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The solvent effects on the decarboxylation reaction of neutral N-carboxy-2-imidazolidinone 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 was 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 was determined via statistical perturbation theory using the combined QM/MM-AM1/
TIP3P potential in Monte Carlo simulations. A two-stage mechanism consisting of the intramolecular
proton transfer and N-C bond cleavage with the N-C bond breaking as the rate-limiting step was
found. The computed free energy of activation in water is 21.0 ( 0.2 kcal/mol, in good agreement
with the experimental value of 20.7 kcal/mol. Analyses of the structural and energetic nature of
the differential solvation along the reaction coordinate are presented.

Introduction

The coenzyme biotin (vitamin H) is an effective accep-
tor and donor of carbon dioxide in biosynthetic carboxyl-
ation pathways.1 A carboxyl group is transferred through
carboxylation and decarboxylation of biotin on N-1, a
reaction catalyzed by biotin-dependent enzymes. Over the
past four decades, there have been extensive experimen-
tal studies in characterizing biotin enzymes and under-
standing the function of biotin in these enzymes.2 In
addition, a number of theoretical studies have been
performed toward understanding biotin chemistry both
in the gas phase and in aqueous solution at the atomic
level,3 including molecular orbital analyses of the sulfur
atom participation in biotin-catalyzed carboxylations and
a molecular dynamics simulation study of the binding of
the high-affinity streptavidin-biotin complex.

In a previous paper,4 we reported the results for the
decarboxylation reaction of the model compound N-car-
boxy-2-imidazolidinone anion in aqueous solution from
a combined quantum mechanics and molecular mechan-
ics (QM/MM) Monte Carlo simulation study. Our calcu-
lated free energy of activation, 22.7 ( 0.2 kcal/mol, is in
excellent agreement with the experimental value of 23.2
kcal/mol obtained by Rahil et al. for the same model
reaction.5 Through these studies, insights on the energet-
ics and factors that govern the dramatic solvent effects
on the anionic process in aqueous solution have been
obtained.

The decarboxylation of N-carboxy-2-imidazolidinone (1)
in solution proceeds via two mechanisms, depending on
the pH of the solution (Scheme 1).5-8 Experimentally, at
pH > 8, the rate of the reaction is independent of the
pH,5 consistent with a loss of carbon dioxide from the
ionized carboxylate form (eq 2), which was modeled† Tel: 617-552-3631. Fax: 617-552-2705. e-mail: yuhkang.pan@

bc.edu.
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previously.4 Below pH 8, the observed rate increases with
increased acidity, until a plateau is reached at pH 4,
suggesting a reaction via a neutral transition state.5 The
acidity constant of 1 was determined to be pKa ) 4.2 by
Rahil et al.5

In view of the importance of decarboxylation reactions
in a variety of biological processes,9,10 and to corroborate
recent experimental studies of decarboxylation reactions
of carboxybiotin and the model compounds,5,6,8 it is
essential to provide a computational assessment of
solvent effects on decarboxylation reactions both in its
anionic4 and neutral form. In this paper, we report a
combined QM/MM study of the decarboxylation reaction
of the neutral N-carboxy-2-imidazolidinone in water.
Valuable insights into the proton transfer and the N-C
bond breaking processes, and the influence of hydration
on the nature of the transition state, have been obtained.
We have quantified and characterized all four possible
unique conformers of acid 1 in the reactant state in
aqueous solution. The calculated activation free energy
of 21.0 ( 0.2 kcal/mol is in good agreement with the
experimental value of 20.7 kcal/mol. In this case, a
dramatic solvation process, which is markedly different
from that of the decarboxylation of the corresponding
anionic form of N-carboxy-2-imidazolidinone,4 was ob-
served along the reaction pathway. This study has also
provided a clear picture of the nature of the transition
state for decarboxylation reactions of neutral â-keto
carboxylic acids in water, which has been highly contro-
versial for over 60 years with regard to the proton
transfer and polarity of the transition state.10d,e,11 In this
study, we adopt a “dual-level” computational approach.
First, high-level ab initio calculations were carried out
to dissect the intrinsic reactivity of the decarboxylation
reaction in the gas phase. Solvent effects were then
determined by Monte Carlo free energy perturbation
(FEP) simulations, making use of a combined QM/MM
potential by treating the reactant molecule quantum-
mechanically. In the following, computational details are
first summarized, followed by results and discussion.

Computational Details

Ab Initio Calculations. Transition structures (TS) and the
intrinsic reaction coordinate (IRC)12 path for the decarboxyl-
ation reaction of neutral N-carboxy-2-imidazolidinone in the
gas phase were determined by ab initio molecular orbital
methods at the restricted 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.13,14 A total of 69 structures were gener-
ated along the IRC, spanning the reaction coordinate, with the
breaking N-CO2 bond distance (RN-C) varying from 1.39 to
2.90 Å. For convenience in the following discussion, we use
this characteristic distance to denote the reaction coordinate,
Rc, rather than the standard IRC values. Transition structures
and stationary geometries were verified by vibrational fre-
quency calculations with one and zero imaginary frequencies,
respectively. Electron correlation effects were included through
single-point energy calculations using Möller-Plesset pertur-
bation 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).

Gas-phase enthalpy changes at 298 K are determined by
eq 3:

where ∆Ee
0 is the electronic energy change, Evib

0 is the change
in zero point energy, and ∆(∆Evib)298 is the change in vibra-
tional energy difference from 0 to 298 K. The last three terms
are changes in translational and rotational energies and the
work term, which are all computed classically using standard
methods.15 To compute the enthalpy change ∆H298, harmonic
frequencies were scaled by a factor of 0.90 to correct for the
overestimation of vibrational frequencies at the HF level.16

Scaled frequencies below 500 cm-1 were treated as classical
rotations in calculating their vibrational contributions.

Solvent effects were also examined with the Onsager
reaction field method and Tomasi’s polarizable continuum
model at the HF/6-31+G(d) and B3LYP/6-31+G(d) levels,
respectively, using the gas-phase HF/6-31+G(d) optimized
structures.13

QM/MM Potential. To investigate the solvent effect on the
decarboxylation reactions in water, a combined quantum
mechanical and molecular mechanical potential is used to
describe solute-solvent interactions.17-22 In the present ap-
proach, the solute molecule is treated by the semiempirical
AM1 model,23 while the solvent is approximated by the three-
point, TIP3P model for water.24 Thus, the effective Hamilto-
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nian of the hybrid system is given by

where Ĥ0 is the Hamiltonian for the solute molecule in the
gas phase, Ĥmm is the molecular mechanics interaction energy
for the solvent, and Ĥqm/mm is the solute-solvent interaction
Hamiltonian. The combined AM1/MM approach has been
extensively used and shown to yield good solvation results for
a variety of systems,19-21 including the decarboxylation reac-
tion of the anionic form of N-carboxy-2-imidazolidinone in
aqueous solution.4 The technical details of the combined QM/
MM potential have been summarized in several articles;
interested readers are referred to refs 17-22 for additional
details of the method.

Monte Carlo Simulations. Statistical mechanical Monte
Carlo calculations have been carried out in the isothermal-
isobaric (NPT) ensemble at 25 °C and 1 atm using the
combined AM1/TIP3P potential. In these simulations, the
N-CO2 bond that breaks along the reaction coordinate was
oriented to coincide with the Z-axis of a rectangular box with
periodical boundary conditions25 (approximately 20 × 20 × 30
Å3). A total of 391 TIP3P water molecules are included in the
fluid simulations. Twenty-seven out of the 69 structures
generated by the ab initio IRC path calculations, plus an
additional 7 structures that extended the reaction coordinate
to Rc ) 4.3 Å from the last IRC strucutre at Rc ) 2.9 Å, were
selected. Differences in hydration free energy were calculated
via statistical perturbation theory using the Zwanzig equation
with double-wide sampling.26,27 In eq 5, Ri denotes 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 5 indicate
ensemble averaging over the potential energy surface E(Ri)
for the reference structure Ri. It should be noted that geo-
metrical mapping of eq 5 does not account for nonequilibrium
solvation effects. Approaches that allow consideration of the
activation barrier in the solute-solvent coordinate space have
been used by Warshel and co-workers.28 It would be of interest
to investigate nonequilibrium solvation effects on decarbox-
ylation reactions in future studies.

The intermolecular interactions were truncated between
spherical cutoff distances of 8.5 and 9.0 Å for water-water
interaction based on the oxygen separations. Solute-solvent

interactions were feathered to zero between 9.0 and 9.5 Å
based on solute atom-water oxygen distances. Standard
Metropolis sampling was used.29 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.30 The ranges for attempted translations and rigid-
body rotations of the solute and solvent molecules were
adjusted to yield ca. 45% acceptance rates for new configura-
tions. Volume changes were restricted to within (230 Å3 at
every 2375 configurations. A total of 33 simulations were
performed to span the entire reaction coordinate (1.39-4.3 Å).
Each simulation consisted of at least 8 × 105 configurations
of equilibration, followed by an additional 1.5 × 106 configura-
tions of averaging. Uncertainties were computed from fluctua-
tions in separate averages over batches of 1 × 105 configura-
tions.

Tautomerization Free Energy Calculations. To exam-
ine the relative stabilities of different tautomers in aqueous
solution, free energy perturbation calculations were performed
to obtain the hydration free energy differences in aqueous
solution according to eq 6:

where ∆Gel(A) and ∆Gel(B) are the free energy changes from
electrostatic decoupling for molecule A and molecule B in
which the electrostatic term of the QM/MM interaction Hamil-
tonian is annihilated21 and ∆Gvdw(A f B) is the free energy
change of the van der Waals components between A and B.
We have calculated the free energy changes of 3 to 2, 4 to 2,
and 11 to 10 in water (Figure 1). For each molecule, 11
simulations were executed in the electrostatic decoupling step
which consisted of 106 configurations of equilibration and 106

configurations of data collection, while five simulations were
carried out to interconvert the “van der Waals tautomers”. van
der Waals parameters used in this work can be found in ref
21a.

All calculations were performed using the MCQUB/BOSS
program provided by Professor Gao at SUNY, Buffalo.31

Results and Discussion

(a) Ab Initio Structures and Relative Energies in
Water. The reactant molecule 1 may adopt four local
conformations, 2, 3, 4, 5, with the hydroxy group being
either in the syn or in the anti position as shown in
Figure 1. The calculated energetic results of different
tautomers in the gas phase and in aqueous solution are
listed in Table 1. The anti conformer 2 is stabilized by
an intramolecular hydrogen bond to the carbonyl oxygen
and is predicted to be 4.8, 7.2, and 18.1 kcal/mol at the
HF/6-31+G(d) level and 5.3, 6.8, and 16.8 kcal/mol at the
MP2/6-31+G(d)//HF/6-31+G(d) level lower in energy than
conformers 3, 4, and 5, respectively. It can be seen that
electron correlation does not play an important role for
the relative energies of these tautomers. In combination
with the RHF/6-31+G* vibrational frequencies and the
HF/6-31+G* and MP2/6-31+G* energies, the free energy
differences between 2 and 3 are predicted to be 4.1 and
4.6 kcal/mol, respectively. Free energies of structures 4
and 5 are also 6.3 and 15.5 kcal/mol higher than those
of 2 at the highest level. Thus, 2 is the lowest energy
conformer in the gas phase in all ab initio calculations

(20) (a) Thompson, M. A.; Schenter, G. K. J. Phys. Chem. 1995, 99,
6374. (b) Hartsough, D. S.; Merz, K. M., Jr. J. Phys. Chem. 1995, 99,
384. (c) Liu, H.; Shi, Y. J. Comput. Chem. 1994, 15, 1331. (d) Stanton,
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11868. (e) Wei, D.; Salahub, D. R. Chem. Phys. Lett. 1994, 224, 291.
(f) Liu, H.; Muller-Plathe, F.; van Gunsteren, W. F. J. Chem. Phys.
1995, 102, 1702. (g) Chatfield, D. C.; Brooks, B. R. J. Am. Chem. Soc.
1995, 117, 5561. (h) Barnes, J. A.; Williams, I. H. Chem. Commun.
1996, 193. (i) Bakowis, D.; Thiel, W. J. Phys. Chem. 1996, 100, 10580.
(j) Ho, L. L.; MacKerell, A. D., Jr.; Bash, P. A. J. Phys. Chem. 1996,
100, 4466. (k) Gao, J. J. Comput. Chem. 1997, 18, 1061 (l) Alhambra,
C.; Wu, L.; Zhang, Z.-Y.; Gao, J. J. Am. Chem. Soc. 1998, 120, 3858.
(m) Antonczak, S.; Monard, G.; Ruiz-López, M. F.; Rivail, J.-L. J. Am.
Chem. Soc. 1998, 120, 8825.
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in Computational Chemistry; VCH: New York, 1995; Vol. 7. (c) Gao,
J. Acc. Chem. Res. 1996, 29, 298.
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1787.
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J. Am. Chem. Soc. 1985, 107, 3902.
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W.; Klein, M. L. J. Chem. Phys. 1983, 79, 926.

(25) (a) Warshel, A. Computer Modeling of Chemical Reactions in
Enzymes and Solutions; John Wiley & Sons: New York, 1991. (b) Allen,
M. P.; Tildesley, D. J. Computer Simulations of Liquids; Clarendon
Press: Oxford, 1987.
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A. H.; Teller, E. J. Chem. Phys. 1953, 21, 1087.

(30) (a) Owicki, J. C.; Scheraga, H. A. Chem. Phys. Lett. 1977, 47,
600. (b) Owicki, J. C. ACS Symp. Ser. 1978, 86, 159. (c) Jorgensen, W.
L.; Bigot, B.; Chandrasekhar, J. J. Am. Chem. Soc. 1982, 104, 4584.
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Ĥeff ) Ĥ0 + Ĥqm/mm + Ĥmm (4)

∆G(Rc) ) -kBT ln〈exp{-[E(Rj) - E(Ri)]/kBT}〉Ri
(5)

∆∆Ghyd(A f B) ) ∆Gel(A) - ∆Gel(B) + ∆Gvdw(A f B) (6)
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except that the AM1 Hamiltonian predicts that 3 is
slightly preferred over 2 by 0.2 kcal/mol in electronic
energies. For simple carboxylic acids, such as formic and
acetic acid, the syn conformer is typically 5-6 kcal/mol
more stable than the anti form in the gas phase,32

although the energy difference is attenuated in solution

thanks to the favorable solvation effect for the anti
conformation.33 The preference for the anti conformation

(32) (a) Li, Y.; Houk, K. N. J. Am. Chem. Soc. 1989, 111, 4505. (b)
Wang, X.; Houk, K. N. J. Am. Chem. Soc. 1988, 110, 1870. (c) Wiberg,
K. B.; Laidig, K. E. J. Am. Chem. Soc. 1987, 109, 5935. (d) Wiberg. K.
B.; Laidig, K. E. J. Am. Chem. Soc. 1988, 110, 1872.

Figure 1. RHF/6-31+G(d) optimized structures. Bond lengths are in angstroms; angles are in degrees.

Table 1. Energy (kcal/mol) and Entropy (cal/mol‚K) Changes for Tautomerizations

2 f 3 2 f 4 2 f 5 10 f 11

Gas Phase
∆E0(AM1) -0.2 0.3 6.6 -18.2
∆E0(HF/6-31+G(d)) 4.8 7.2 18.1 -21.0
∆H298(HF/6-31+G(d)) 4.5 7.1 17.5 -20.2
∆S298(HF/6-31+G(d)) 1.2 1.3 2.3 0.0
∆G298(HF/6-31+G(d)) 4.1 6.7 16.9 -20.2
∆E0(MP2/6-31+G(d)) 5.3 6.8 16.8 -18.8
∆H298(MP2/6-31+G(d)) 5.0 6.7 16.2 -18.3
∆G298(MP2/6-31+G(d)) 4.6 6.3 15.5 -18.3

Aqueous Solution
∆Eaq(HF/6-31+G(d), SCRF) 8.6 13.0 23.9 -23.9
∆Gaq(HF/6-31+G(d), PCM) 3.1 4.8 12.4 -24.1
∆Gaq(B3LYP/6-31+G(d),PCM) 4.5 6.1 13.5 -21.5
∆∆Ghyd(QM/MM) -1.5 ( 0.3 -2.3 ( 0.3 -3.6 ( 0.2
∆Gaq(QM/MM) 3.1 ( 0.3 3.9 ( 0.3 -14.7 ( 0.2
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in 1 emphasizes the important role of intramolecular
hydrogen bonding in the gas phase, which is more than
enough to offset the energy difference between the syn
and anti conformers of the carboxylic acid.

Solvent effects on the conformational equilibrium
between the syn and anti forms in 1 were examined using
the Onsager reaction field method (SCRF)34 and Tomasi’s
polarizable continuum model (PCM)35 that have been
implemented in Gaussian 94. A dielectric constant of 78.3
was used in these calculations. The polarizable con-
tinuum solvation model predicted only a small shift in
conformation energy differences between 2 and 3, chang-
ing from 4.8 kcal/mol in the gas phase to 3.1 kcal/mol at
the HF/6-31+G(d) level in a continuum dielectric medium
(water), while the Onsager SCRF model further exag-
gerates the energy differences in comparison with the
gas-phase results.

Our extensive QM/MM Monte Carlo simulation calcu-
lations predict that the syn conformer (3) is better
solvated than 2 by -1.5 ( 0.3 kcal/mol and that 4 is
better solvated by -2.3 ( 0.3 kcal/mol. In combination
with the gas-phase free energy differences ∆G298 deter-
mined at the MP2/6-31+G* level, our best estimate of
the free energy difference, ∆Gaq(QM/MM) is 3.1 ( 0.3
kcal/mol between 2 and 3 and 3.9 ( 0.3 kcal/mol between
2 and 4 in aqueous solution. These results turn out to be
in excellent agreement with the predictions from the
continuum models (PCM).

These results confirm that the anti conformation 2 with
the presence of an intramolecular hydrogen bond is
preferred in aqueous solution. This finding is consistent
with the experimental interpretation that the decar-
boxylation reactions of both neutral carboxybiotin and
N-carboxy-2-imidazolidinone proceed through an intramo-
lecular proton transfer to the ureido oxygen, leading to
the enol form (10) of the product (Scheme 1).6-8 In the
experimental study of the mechanism of decarboxylation
of carboxybiotin, Cleland et al. obtained a D2O solvent
isotope effect of 1.6 and a linear proton inventory, which
shows that only one proton is in flight in the transition
state.6

An alternative mechanism is a solvent-assisted process,
in which the carboxyl proton is transferred to a solvent
water molecule and a proton migrates to the ureido
oxygen from the bulk solvent. In this case, the syn
conformation of the carboxylic acid would be preferred
for this stepwise proton-transfer process. However, the
present ab initio molecular orbital calculations indicate
that the syn conformation is less stable both in the gas
phase and in solution. It appears that the stepwise,
general acid-general base catalysis mechanism will not
be as competitive as the intramolecular proton transfer.
Consequently, our simulation studies will be focused on
the sequence depicted in Scheme 1.

At the HF/6-31+G(d) level, the decarboxylation reac-
tion of N-carboxy-2-imidazolidinone is found to proceed
via a stepwise process with the initial proton transfer
followed by the departure of carbon dioxide (2 f 6 f 7
f 8 f 9, Figure 1). Vibrational frequency calculations

confirmed that both the proton transfer (TS-1) and
decarboxylation (TS-2) saddle points are true transition
states, and the IRC reaction-path-following calculations
from these two transition states lead to the corresponding
reactant (2), to a product complex (9), and to a common
intermediate structure (7, INT). The intermediate is only
0.3 kcal/mol lower in energy than TS-1 (6), whereas
inclusion of electron correlation at fixed RHF/6-31+G(d)
geometries increases its energy to 1.3 kcal/mol and free
energy to 2.5 kcal/mol above TS-1 at the MP2/6-31+G(d)
level. Thus, it is not clear if this intermediate structure
will survive geometry optimizations at a higher level of
theory with inclusion of electron correlations. However,
as will become clear a posteriori from our simulation
results, the proton transfer and the decarboxylation
processes in the overall reaction indeed follow two
separate reaction paths. Figure 2 illustrates the two
critical geometry variations along the proton-transfer
coordinate and the decarboxylation coordinate. As the
proton transfer takes place, the N-CO2 distance is only
increased by 0.1 Å from 1.391 Å in reactant 2 to 1.489 Å
in intermediate 7. On the other hand, the O-H distance
varied only by 0.05 Å as the N-C bond is elongated and
cleaved to a final distance of 2.900 Å in the product
complex 9. To reflect these structural features in the
overall decarboxylation reaction of 2, we decided to use
(Cd)O-H and N-CO2 distances separately to depict the
free energy change as a function of the reaction coordi-
nate with the intermediate structure 7 as the switching
point for these two distances (Figure 3).

Gas-phase energetic results from ab initio calculations
are summarized in Table 2. The activation energy for the
first proton-transfer step is 19.4 kcal/mol at the HF/6-
31+G(d) level. The activation energy for the second,
decarboxylation step is 5.8 kcal/mol from intermediate
7, giving rise to an overall activation energy of 24.9 kcal/
mol (TS-2 relative to reactant 2). The AM1 Hamiltonian
gives an activation energy ∆E* of 29.3 kcal/mol with the
HF/6-31+G(d) geometries. Inclusion of correlation effects
at the MP2/6-31+G(d)//HF/6-31+G(d) level reduces the
proton transfer and the overall barrier height to 14.0 and
19.0 kcal/mol, respectively. In combination with the
RHF/6-31+G(d) vibrational frequencies and the MP2/6-
31+G(d) electronic energies, the computed overall activa-
tion enthalpy, ∆H*, activation entropy, ∆S*, and Gibbs
activation free energy, ∆G* for the reaction at 298 K are

(33) (a) Gao, J.; Pavelites, J. J. J. Am. Chem. Soc. 1992, 114, 1912.
(b) Tadayoni, B. M.; Rebek, J. Jr. Bioog. Med. Chem. Lett. 1991, 1, 13.

(34) (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.

(35) (a) Miertus, S.; Scrocco, E.; Tomasi, J. Chem Phys. 1981, 55,
117. (b) Wiberg, K. B.; Castejon, H.; Keith, T. A. J. Comput. Chem.
1996, 17, 185.

Figure 2. Comparison of the N-C bond distances vs the
ureido oxygen (Cd)O-H distances in the series 2 to 9.
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17.4 kcal/mol, 1.5 cal/mol‚K, and 16.9 kcal/mol, respec-
tively. Experimental activation parameters for the de-
carboxylation reaction in the gas phase are not available
for direct comparison, although ∆H* values of 19.0 and
20.8 kcal/mol at pH of 6.1 and 10.2 in water have been
obtained from the Eyring plots using Kluger’s experi-
mental rate constants.36

It should be noted that the calculated gas-phase
activation free energy of 16.9 kcal/mol for the decarboxyl-
ation of neutral N-carboxy-2-imidazolidinone is 6.4 kcal/
mol greater than the activation free energy (10.5 kcal/
mol) for the decarboxylation of its conjugate base, the
carboxylate anion.4 However, the experimental decar-
boxylation free energy barrier for the neutral form is 2.5
kcal/mol lower than that for the anionic form in aqueous
solution (20.7 vs 23.2 kcal/mol). This indicates that
hydration has a dramatic effect on the decarboxylation
reactions of N-carboxy-2-imidazolidinone that reverses
the order of reactivity of the neutral and anionic forms
of the model compounds for biotin (see below).

The tautomerization free energy of the isolated enol
intermediate 10 to the final product 11 is -18.3 kcal/
mol (Table 1), which gives an overall exothermic reaction,
with a free energy of reaction of -10.2 kcal/mol for 2 f
11 + 12 (CO2) in the gas phase.

Experiments6,8,37 have established that the decarbox-
ylation reaction of both neutral carboxybiotin and neutral
N-carboxy-2-imidazolidinone proceeds through an in-
tramolecular proton transfer to the ureido oxygen, rather
than to the N1 nitrogen, leading to the enol form product.
This is followed by a rapid tautomerization of the enol
form to the keto form as CO2 diffuses away. The present
computer simulation will focus on the solvent effects on
the activation free energy for this rate-limiting step,

leading to the enol product of the decarboxylation reac-
tion of neutral N-carboxy-2-imidazolidinone in aqueous
solution.

(b) Reaction in Aqueous Solution. The main goal
of this study is to determine the solvent effects on the
activation barrier and the potential of mean force38 for
the decarboxylation of neutral N-carboxy-2-imidazolidi-
none in water. This has been accomplished through a
series of Monte Carlo free energy perturbation (FEP)
simulations along the reaction path generated from the
ab initio HF/6-31+G(d) calculations. Key findings are
shown in Figure 3, which depicts the free energy profiles
for the decarboxylation reaction in the gas phase and in
aqueous solution as a function of the proton-transfer
coordinate, the (Cd)O-H distance, and the decarbox-
ylation coordinate, the N-C distance. To illustrate the
progression of the overall reaction, the two geometrical
variables are anchored (switched) at the structure cor-
responding to the gas-phase intermediate (7). Thus, the
first half of Figure 3 corresponds to the free energy
change for the proton-transfer process where the N-CO2

bond distance has little variation. The second half of
Figure 3 shows the free energy profile for the decarbox-
ylation step where the (Cd)O-H distance is essentially
unchanged. It should be emphasized that although we
have switched the representation of the reaction coordi-
nate, there is no discontinuity in the reaction profile in
Figure 3. This choice is only used for clarity in the
presentation and discussion. Note that the gas-phase free
energy profile was constructed at the MP2/6-31+G(d)//
HF/6-31+G(d) level.

The most dramatic feature in Figure 3 is that there
are clearly two stages for the decarboxylation reaction
in aqueous solution, although, as in the gas phase, the
true identity and the existence of the putative intermedi-
ate is questionable. There has been controversy at the
experimental level as to whether the proton is fully or
partially transferred in the transition state. In the early
experimental studies of N-carboxy-2-imidazolidinone,
Caplow failed to observe a solvent deuterium isotope
effect, suggesting that the proton transfer is virtually
complete in the activated complex.8b Cleland’s recent
experiment on the decarboxylation of carboxybiotin did
show a D2O solvent isotope effect of 1.6 and a rather low
13C isotope effect of 1.012, suggesting an early transition
state in which proton motion leads N-C bond breaking.6
In contrast to the gas-phase reaction profile, which has
a significant ∆G* for the proton transfer step (11.5 kcal/
mol), followed by a relatively small barrier for the
decarboxylation from the intermediate, the reaction
profile in aqueous solution is characterized by an initial
flat region that is only about 5 kcal/mol above the
reactant state. As the proton-transfer step is completed,
the decarboxylation process experiences a sharp increase
in activation free energy. Thus, the overall activation free
energy is estimated to be 21.0 ( 0.2 kcal/mol, combining
the gas-phase MP2/6-31+G(d) results and the combined
QM/MM solvation free energies. This result is in excellent
agreement with the experimental value of 20.7 kcal/mol
for the decarboxylation reaction of N-carboxy-2-imid-
azolidinone at pH ) 6.1 in water.5,36 The accord between
the theoretical and experimental results for this neutral

(36) 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: ∆H* ) 20.8 kcal/mol, ∆S* ) -8.0
cal/mol‚K, and ∆G* ) 23.2 kcal/mol at pH 10.2; ∆H* ) 19.0 kcal/mol,
∆S* ) -5.8 cal/mol‚K, and ∆G* ) 20.7 kcal/mol at pH 6.1. Correc-
tions: Rahil, J.; You, S.; Kluger, R. J. Am. Chem. Soc. 1998, 120, 2692.

(37) Olah, G. A.; White, A. M. J. Am. Chem. Soc. 1968, 90, 6087.

(38) (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 3. 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 neutral N-carboxy-2-imidazoli-
dinone. The reaction coordinate is represented as the (Cd)O-H
distance and the N-C distance with the intermediate struc-
ture 7 as the switching point along the 6-31+G(d) intrinsic
reaction coordinate.
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and previous anionic decarboxylations demonstrated the
reliability of the present dual-level computational ap-
proach, suggesting that the simulation results may be
further analyzed to shed light on the factors that govern
the solvent effects on this decarboxylation reaction.

(c) Analysis of Solvation Effects on the Decar-
boxylation. The free energy of the present reaction (up
to Rc ) 4.3 Å) in water is predicted to be 14.3 kcal/mol.
The endothermicity is overcome by the subsequent enol-
ization of 10 to 11 when CO2 diffuses away. The tau-
tomerization free energy (∆Gaq) of 10 to 11 in water is
-21.5 kcal/mol at the B3LYP/6-31+G* level with the
PCM model.39 The free energy change (∆Gaq) of 10 to 11
is predicted to be -14.7 ( 0.2 kcal/mol with our QM/MM
simulation method (Table 1). This will make the overall
neutral decarboxylation reaction (2 f 11 + CO2) a facile
exothermic process in water.

Figure 3 reveals that the initial proton-transfer process
is significantly stabilized in aqueous solution with a
decrease in activation free energy ∆∆G1

* of 8.3 kcal/mol
in comparison to the gas-phase reaction. This, however,
does not include the quantum mechanical tunneling
effect, which might be significant for this process.40

Nevertheless, the general features of the solvent effects
are expected to be valid even when these effects are
explicitly considered.41 The dramatic solvent effect is
accompanied by a concomitant increase in the molecular
dipole moment in going from reactant 2 (6.9 D) to the
intermediate species 7 (11.3 D) in aqueous solution. This
is consistent with the development of a zwitterionic
species as the proton migrates from the carboxylic group
to the ureido oxygen (Scheme 1). It is interesting to note
that there is also a differential solvation effect between
the reactant state (2) and the TS-1/INT state in water
as demonstrated by the computed induced dipole mo-
ments (µind). For reactant 2, the computed µind is 1.7 D
(µind ) µaq - µgas; µgas ) 5.2 D), which may be compared
with a change of µind ) 2.7 D for the intermediate
structure 7 (Table 3).

On the other hand, solvent effects greatly increase the
activation free energy for the decarboxylation step, as
found in other decarboxylation reactions including the
anionic N-carboxy-2-imidazolidinone reaction in water.4
The observed solvent effect is consistent with the fact that
the partial charges (see below) in the zwitterionic species
are being annihilated as the N-CO2 bond length in-

creases and that charges are more dispersed at the
transition state structure, TS-2. This is echoed by a
computed aqueous dipole moment of 6.77 ( 0.07 D for
TS-2, which is about 4 D less than the intermediate
structure 7. Due to poor solvation, the location of the
transition structure (TS 2) in aqueous solution is found
to be shifted to a later stage (RN-C ) 2.04 Å) as compared
with that in the gas phase (RN-C ) 1.95 Å). The process
on going from the best hydrated intermediate structure
7 to the transition state in solution covers a loss of 13.0
kcal/mol in solvation free energy, more than enough to
offset the gain in ∆Ghydr in going from reactant 2 to
intermediate structure 7. Consequently, the overall
solvent effect is to increase the activation free energy of
the entire reaction from 16.9 kcal/mol in the gas phase
to a predicted 21.0 ( 0.2 kcal/mol in aqueous solution.

It is interesting to further dissect the differences and
similarities in solvent effects between the decarboxylation
of the neutral and anionic forms of N-carboxy-2-imid-
azolidinone in water. For the reaction of N-carboxy-2-
imidazolidinone ion, corresponding to high pH conditions
(pH ) 10.2), the solvent effect is relatively simple in that
the transition structure is relatively poorly solvated,
compared to the reactant state, because atomic charges
are more delocalized in the transition state. Conse-
quently, ground-state stabilization leads to a net increase
in activation free energy by 12.2 kcal/mol over that (10.5
kcal/mol) of the gas-phase process. Combining with the
gas-phase results at the MP2/6-31+G(d)//HF/6-31+G(d)
level, the predicted ∆G* for the ionic reaction 2 is 22.7 (
0.2 kcal/mol,4 in accord with the experimental estimate
of 23.2 kcal/mol.5,36 Similar findings in the size of solva-
tion effect have been obtained for a different anionic
decarboxylation reaction involving 3-carboxybenzisox-
azole in water from Monte Carlo QM/MM simulations.10a,b

However, two opposing factors contribute to the overall
shape of the reaction profile for the decarboxylation
reaction of the neutral N-carboxy-2-imidazolidinone spe-
cies in water, which correspond to low pH conditions in
the experiment (pH ) 6.1).5 Intrinsically, the proton

(39) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(40) Hwang, J. K.; Warshel, A. J. Am. Chem. Soc. 1996, 118, 11745.
(41) For a review of recent theoretical work on proton-transfer

reactions in solution, see: Bertran, J. Theor. Chem. Acc. 1998, 99, 143
and references therein.

Table 2. Thermodynamic Results for the Decarboxylation of Neutral N-Carboxy-2-imidazolidinone in the Gas Phase at
298 Ka

2 f TS-1, 6 2 f INT, 7 2 f TS-2, 8 2 f 9 2 f 10 + 12 2 f 11 + 12

∆E0(HF/6-31+G(d)) 19.4 19.1 24.9 13.9 18.7 -2.3
∆Ev

0 -2.8 -1.2 -1.6 -1.4 -3.1 -2.5
∆∆Ev

298 -0.2 0.1 0.0 0.4 -1.0 -1.2
∆H298 16.5 18.0 23.3 12.9 16.3 -3.9
∆S298 -1.2 0.6 1.5 11.5 30.0 30.3
∆G298 16.9 17.8 22.9 9.5 7.3 -12.9
∆E0(MP2/6+31+G(d)) 14.0 15.3 19.0 12.1 19.2 0.4
∆H298(MP2/6+31+G(d)) 11.1 14.2 17.4 11.1 17.2 -1.1
∆G298(MP2/6+31+G(d)) 11.5 14.0 16.9 7.7 8.2 -10.2
a Energies and entropies are given in kcal/mol and cal/mol‚K.

Table 3. Computed Solute-Solvent Interaction Energies
(kcal/mol) and Dipole Moments (debye) in Water at 25 °C

and 1 atm

2, reactact 6, TS-1 7, INT 8, TS-2

EvdW -10.9 ( 0.2 -10.3 ( 0.2 -9.7 ( 0.3 -10.7 ( 0.2
Evert -18.8 ( 0.4 -31.6 ( 1.4 -35.5 ( 1.2 -14.9 ( 0.7
Epol -2.9 ( 0.1 -5.0 ( 0.4 -6.0 ( 0.4 -2.3 ( 0.2
Esx -32.6 ( 0.5 -46.9 ( 1.5 -51.2 ( 1.3 -27.9 ( 0.7
∆Esx 0.0 -14.3 ( 1.6 -18.6 ( 1.4 4.7 ( 0.9
∆∆Ghyd 0.0 -7.2 ( 0.1 -8.3 ( 0.1 2.3 ( 0.2
µ (in water) 6.9 ( 0.1 10.6 ( 0.1 11.3 ( 0.1 6.8 ( 0.1
µ (in vacuo) 5.2 8.2 8.6 5.3
µind 1.7 ( 0.1 2.4 ( 0.1 2.7 ( 0.1 1.5 ( 0.1
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transfer (reaction 1) is not favored in the gas phase
because of the low basicity of a carbonyl group relative
to that of a carboxylate ion and of the creation of a
zwitterion. On the other hand, decarboxylation is cata-
lyzed by the initial proton transfer with a barrier of only
2.9 kcal/mol in free energy for the second reaction step
(from the intermediate species). This value is consider-
ably smaller than that for a typical anionic decarboxyl-
ation reaction, which is about 11 kcal/mol (e.g., 10.5 kcal/
mol for reaction 2).4,10 Nevertheless, the result of the
unfavorable proton-transfer step is that the overall
decarboxylation reaction of the neutral molecule has a
greater barrier than that of the anionic compound (16.9
vs 10.5 kcal/mol). In aqueous solution, the proton-transfer
process has a much more favorable solvent effect, whereas
the decarboxylation step is retarded in a manner similar
to that in other decarboxylations. As a result, the solvent
effect on the overall reaction is relatively small (21.0 (
0.2 kcal/mol), leading to a reversal in reactivity between
the neutral and the anionic forms of N-carboxy-2-imid-
azolidinone in water. The prediction that the activation
free energy for reaction 1 is 1.7 kcal/mol smaller than
that of reaction 2 from our dual-level ab initio and
combined QM/MM simulations is in good accord with the
experimental result (2.5 kcal/mol). Our combined QM/
MM simulation analysis indicates that this is the result
of a dramatic reversal of the intrinsic reactivity of the
two species due to solvent effects.

To gain additional insights into the origin of the
differential hydration effects along the reaction pathway,
additional simulations for reactant 2, TS-1, intermediate
7, and TS-2, were carried out, which involved equilibra-
tions over 0.8 × 106 configurations and averages over 1.5
× 106 configurations in Monte Carlo calculations. Table
3 summarizes the results of the energy components that
contribute to the total solute-solvent interactions for
each species. 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 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.21 There
is little variation in the van der Waals energy as the
reaction proceeds from reactant 2 to TS-2. The solute-
solvent interaction energy for the intermediate structure
7 is 18.6 kcal/mol lower than that for reactant 2. This
makes 7 better hydrated by -8.3 kcal/mol in solvation
free energy than 2. This is the primary reason for the
easy proton transfer in water with much lower activation
free energy as compared to the gas-phase value. Note that
the solution energy also includes solvent reorganization
contributions. However, to accurately capture the solvent
reorganization energy, a more rigorous approach, includ-
ing mapping the solute-solvent coordinate space, may
be used.28 There is a substantial contribution from
differential polarization effects between reactant 2 and
the intermediate structure 7. The combined QM/MM
calculations suggest that the intermediate structure 7
is more polarized than reactant 2 by -3.1 kcal/mol.

This implies a charge redistribution between the
reactant 2 and the intermediate structure 7, which will
lead to differential hydrogen-bonding interactions. This
is evident from the Mulliken partial charges averaged
over all the liquid configurations given in Table 4. Partial

atomic charges from Mulliken population analysis for all
the species in the gas phase and in aqueous solution,
which gives a reasonable qualitative description of atomic
charge distributions, have been obtained from AM1
calculations. Standard deviations for the computed atomic
charges are about 0.002 electron on average. During the
whole proton-transfer process in water, the transferred
proton carries nearly the same amount of positive charge
of 0.3 e. However, for the carboxylate group (CO2) in
water, the total charge of the carboxylate group in 7 is
-0.537 e, which represents a gain of -0.309 e in
comparison with the total charge of the carboxylate group
in reactant 2 (-0.228 e). The significant charge develop-
ment of the carboxylate group in 7 indicates that inter-
mediate structure 7 is zwitterionic in nature. The charge
development of the carboxylate group lies mainly in the
O2 oxygen which is cis to the ureido oxygen (-0.556 e in
7 vs -0.319 e in 2). It is interesting to note that there
are only subtle differences in atomic charges on the
carboxylate group between 2 and TS-2 in water. The
charges are dispersed again on going from the zwitter-
ionic 7 to TS-2, even though the proton is fully trans-
ferred in TS-2. The Mulliken population analysis pre-
sented here suggests that intermediate 7 will be better
solvated in water due to the significant charge separation
in the zwitterionic structure and there will be no sub-
stantial differential solvation effects on 2 and TS-2. This
is seen in the following energy and radial distribution
functions.

(d) Distribution Functions. Figure 4 gives the
energy pair distributions which show the spectrum of
individual solute-water interactions such as hydrogen-
bonding and dipolar interactions in the liquids. Note that
a shoulder occurs near -7 kcal/mol for intermediate 7,
indicating stronger hydrogen-bonding interactions. These
are not apparent for 2 and TS-2. The lowest interaction
energy for 7 appears at -10.5 kcal/mol, which is about 4
kcal/mol more attractive than that for 2 and TS-2.

The solute-solvent bonding energy distributions for
reactant 2, intermediate 7, and TS-2 are compared in
Figure 5. Intermediate 7 experiences a broad energy
environment covering a range of 40 kcal/mol between -76
and -36 kcal/mol. Reactant 2 and TS-2 have similar
energy environments with the distributions of 2 left-

Table 4. Computed Partial Atomic Charges (e) Using
AM1 Wave Functiona

2, reactant 7, INT 8, TS-2

atom
gas

phase aqueous
gas

phase aqueous
gas

phase aqueous

O -0.381 -0.436 -0.248 -0.241 -0.238 -0.248
N1 -0.415 -0.402 -0.360 -0.391 -0.400 -0.426
C2 0.413 0.427 0.370 0.379 0.288 0.301
N3 -0.374 -0.356 -0.339 -0.293 -0.332 -0.322
H3 0.253 0.283 0.267 0.318 0.243 0.282
C4 -0.034 -0.036 -0.041 -0.038 -0.059 -0.052
H41 0.108 0.141 0.116 0.147 0.114 0.127
H42 0.086 0.097 0.098 0.115 0.083 0.101
C5 -0.019 -0.022 -0.037 -0.038 -0.061 -0.062
H51 0.118 0.110 0.131 0.124 0.117 0.112
H52 0.104 0.121 0.117 0.119 0.107 0.105
C 0.452 0.483 0.460 0.497 0.497 0.534
O2 -0.280 -0.319 -0.497 -0.556 -0.378 -0.408
O3 -0.317 -0.392 -0.381 -0.478 -0.285 -0.339
H 0.285 0.302 0.346 0.335 0.304 0.294

a Atoms are numbered by the IUPAC rules except for the
carboxylate group where O2 and O3 are oxygens cis and trans to
the ureido oxygen.
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shifted by 5 kcal/mol relative tothat of TS-2. Note that
the average of the distributions is the total solute-
solvent bonding energy term of Esx listed in Table 3. The
more attractive solute-solvent interactions for 7 are
apparently observed.

Specific hydrogen-bonding interactions are revealed in
the radial distibution functions (not shown here). Peaks
in rdf’s are associated with solvation shells or specific
neighbors and can be integrated to yield coordination
numbers. Hydrogen bond numbers with solvent water for
the ureido oxygen and the carboxylate oxygens cis and
trans to the ureido oxygen are 1.0, 1.2, and 2.0 for
reactant 2, 1.0, 1.7, and 2.4 for intermediate 7, and 0.9,
1.1, and 1.5 for TS-2, respectively. The total average
hydrogen bonds formed by solute oxygens are 4.2 for
reactant 2, 5.1 for the intermediate 7, and 4.0 for the
TS-2 structure. Thus, it is likely that intermediate 7 is
better solvated than reactant 2 through forming one more
hydrogen bond with solvent water, while interactions
with solvent water molecules between the TS-2 structure
and reactant 2 are attenuated by the strength rather

than by the number of hydrogen bonds. This feature is
reflected by displaying the configurations obtained from
Monte Carlo simulations.

The plots of the last configuration from the Monte
Carlo simulations of reactant 2, intermediate 7, and TS-2
are shown in Figures 6-8. For clarity, only water
molecules which are hydrogen bonded to the solute are
shown with the hydrogen bond O‚‚‚H distances labeled
in the plots. It can be seen that there are one strong and
two weak hydrogen-bonding interactions for the carboxyl
oxygen in 7, while two typical hydrogen bonds are
observed in reactant 2. In most cases, the hydrogen bond
lengths in 7 are shorter than those in 2 and TS-2. The
hydrogen bond numbers are conserved between 2 and
TS-2. However, the average hydrogen bond distances are
lengthened from 2 to TS-2, suggesting weaker hydration
of TS-2. Thus, although the total solvation effect on the
two critical points of 2 and TS-2 on the reaction surface
is not large, the whole reaction does experience a
dramatic solvent effect. Better solvation for the proton-
transfer process is observed due to greater hydrogen-
bonding interactions and stronger polarization effects
when the reaction proceeds on going from 2 to 7. The

Figure 4. Computed solute-solvent energy pair distributions
for reactant 2 (solid curve), INT 7 (dashed curve), and TS-2
(dotted curve). The ordinate gives the number of water
molecules coordinated with the solute with the interaction
energy shown on the abscissa. Unit for the ordinate is number
of molecules per kcal/mol.

Figure 5. Computed distributions of the total solute-solvent
bonding energies for 2, INT 7, and TS-2. Unit for the ordinate
is mol % per kcal/mol.

Figure 6. Illustration of one configuration from the simula-
tions of reactant 2 in water. All hydrogen bonds are indicated.

Figure 7. Illustration of one configuration from the simula-
tions of INT 7 in water.
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favorable solvation for the decarboxylation step is lost
quickly along the reaction pathway on going from 7 to
TS-2 (a structure very close to the true TS in solution),
leading to a modest unfavorable solvation effect for the
total reaction.

Concluding Remarks

We have shown a “thrilling movie” of the decarboxyl-
ation reaction of the neutral N-carboxy-2-imidazolidinone
in aqueous solution along the reaction coordinate using
Monte Carlo simulations. A two-step mechanism with the
proton-transfer ahead of the rate-limiting N-C bond
breaking was found. The gas-phase free energy of activa-
tion is 16.9 kcal/mol, while it rises to 21.0 ( 0.2 kcal/mol
in water, which is in excellent agreement with the
experimental value of 20.7 kcal/mol.5,36 The proton-
transfer step was found to be much faster in water than
in the gas phase.

The present study illustrates the first complete reac-
tion profile for a neutral intramolecular hydrogen trans-
fer and decarboxylation reaction in aqueous solution.
Valuable structural and energetic information for this
reaction have been obtained. Implications of this work
also give clear, detailed insights into the nature of the
transition states of neutral decarboxylation reactions of
other â-keto carboxylic acids. There has been a long
history of experimental studies of neutral decarboxylation
reactions of â-keto carboxylic acids in solution.11 We have

presented a detailed picture regarding the mechanism
and sequence of the proton transfer and decarboxylation
that has been controversial from experimental investiga-
tions.11 Transition states with both full and partial proton
transfers have been proposed on the basis of different
experimental observations. The confusion comes mainly
from the speculation on the relation between the polarity
of the transition state and the extent of the proton
transfer. In this work, it is clearly shown that the proton
is fully transferred to the carbonyl oxygen in the rate-
limiting transition state but the polarity of the TS is
nearly the same as that of the reactant. No significant
solvation effect for the overall reaction was obtained. This
feature seems to be general for other â-keto acids, since
recent ab initio reaction field (SCRF) calculations on the
reactants and transition states of several â-keto acids
such as formylacetic acid, malonic acid, and acetoacetic
acid showed that the polarities of the reactants and the
transition states are similar and the activation energies
are less affected by different solvents.10c,d,e Indeed, it has
been experimentally observed that the rate of the decar-
boxylation reactions of neutral â-keto acids has little to
do with the dielectric constant of the medium.11

In contrast to neutral decarboxylation reactions, there
is a pronounced solvation effect on anionic decarboxyl-
ations in aqueous solution.4 The reactant is better sol-
vated by 12 kcal/mol than the transition state for the
anionic decarboxylation reaction of N-carboxy-2-imid-
azolidinone in aqueous solution. This work makes it
understandable that, in going from the aqueous solution
to a lower dielectric medium, with dismissed hydrogen
bonding capability the anionic reaction will be accelerated
due to desolvation of the reactant, while there is only a
modest overall solvent effect for the rate of the neutral
decarboxylation reaction. Thus, the present computer
simulation study of the biotin model compound N-car-
boxy-2-imidazolidinone in aqueous solution will provide
an interesting reference for future computational and
experimental studies of the enzymatic decarboxyl-
ation reactions of carboxybiotin at physiological pH and
temperature,42 when the structure of a biotin-dependent
decarboxylase and the structural details of the active site
are accurately determined to atomic resolution.
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Figure 8. Illustration of one configuration from the simula-
tions of TS-2 in water.
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