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The solvent effects on the decarboxylation reaction of N-carboxy-2-imidazolidinone anion in aqueous
solution have been investigated by a combined quantum mechanical and molecular mechanical
(QM/MM) Monte Carlo simulation method. In the present approach, the gas-phase intrinsic reaction
coordinate of the reaction is first obtained by ab initio molecular orbital calculations at the RHF/
6-31+G(d) level. Then, the potential of mean force for the decarboxylation reaction is determined
via statistical perturbation theory using the combined QM/MM-AM1/TIP3P potential in Monte Carlo
simulations. The computed free energy of activation in water is 22.7 ( 0.2 kcal/mol, in very good
agreement with the experimental value of 23.2 kcal/mol. Detailed insights into the structural and
energetic nature of the differential solvation of the reactant and the transition state are presented.

Introduction

The coenzyme biotin (vitamin H) is an effective accep-
tor and donor of carbon dioxide in biosynthetic carboxy-
lation pathways.1 A carboxyl group is transferred through
carboxylation and decarboxylation of biotin on N-1, a
reaction catalyzed by biotin-dependent enzymes.2 The
biotin molecule itself has been a challenging target of
synthetic organic chemistry,3 as well as several theoreti-
cal studies.4

Recent experimental studies of solvent effects on the
decarboxylation reaction of the model compound N-car-
boxy-2-imidazolidinone revealed that the reaction rate
is retarded in going from acetonitrile to aqueous solution.5
The origin of the rate retardation has been attributed to
a more favorable stabilization of the ground state and

destabilization of the transition state in polar protic
water than in the less polar aprotic acetonitrile.

The decarboxylation of N-carboxy-2-imidazolidinone in
solution proceeds via two mechanisms as a function of
the pH (Scheme 1).5 Experimentally, at pH > 8, the rate
of the reaction is independent of the pH, consistent with
a loss of carbon dioxide from the ionized carboxylate form.
Below pH 8, the observed rate increases with increased
acidity, requiring a reaction via a neutral transition state.
The acidity constant has been determined to be pKa )
4.2 by Rahil et al.5 Studies of the solvent effects on the
reaction rate were conducted at pH ) 10.2 by these
researchers, and a rate acceleration of 517 times in
acetonitrile over that in aqueous solution has been
observed. This remarkable solvent effect is comparable
to the decarboxylation of 3-carboxybenzisoxazole, which
has been extensively investigated by Kemp and cowork-
ers.6 The latter reaction has been the subject of several
recent computational7 and experimental investigations,8
including a correlation of the catalytic properties of an
antibody in decarboxylations to solvent polarities.

In view of the importance of decarboxylation reactions
in a variety of biological processes,9 and to corroborate
recent experimental studies of decarboxylation reactions,2f,5

computational investigations of the mechanisms of de-
carboxylation reactions are warranted. In this study, we
employ a combined quantum mechanical and molecular
mechanical (QM/MM) approach to model the decarboxy-
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lation reaction of N-carboxy-2-imidazolidinone in aqueous
solution. Because the experiment of the decarboxylation
reaction was conducted at pH ) 10.2, the present study
will focus on the decarboxylation reaction of the anion
corresponding to the experimental conditions at high pH
in aqueous solution. These results shed new light on the
energetics and factors that govern the dramatic solvent
effects on this model carboxybiotin compound in water
at an atomic level. Here, high level ab initio calculations
are first carried out to dissect the intrinsic reactivity of
the decarboxylation reaction in the gas phase. Solvent
effects are then determined by Monte Carlo free energy
perturbation (FEP) simulations, making use of a com-
bined QM/MM potential by treating the reactant mol-
ecule quantum-mechanically. In the following, computa-
tional details are first summarized, followed by results
and discussion.

Computational Details

Ab Initio Calculations. The transition structure (TS)
and the intrinsic reaction coordinate (IRC)10 path for the
decarboxylation reaction of the conjugate base of N-
carboxy-2-imidazolidinone in the gas phase were deter-
mined by ab initio molecular orbital methods at the re-
stricted Hartree-Fock (RHF) level with the 6-31+G(d)
basis set. The basis functions include a set of s and p
diffuse functions, and a set of polarization functions on
all non-hydrogen atoms.11,12 A total of 37 structures were
generated along the IRC, spanning the reaction coordi-
nate Rc (Rc is the breaking N-CO2 bond distance) from
1.48 Å to 2.59 Å. The transition structure and stationary
geometries are verified by vibrational frequency calcula-
tions with one and zero imaginary frequencies, respec-
tively. Electron correlation effects are included through
single-point calculations using Möller-Plesset perturba-
tion theory up to the second order. Thus, the notation
for the best energy calculations is MP2/6-31+G(d)//RHF/
6-31+G(d). Enthalpy changes at 298 K are determined
by eq 1:

where ∆Ee
0 is the electronic energy change, ∆Evib

0 is the
change in zero-point energy, and ∆(∆Evib)298 is the change
in vibrational energy difference from 0 to 298 K. The last
three terms are changes in translational, rotational

energies, and the work term, which are all computed
classically using standard methods.13 To compute the
enthalpy change ∆H298, harmonic frequencies are scaled
by a factor of 0.90 to correct for the overestimation of
vibrational frequencies at the HF level.14 Scaled frequen-
cies below 500 cm-1 are treated as classical rotations in
calculating their vibrational contributions.

QM/MM Potential. To investigate the solvent effects
on the decarboxylation reactions in water, a combined
quantum mechanical and molecular mechanical potential
is used to describe the solute-solvent interactions.15-19

The key idea in this approach is the partition of a con-
densed phase system into a QM and MM region. Thus,
the solute molecule in the QM region is treated quantum
mechanically, and the solvent MM region is approxi-
mated by a classical force field. Combined QM/MM
methods have gained great attention in the past five
years and have been applied to a variety of organic and
biological systems, including studies of organic and en-
zymatic reactions, ion solvation, conformational equilib-
ria, and kinetic isotope effects. The computational details
have been described in several papers.15-19 Thus, only
the most relevant points are summarized here. The total
effective Hamiltonian of the system is given by

where Ĥ0 is the Hamiltonian for the solute molecule in
the gas phase, Ĥmm is the molecular mechanics interac-
tion Hamiltonian for the solvent, and Ĥqm/mm is the
solute-solvent interaction Hamiltonian. The total energy
of the system is expressed as the expectation value of
the molecular wave function Φ as follows:

where Φ is the wave function of the solute molecule in
solution, and Emm is the interaction energy of the solvent
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Scheme 1

∆H298 ) ∆Ee
0 + ∆Evib

0 + ∆(∆Evib)
298 + ∆Et

298 +

∆Er
298 + ∆PV (1)

Ĥeff ) Ĥ0 + Ĥqm/mm + Ĥmm (2)

Etot ) 〈Φ|Ĥeff|Φ〉 ) Eqm + Eqm/mm + Emm (3)
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which is determined classically. Eqm and Eqm/mm are,
respectively, the energy of the solute in solution, and the
solute-solvent interaction energy. Eqm/mm includes both
electrostatic and van der Waals components:

where Ĥqm/mm
el is the electronic part of the solute-

solvent interaction Hamiltonian. In the van der Waals
term (eq 4), standard geometric combining rules are used
to determine the Lennard-Jones parameters. Therefore,
σis ) (σiσs)1/2 and εis ) (εiεs)1/2, where σi and εi are
parameters for the solute atoms, and their values are
taken from ref 19a. σs and εs are parameters for the
solvent, taken from Jorgensen’s three point charge TIP3P
water model.20

In studying solute-solvent interactions, it is of par-
ticular interest to examine the polarization effect on the
solute molecule that is induced by the solvent. The
polarization energy is determined by eq 5:

where Edist is the solute distortion energy which is the
energy penalty necessary for polarizing the solute wave
function, and Estab is the stabilization energy gained due
to the solute charge polarization.

With this definition of the solute polarization energy, the
total solute-solvent interaction energy can be written
as

where E(1) is the solute-solvent interaction energy with
a gas-phase solute wave function (Φ0), and EvdW is the
van der Waals energy, arising from the Lennard-Jones
terms in eq 4. In this study, all of these energy terms
are obtained to provide additional insights on specific
solute-solvent interactions.

Of course, it is desirable to use ab initio molecular
orbital methods or density functional theory to describe
the solute electronic structures in the combined QM/MM
potential. However, this is still too time-consuming to be
practical for systems of the present size. Consequently,
as in most previous studies, we have used the semiem-
pirical AM1 model21 to represent the N-carboxy-2-imi-
dazolidinone molecule. The combined AM1/MM approach
has been shown to yield good solvation results for a
variety of systems, including a similar decarboxylation
reaction of 3-carboxybenzisoxazole in water.7

Monte Carlo Simulations. Statistical mechanical
Monte Carlo calculations were carried out in the isother-
mal-isobaric (NPT) ensemble at 25 °C and 1 atm using
the combined AM1/TIP3P potential. In the simulation,

the N-CO2 bond that breaks along the reaction coordi-
nate is oriented to coincide with the Z-axis of a rectan-
gular box with periodical boundary conditions22 (approxi-
mately 20 × 20 × 30 Å3) containing 391 TIP3P water
molecules. For convenience in the following discussion,
the reaction coordinate (Rc) is represented by the N-CO2

distance, rather than the IRC atomic units. Fifteen
structures from ab initio IRC calculations, plus an
additional 13 structures that extended the reaction
coordinate to Rc ) 5.2 Å from the last IRC structure at
Rc ) 2.6 Å, were selected. Differences in hydration free
energy are calculated via statistical perturbation theory
using the Zwanzig equation with double-wide sam-
pling.23,24

where Ri is a structure along the IRC reaction path, kB

is the Boltzmann constant, T is the temperature, and
E(Rj) and E(Ri) are the total potential energies for state
Rj and Ri. The brackets 〈‚‚‚〉Ri in eq 9 indicate ensemble
averaging over the potential energy surface E(Ri) for the
reference structure Ri. It should be noted that geometrical
mapping of eq 9 does not account for the nonequilibrium
solvation effects which seems to be minor in the present
system. Other approaches that allow one to evaluate the
activation barrier in the solute-solvent coordinate space
were recently developed.25

The intermolecular interactions are truncated between
spherical cutoff distances of 8.5 and 9.0 Å for water-
water interaction based on the oxygen separations.
Solute-solvent interactions are feathered to zero between
9.0 and 9.5 Å based on solute atom-water oxygen
distances. Standard Metropolis sampling was used.26 To
facilitate the statistics near the solute, the Owicki-
Scheraga preferential sampling technique with 1/(r2 +
C) weight, where C ) 150 Å2, was also adopted.27 The
ranges for attempted translations and rigid-body rota-
tions of the solute and solvent molecules were adjusted
to yield ca. 45% acceptance rates for new configurations.
Volume changes were restricted to within (230 Å3 at
every 2375 configurations. A total of 27 simulations were
performed to span the entire reaction coordinate (1.48-
5.2 Å). Each simulation consisted of 5-8 × 105 configura-
tions of equilibration, followed by additional 1.5 × 106

configurations of averaging. The uncertainties were
computed from the fluctuations in separate averages over
batches of 1 × 105 configurations. All calculations were
performed using the MCQUB/BOSS program provided
by Professor Gao at SUNY, Buffalo.28

Results and Discussion

(a) Ab Initio Structures and Energies. The fully
optimized geometries of the reactant, transition state and

(20) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
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Eqm/mm ) 〈Φ|Hel
qm/mm|Φ〉 +

∑
i

solute

∑
s

solvent

4εis[(σis

Ris
)12

- (σis

Ris
)6] (4)

Epol ) Edist + Estab (5)

Edist ) 〈Φ|Ĥ0|Φ〉 - 〈Φ0|Ĥ0|Φ0〉 (6)

Estab ) 〈Φ|Ĥqm/mm
el |Φ〉 - 〈Φ0|Ĥqm/mm

el |Φ0〉 (7)

Esx ) EvdW + E(1) + Epol (8)

∆G(Rc) ) -kBT ln〈exp{-[E(Rj) - E(Ri)]/kBT}〉Ri
(9)
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products are illustrated in Figure 1. It is found that the
N3 nitrogen has a nonplanar pyramidal structure in both
the reactant and the TS. From reactant to the TS, the
major structural changes are that the C2-N1 (IUPAC
numbering) distance is shortened by 0.039 Å, while the
C2-O and C2-N3 distances are elongated by 0.024 Å and
0.026 Å, respectively. The N1-CO2 bond distance in-
creases from 1.476 Å to 2.166 Å, and the carboxylate
angle is widened by 25.5° in going from the reactant state
to the TS.

Gas-phase energy results from ab initio calculations
are summarized in Table 1. At the RHF/6-31+G(d)//RHF/
6-31+G(d) level, the calculated activation energy is 17.1
kcal/mol, while inclusion of the electronic correlation
effect at the MP2/6-31+G(d)//RHF/6-31+G(d) level re-
duces the activation energy to 13.4 kcal/mol. For com-
parison, the AM1 Hamiltonian yields an activation
enthalpy ∆Hq (25 °C) ) 19.6 kcal/mol with the RHF/6-
31+G(d) structure, suggesting that the AM1 model gives
a reasonable description of the present decarboxylation
reaction. In combination with the RHF/6-31+G(d) vibra-
tional frequencies and the RHF/6-31+G(d) electronic
energies, the computed activation enthalpy, ∆Hq, activa-
tion entropy, ∆Sq, and Gibbs activation free energy, ∆Gq,

for the reaction at 298 K are 15.6 kcal/mol, 4.9 cal/mol‚
K, and 14.2 kcal/mol, respectively. When the MP2/
6-31+G(d) energy differences are used, the computed ∆Hq

and ∆Gq are 12.0 kcal/mol and 10.5 kcal/mol, respectively.
Gas phase experimental activation energies are not
available for the decarboxylation reaction of N-carboxy-
2-imidazolidinone, although ∆Hq values of 19.0 and 20.8
kcal/mol at pH of 6.1 and 10.2 were obtained from the
Eyring plots using the experimental data.29 Comparison
can be made to the barrier height for the decarboxylation
of 3-carboxybenzisoxazole, which has a predicted ∆Eq of
19.1 kcal/mol at the MP2/6-31G(d)//6-31G(d) level.7b Note
that the free energy of the product ion-dipole complex
(Rc ) 2.6 Å) is only 2.5 kcal/mol and 0.1 kcal/mol below
the transition state at the HF/6-31+G(d) level and the
MP2/6-31+G(d) level, respectively. The overall reaction
(Rc ) ∞) is endothermic by ca. 14 kcal/mol (∆G) in the
gas phase.

Mulliken population analysis from RHF/6-31+G(d)
calculations shows that about 75% of the negative charge
on the carboxylate group is transferred to the ring system
in going from the reactant to the transition state. It can
be expected that this will result in the loss of hydrogen-
bonding interactions in the TS for this anion decarboxy-
lation reaction in aqueous solution from the fluid simu-
lations.

(b) The Potential of Mean Force in Aqueous
Solution. The main goal of this study is to determine
the solvent effects on the activation barrier, and the
potential of mean force30 for the decarboxylation of
N-carboxy-2-imidazolidinone in water. This has been
accomplished through a series of Monte Carlo free energy

(29) The activation parameters reported in ref 5 were in error. Using
the reported rate constants, the Eyring plots yield the following
activation parameters in water: ∆Hq ) 20.8 kcal/mol, ∆Sq ) -8.0 cal/
mol‚K, and ∆Gq ) 23.2 kcal/mol at pH 10.2; ∆Hq ) 19.0 kcal/mol, ∆Sq

) -5.8 cal/mol‚K, and ∆Gq ) 20.7 kcal/mol at pH 6.1. Corrections:
Rahil, J.; You, S.; Kluger, R. J. Am. Chem. Soc. 1998, 120, 2692.

(30) (a) Gao, J. J. Am. Chem. Soc. 1991, 113, 7796. (b) Peng, Z.;
Merz, K. M., Jr. J. Am. Chem. Soc. 1992, 114, 2733. (c) Chang, N.-Y.;
Lim, C. J. Am. Chem. Soc. 1998, 120, 2156.

Figure 1. RHF/6-31+G(d) optimized geometries for the reactant, transition state, and products; bond lengths are in angstroms,
angles are in degrees.

Table 1. Thermodynamic Results for the
Decarboxylation of N-Carboxy-2-imidazolidinone in the

Gas Phase at 298 Ka

reactant f
transition

state

reactant f
ion-dipole
complex

reactant f
products
(Rc ) ∞)

∆E0 (HF/6+31+G*) 17.1 16.2 23.9
∆Ev

0 -1.3 -0.9 -2.4
∆∆Ev

298 -0.2 0.1 -1.4
∆H298 15.6 15.3 22.2
∆S298 4.9 12.5 28.1
∆G298 14.2 11.7 13.8
∆E0 (MP2/6+31+G*) 13.4 14.9 24.8
∆H298 (MP2/6+31+G*) 12.0 14.1 23.0
∆G298 (MP2/6+31+G*) 10.5 10.4 14.7
∆H (AM1, mopac) 19.6

a Energies and entropies are given in kcal/mol and cal/mol‚K.
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perturbation (FEP) simulations along the reaction path
generated from the ab initio HF/6-31+G(d) calculations.
Key findings are shown in Figure 2, which depicts the
free energy profile for the decarboxylation reaction in the
gas phase and in aqueous solution. The most dramatic
feature in Figure 2 is the large increase in barrier height
in going from the gas phase to aqueous solution. The
reactant anion is predicted to be better solvated than the
transition structure at Rc ) 2.2 Å by 12.2 ( 0.2 kcal/
mol. In conjunction with the gas phase activation energy
(10.5 kcal/mol) obtained at the MP2/6-31+G(d)//
6-31+G(d) level, the present QM/MM simulations yield
an aqueous ∆Gq of 22.7 ( 0.2 kcal/mol, which is in
excellent agreement with the experimental value of 23.2
kcal/mol at pH ) 10.2.29 The good agreement with
experiment, together with an early study of the decar-
boxylation reaction of 3-carboxybenzisoxazole in water,7
demonstrate that the use of a combined QM-AM1/MM
potential can provide a reasonable description for decar-
boxylation reactions in solution.

Second, it is interesting to note that the position of the
transition state in aqueous solution is unchanged in
comparison with that in the gas phase (Figure 2).
Although this is surprising in view of the large solvent
effect on the activation free energy, similar observations
have been obtained for the decarboxylation of 3-carboxy-
benzisoxazole from Monte Carlo QM/MM simulations,7
and from the interpretation of the experimental ∆Sq in
various solvents,6 as well as from carbon-13 kinetic
isotope effects in solutions and in a catalytic antibody.8
The computed difference in free energy of hydration along
the reaction coordinate does show a shift with the
maximum in ∆∆Ghydr(Rc) at 2.07 Å, which is about 0.1 Å
earlier than the location of the transition state in the gas
phase. However, the solvation effect is not enough to
offset the increase in the intrinsic free energy (gas phase)
change. Thus, the overall position of the transition
structure in water remains unchanged. This a posteriori
finding indicates that the use of gas phase IRC path for
simulations in solution is reasonable for decarboxylation
reactions.

Third, the free energy of the present reaction (up to
Rc ) 5.2 Å) in water, and in the gas phase, is predicted
to be 17.4 kcal/mol and 17.5 kcal/mol, respectively. Note
that the gas phase free energy increases by 7.1 kcal/mol
when extending the calculations from the last IRC ion-
dipole complex structure (Rc ) 2.6 Å) to the extended
structure at Rc ) 5.2 Å; and the endothermicity of the
initial decarboxylation step that is being modeled in the
simulation study is accompanied by a proton transfer
from water to the product imidazolidinone anion, and the
formation of bicarbonate HCO3

- from CO2 and OH- at
pH 10.2. We expect that this shall make the overall
decarboxylation reaction a facile exothermic process in
solution in practice, although, it is noted that the
calculated reaction energy (∆E) of water with N-carboxy-
2-imidazolidinone anion leading to bicarbonate and neu-
tral 2-imidazolidinone is -7.5 kcal/mol in the gas phase,
and 2.0 kcal/mol in aqueous solution with the Onsager
self-consistent reaction field (SCRF) model31 at the HF/
6-31+G(d) level, respectively.

To gain additional insights into the origin of the
differential hydration effect between the transition struc-
ture and the ground state reactant, additional simula-
tions for the reactant, transition state, and product (at
Rc ) 5.2 Å) were carried out, which involved averages
over 1.5 × 106 configurations in Monte Carlo calculations.
Table 2 summarizes the results of the energy components
that contribute to the total solute-solvent interactions
for each species. Clearly, the solute-solvent interaction
energy for the reactant structure is 24.7 kcal/mol lower
than that for the transition structure in water. This is
the primary reason for the predicted increase in barrier
height (∆Gq) in water, although it should be noted that
the interaction energies listed in Table 2 are much
greater than the difference in free energy, which also
includes the accompanying solvent reorganization ener-
gies and entropic effects. Note that the solvent reorga-
nization energy can be captured in a more rigorous way
by a different approach including mapping the solute-
solvent coordinate space, rather than by using a solute
geometrical mapping of eq 9.25 For ionic systems, the free
energy change is roughly one half of the difference in the
interaction energies according to linear response theory.32

This is consistent with the present numerical results from
the combined QM/MM simulations.

The total solute-solvent interaction energy consists of
van der Waals (EvdW) and electrostatic terms (Eelec). The
latter may be further divided into a vertical interaction

(31) (a) Onsager,.L. J. Am. Chem. Soc. 1936, 58, 1486. (b) Wong,
M. W.; Frisch, M. J.; Wiberg, K. B. J. Am. Chem. Soc. 1991, 113, 4776.
(c) Wiberg, K. B.; Castejon, H.; Keith, T. A. J. Comput. Chem. 1996,
17, 185.

(32) (a) Tapia, O.; Silvl, B. J. Phys. Chem. 1980, 84, 2646. (b)
Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55, 117. (c)
Orozco, M.; Luque, F. J.; Habibollahzadeh, D.; Gao, J. J. Chem. Phys.
1995, 103, 9112.

Figure 2. Computed free energy profile in the gas phase
(dashed curve), hydration free energy (dotted curve), and the
potential of mean force in aqueous solution (solid curve) for
the decarboxylation reaction of N-carboxy-2-imidazolidinone.
The reaction coordinate is represented as the N1-CO2 distance
along the 6-31+G(d) intrinsic reaction coordinate.

Table 2. Computed Solute-Solvent Interaction Energies
(kcal/mol) in Aqueous Solution at 25 °C and 1 atm

reactant ts product (Rc ) 5.2 Å)

EvdW -8.3 ( 0.2 -8.8 ( 0.2 -10.2 ( 0.3
Evert -140.3 ( 1.0 -117.8 ( 1.0 -143.2 ( 1.3
Epol -8.5 ( 0.3 -5.8 ( 0.2 -7.3 ( 0.3
Estab -17.0 ( 0.6 -11.5 ( 0.3 -14.3 ( 0.6
Edist 8.4 ( 0.3 5.7 ( 0.2 7.0 ( 0.3
Esx -157.2 ( 1.1 -132.5 ( 1.1 -160.7 ( 1.4
∆Esx 0.0 24.7 ( 1.6 -3.5 ( 1.8
∆∆Gsol 0.0 12.2 ( 0.2 -0.1 ( 0.4
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energy (Evert), which is the interaction energy between
the solute and solvent with fixed gas-phase charge
distribution for the solute, and a polarization energy
(Epol), which is due to the change in solute wave function
caused by the solvent polarization effect. There is little
variation in the van der Waals energy as the reaction
proceeds from the reactant to products. Table 2 reveals
that the difference in solvation energy between the
reactant and the TS is largely from the Evert term, which
is due to the intrinsic (gas phase) charge distributions.
In the transition state, the charge distribution is more
delocalized, making the effective radius of the anion
greater than the reactant, which has the charges prima-
rily localized on the carboxylate group. Thus, according
to the Born model of solvation, the effectively “larger”
delocalized ionic transition state would be less well
solvated than the reactant state.33 There is a modest
contribution from differential polarization effects between
the reactant and the transition state. The combined QM/
MM calculations suggest that the transition state is not
as well polarized as the reactant, and the contribution
from Epol is 2.7 kcal/mol smaller than in the ground state.
To further investigate this effect, the atomic charge
distributions averaged over all the liquid configurations
were analyzed. Partial atomic charges for all the species
in the gas phase and in aqueous solution have been
calculated from the Mulliken population analysis, which
gives a reasonable qualitative description of atomic
charge distributions. Standard deviations for the com-
puted atomic charges are about 0.002 electrons on
average. The atomic charges for the reactant, TS, and
product molecules, from AM1 calculations, are given in
Table 3. For the ground state in water, the carboxylate
group has a total charge of -0.693 e, which is 0.104 e
more negative than the gas-phase value due to hydration;
no significant charge changes for other atoms are ob-
served. For the TS structure, there is virtually no change
in atomic charge on the CO2 group due to solvation
(-0.086 e in water vs -0.098 e in the gas phase), whereas
there is a significant increase on the carbonyl oxygen in
the imidazolidinone ring (-0.129 e). Thus, both the

polarization and the hydrogen bonds reshuffling (see
below) between the reactant and the TS are the major
factors that control the observed solvent effect on this
decarboxylation reaction in aqueous solution.

In addition, Figure 3 records the energy pair distribu-
tions which show the spectrum of individual solute-water
interactions in the liquids. The low-energy bands indicate
the hydrogen-bonding interactions of solvent water with
the solute molecule. Peaks at -10 to -15 kcal/mol are
due to the hydrogen bonds between the carboxylate group
and water. Peaks at -15 to -20 kcal/mol are attributed
to the hydrogen bonds between the developing anion
imidazolidinone N1 and water. The energetic results here
mirror the following radial distribution functions.

(c) Radial Distribution Functions. Radial distribu-
tion functions are shown in Figures 4-13. In these
figures, the rdf gxy(r) + 〈Ny(r,r ) dr)〉/(4πr2Fy

0dr) gives
the probability of finding an atom y at a distance r from
atom x. Peaks in rdf’s are associated with solvation shells
or specific neighbors and can be integrated to yield

(33) (a) Born, M. Z. Physik. 1920, 1, 45. (b) Warshel, A.; Russel, S.
Q. Rev. Biophys. 1984, 17, 283. (c) Roux, B.; Yu, H. A.; Karplus, M. J.
Phys. Chem. 1990, 94, 4683.

Table 3. Computed Partial Atomic Charges (e) Using
AM1 Wave Functiona

reactant ts product (Rc ) 5.2 Å)

atom
gas

phase aqueous
gas

phase aqueous
gas

phase aqueous

O -0.381 -0.479 -0.488 -0.617 -0.527 -0.632
N1 -0.399 -0.413 -0.538 -0.543 -0.489 -0.597
C2 0.382 0.403 0.318 0.306 0.285 0.301
N3 -0.390 -0.381 -0.390 -0.402 -0.392 -0.411
H3 0.181 0.247 0.153 0.181 0.143 0.186
C4 -0.066 -0.069 -0.085 -0.088 -0.094 -0.090
H41 0.069 0.118 0.053 0.107 0.046 0.100
H42 0.044 0.100 0.026 0.061 0.019 0.063
C5 -0.139 -0.030 -0.036 -0.066 -0.045 -0.067
H51 0.093 0.111 0.051 0.080 0.030 0.082
H52 0.070 0.086 0.035 0.068 0.023 0.064
C 0.451 0.494 0.502 0.528 0.419 0.448
O2 -0.487 -0.585 -0.276 -0.309 -0.209 -0.235
O3 -0.553 -0.602 -0.324 -0.305 -0.210 -0.212

aAtoms are numbered by the IUPAC rules except for the
carboxylate group where O2 and O3 are oxygens cis and trans to
the ureido oxygen.

Figure 3. Computed solute-solvent energy pair distributions
for the reactant, transition state, and product (Rc ) 5.2 Å).
The ordinate gives the number of water molecules coordinated
with the solute with the interaction energy shown on the
abscissa. Solid curves are for the reactant, dashed curves are
for the transition state, and dotted curves are for the product.
Units for the ordinate are no. of molecules per kcal/mol.

Figure 4. Computed O2-H radial distribution functions for
the reactant, transition state, and product.
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coordination numbers. All rdf’s have been normalized to
the bulk density for atom y. O2 and O3 are carboxylate
oxygens cis and trans to the carbonyl oxygen, respec-
tively. Figures 4-7 show the carboxylate oxygen-water
hydrogen and oxygen rdf’s. The first peaks reflect hy-
drogen bonding of water to the carboxylate oxygens. For
the reactant, the hydrogen-bonding interactions are
clearly reflected by the sharp peaks in the rdfs. On the
other hand, the hydrogen-bonding peaks are significantly
reduced for the TS and product, indicating that the

hydrogen bond strength is weakened. Integration of the
O2-H and O3-H first peaks to the minima at 2.6 Å yields
3.8 and 3.2 hydrogen bonds for the reactant, 2.0 and 1.5
hydrogen bonds for the TS, and 1.2 and 0.4 hydrogen
bonds for the product. Thus, the total numbers of nearest
neighbors around the CO2 unit are 7.0, 3.5, and 1.6 for
the reactant, TS, and product, respectively.

The decrease in hydrogen bonds to the CO2 group is
accompanied by an increase in hydrogen bonds at the

Figure 5. Computed O2-O rdf’s.

Figure 6. Computed O3-H rdf’s.

Figure 7. Computed O3-O rdf’s.

Figure 8. Computed O-H rdf’s.

Figure 9. Computed O-O rdf’s.

Figure 10. Computed N1-H rdf’s.
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imidazolidinone ring oxygen and N1 nitrogen. Figures 8
and 9 show the ring carbonyl oxygen-water rdf’s. Inte-
gration of the O-H first peaks to the minima at 2.5 Å
yields 2.7, 3.9, and 4.1 hydrogen bonds for the reactant,
TS, and product, respectively. It is interesting to note that
in the crystal structure of biotin-avidin complex,34 as
well as from molecular dynamics simulation study of
biotin,4e the ureido oxygen was found to form three
hydrogen bonds. In addition, the N-H and N-O rdf’s
exhibit interesting features in hydrogen bonding pat-

terns. The number of hydrogen bonds are invariant
within computational error, by donating one hydrogen
bond to water throughout the reaction (Figures 12, 13).
However, the number of hydrogen bonds at the N1

position changes from 0 for the reactant, to 1.1 for the
TS, and to 2.0 for the product. In this case, N1 acts as a
hydrogen bond acceptor from the solvent as a negative
partial charge is developed during the reaction. These
features are reflected by the short N1-H peaks in Figure
10. These observations are consistent with the energetic
patterns shown in Figure 3. The loss of hydrogen bonds
to the carboxylate group is reflected by the decrease in
the peak at -10 to -15 kcal/mol. This is accompanied
by the appearance of a more energetic peak at -15 to
-20 kcal/mol, attributed to hydrogen bonding interac-
tions between imidazolidinone anion and water. The
stronger polarization effect for the reactant than the TS,

(34) (a) Weber, P. C.; Ohlendorf, D. H.; Wendoloski, J. J.; Salemme,
F. R. Science 1989, 243, 85. (b) Weber, P. C.; Wendoloski, J. J.;
Pantoliano, M. W.; Salemme, F. R.; J. Am. Chem. Soc. 1992, 114, 3197.
(c) Pugliese, L.; Coda, A.; Malcovati, M.; Bolognesi, M. J. Mol. Biol.
1993, 231, 698.

Figure 11. Computed N1-O rdf’s.

Figure 12. Computed HN3-H rdf’s.

Figure 13. Computed HN3-O rdf’s.

Figure 14. Illustration of one configuration from the simula-
tion of reactant in water. All hydrogen bonds are indicated.

Figure 15. Illustration of one configuration from the simula-
tion of transition state in water. All hydrogen bonds are
indicated.
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and the approximately one hydrogen bond loss in going
from the reactant to the TS, results in a transition state
destabilization effect which is the principal factor for the
rate retardation of this decarboxylation reaction in
water.

In closing, plots of the final configurations from simu-
lations of reactant and TS are shown in Figures 14 and
15. For clarity, only the water molecules which are
hydrogen bonded to the solute are shown with the
hydrogen bond O‚‚‚H distances labeled in the plots. It is
interesting to see that two water molecules form four
hydrogen bonds with the solute in a bifurcated fashion
in the transition state due to the appropriate distance
between the two acceptor oxygens, while there is only
one such type of configuration for the reactant.

The present work has provided a detailed analysis of
solvent effect on the title decarboxylation reaction in
aqueous solution. The high activation energy in aqueous
solution is a result of better solvation of the reactant by
water. However, it should be noted that, in a recent
paper,35 Warshel and Florian challenged the notion that
enzymatic catalysis originates from the ground state
destabilization due to the nonpolar character of the en-
zyme active sites; instead, they proposed that the active
sites of enzymes are in fact very polar and heterogeneous,
and the origin of enzyme catalysis is due to a large
electrostatic stabilization of the transition state, and the
catalytic power of enzymes is stored in their folding
energy in the form of the preorganized polar environment
and not in the enzyme substrate interaction.

Conclusions

The decarboxylation reaction of the N-carboxy-2-imi-
dazolidinone anion in aqueous solution has been studied
with the Monte Carlo simulation method using the
combined AM1/TIP3P potential. In the gas phase, the
calculated activation free energy ∆Gq is 14.2 kcal/mol at
the RHF/6-31+G(d)//6-31+G(d) level, which is reduced
to 10.5 kcal/mol if electron correlation effects are included
at the MP2/6-31+G(d)//6-31+G(d) level. Combined with
the MP2 gas-phase activation free energy and the sol-
vation free energy difference between the ground state
and the transition state obtained from Monte Carlo simu-
lations, the barrier height in water is predicted to be 22.7
( 0.2 kcal/mol, which is in excellent agreement with the
experimental activation free energy of 23.2 kcal/mol. It
was also found that solvation has little effect on the
location of the transition state despite the dramatic in-
crease in ∆Gq in aqueous solution. The origin of the in-
crease in ∆Gq in aqueous solution was attributed to the
intrinsic charge redistribution for the reactant and tran-
sition state, which leads to increased hydrogen-bonding
interactions for the ground state, as well as more signi-
ficant polarization effects for the reactant than the tran-
sition state. Understanding of chemical reactions in solu-
tion at the atomic level will help in the design of selective
inhibitors or biomimetic catalysts such as artificial
antibodies and enzymes.
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