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Effect of aqueous solvation on the structures
of pyruvic acid isomers and their reactions
in solution: a computational study

Rita Kakkar®*, Mallika Pathak® and Pragya Gahlot®
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The pyruvic acid molecule and its various isomers have been studied in aqueous solution in order to understand the
mechanism of decarboxylation. The tautomeric equilibrium remains in favor of the keto form in aqueous solution, but

the energy difference between the two tautomers decreases. The anion also exists in the keto form in aqueous
solution. Good agreement between the calculated and observed gas phase protonation and basicity values is
obtained, and the calculated pK, value is also in reasonable agreement with the literature value. The importance of the
catalytic mechanism may be gauged from the fact that, in the absence of an enzymatic pathway, the reaction has high
activation barrier and may not occur at all. Copyright © 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.wiley.com/
suppmat/0894-3230/suppmat/
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INTRODUCTION

Pyruvic acid is one of the most important molecules biochemi-
cally, as it plays a fundamental role in biological systems, and
occurs naturally in the body. It is an intermediate in the meta-
bolism of carbohydrates, formed by the anaerobic glycolysis of
glucose. It is then oxidized to carbon dioxide and acetate bonded
to the coenzyme A (CoA). Its anion, pyruvate (CH;COCOO"), is
also an important intermediate compound in the carbohydrate
metabolism of living organisms, and is the product of glycolysis
and a precursor for the Krebs cycle.

Several authors have investigated the gas phase chemistry of
pyruvic acid.!"™® Our previous calculations at the Density
Functional Theory (DFT) level™ were also confined to the gas
phase pyruvic acid molecule. We had investigated in detail the
ground state conformation of the molecule and its reactions
in the gas phase. It was found that a keto form with trans
Cmethylcketocacidohydroxyl and cis Cke‘(ocacidOHl and with one
methyl hydrogen in a synperiplanar position with respect to the
keto oxygen, is the most stable. This agrees with previous
theoretical and experimental findings. Decarboxylation via
three different possible routes was also studied. At the B3LYP/
6-311++G(3df, 3pd) level, it was found that the direct formation
of acetaldehyde, the most stable of the resulting C,H,40 isomers,
via a four-center-like transition state is the most feasible reaction,
although there is a high activation barrier of 70 kcal/mol. This is in
contrast to semiempirical calculations, which had found that a
hydroxyethylidene-carbon dioxide complex is the most likely
product as it is formed with very low activation energy. At the
B3LYP/6-311++4G(3df, 3pd) level, it was found that no hydro-
xyethylidene-carbon dioxide complex exists as a product, and no
transition state leading to the dissociation to hydroxethylidene
could be located.

However, the bulk of the reactions of pyruvic acid occur in an
aqueous milieu and it is interesting to investigate whether any
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changes in the reaction scheme occur when solvation is taken
into account. Moreover, direct extrapolation of gas phase results
to realistic chemical systems cannot be made because of the
different relative permittivities in vacuo, in biomolecules, and in
water solutions. In the present work, the DFT method is used for
the calculations performed on the pyruvic acid system for
aqueous solutions.

Since this paper specifically concerns the aqueous chemistry of
pyruvic acid, we have considered the treatment of solvent water
molecules in some detail. Normally, for DFT calculations, the
continuum approach is used to model the solvent. However,
some recent studies have shown that such a treatment is not
adequate. In the case of amino acids and peptides, it was found
that some structures that do not exist in the gas phase become
stable in solution due to their ability to form strong intermole-
cular hydrogen bonds with water”? Due to the phenomenal
cost of treating all water molecules of even just the first solvation
shell explicitly in a DFT calculation, we turned to semiempirical
methods for treatment of the solvent in the case of thiohydro-
xamic acids. This resulted in final structures that have only a few
water molecules directly bonded to the substrate molecule with
hydrogen bonds. A DFT calculation with only these water
molecules treated explicitly and the rest of the solvent treated as
a continuous dielectric resulted in better agreement with
experiment.® This approach has the added advantage that
distortions in geometries of the substrate molecule to accom-
modate the hydrogen-bonded water molecules are adequately
taken care of. In this paper, we have used this approach for
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modeling the reactions and energies of tautomers of the pyruvic
acid molecule.

COMPUTATIONAL METHODS

The same methodology was adopted in the calculations reported
here as for the gas phase calculations."! The DFT calculations
were performed using the B3LYP three-parameter density
functional, which includes Becke’s gradient exchange correc-
tion,' the Lee, Yang, Parr correlation functional,”'® and the Vosko,
Wilk, Nusair correlation functional.""

The geometries were fully optimized with respect to the
energy using the basis set 6-31+G(d, p) and single-point calcu-
lations were performed with the 6-3114++G(3df, 3pd) basis set
using the Gaussian 03W suite!'? of programs. Initial geometries
were taken from the gas phase optimized structures.

The influence of solvent on the relative stability of conformers
was studied at two levels: firstly with discrete water molecules,
and secondly by examining the effect of bulk solvent on the
hydrated structures using a continuum model. For the first type of
calculations, the starting positions of water molecules were
carefully selected. Using the Hyperchem 6.0 software suite,’™!
first the desired conformer was placed in a periodic cubic box of
side 10A, containing ~34 TIP3P" water molecules. After a
geometry optimization using the PM3 Hamiltonian,""! the box
was equilibrated. A 100 ps Molecular Dynamics (MD) simulation,
at 300K using PM3 forces, was performed initially to equilibrate
the system. A further 100 ps simulation was then performed. To
ensure that most thermally accessible structures were sampled,
the simulation was stopped every 10 ps and the configuration
optimized. The least energy structure from amongst these was
then selected for further calculations. No geometrical constraints
were applied in the MD simulations. It was found that in both the
cis conformers, rotation about the central C—C bond occurs
yielding the trans conformers. Thus, only two conformers Tce and
Tte remain in solution. After a geometry optimization, all water
molecules within a proximity of 5A of the substrate molecule
were retained, and a geometry optimization again performed. In
both cases, it was found that only 14 water molecules remained in
this region.

After obtaining these initial structures, further geometry
optimizations were performed with the PM3 method. In all
cases, it was found that only three of the water molecules
remained closely bonded to the conformer in the final structure,
forming intermolecular hydrogen bonds. Taking these structures
with three hydrogen-bonded waters, further optimization at the
B3LYP/6-31G(d) level resulted in one of the water molecules
moving away from the vicinity of the substrate, yielding
dihydrates. Vibrational analysis was performed to confirm
the nature of the stationary points. The harmonic vibrational
frequencies were scaled down by a factor of 0.9614"' to account
for anharmonicity and other factors. None of the structures was
found to possess imaginary vibrational frequencies. The final
energies of these dihydrates were calculated at the B3LYP/
6-311+-+G(3df, 3pd)//B3LYP/6-31G(d) level. Zero-point energies,
calculated at the B3LYP/6-31G(d) level and scaled by a factor of
0.9806,""®! were added to the energies calculated with the higher
basis set.

The influence of bulk solvent on these water complexes was
studied by the CPCM polarizable conductor calculation model
implemented in Gaussian 03W!'”"'® (keyword SCRF=CPCM),

with the dielectric constant (¢) taken as 7839 for water at
298.15K. In this approach, the solvation Gibbs free energy is
given by the sum of the non-electrostatic contribution due to the
creation of the solute cavity in the solvent and the electrostatic
interaction between solute and solvent. In the CPCM model,
the solvent is represented by a constant dielectric medium
surrounding a cavity built around the solute. The cavity was built
using the simple United Atom Topological (UAO) model applied
on atomic radii of the universal force field (UFF). In this model, the
radii of CH3, C, O, and OH are taken as 25257 1.925A, 1.750 A,
and 1.850 A, respectively. The calculations were performed with
tesserae of 0.2 A average size.

RESULTS AND DISCUSSION

Optimized Cartesian coordinates, energy values, and vibrational
frequencies are given as Electronic Supplementary Information.

Intermolecular hydrogen bonding

The same nomenclature and atom numbering (Fig. 1) is used for
the pyruvic acid isomers as for the gas phase calculations.™
We first considered the role of two water molecules in
stabilizing the various conformers of the keto form of pyruvic acid
by hydrogen bonding. Details of obtaining the initial structures
are given in the computational details section. The structures of
the dihydrates are depicted in Fig. 2. It may be argued that each
structure represents one of the several possible hydrogen-
bonded structures with water. However, we believe that the final
geometry optimization at the B3LYP level with two explicit water
molecules results in the global minimum. It is also apparent
from Fig. 2 that, for Tce for example, this is perhaps the best
hydrogen-bonded structure possible with two water molecules.
Moreover, other starting structures either optimized to these
structures or gave higher energy structures. For example, initial
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Figure 1. Conformers of pyruvic acid and atom numbering scheme (A):
Tce; (B): Tte; (C): Cce; (D): Cte
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(A)

Figure 2. Structures of the two dihydrates (A): Tce; (B): Tte

placement of a water molecule hydrogen bonded to the —OH
and C=O0 of the carboxylate group resulted in the water
molecule moving toward the other water molecule, forming a
stronger hydrogen bond with it. Experimentally, it is known
that the ketone group hydrate of pyruvic acid is formed to an
appreciable extent in aqueous solution by a rapidly established
equilibrium reaction.”'”!

Despite the intramolecular hydrogen bonding in Tce, it is found
that it forms a hydrogen-bonded hydrate with two water
molecules, in which the carbonyl oxygen forms a close contact
with a water hydrogen (1.98A), while the water oxygen is
involved in hydrogen bonding with the carboxyl proton (1.67 A.
Both distances are much smaller than the sum of van der Waals
radii of oxygen and hydrogen (2.72 A). The respective O...H—O
bond angles are found to be 134.8° and 174.2°, showing that the
carboxyl proton forms strong linear hydrogen bonds (calculated
bond order=0.113) with water molecules. This weakens the
carboxyl O—H bond, the calculated bond order being only 0.595.
Moreover, the calculated NBO charges®® on the hydroxyl oxygen
and hydrogen are —0.702 and 0.522, respectively. The high values
of the negative and positive charges also confirm the existence of
hydrogen bonding.

The other hydrogen-bonded structure is Tte.2H,0. In this case,
one water molecule forms a hydrogen bond with the carboxyl
O—H, while the other forms a hydrogen bond with the carbonyl
group, and the two are mutually hydrogen bonded. To accom-
modate the two water molecules, the two carbonyls have to twist
out of plane, the dihedral angle being 115.4°. The carboxyl proton
is hydrogen bonded to the water oxygen, the distance being
1.65 A, while the distance of the carbonyl oxygen from a water
hydrogen is 2.02 A. Again, as for Tce, the carboxyl proton forms a
stronger hydrogen bond than the oxygen. However, in this case,
the bond is non-linear (151.1°). The hydrogen bond with the
carbonyl oxygen spans 173.5°.

All the vibrational frequencies are found to be real, and this
confirms that these are minima on the potential energy surface.
The gas phase Tce.2H,O (energy after zero-point vibrational
correction —495.353 893 6 Hartree) is found to be less stable than
Tte.2H,0 by 1.1 kcal/mol. In view of the fact that this difference
is less than the B3LYP mean absolute deviation (MAD) for
thermochemistry,”*'! it cannot be said with certainty which of the
two isomers predominates in solution. However, it may be stated
that inclusion of two water molecules reduces the energy gap
from 4.2 kcal/mol in the gas phase!"’ to —1.1 kcal/mol. A possible

reason for this is the fact that stabilization due to the intramole-
cular hydrogen bonding present in the gas phase is lost due to
the formation of intermolecular hydrogen bonds with water
molecules in solution.

The calculated enthalpies for Tce, Tte, H,O, Tce.2H,O, and
Tte.2H,0 at 298.15K and 1atm are, respectively, —342.460 570,
—342.453775, —76.439432, —495.351303, and —495.353112
Hartree. These values were estimated by adding the thermal
corrections to the energy to account for translational, vibrational,
and rotational motion at 298.15K and 1 atm. Thus, the reaction
enthalpies for the processes

Tce 4+ 2H,0 — Tce.2H,0,
and

Tte + 2H,0 — Tte.2HsO,

are calculated as —7.4 and —12.8 kcal/mol, respectively. Hence,
hydrogen bonding with water stabilizes Tte to a greater extent
than it does Tce. The corresponding free energy changes are,
however, positive and the difference is smaller (8.8 and 7.8 kcal/
mol, respectively). Thus, the entropic contributions, —54.3 and
—69.1cal K~ " mol ™", respectively, are more unfavorable for the
formation of the dihydrate of Tte (Fig. 2).

Aqueous phase calculations
Keto forms

Before examining the effect of bulk solvent on these hydrated
structures, let us examine what a simple continuum calculation on
the isolated structures predicts. The effect of bulk water was
considered by calculating the free energies of the various
conformers in aqueous solution (see Table 1). For Cce, the
optimization failed to converge unless the structure was
constrained to a planar geometry. However, the planar confor-
mation was found to possess an imaginary vibrational frequency
(83cm™").

To validate the calculation procedure for the aqueous phase
calculations, the results were computed at different levels of
calculation. Table 1 reveals that, except Cce, for which the B3LYP/
6-31G(d)//B3LYP/6-31G(d) calculation imposes an error of 1 kcal/
mol, the relative free energies agree within 0.1 kcal/mol of each
other. It may be noted that Cce is not an energy minimum in the
sense that it possesses a small imaginary frequency, since the
geometry had to be constrained to a planar conformation

J. Phys. Org. Chem. 2008, 21 23-29

Copyright © 2007 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/poc




Journal of Physical
Organic Chemistry

R. Kakkar, M. Pathak and P. Gahlot

Table 1. Calculated relative free energies (kcal/mol) of the various forms of pyruvic acid in aqueous solution

Relative free energy

2 Gyom = —342.402 053 Hartree.
P Geoin = —342.543 516 Hartree.
€ Ggoin = —342.544 148 Hartree.

System 6-31G(d)//6-31G(d) 6-311++G(3df, 3pd)//6-31G(d) 6-311++G(3df, 3pd)//6-311++G(3df, 3pd)
Tce 0.0? 0.0° 0.0°

Tte —0.7 —06 0.5

Cce 7.8 6.8 6.9

Cte -03 —04 -03

for the optimization to converge. We settled for the B3LYP/
6-311+-+G(3df, 3pd)//B3LYP/6-31G(d) option for further calcu-
lations, as this gives a maximum error of only +0.1 kcal/mol
compared to calculations with geometry optimization with the
higher basis set at one-tenths of the computational cost.

We note that the implicit solvent model predicts that Cte is
almost as stable as Tte (Table 1), whereas the explicit solvent
calculation reveals that it undergoes rotation to the more stable
Tte form. We therefore confined further aqueous phase
calculations to the dihydrates of the two conformers Tce and
Tte in a continuum of dielectric 78.39. This yielded the result that
the dihydrate of Tte is slightly more stable than that of Tce
(0.9 kcal/mol), but this small difference in energies is insignificant
when compared with the MAD values for B3LYP energies.””! The
optimized geometries for hydrated Tce and Tte forms in solution
are given as Electronic Supplementary Information. In the case of
Tce, there are only slight changes in the geometry on aqueous
solvation. The most noticeable changes are in the 0,C;
(+0.016 A), 05C; (—0.026 A), and H;00s (+0.035 A) bond lengths,
showing that there is some delocalization of charge within the
carboxylic group in aqueous solution. Solvation also brings about
a degree of nonplanarity in the case of Tte. The changes are larger

here, notably an increase in the hydroxyl H,;,0s bond length
(+0.045 A) and concomitant strengthening of the adjacent C505
bond (—0.021 A). Other bond lengths are also affected.

The variation in the bond lengths of the carboxyl group in the
isolated, complexed with two water molecules and in bulk
water environments for the two conformers, is interesting. Table 2
shows that solvation reduces the C30s bond length, but
lengthens the other two bonds.

The gas phase vibrational spectrum of Tce is dominated by
three regions (~1300cm™', ~1800cm ', and ~3350cm ),
corresponding to the stretching frequencies of the —COOH
group, along with other vibrations. Table 2 also shows that the
largest modification due to solvation is found in this group. The
vibrational frequencies were assigned by analysis of the normal
modes. The mode corresponding to the C;—Os stretch of the
COOH group has a lot of mixing from other vibrations. There is
resonance of the stretching frequencies of the CO bond of the
carboxyl group (C30s) and the neighboring carbonyl group
(C50¢), giving rise to two close bands. The values reported in
Table 2 correspond to the higher intensity band. The weakening
of the O—H (shift=—198cm~") and carbonyl (—47 cm~") bonds
for Tce is apparent, but the strengthening of the C305 bond is not

Table 2. Variation in bond lengths, Wiberg bond orders, stretching frequencies (cm')?, dipole moments (Debye) on solvation for
the two conformers Tce and Tte
Bond® Tce Tce.2H,0 Tce.2H,0(aq.) Tte Tte.2H,0 Tte.2H,0(aq.)
Length
G0, 1.207 1.216 1.223 1.212 1.218 1.218
G505 1.338 1.322 1.312 1.342 1.322 1.321
OsHqo 0.983 1.006 1.018 0.976 1.017 1.021
Order
G0, 1.759 1.699 1.646 1.750 1.710 1.700
G305 1.085 1.135 1.168 1.077 1.097 1.135
OsHqo 0.684 0.595 0.567 0.718 0.707 0.566
Stretching frequencies
G0, 1802 (188) 1748 (192) 1755 (258) 1760 (313) 1734 (275) 1730 (569)
G305 1375 (126) 1352 (350) 1317 (372) 1112 (231) 1299 (119) 1122 (317)
OsHqo 3420 (99) 3015 (1169) 3222 (301) 3542 (56) 3287 (366) 3024 (406)
Dipole moments
W 244 6.06 8.07 1.30 2.10 1.07
Values in parenthesis are the respective intensities (km/mol).
P See Fig. 1 for atom numbering.
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Figure 3. The dihydrate of the enol tautomer

as apparent from the shift in the corresponding band. As
mentioned earlier, this band is mixed with other vibrations. A
clearer picture emerges from the calculated Wiberg bond orders,
also reported in Table 2. A notable increase in the intensity of the
O—H band on solvation occurs for both rotamers. This is
indicative of the charge redistribution and change in dipole
moment in aqueous solution (Table 2).

Enol tautomer

The enol tautomer may be a possible intermediate in the
decarboxylation to vinyl alcohol. There are various possible forms
of this tautomer."’ We performed similar calculations for each of
these and found that the structure given in Fig. 3 is the most
stable hydrogen-bonded one.

Gas phase calculations at the B3LYP/6-311++G(3df, 3pd)//
B3LYP/6-31G(d)!"! and PM3 levels suggested that the preferred
conformer of the enol tautomer is less stable than Tce by 5.9 kcal/
mol,™ but in aqueous solution the difference in energies of the
two dihydrates reduces to 3.3 kcal/mol. Thus, both the keto and
enol tautomers co-exist in solution. The calculated free energy
difference in solution of the dihydrates is 6.9 kcal/mol, corre-
sponding to a pKg value of 5.03, compared to the experimental
value of 3.21 4 0.04"? for the keto-enol equilibrium.

Other isomers

As for the gas phase,!”’ we considered two enantiomeric lactone
type isomers. On taking the gas phase lactone geometries as
initial structures for solvation studies, they optimized to
structures that may be termed as protonated pyruvates. Inclusion
of explicit water molecules also fails to stabilize the lactone
structures, as no intermolecularly hydrogen-bonded structures
form with water molecules. In fact, the water molecules move
away from the neighborhood of the lactone structures during the
MD simulations.

The zwitterionic tautomer, protonated pyruvate, CHsC*
(OH)COO™, has been implicated as a possible intermediate in
a proposed mechanism for the interconversion of pyruvate and
L-lactate dehydrogenase (EC 1.1.1.27) employing nicotinamide
adenine dinucleotide (NAD) as cofactor, according to the

equilibrium:
CH3C(= 0)COO™ + NADH + H™ = CH3CH(OH)COO™~ + NAD™

The reaction involves the transfer of both a proton (to or from
an active histidine residue®®*?*) and a hydride ion (to or from the
cofactor), but whether the reaction is concerted, or, if not, the
order of the transfer of the proton and the hydride ion has not yet
been established. In the pyruvate-to-lactate direction, if proton
transfer to the carbonyl group of pyruvate precedes hydride
ion transfer, then ‘protonated pyruvate’ will be formed as an
intermediate. Protonated pyruvate carries a formal positive
charge on the central atom, a formal negative charge on the
carboxylate group, and is neutrally charged overall. It is actually a
tautomer of pyruvic acid in which the acidic proton has been
transferred to the carbonyl group. AM1 and ab initio SCF/3-21G
studies of the conformers of protonated pyruvate and its
enantiomeric lactone-type isomers have been reported.* The
isomerization of protonated pyruvate to pyruvic acid is also of
general interest in studying the possible mechanisms of
decarboxylation of a-keto acids.”*®

Various conformers of protonated pyruvate considered in this
work include the ones in which the COO™ group is perpendicular
to the CCC plane, using initial geometries optimized at the PM3
level.™ On carrying out gas phase calculations, none of the
conformers was found to be stable. On geometry optimization,
the conformers either optimized to Tce or lactone structures, or
partially decarboxylated to yield a complex of singlet hydro-
xyethylidene (methylhydroxycarbene), CHsCOH, and carbon
dioxide, separated by a distance of about 3 A. The same behavior
was observed under ab initio/STO-3G optimization, although
these complexes were found to be stable at the AM12%! and PM3
levels. Optimization of the geometry of the dihydrate structures
also yielded the dihydrate of Tce. It is gratifying to note that the
structure was the same as that obtained earlier (Section 3.1), and
this validates our procedure for obtaining initial geometries of
the hydrates.

Anions

The pyruvate anion is an important intermediate compound in
the carbohydrate metabolism of living organisms, and is a
product of glycolysis, and a precursor for the Krebs cycle. An
adequate understanding of the various interactions in anions can
only be obtained by doing calculations using diffuse functions.
Accordingly, anion structures were optimized at the B3LYP/
6-31+G(d, p) level, followed by single-point calculations at the
B3LYP/6-311++G(3df, 3pd) level.

The pyruvate anion may exist as the keto tautomer with the
carboxylate group in a planar or nonplanar conformation with
respect to the CCC skeleton. Additionally, the methyl hydrogen
may be either in a staggered or eclipsed position with respect to
the carbonyl group. Calculations for the gas phase suggest that
the only conformer of the keto form that has all real vibrational
frequencies is shown in Fig. 4.

It is easy to interpret the stability of this conformer, and the
existence of imaginary frequencies for the other conformers. The
weak attraction between the methyl C—H and the carbonyl
group dictates that these two bonds prefer the same plane.
However, there is a much stronger repulsion between the
carbonyl group and the carboxylate group since all the oxygens
are highly negatively charged in the anion. This twists the
carboxylate group out of plane, one oxygen going above

J. Phys. Org. Chem. 2008, 21 23-29
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Figure 4. The tautomers of the anion (A): Keto; (B): Enol
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the plane and the other going below it. The twist angle between
the plane of the carboxylate group and the carbon framework
(including the carbonyl group) is 60.7° in the gas phase. The enol
tautomer of the anion is found to be less stable than the keto
tautomer by only 2.7 kcal/mol in the gas phase (compared to the
5.9 kcal/mol energy difference of the corresponding acids), since
it is stabilized by intramolecular hydrogen bonding.

Table 3 gives the charge distribution in Tce, anion and the
change accompanying anion formation. Large changes are seen
at C;, G,, and O4. It may be noted that there is a large positive
charge on the central carbon atom, C,, despite the overall
negative charge in the anion. The catalytic mechanism of
pyruvate decarboxylation involves a nucleophilic attack by the
ylide of Thiamin diphosphate (ThDP).?”! The large positive
charge on the carbonyl carbon atom in solution facilitates the
nucleophilic attack.

The calculated gas phase proton affinity for pyruvic acid
is 334.5kcal/mol. This was calculated from the relation
AHganion+Angroton—Angce, where the respective terms are
the standard enthalpies of the keto anion, the proton (2.5 RT in
the ideal gas approximation), and the undissociated Tce form,
estimated after making the required thermal corrections to the
energy arising from the translational, rotational, and vibrational
motions at 298.15 K and 1 atm. This value compares well with the
experimentally determined value of 333.5 4 2.9 kcal/mol.??
The gas phase basicity value, obtained using the corresponding
free energy values (AGganion +AGgpmmn —AGche), is calculated
as 326.1 kcal/mol in comparison with the experimental®® value
of 326.5 + 2.8 kcal/mol. Here, Sgproton was taken as 26.04 kcal/
mol 1%

Figure 5. Dihydrate of the anion

The AGdeprotaq Value, calculated using the relation, AGY gepro-
deprotag = AGgqanion + AGgq proton — AGgqrce, is 4.4 kcal/mol, where
the aqueous values are obtained by adding the solvation
energies to the gas phase values, and the calculated solvation
energies of the anion, proton, and pyruvic acid are —61.65,
—264.74, and —4.70kcal/mol, respectively. The corresponding
pK, value is then 3.26 according to the standard relation,
PKa = 535577 AGleprotaq- Although the gas phase basicity values
are in excellent agreement with the experimental values, the
calculated pKj, value is higher than the experimental value of 2.49
at 298.15K,'** indicating inadequate treatment of solvation.

Better agreement with the experimental pK; value is obtained
when the dihydrate is taken for the computation. The structure of
the dihydrate of the keto anion is given in Fig. 5. The twist angle in
this structure is reduced to 48°. Further solvation in the dielectric
medium reduces this angle further to 37°. The calculated pK,
value is now 3.00, in better agreement with experiment.

The dihydrate of the enol anion is less stable than that of the
keto tautomer by 5.5 kcal/mol. Because of the presence of strong
intramolecular hydrogen bonding, water is not able to stabilize it
to as great an extent as it can stabilize the keto tautomer.
Treatment of the dihydrate in aqueous medium increases the
energy difference to 7.4 kcal/mol, and it may be concluded that
only the keto form of the anion exists in aqueous solution.

Table 3. Calculated change in the partial atomic charges on the various atoms on formation of the anion from Tce for pyruvic acid
Gas Solution

Atom?® Tce Anion Tce Anion Ag
G —-0.137 —0.253 —0.116 —0.161 —0.307 —0.146
G 0.565 0.441 —0.124 0614 0.554 —0.060
G 1.019 1.041 0.022 1.085 1.084 —0.001
Oy4 —0.692 —0.806 —-0.114 —0.757 —0.872 —0.115
Os —0.697 —0.793 —0.096 —0.753 —0.864 —0.111
Oe¢ —0.708 —0.739 —0.031 —0.748 —0.781 —0.033
H; 0.017 —0.023 —0.040 0.016 0.012 —0.004
Hg 0.076 0.058 —0.018 0.083 0.085 0.002
Ho 0.076 0.075 —0.001 0.083 0.088 0.005
Hqo 0.481 — 0.536 — —

w (D) 244 5.26 2.75 7.24 —
TAll calculations at the B3LYP/6-311++G(3df, 3pd)//B3LYP/6-31G(d) level.

www.interscience.wiley.com/journal/poc

Copyright © 2007 John Wiley & Sons, Ltd.

J. Phys. Org. Chem. 2008, 21 23-29



EFFECT OF AQUEOUS SOLVATION

Journal of Physical
Organic Chemistry

Unimolecular decomposition

Having obtained the stable conformations of pyruvic acid and its
tautomers, we investigated its decarboxylation reaction, which
has an important biomedical role, since it prevents excessive
production of lactic acid resulting from excess of pyruvic acid.

For the gas phase, it was found that the only feasible reaction is
decarboxylation to yield acetaldehyde directly, but this reaction
has a high energy barrier of 70.1kcal/mol™ On calculating
the free energy of the transition state in solution, it was found
that the free energy of activation in aqueous solution is high
(77.3 kcal/mol). This explains the necessity of the catalytic
mechanism in reducing the energy barrier for decarboxylation
to acetaldehyde.

We also investigated whether decarboxylation to hydroxyethy-
lidene is possible in the aqueous phase, but, as in the gas phase
calculations,! no transition state could be located. Instead,
the geometry converged to a twisted Tce structure. Finally, the
decarboxylation of the enol tautomer to vinyl alcohol was also
investigated. In this case, too, no convergence of the transition
state could be achieved, and geometry optimization of the
transition state led to a twisted protonated pyruvate structure.

CONCLUSIONS

To summarize the results of this investigation, we may state the
following:

Many of the structures, such as the enol tautomer stabilize in
aqueous solution and are present to an appreciable extent.
The pKg value calculated for the equilibrium is in reasonable
agreement with the experimental value. The lactone structures,
which are found to exist in the gas phase, do not occur in solution.
A reason for this is that solvation preferentially stabilizes the lone
pairs on the carboxylate oxygens, and hence these oxygens are
less available for protonation, which occurs at the carbonyl
oxygen instead. As in the gas phase, the favored decarboxylation
reaction in solution is the one leading to acetaldehyde, but the
barrier to this is even higher than that in the gas phase. The gas
phase protonation and basicity values are in good agreement
with the experimental values, validating the calculation pro-
cedure for the gas phase and the existence of the keto tautomer
in both the acid and its anion. The calculated pK; value is also in
close agreement with the literature value, again validating our
calculation methodology for the aqueous phase.

We may thus conclude that the solution phase chemistry of
pyruvic acid is completely different from its gas phase chemistry.
The energy differences between tautomers are small in aqueous
solution, implying that they co-exist.
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