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Water plays a quite important role in chemical and biological
processes, such as acid–base reactions,[1, 2] proton transfer in
membrane proteins,[3–5] keto–enol tautomerization,[6] and the
hydration of carbonyl compounds. The hydration of carbonyl
compounds has a long standing interest, both experimen-
tally[7–10] and theoretically.[11–22] In most reactions of carbonyl
compounds, such as aldehydes, ketones, esters, amides, the
carboxylic acids, and their derivatives, the initial hydration or
the nucleophilic addition of water at the carbonyl group,
leading to a tetrahedral intermediate, is the rate-determining
step. For example, the neutral hydrolyses of carboxylic acid
derivatives normally proceed through the addition–elimina-
tion mechanism,[9] in which the hydration of the carbonyl
group to yield a tetrahedral intermediate is the key step for
hydrolysis.

For the hydration of carbonyl compounds, all the previous
ab-initio calculations proposed a concerted mechanism for
the rate-determining hydration step,[11–20] including the nucle-
ophilic attack of one water molecule onto the carbonyl carbon
atom coupled with the concerted proton transfer to the
carbonyl oxygen atom assisted by one or more water
molecules as shown in Scheme 1. However, most of the
calculated Gibbs free energies of activation (DG�) for the
concerted mechanism exceed the experimental value consid-
erably,[23] although calculations with a relatively small basis
set happen to predict activation energies comparable to the
experimental value. This unexpected agreement between
theory and experiment can be ascribed to use of relatively
small basis set (see below). In a recent study the initial water
autoionization was assumed to be involved in the hydrolysis
of esters,[23] and the predicted Gibbs activation energies by
molecular dynamics (MD) simulations for the key steps are
comparable to DG� of 23.8 kcal mol�1 for the water auto-
ionization,[24] in agreement with the experimental value of
26.1 kcal mol�1.[25] However, in this mechanism the water
autoionization as the rate-determining step is a prerequisite
to hydrolysis, implying that the Gibbs free energies of
activation (DG�) are little changed for different esters.

Nevertheless, the experimental rate constants for the hydra-
tion of esters can vary by 107 fold, which approximately
corresponds to an activation energy difference of 10 kcal
mol�1.

Experimental studies by Bell et al. suggested that the
hydration of the carbonyl group may proceed through a
stepwise transfer of three protons in a cyclic array of three
water molecules,[26] and that an intermediate Eigen ion
(H3O

+)[27] is most likely involved in hydration. However, to
date, there is no computational evidence for H3O

+ as the key
intermediate. This situation may arise from the use of
inappropriate cluster models for hydrated species in previous
computational studies. Theoretical calculations on the Gibbs
free energy of hydration for the proton show that the first
hydration shell of the proton requires at least four water
molecules,[28, 29] and the predicted Gibbs free energy of
hydration is about 263 kcalmol�1, in good agreement with
the experimental results of 262.4[30] and 264.1 kcalmol�1.[31]

On the contrary, simple H3O
+ and H5O2

+ models in combi-
nation with the dielectric continuum solvent underestimate
the Gibbs free energy of hydration of the proton by about 16
and 10 kcalmol�1,[28] respectively. Such a large deviation can
significantly influence the description of thermodynamic and
dynamic properties in the proton-transfer process. Accord-
ingly, to locate a H3O

+ intermediate in the reaction, more
water molecules should be included in the cluster continuum
model where the first hydration shell of H3O

+ should be
hydrogen-bonded by explicit water molecules.

Herein we applied a hybrid cluster continuum approach[32]

to explore the hydration of carbonyl compounds, and this
computational model was shown to be successful for the
determination of the Gibbs free energy of solvation[33] and
pKa values for some organic cations,[34] and especially suc-
cessful for the treatment of protons.[28, 29] Such hybrid models

Scheme 1. Concerted and stepwise nucleophilic additions of water to
the carbonyl group.
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allow rigorous location of the transition-state structure. Once
a realistic approximation of the reaction coordinate has been
obtained, the relative Gibbs free energy profiles can be
accurately computed by high-level ab-initio methods.[14] In
contrast to the widely suggested concerted mechanism, the
stepwise mechanism was verified to be favorable dynamically
for all the hydration processes of the carbonyl group in the
various compounds considered herein by the extensive and
reliable theoretical calculations (see below).

All calculations were performed with the Gaussian 03
package. Geometries of all transition states, reactants, and
intermediates involved in reaction were fully optimized by
using a hydrated cluster in conjunction with the conductor-
like polarizable continuum model (CPCM) at the B3LYP/6-
311 + G(2df,2p) level of theory. Computational details are
described in the Supporting Information. With the above the
cluster continuum computational strategy, the Gibbs free
energy of hydration of a proton in the form of a H9O4

+

cluster[35] was predicted to be �262.4 kcal mol�1, in good
agreement with the experimental values of �262.4[30] and
�264.1 kcalmol�1.[31]

Since the concerted hydration of carbonyl groups was
recognized by previous computational studies, various con-
certed-hydration pathways for the water addition to the
carbonyl group of methyl formate as a representative
example were investigated, and the predicted Gibbs free
energies of activation (DG�) range from 33.2 to 37.4 kcal
mol�1 (B3LYP/6-311 + G(2df,2p) calculations) as shown in
Table S1 of the Supporting Information. Surprisingly, we note
that the calculated Gibbs free energies of activation strongly
depend on the basis set used, as shown in Table S1 of the
Supporting Information. The relatively small 6-31G(d) basis
set remarkably underestimates the barrier, yielding values
that are on average 8 kcal mol�1 lower than those calcluated
using the the 6-311 + G(2df,2p) basis set. However, these
underestimated values (24.9–28.7 kcal mol�1) happen to
match the experimental value of 26.1 kcalmol�1.[25]

In the calculations, the cyclic arrays of three and four
water molecules were used in the cluster continuum model.
Figure 1 presents the optimized structures of species involved
in the hydration of methyl formate. The predicted relative
Gibbs free energy profiles and thermodynamic values based
on the representative cluster continuum models a (the four
water molecule-mediated hydrated pathway) and b (the three
water molecule-mediated hydrated pathway) are summarized
in Figure 2.

For the cluster model a, in which four water molecules are
involved in the nucleophilic addition of water to the carbonyl
group, the reaction starts from a reactant complex (R-a) of
the methyl formate with water molecules connected by
hydrogen-bond networks. In the hydrated cluster of methyl
formate, the lone pairs of the carbonyl oxygen atom are
hydrogen bonded to two water molecules as indicated in
analysis of X-ray structures.[36] In the first step, the attack of
an adjacent water molecule onto the carbonyl carbon atom of
the ester group, coupled with the concerted proton abstrac-
tion by the second water, yields a tetrahedral anionic
intermediate and H3O

+ intermediate (Int1-a). This is the
rate-determining step for the overall reaction, and the

predicted Gibbs free energy of activation is 25.4 kcalmol�1

(TS1-a), in good agreement with the experimental value of
26.1 kcal mol�1. Following proton transfer from H3O

+ to
another H2O through TS2-a leads to an intermediate (Int2-
a). As shown in Figure 2, this step is almost barrier free and
isoenergetic. The subsequent proton transfer from H3O

+

(Int2-a) to the carbonyl oxygen atom is assisted by another
water molecule and yields a more stable tetrahedral product
(P-a) with a barrier of 1.2 kcalmol�1 (TS3-a). The overall
hydration of the carbonyl group has Gibbs free energy of
reaction DG = 6.9 kcalmol�1 (298.15 K) as shown in Figure 2,
in good agreement with the experimental value of 9.1 kcal
mol�1.[25]

In the cluster model b for the three water molecule
mediated hydrated pathway, the reaction starts from R-b, and
the initial nucleophilic addition of water at the carbonyl group
through TS1-b yields a tetrahedral anionic intermediate and

Figure 1. Optimized structures at the B3LYP/6-311 + G(2df,2p) level of
theory for the hydration of methyl formate. See text for details.
O black, C dark gray, H light gray. Interatomic distances in [�].
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the H3O
+ intermediate (Int1-b). Subsequent proton transfer

leads to the product (P-b) via the transition state TS2-b. The
predicted Gibbs free energy of activation for the rate-
determining step is 25.7 kcalmol�1, and the overall Gibbs
free energy of reaction is 9.1 kcalmol�1, which are in good
agreement with the corresponding experimental values of
26.1 kcal mol�1 and 9.1 kcalmol�1.[25] As shown in Figure 2,
both computational models predict quite similar relative
Gibbs free energy profiles. The single-point energy calcula-
tions at the MP2/6-311 + G(2df, 2p) level based on the
B3LYP-optimized structures were performed, and the pre-
dicted relative energy profiles are presented in Figure S2 in
Supporting Information. Overall, both calculations predict
comparable results, and the MP2-predicted Gibbs free
energies of activation (DG�) are systematically underesti-
mated by about 3 kcalmol�1 in comparison with B3LYP
calculations.

To evaluate the dependence of the methodology and the
basis set on the thermodynamic values, different functionals
including B3LYP, BMK,[37] and X3LYP,[38] and the HF-based
MP2 and CCSD(T) approaches were considered in compa-
rative calculations with the basis sets 6-31G(d), 6-311 + G-
(d,p), and 6-311 + G(2df,2p). As Table 1 shows, the calculated
activation Gibbs free energies strongly depend on the use of
the basis set. The single-point energy calculations with the
large basis set still underestimate the activation Gibbs free
energies to a certain extent because the small-basis-set-
optimized geometries were used. We also tested various
cluster models with different configurations of water mole-
cules and hydrogen-bond networks, the optimized transition-
state structures are shown in Figure 3. The present calcula-
tions show that the mechanistic details and relative reaction
energies are less modified, as shown in Table 2.

For comparison, we also explored the concerted-hydra-
tion pathways initiated by R-a or R-b. However, we fail to
locate the concerted transition state, and all attempts directly
evolve into the stepwise-hydration pathways based on the
cluster models R-a and R-b. Since an Eigen ion (H3O

+)

intermediate has strong tendency to form hydrogen bonds
and be stabilized by the surrounding water molecules as
observed in Int1-a and Int1-b, the concerted hydration
mechanism is less possible in solution, but it could survive
in the cluster continuum model with quite few explicit water
molecules.

Figure 2. Calculated relative energy profiles (DG�
calcd and DE� in

kcalmol�1) for the hydration of methyl formate. DG�
calcd and DE�

values are given in normal and italic fonts in parentheses, respectively.
The total energies of R-concerted and R-a are taken as the reference
points of relative energies for the concerted and stepwise pathways.

Table 1: Calculated Gibbs free energies of activation (298.15 K) for the
rate-determining step in the hydration of the methyl formate with the
cluster model b. Zero-point energies (ZPE) are included.

Method DG� [kcalmol�1]
6-31G(d) 6-311 + G(d,p) 6-311 + G(2df,2p)

B3LYP 13.3 24.9 25.7 22.7[a]

BMK 12.7 23.2 25.7 21.8[b]

X3 LYP 12.2 22.8 25.2 22.2[c]

MP2 16.6 22.3 20.5[d] 20.6[e]

CCSD(T) 25.1[f ]

[a] The optimized geometries and ZPE by B3LYP/6-31G(d). [b] The
optimized geometries and ZPE by BMK/6-31G(d). [c] The optimized
geometries and ZPE by X3 LYP/6-31G(d). [d] The optimized geometries
and ZPE by MP2/6-311 + G(d,p). [e] The optimized geometries and ZPE
by MP2/6-31G(d). [f ] The optimized geometries and ZPE by B3LYP/6-
311+ G(2df,2p).

Figure 3. Optimized transition-state structures at the B3LYP/6-311+G-
(2df,2p) level of theory for the hydration of methyl formate with
different cluster models. O black, C dark gray, H light gray. Interatomic
distances in [�].

Table 2: Calculated Gibbs free energies of activation (298.15 K) for
different cluster models (see Figure 3). Zero-point energies (ZPE) are
included.

Model DG� [kcalmol�1][a] Model DG� [kcalmol�1][a]

TS1-b-1 25.8(23.7) TS1-b-3 26.8(24.0)
TS1-b-2 26.7(23.8) TS1-b-4 25.7(20.6)
TS1-b 25.7(22.7)

[a] The values of DG� at the B3LYP/6-311 + G(2df,2p) level are given in
normal fonts, while those by the MP2 single-point energy calculations
based on the B3LYP-optimized geometries and ZPE corrections are given
in italics in parentheses.
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Except for the methyl formate, we have also studied six
esters with both cluster models a and b, and the experimental
and predicted Gibbs energy barriers for the hydration of these
esters are compiled into Table 3. Furthermore, selected
aldehydes and ketones were investigated by using the cluster
model b, and corresponding thermodynamic parameters are
collected in Table 4. As Table 3 shows, both cluster models a

and b predict quite similar Gibbs free energies of activation,
which agree nicely with the experimental values. For the most
reactive carbonyl compounds H2CO and CCl3CHO, the
stepwise-hydration pathway is much favorable dynamically
than other ones as shown in Table 4, although both activation
energies are relatively underestimated with the cluster model
b. All these results suggest that the hydration of carbonyl
compounds should follow the stepwise mechanism, where the
cyclic arrays of three and four water molecules may be
involved in the proton transfer process.

Considering the solvent effect on the nucleophilic attack
on the carbonyl carbon, we explored the addition reaction of
alcohol to the carbonyl group of aldehydes. Our calculations
identify a stepwise mechanism via TS4 as shown in Figure 4,
and the predicted activation Gibbs free energies are 15.5 kcal
mol�1 for the stepwise mechanism and 26.4 kcal mol�1 for the
concerted mechanism (via TS5). Actually, most additions to

the carbonyl group involve nucleophilic attack of a nucleo-
phile onto the carbonyl carbon atom coupled with the proton
transfer to the carbonyl oxygen atom, yielding a tetrahedral
intermediate.

In summary, extensive cluster continuum model calcula-
tions show that the hydration of the carbonyl group proceeds
in the stepwise mechanism, and this stepwise-hydration
pathway is much more favorable than the widely proposed
concerted-hydration pathway. Generally, calculations with
the relatively small 6-31G(d) basis set considerably under-
estimate the barrier by 8 kcalmol�1 in average, compared to
the 6-311 + G(2df,2p) basis set, and the use of a large basis set
is required for modeling the hydration of carbonyl group. The
barrier for the concerted-hydration pathway is higher than
that for the stepwise process by 8 kcalmol�1 on average.
Although the Eigen ion (H3O

+) has been identified as an
intermediate in various proton transfer processes, such as in
acid–base reactions[2] and in membrane proteins,[5] its location
strong depends on the use of the cluster continuum model and
of the explicit water molecules in the calculation. Interest-
ingly, the reverse process of hydration just corresponds to an
acid–base neutralization reaction. Presumably, the mecha-
nism demonstrated herein for the hydration of the carbonyl
group is also applicable for the acid–base neutralization.
These results also provide a reference for the proton transfer
reactions in chemistry and biology.
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