the gas-phase protonation
energies over the HF and AMI1 calculations. MP2
versus HF does not yield significant improvement in
the ab initio based free energies of solvation, although
these methods are better than AM1/SM2 for the pres-
ent series of compounds. The AMI1/SM2 method,



however, yields pK, differences which are better than
the MP2/SM2 results; considering the better quality of
the MP2 gas-phase PAs, it appears that the improved
AM1/SM2 results are due to the relatively small
number of compounds studied. Comparison of all the
approaches for the free energy of solvation calculations
shows relative free energies to be of poorer quality for
the protonated versus the neutral species. This is es-
pecially evident with the HF/SCIPCM model, although
the limitation of the method is dominated by poor
treatment of the disubstituted and 3-Br analogs in-
cluded in the present work.

Of the three relative energies that contribute to the
pK, difference calculations (Eq. 3), the gas-phase proto-
nation energies can currently be improved via the use of
larger basis sets and more rigorous treatment of electron
correlation in the ab initio calculations [70]. The use of
larger basis sets has been shown to improve calculated
pK., differences for a series of benzoic acids [14], however,
other studies using density functional methods with ex-
tended basis sets [71] did not yield significant improve-
ment over MP2/6-31G(d). Concerning the free energy of
solvation calculations, it is clear that improvements in the
QM reaction-field models are required, especially for the
protonated species. Alternatively, different methods for
calculation of solvation energies, as presented in the
Introduction, could be employed.

The majority of molecules of biochemical and phar-
macological interest include rotatable bonds, making it
necessary to take into account all accessible minima
when determining pK, values. In the present study the
global minima at the AM1 and AM1/SM2 levels were
identified and were used for the pK, computations. To
obtain a better idea of how the use of alternate confor-
mations could influence the calculated pK, difference, all
possible pK, values were determined for all permutations
of the minimum-energy structures at the AM1/SM2 level
for the 2-OH and 2-CHO substituted compounds. As
shown in Fig. 4, the variation in pK, values is quite large
for both compounds. Clearly, such variability associated
with alternate conformation is expected to contribute to
the pK, in the experimental regime and, accordingly,
must be taken into account in pK, calculations.
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