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Abstract

An effective approach of estimating molecular pKa values from simple density functional
calculations is proposed in this work. Both the molecular electrostatic potential (MEP) at the nucleus
of the acidic atom and the sum of valence natural atomic orbitals are employed for three categories
of compounds, amines and anilines, carbonyl acids and alcohols, and sulfonic acids and thiols. A
strong correlation between experimental pKa values and each of these two quantities for each of the
three categories has been discovered. Moreover, if the MEP is subtracted by the isolated atomic MEP
for each category of compounds, we observe a single unique linear relationship between the resultant
MEP difference and experimental pKa data of amines, anilines, carbonyl acids, alcohols, sulfonic
acids, thiols, and their substituents. These results can generally be utilized to simultaneously estimate
pKa values at multiple sites with a single calculation for either relatively small molecules in drug
design or amino acids in proteins and macromolecules.

[. Introduction

Knowledge of pKj, values, the acid-base dissociation constant, as a measure of the strength of
an acid or a base, is essential for the understanding and quantitative treatment of acid-base
processes in solution, and is relevant in chemical synthesis, pharmacokinetics, drug design and
metabolism, toxicology and environmental protection. There has been an immense interest in
the literature to develop new and reliable models to predict and estimate pKa values with
approaches using ab initio, density functional theory, molecular modeling and statistical
methods.1-12

To compute accurate pKa values according to the thermodynamic cycle (Scheme 1) using ab
initio and DFT methods is a challenging task for large systems such as proteins and DNA
because the simulations must be carried out in solution. According to the cycle, a number of
free energy changes must be simulated: 1,13

2303 RT - pKa=AGL,=AG" +AG™, — AG”

sol sol — sol

4
+AG g4 (1)

where R is the Rydberg gas constant and T is the temperature. AGL, is the sum of the free energy
of deprotonation of the gas-phase species AG%,;, the free energies of desolvation of the
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dp
sol’

protonated form —AG”  and solvation of the deprotonated form AG

solvation for the proton Afo;. For large systems, ab initio simulations are still difficult even

with the fastest software and hardware.

and the free energy of

Much recent attention has been devoted to seeking statistical correlations of pKa values with
quantum descriptors such as highest occupied molecular orbital (HOMO) energies,14 localized
reactive orbital, frontier effective-for-reaction MQOs (FERMO),10 electrophilicity or group
philicity,15’16 etc. These relationships originated from the idea that proton or electron donor-
acceptor reactions are driven by frontier molecular orbitals such as HOMO. However, the
relations found were often only applicable within the same family of compounds like phenols,
anilines, and azines.

It is our belief that molecular acidity is a property localized to the particular acidic atom and
that the impact of the environment is reflected through the changes to that atom. The localized
quantities that are relevant to the acidity of the given non-hydrogen acidic atom should be of
either electrostatic or quantum nature, or both. In this work, we use two inter-dependent
quantum descriptors to effectively and simultaneously estimate molecular pKa values for
amines, anilines, carbonyl acids, alcohols, sulfonic acids, thiols, and their substituents. The
two quantum descriptors are molecular electrostatic potential (MEP) on the acidic atom, MEP
at N, O or S nucleus, and the sum of the valence p natural atomic orbitals, NAO, of the atom.
Using MEP, or closely related quantities, to estimate pKa values3:17-20 and other properties
2122 has a long history in the literature, and frontier orbitals such as FERMO have also been
employed in predicting acidity.10 To the best knowledge of the authors, however, this is the
first time that quantum descriptors such as MEP at the acidic nucleus and NAO are introduced
generally in pKa estimation, and that the interdependence of these two quantities is revealed.
In addition, these descriptors are applied to simultaneously estimate pKa values for more than
one category of compounds at more than one atom type site.

Il. Computational Details

A total of 228 molecular systems (154 primary, secondary and tertiary amines and anilines, 59
carboxylic acids and alcohols, and 15 sulfonic acids and thiols) have been investigated. A full
structure optimization was first carried out at the DFT B3LYP/6—-311+G(2d,2p) level. When
a molecule has more than one stable conformation, all conformers will be examined and the
one with the lowest energy will be employed in the subsequent calculations. After structure
optimization, single point calculations are performed to obtain the molecular electrostatic
potential on each of the nuclei followed by a full NBO 23 analysis. We obtained the initial
structure and experimental pKa values are from the literature.24-31 To test the validity and
applicability of the relationships presented in the text to other approaches, we also performed
the same calculations with the Hartree-Fock method. We examined the results with the
inclusion of the solvent effect in terms of the implicit PCM (Polarizable Continuum) Model.
All calculations are performed with the Gaussian 03 package 32 with tight self-consistent field
convergence and ultra-fine integration grids.

[1l. Results and Discussion

Figure 1 exhibits linear relationships between experimental pKa values and each of the two
quantities for three categories of compounds, amines and anilines (N, blue color), carboxylic
acids and alcohols (O, red color), and sulfonic acids and thiols (S, green color) as well as their
derivatives. Their respective data of MEP and NAO are shown in Tables 1 to 3. This is seen
that reasonable linear relationship is obtained for each category of compounds for each of the
two quantum descriptors, giving the correlation coefficient R of 0.881, 0.878 and 0.926 for
N, O, and S containing compounds, respectively, from the MEP vs. pKa plot, and R2 = 0.905,
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0.924, 0.913 for N, O, and S containing compounds, respectively, from the NAO vs. pKa plot.
An average correlation coefficient of 0.904 is observed from these correlations.

Moreover, if one given number, the MEP evaluated for the isolated neutral acidic atom, is
subtracted from the MEP value on the acidic nucleus for each of the three categories of
compounds and then all MEP differences of the three categories are plotted together against
the experimental pKa data, one single linear relationship, as shown Fig. 2, is obtained with the
correlation coefficient R2=0.896. The aforementioned reference MEP value (isolated atoms of
N, O, and S) employed in this work is —18.28 a.u. for amine and aniline compounds, —22.20
a.u. for carboxylic acids and alcohols, and —59.12 a.u. for sulfonic acids and thiols.

The universality of the above linear relationship between the MEP difference [MEP (in
molecule) — MEP (neutral isolated atom)] and pKa values for different kinds of compounds
can be understood in this manner. The molecular electrostatic potential on a nuclear R can
be expressed as follows:

_ Zi p(r)
N N
i#A

(2)

This quantity is system dependent because it is a function of {Z;}. However, if one uses the
sum of atomic electron densities as the zeroth-order approximation for the total molecular
electron density, plus a local environment dependent correction,

p()=)"p (t=R)+) fi(Ir - R{NAO,)
i i (3

and inserts it into the MEP formula, the first term of the MEP can be arranged to cancel
approximately, leaving the correction term dependent only on the local environment of the
nucleus. To demonstrate, let us rewrite Eq. (3) as

p()=p) (r=R)+) pl(r-R >+Zf,(|r R/INAO,,).

i#A (4)

With Eg. (4), we have

p(r) p (r) Z; gi(Ir-Ri.NAO, ;)
f|r R |d f|r R |dT+i£\R,~—RA|+;f TR, ] dr. 5

To obtain the second term at the right-hand side of Eq. (5), we employed the approximation
that R; and R are separated (i.e., Atoms A and i are not overlapped) so when calculating MEP
at Rp from contributions of atoms R;, we assume r =R; or |r - Ra| = |Rj — Ra|- That is,

I,E\P('R)dT Z 0 R)d Z PO R)dT~ZfP?(I‘—R,')dT~ z
=N =N RR,| D LN EATEN ©

The physical meaning of the above approximation is that the electrostatic potential at points
A outside a spherical charge distribution pj(r) is equal to the electrostatic potential generated
by the point charge Z; from the center of the spherical atom i (Scheme 2). To get the last equality
of Eg. (6), we used
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The last term of Eq. (6) absorbed approximations from Eqg. (7). Since

0
P,
A—dt

0 _
VRA_ r-R,[“" (8)

with Egs. (2), (5), and (8), there arrives

0 _ gi(lr- RINAO.,
n - V Zf IrR,] o
9

From the model density, Eq. (3), we know that the correction terms, g;(|r-R;|, NAO,, ), depends
on differences in electron density between the atoms; these will be functions of the NAOs of
the valence shells of the atoms. Since these local differences will be positive or negative, the
r.h.s of Eqg. (9) will thus be relatively small (see Fig. 2), due to the significant cancellations in
integration over the corrections. As seen in Fig. 2, the r.h.s of Eq. (9) is indeed small for the
large number of molecules studied,; it is remarkable that these small numbers vary
systematically with the pKa values.

A strong correlation between the MEP on the acidic nucleus and the sum of the atom's valence
natural atomic orbitals is observed. As an illustrative example, Figure 3 exhibits the relationship
for amines and anilines. A similar correlation is seen for O and S containing compounds as
well (not shown). Notice that the valence natural atomic orbitals employed in this study are 2p
orbitals for nitrogen and oxygen and 3p orbitals for sulfur. We considered to add 2s/3s atomic
orbitals in the summation but no significantly different results were obtained. The strong
correlation between the MEP on a nucleus and the valence NAO indicates that the correction
term in Eq. (3), fi(jr-Rj|), is dominated by the contribution from the valence part of NAOs of
the atom.

The MEP data are from DFT gas phase calculations at the B3LYP/6—311+G(2d,2p) level.
Taking the solvent effect into account does not destroy the correlation between MEP on the
nucleus and experimental pKa data. An example is illustrated in Fig. 4 for the N-containing
compounds, where one can see that the correlation coefficient is similar to that of the gas phase
results. Also, we performed MEP calculations at other levels of theory, such as Hartree-Fock
theory (Fig. 5) or with different density functionals; no significantly difference in the
correlation was seen. In addition, for amines we also considered the protonated, conjugate
species, but no statistically significant correlation between MEP at N and pKa data is observed
(results not shown).

One possible application of these results is to estimate pKa values with a single DFT calculation
for amino acids and peptides where different pKa values at different atom sites are possible.
Asan illustrative example, we estimated pKa values of cysteinylcysteine, which has four acidic
sites, O, S1, S2, and N. Using the relationships in Fig. 1, we obtained the pKa values to be 3.5
(0), 6.9 (S1), 8.2 (S2) and 9.8, respectively, whereas experimental data give 2.7, 7.3, 9.4, and
10.9, respectively. Similar results are obtained when the relationship in Fig. 2 is employed. In
both cases, reasonable pKa values are obtained and the order of acidity of the four atoms is
correctly predicted.
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V. Conclusions

An effective approach of estimating molecular pKa values from simple gas-phase density
functional calculations is proposed in this work, using either the molecular electrostatic
potential on the nucleus of the acidic atom or the sum of valence natural atomic orbitals. A
strong correlation between experimental pKa values and each of these two quantities has been
discovered. Moreover, if the MEP is subtracted by a given reference value for each category
of compounds, we observe a single unique linear relationship between the MEP difference and
experimental pKa data of amines, anilines, carbonyl acids, alcohols, sulfonic acids, thiols, and
their substituents. With a single DFT calculation these results can conveniently be utilized to
simultaneously estimate pKa values at multiple sites of small molecules in drug design and of
amino acids in proteins and macromolecules.
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Molecular Electrostatic Potential on Acidic/Basic Nucleus (a.u.)

1840 -1835 2235 2230 5926 5924 5922
|- ‘ I | —l—; ‘ 1 d - T | T
: R Y=-175.2X-3903.8 A
0= 8 1 151N R'=0.878 || |

Y=-144.2X-2609] e
(3

R=0.881

i

¥=-244.97X-14508.0 —|
R’=0.926

Experimental pKa Value
wh
I

(=1

Y=30.45X433.19

2

2 R*=0.913

> o= _
o

b

3 L 4
2

g

2 5= i

0= L
08 07 06 3.20 -2.80 0.72 0.66 -0.60

Sum of px,py,pz Natural Atomic Orbital Energies of Acidic/Basic Atom (a.u.)

Figure 1.

Linear relationships between molecular electrostatic potential on acidic nucleus and
experimental pKa values for amines (N), carboxylic acids and alcohols (O), and sulfonic acids
and thiols (S) (upper panel); and linear relationships between the sum of three valence NAO
2p/3p orbitals and pKa values (lower panel). See text and supplementary information for
calculation details.
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I Y =-150.24 X - 10.15
R? = 0.896
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|
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MEP Difterences for N/O/S Containing Compounds

Figure 2.

Linear relationship between the MEP difference and experimental pKa values for all 228 data
points. The MEP reference value for N, O, and S compounds is —18.28, —22.20, and —59.12
a.u., respectively. Symbols: N: open blue cycle; O: filled red square; S: filled green triangle
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MEP on N Nucleus (a.u.)
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Figure 3.
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Strong linear relationship between MEP on N and the sum of nitrogen 2Px/2Py/2Pz NAO for

N-containing compounds (amines and anilines) at the level of B3LYP/6—311+G(2d,2p).
Atomic units.
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MEP on N nucleus (a.u.)
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Figure 4.

The impact of the solvent effect on the correlation between MEP on N and experimental pKa
data for N-containing compounds (amines and anilines). The implicit PCM (Polarizable
Continuum Model) and 6—311+G(2d,2p) basis set were used.
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MEP on N nucleus (a.u.)
-18.40 -18.38 -18.36 -18.34 -18.32 -18.30

10

Q

=2

©

>

©

6 &

[

o

E

2 O

y =-138.28x - 2531.8 . 5

R? = 0.8842

® 2

Figure 5.
The strong linear relationship between MEP on N nucleus and experimental pKa data for
amines and anilines using the Hartree-Fock method and 6—311+G(2d,2p) basis set.
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