J. Am. Chem. So@000,122,2621-2627 2621

Reaction Pathways and Energy Barriers for Alkaline Hydrolysis of
Carboxylic Acid Esters in Water Studied by a Hybrid
Supermolecule-Polarizable Continuum Approach

Chang-Guo Zhan,* Donald W. Landry, and Rick L. Ornstein* #

Contribution from the Department of Medicine, College of Physicians & Surgeons, Columhiarkity,
New York, New York 10032, and the Pacific Northwest National Laboratory, Battelle-Northwest,
Environmental Technology Dision, Mailstop K2-21, Richland, Washington 99352

Receied October 22, 1999

Abstract: Reaction pathways, solvent effects, and energy barriers have been determined for the base-catalyzed
hydrolysis of two representative alkyl esters in aqueous solution, using a hybrid supermolecule-polarizable
continuum approach. Four solvent water molecules were explicitly included in the supermolecular reaction
coordinate calculations; the remaining solvent water was modeled as a polarizable dielectric continuum
surrounding the supermolecular reaction system. Two competing reaction pathways were observed, sharing a
common first step, i.e. the formation of the tetrahedral intermediate. One pathway involves a direct proton
transfer in the second step, i.e. the decomposition of the tetrahedral intermediate. A second pathway involves
a water-assisted proton transfer during the decomposition of the tetrahedral intermediate. The direct participation
of the solvent water molecule in the proton-transfer process significantly drops the energy barrier for the
decomposition of the tetrahedral intermediate. Thus, the energy barrier calculated for the decomposition of the
tetrahedral intermediate through the water-assisted proton transfer becomes lower than the barrier for the
formation of the tetrahedral intermediate, while that through the direct proton transfer is higher. The computations
reveal the important effect of solvent hydrogen bonding on energy barriers; without explicit consideration of
the hydrogen-bonding effects, the calculated energy barriers for the formation of the tetrahedral intermediate
become~4-5 kcal/mol smaller. The favorable pathway involving water-assisted proton transfer and the energy
barriers calculated using the hybrid supermolecule-polarizable continuum approach, including both the hydrogen-
bonding effects and the remaining bulk solvent effects, are consistent with available experimental results. The
energy barriers calculated for the first step of the hydrolysis in aqueous solution are in excellent agreement

with the reported experimental data for methyl acetate and methyl formate.

Introduction

The hydrolysis of carboxylic acid esters is one of the most
fundamental and thoroughly studied chemical reactions in
chemistry and biochemistiy 2 A great many experimental and
theoretical studiés1® on ester hydrolysis have been carried out,
resulting in a rich array of possible reaction mechanisms. We
will focus only on the most common mechanism involving
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specific base-catalyzed hydrolysi®. hydroxide ion-catalyzed
hydrolysis3¢ Besides extensive interests within chemistry, the
mechanism of the base-catalyzed hydrolysis of esters figures
prominently in many biological proces$&$’ such as the
metabolism of the neurotransmitter acetylcholine and the
degradation of cocaine. Understanding the mechanism of base-
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catalyzed hydrolysis, in particular the transition state, led to the mol, compared with the experimental activation energy, 10.45
design of stable analogues that could inhibit acetylcholinest- kcal/moP? (pure water) or 12.2 kcal/m&i (62% acetone in
erasé® and elicit monoclonal antibodies capable of catalyzing water), for the whole hydrolysis process. After all of the
the hydrolysis of the cocain@.A deeper understanding of ester  calculations in the present study were finished and the manu-
hydrolysis mechanisms should provide additional insights into script was ready for submission, another related study was
numerous biological and chemical processes. recently reported by Haeffner et®They attempted to examine
The base-catalyzed hydrolysis of the majority of common the catalytic effect of water in the base-catalyzed hydrolysis of
alkyl esters occurs by the attack of hydroxide ion at the carbonyl methyl acetate at the MP2/6-8G(d)//HF/6-3H-G(d) level of
carbon?¢ This mode of hydrolysis has been designated @2B  theory. They explicitly accounted for two solvent water
(base-catalyzed, acyl-oxygen cleavage, bimolecdfaapd is molecules in the reaction pathway calculations on the second
believed to occur by a two-step mechanisrhlowever, a step of the Rc2 process and employed the polarizable
concerted pathway can arise in the case of esters containingcontinuum model (PCM to evaluate the bulk solvent effects.
very good leaving groups (corresponding to a lo value According to their reported results, the first step of the-B
for ROH)8 The generally accepted two-step mechanism consists process in aqueous solution should always be rate-determining
of the formation of a tetrahedral intermediate (first step), no matter whether the second step is assisted directly by a
followed by decomposition of the tetrahedral intermediate to splvent water molecule or not. However, their transition-state
products RCOO + R'OH (second step¥. According to structure for the first step was simply determined by a partial
reported experimental heavy-atom kinetic isotope effects on gptimization with the constraint of the distance between the
alkaline hydrolysis, the first step is usually rate-determining for carbonyl carbon and the hydroxide oxygen, while the geometries
the hydrolysis of alkyl esters in solutia®'On the other hand,  of others species were fully optimized. Thus, the relative
the second step is believed to be rate-determining in the gasmagnitudes of the energy barriers for the first and second steps
phase’® The dramatic difference between the reactions in gas stjll remain to be compared, and the role of solvent water has
phase and in solution has been attributed to the strong solvation,gt peen fully elucidated. A more complete, theoretical study

of the hydroxide ion in solutiof!13:20
Reaction pathways for the base-catalyzed hydrolysis of alkyl
esters have also been studied theoretically in gas phase.

of the solvent effects on the energy barriers for the base-
catalyzed hydrolysis of alkyl esters based on first-principle
guantum chemical calculations would advance the understanding

Concerning the solvent effects on the energy barrier for the estergt pygrolysis mechanisms in aqueous solution.

hydrolysis, Sherer, Turner, and Shields all® carried out

semiempirical molecular orbital calculations on the first step,
i.e. the formation of the tetrahedral intermediate. Employing
Cramer and Truhlar's SM3 continuum solvation mdéel

together with the PM3 molecular orbital method, they evaluated
the energy barrier for the first step of the base-catalyzed
hydrolysis of methyl acetate in aqueous solution as 19.8 kcal/
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We attempt herein to examine the solvent effects on the
energy barriers for the base-catalyzed hydrolysis of alkyl esters
and explore the role of solvent water in the hydrolysis process,
taking methyl acetate and methyl formate as representative alkyl
esters. A series of first-principle calculations were carried out
based on the hybrid supermolecule-polarizable continuum
approach in which a few solvent water molecules are explicitly
included in the supermolecular reaction coordinate calculations
and the remainder are modeled as a polarizable dielectric
continuum surrounding the supermolecular reaction system. The
calculations are compared with the available experimental
results.

Calculation Methods

Pure self-consistent reaction field (SCRF) calculations based on
dielectric continuum modelscompletely ignore the solvent structure
and, therefore, might not account for some important effects caused
by specific solute-solvent interactions, especially for chemical reactions
assisted directly by solvent molecules. The pure reaction field calcula-
tion can be improved by coupling with a supermolecule model that
includes solute and a few solvent molecules interacting with the solute.
The hybrid supermolecule-polarizable continuum approach used in this
study was based on a supermolecule model in which four solvent water
molecules having hydrogen bonds with solutes are explicitly included
in the reaction system. Geometries of the transition states, reactants,
and intermediates for the supermolecular reaction system were first
fully optimized by employing density functional theory (DFT) using
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the B3LYP functional” with the 6-31G(d) basis set, and were then
refined at the B3LYP/6-3t+G(d,p) level of theory. Vibrational
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in this study. Regarding the quantum chemical calculation level used
in the present FPCM calculations, previous continuum solvation

frequency calculations were carried out to confirm the transition states calculation&® with the FPCM method indicate that solvent shifts of
and stable structures optimized, and intrinsic reaction coordinate (IRC) the energy change from one structure to another are not sensitive to
calculation#® were performed to verify the expected connections of the employed basis set when the volume polarization is included in
the first-order saddle points with the local minima found on the potential the SCRF calculations, even if the energy change calculated in gas
energy surface. Zero-point vibration energy (ZPVE) corrections to the phase is very sensitive to the basis set. Furthermore, electron correlation
total energy were carried out based on the frequency calculations ateffects on the solvent shifts calculated by the FPCM method are also
the B3LYP/6-31G(d) level. Geometries optimized at the B3LYP/6- not importanf?® This issue was further examined in the present study
31++G(d,p) level were employed for energy evaluation using second- by performing the pure SCRF calculations on the reaction system which

order Mgller-Plesset (MP2) theory with basis sets 6+31G(d,p),
6-31H+G(d,p), 6-31%+G(2d,2p), and 6-3H+G(3d,2p). Numerical

does not explicitly include any solvent molecule at both the HF/6-
31++G(d,p) and MP2/6-3t+G(d,p) levels’?® Since the results

results obtained for the base-catalyzed hydrolysis of methyl acetate in calculated at the HF/6-31+G(d,p) level are almost identical to those

the gas phasindicate that the MP2/6-31+G(d,p)//MP2/6-31+G-

(d,p) results are basically the same as the corresponding MP2/6-

31++G(d,p)//B3LYP/6-31-+G(d,p) results and that energy calcula-
tions at the MP2/6-3t+G(d,p) level of theory are adequate for
studying the energy profile of the hydrolysis. Replacing the MP2
method with the QCISD(T) method, while holding constant the basis
set, did not change the results significantly. For the energy barriers,
the largest difference between the MP2/6+31G(d,p)//B3LYP/6-
31++G(d,p) and the MP2/6-38+G(d,p) results was 0.2 kcal/mol, and
the largest difference between the MP2/6+31G(d,p)//B3LYP/6-
31++G(d,p) and the QCISD(T)/6-31+G(d,p)//MP2/6-3%+G(d,p)
results was 0.3 kcal/méf.Unless indicated otherwise, the Gaussi&h94
and Gaussian98programs were used to obtain the present results.
Finally, the remaining bulk solvent effects on the energy barriers
were accounted for by performing self-consistent reaction field (SCRF)

calculated at the MP2/6-31-+G(d,p) level (vide infra), we elected to
perform the FPCM calculations on the supermolecules at the HF/6-
31++G(d,p) level.

All the computations in this work were performed on Silicon
Graphics, Inc. Origin 200 multiprocessor computers.

Results and Discussion

Geometries of Supermolecular Transition States, Inter-
mediates, and ReactantsThe important geometries optimized
at the B3LYP/6-3%+G(d,p) level for the hydrolysis of methyl
acetate are depicted in Figure 1. Note that throughout this paper
the suffix “a” refers to methyl acetate and “b” refers to methyl
formate. All of the geometries optimized for methyl formate

energy calculations on the supermolecules by using the geometries(NOt Shown) are very similar to the corresponding geometries

optimized at the B3LYP/6-3t+G(d,p) level. For comparison, ad-
ditional pure SCRF calculations were also carried out on the reaction
system which does not explicitly include any solvent molecule by using
the geometries optimized at the B3LYP/6+43tG(d,p) level. The SCRF

for methyl acetate. There is no difference between the qualitative
results obtained for the hydrolysis of the two esters. Therefore,
we may focus simply on methyl acetate in the following
discussion of the reaction pathway.

method employed in this study was developed and implemented recently ~ As depicted in Figure 1, for the separated reactants, three

in the GAMESS prograf by one of us (together with Bentley and
Chipman)??2and may be called the fully polarizable continuum model
(FPCM)® because both surface and volume polarization effects are
fully determined in the SCRF calculation. Since the solute cavity surface

solvent water molecules simultaneously form strong hydrogen
bonds with the hydroxide oxygen, and the fourth water molecule
forms a weaker hydrogen bond with the carbonyl oxygen of

is defined as a solute electron charge isodensity contour determinedM€thyl acetate. The solvated hydroxide anion, "{#@0)s,

self-consistently during the FPCM iteration proc&sbe FPCM results,

converged to the exact solution of the Poisson’s equation with a given
numerical tolerance, depend only on the value of the contour for a
given dielectric constant under a particular quantum chemical calcula-

attacks the carbonyl carbon of the solvated methyl acetatg, CH
COOCH;(H20), to form the tetrahedral intermediate INTa-
(H20)4 via the first transition state TS1af8),. During the
process of this first reaction step, while the hydroxide oxygen

tion level3?2eThis single parameter value has been calibrated as 0.001 gradually approaches the carbonyl carbon, two of the three water

au3®Thus, the 0.001 au contour was used for all the FPCM calculations
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molecules having hydrogen bonds with the hydroxide gradually
form new hydrogen bonds with the carbonyl oxygen and ester
oxygen, respectively. While the new hydrogen bonds gradually
form, the old hydrogen bonds of the two water molecules with
the hydroxide gradually break. The intermediate INT#DM

is formed when the formation of the two new hydrogen bonds
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obtained from the FPCM computation would be exactly the same as those
determined by the exact solution of the Poisson’s equation for describing
the solvent polarization potential. We have shown that the accuracy of the
FPCM numerical computations employed in this study wWitb- 590 and
M = 40 (for a step of 0.3 A) are higher than what required for listing Tables
1 and 2 in this paper. The dielectric constant of water used for the FPCM
calculations is 78.5.
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TS2’a(H,0),

Figure 2. Geometry of the supermolecular transition state'&a&20).
associated with the direct proton transfer optimized at the B3LYP/6-
31++G(d,p) level for the hydrolysis of methyl acetate. The internuclear
distances are given in A.

pathway associated with the transition state TS2@{k the
proton transfer from the hydroxide/hydroxyl oxygen to the ester
oxygen is assisted by a solvent water molecule. The water
molecule hydrogen-bonding with the ester oxygen in INTa-
INTa(H,0), TS2a(H,0), (H20), structure gradually transfers a proton to the ester oxygen
through the hydrogen bond, while the hydroxide/hydroxyl proton
gradually transfers to the water oxygen. This indirect proton-

Figure 1. Geometries of the supermolecular transition states TS1la-
(H20), and TS2a(HO),, tetrahedral intermediate INTagH),, and - - L
reactants HO(H,O)s and CHCOOCH(H,0) optimized at the B3LYP/ ;ra”tfer assoc'atled V;"th the E.rans'“o? state stfg@okf'tfc;“”d "

6-31++G(d,p) level for the hydrolysis of methyl acetate. The inter- or the supermolecular reaction system IS difierent irom the
nuclear distances are given in A. direct proton-transfer found for the reaction of methyl acetate

with hydroxide ion in gas phase. To further understand the role

is complete, while the two old hydrogen bonds with the of the water molecule assisting the proton transfer, we also found
hydroxide are broken. Thus, in the structure of intermediate another transition state, T32ZH,O), depicted in Figure 2,
INTa(H.O), only one water molecule hydrogen-bonds to the associated with the pathway of the direct proton transfer for
hydroxide/hydroxyl oxygen, the second water molecule hydrogen- the supermolecular reaction system. Ignoring the four solvent
bonds to the ester oxygen, and the other two water moleculeswater molecules, the T&{H,O), structure depicted in Figure
hydrogen-bond to the carbonyl oxygen. Thus, each of the three?2 is very similar to the structure of the second transition state
solute oxygen atoms in INTaga), has a total of three chemical (denoted by TS2a) for the hydrolysis of methyl acetate in gas
bonds, i.e. covalent and hydrogen bonds. The hydrogen-bondphas€e'® Thus, two competing reaction pathways were found
transfer is reflected in the transition-state structure TSA@Jk for the supermolecular reaction system. The two pathways share
in which one of the water molecules has weaker hydrogen bondsa common first step. The difference in energy barriers between
with the hydroxide oxygen and carbonyl oxygen, simulta- the two reaction pathways will be discussed after discussion of
neously. Except for the hydrogen bonding to water, there is little the results obtained from the pure SCRF calculations.
difference between the first step of the hydrolysis for the  Pure SCRF Calculations.The energy barriers obtained from
supermolecular reaction system and the first step of the the pure SCRF calculations for the two steps of theBroute
hydrolysis in water-free gas phase. Ignoring the solvent water of hydrolysis of methyl acetate and methyl formate are sum-
molecules, the geometries of TS1la(®), and INTa(HO)4 marized in Table 1. The total energy of the separated reactants,
depicted in Figure 1 are very similar to the geometries of the RCOOR and HO, in gas phase is-15 kcal/mol higher than
first transition state (denoted by TSl1a) and the tetrahedral the first transition state for methyl acetate (TS1a), and 18
intermediate (denoted by INTa) optimized for the hydrolysis kcal/mol higher than the first transition state for methyl formate
of methyl acetate in gas pha¥eWe may conclude that the  (TS1b). For each of the methyl esters in gas phase, between
solvation within our consideration does not change the reaction the separated reactants and the first transition state (TS1), there
pathway for the first step of the hydrolysis because no solvent is a hydrogen-bonded reactant complex (denoted by HBR)
molecule is directly involved in the change of covalent bonds. whose energy is lower than both that of the transition state TS1

However, a different story was found for the second step of and the separated reactants. However, in aqueous solution the
the hydrolysis, i.e. the decomposition of the tetrahedral inter- SCRF calculations gave the same qualitative result, that the
mediate to products methanol and acetate. The decompositiorseparated reactants are more stable than both TS1 and HBR,
of the tetrahedral intermediate requires a proton transfer from while HBR is still more stable than TS1. It follows that in
the hydroxide/hydroxyl oxygen to the ester oxygen, while the aqueous solution the HBR structure is not stable and that the
C—0 bond between carbonyl carbon and ester oxygen graduallyreaction goes directly from the separated reactants to TS1. This
breaks. The IRC calculations starting from the second transitionis because the interaction between solvent water and the
state TS2a(kD), depicted in Figure 1 in two directions confirm  separated reactants is stronger than that between methyl acetate
that TS2a(HO), connects with the intermediate INTa{®l), and hydroxide anion. Hence, the hydrogen-bonded complexes
and the expected products. It is notable that, for the reaction are not considered in Table 1.
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Table 1. Energy Barriers (in kcal/mol) Calculated for the Base-Catalyzed Hydrolysis of Methyl Esters in Aqueous Solution by Performing
Pure Self-Consistent Reaction Field Calculations with the 6-8G(d,p) Basis Sét

CH;COOCH; + HO™ HCOOCH; + HO™
Ra— TSla INTa— TS2a Rb— TS1b INTb— TS2b
AE (gas phase, MP2) —14.6 6.9 —-13.¢ 6.2
AE (FPCMY 7.3 10.3 5.3 11.0
AE (FPCM-MP2y 7.2 105 5.2 11.2

a All calculations used geometries optimized at the B3LYP/6-35G(d,p) level in gas phase. Ra and Rb represents the separated reactants
CH;COOCH; + HO™ and HCOOCH + HO™, respectively. INT is the tetrahedral intermediate. TS1 and TS2 are the first and second transition
states of the hydrolysis via thexB2 route, respectively. The ZPVE corrections were made for all of the values listée. energy barrier is taken
as the sum of th&E (gas phase, MP2) value and the corresponding solvent shift determined by the FPCM calculations at thetHG€d31)
level. ¢ The FPCM calculations were also performed at the MP2/6-BG(d,p) level.? The energy barrier calculated in gas phase is 1.1 kcal/mol
which is the energy change from a hydrogen-bonded complex betwee@@PCH;, and HO to TS1a.° The energy barrier calculated in gas
phase is 3.5 kcal/mol which is the energy change from a hydrogen-bonded complex between HCEHQEHD to TS1b.

Table 2. Energy Barriers (in kcal/mol) Calculated by Employing the Hybrid Supermolecule-Polarizable Continuum Approach for the
Base-Catalyzed Hydrolysis of Methyl Esters in Aqueous Solution Compared with Experimental Activation®Energy

methyl acetate hydrolysis methyl formate hydrolysis

energy calculations on supermolecues first step secontl step total first step second step total
MP2/6-3H+G(d,p) 9.4 9.0 9.4 8.8 7.5 8.8
[—11.1] [6.6] [F11.1] [6.4]
MP2/6-311+G(d,p) 10.7 8.8 10.7 10.1 7.4 10.1
[—9.7] [6.4] [-9.8] [6.4]
MP2/6-31H+G(2d,2p) 11.5 8.4 115 10.4 6.7 10.4
[—9.0] [6.1] [-9.5] [5.6]
MP2/6-31H+G(3d,2p) 11.6 8.1 11.6 107 6.5 10.7
[—8.9] [5.8] [-9.2] [5.5]
exptl (in pure water) 10.45 9.8
exptl (62% acetone in water) 12.2

a All calculations used the supermolecular geometries optimized at the B3LYR/6-3G1d,p) level. The energy barrier in solution is taken as
the sum of the energy barrier determined by the MP2 calculations on the supermolecules (including the ZPVE correction) and the corresponding
solvent shift determined by the FPCM calculations on the supermolecules at the HF85%d,p) level. The values in brackets are the energy
barriers determined by the pure supermolecule calculations ignoring the remaining bulk solvent ®fegesimental activation energy from ref
22.¢Experimental enthalpy of activation from ref 34Experimental activation energy from ref 23Results for the pathway involving water-
assisted proton-transfer associated with the transition state TE2a(Rhe results (in kcal/mol) associated with the transition stat€a{820).:
13.9 [11.0+MP2/6-3H-+G(d,p); 13.6 [10./AMP2/6-31H+G(2d,2p); 13.7 [10.8tMP2/6-31H+G(3d,2p).f Results for the pathway involving
water-assisted proton-transfer associated with transition state TE2a(FiThe corresponding enthalpy of activation determined by including the
thermal correction to enthalpy instead of the ZPVE correction to energy is 10.6 kcal/mol.

The energy barriers listed in Table 1 indicate that the solvent (d,p) basis set as14.6 kcal/mol, which differs from the result
shifts determined by the FPCM calculations at the HF/6- calculated with the 6-3H+G(2d,2p) basis set by 0.1 kcal/
31++G(d,p) level are very close to the corresponding solvent mol. For the supermolecular reaction system, the differences
shifts determined by the FPCM calculations at the MP2/6- between the energy barriers calculated with the 6-8G(d,p)

31++G(d,p) level. The largest difference between the two kinds
of results is 0.2 kcal/mol. Thus, the HF/6-83G(d,p) quantum
chemical approximation level is adequate for the FPCM
calculations in this study.

basis set and those with the 6-31-1G(2d,2p) basis set, about
~0.6—2.1 kcal/mol, are much larger, especially for the first step
of the hydrolysis. Nevertheless, the differences between the
results with the 6-31t+G(2d,2p) basis set and those with the

As seen in Table 1, the energy barriers calculated for the 6-311+G(3d,2p) basis set are onty0.1—0.3 kcal/mol. These
second step are always significantly higher than those for the results are not surprising, because the basis set superposition
first step, which is inconsistent with the conclusion of heavy- errors (BSSE) for the MP2 calculations on the hydrogen-bonded
atom kinetic isotope studiés®8 The observed kinetic isotope  supermolecules are expected to be significantly larger than those
effects indicate that the first step, i.e. the formation of the for the same level of calculations on the corresponding systems
tetrahedral intermediate (INT), is rate-determining. With the in which the four solvent water molecules are removed. This is
experimental conclusion in mind, one can see that the purewhy we employed the larger basis sets, in addition to the
SCREF calculations significantly underestimate the solvent shift 6-31++G(d,p), to carry out the MP2 calculations on the
of the energy barrier for the first step because the calculated supermolecules, even if we had known that the 6-3G(d,p)
energy barrier, 7.2 kcal/mol, is significantly smaller than the basis set is adequate for the calculations on the gas-phase

experimental activation energy, 10.45 kcal/fdpure water)
or 12.2 kcal/maP (62% acetone in water), reported for the
hydrolysis of methyl acetate.

Energy Calculations on Supermoleculed.et us first discuss

hydrolysis.

Comparing the results listed in Tables 1 and 2, one notes
that the extremely large solvent shifts of the energy barriers for
the first step of the hydrolysis of the methyl esters are attributed

the results calculated for the reaction pathway involving a water- mainly to the contributions of the bulk solvent effects. However,
assisted proton transfer. The energy barriers calculated withthe effects of the hydrogen bonding with solvent water
various basis sets are listed in Table 2. Compared to the resultanolecules on the energy barriers are also significant. Without
calculated for the gas-phase hydrolysis of methyl acetate, theexplicit consideration of the hydrogen-bonding effects, the
energy barriers calculated for the supermolecular reaction systencalculated energy barriers for the first step of the hydrolysis
are more sensitive to the basis set. The energy change from thgbased on the pure SCRF calculations) beceme 5 kcal/mol

separated reactants to TS1a was calculated with thet6-&-

smaller.
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Concerning the relative magnitudes of the energy barriers for water molecules, because for a complete first solvation shell of
the first and second steps, the results calculated with the differenta solute there might be a very large number of orientations
basis sets are qualitatively consistent. For both esters, the energyssociated with local minima. However, the supermolecular
barriers calculated for the second step involving the water- reaction system studied in this study should be less affected by
assisted proton transfer are always lower than those for the firstthe orientation problem due to several reasons. First, since the
step of the hydrolysis in aqueous solution. According to the four solvent water molecules all strongly hydrogen-bond to the
results calculated with the 6-3tHG(3d,2p) basis set, the solutes, the orientation of the supermolecule is simply deter-
barriers for the first step are4 and~5 kcal/mol higher than mined by the solutesolvent hydrogen-bonding pattern exam-
the barriers for the second step for methyl acetate and methylined. Second, the orientations of the four water molecules
formate, respectively. So, the first step should be rate-determin-surrounding reactants, transition states, and intermediates are
ing for both esters. This conclusion is qualitatively consistent closely connected with each other because the expected con-
with the reported experimen®s.Quantitatively, the energy  nections were confirmed by the IRC calculations. For example,
barrier for the first step calculated with the 6-31:2G(3d,2p) the solute-solvent hydrogen-bonding pattern of TS1a(h
basis set, 11.6 kcal/mol, is in excellent agreement with the determines the solutesolvent hydrogen-bonding pattern of the
reported experimental activation energies, 10.45 kcatiulire reactants. Finally, the solutesolvent hydrogen-bonding pattern
water) and 12.2 kcal/m&l (62% acetone in water), for the  of the reactants examined in this study might be reasonable for
hydrolysis of methyl acetate in the agueous solution. The energyour purpose. The three water molecules extremely strongly
barrier, 10.7 kcal/mol, and the enthalpy of activation, 10.6 kcal/ hydrogen-bond to hydroxide oxygen. We tried to have four
mol, calculated for the methyl formate hydrolysis in water with water molecules hydrogen-bonded to hydroxide oxygen without
the 6-31H#+G(3d,2p) basis set are also very close to the success. It seems that hydroxide oxygen can, at most, have
reported experimental enthalpy of activation, 9.81 kcalfhol hydrogen bonds simultaneously with three water molecules. The
(pure water). fourth water molecule was chosen to hydrogen-bond to the

The role of the water molecule assisting the proton transfer carbonyl oxygen, instead of the ester oxygen, because the
in the second step of the hydrolysis can be seen from the relativehydrogen bond between water and the carbonyl oxygen should
magnitudes of the calculated energy barriers associated withbe stronger. Concerning the number of the nonbulk solvent water
the transition states TS2af8l), and TS2a(H,0),. The energy molecules included in the quantum chemical calculation, only
barrier calculated with the 6-3%4-G(3d,2p) basis set for the  four water molecules were explicitly considered in the present
second step associated with T&BL0), is 13.7 kcal/mol, which study. It is expected that the results calculated with more
is 5.6 kcal/mol higher than the barrier, 8.1 kcal/mol, calculated nonbulk solvent water molecules could be improved further.
at the same level of theory for the second step of the hydrolysis However, the explicit consideration of additional solvent water
of methyl acetate associated with TS2g0hh. It follows that molecules should be less important than that of the first four
the direct participation of the solvent water molecule in the water molecules, because the sotutelvent hydrogen bonds
proton-transfer process significantly drops the energy barrier involving additional water molecules should be weaker than
by ~5.6 kcal/mol. This is why the energy barrier for the second what we have already considered for the four water molecules.
step of the hydrolysis involving the water-assisted proton transfer Without consideration of any limitation of the available
is lower than that for the first step, while the energy barrier for computer resources, the explicit consideration of all of the
the second step involving the direct proton transfer is higher possible solutesolvent hydrogen bonds in the hydrolysis
than that for the first step. Thus, the reaction pathway involving system would need, at least, five additional water molecules.
the water-assisted proton transfer should dominate the hydrolysisThis is because the possible maximum number of covalent and
in aqueous solution. hydrogen bonds for each oxygen atom may be four. Thus, in

Now, let us discuss some theoretical issues of the hybrid the reactants the carbonyl oxygen could simultaneously hydrogen-
supermolecule-polarizable continuum approach employed in thisbond to three water molecules, and the ester oxygen could
study. First of all, it should be pointed out that the hybrid simultaneously hydrogen-bond to two water molecules. Besides,
supermolecule-polarizable continuum approach employed in thisthe hydroxide hydrogen could also hydrogen-bond to a water
study is quite different from that used by Flariand Warshel molecule. The reaction pathway calculation starting from the
in studying phosphate ester hydroly&§ heir quantum chemi-  supermolecular reactants including at least nine solvent water
cal calculations were coupled with the Langevin dipoles (LD) molecules might lead to a second transition state structure in
or the PCM calculations, but they did not explicitly include which the ester oxygen has hydrogen bonds with three water
solvent water molecule in their quantum chemical calculations. molecules. However, it is not likely that all of the nine water
The hybrid supermolecule-polarizable continuum approach molecules could directly hydrogen-bond to the tetrahedral
employed in this study is also different from that used by intermediate between the first and second transition states. Two
Haeffner et al. to study the methyl acetate hydroly$Besides of the nine water molecules might just hydrogen-bond to the
using the different SCRF procedure, two water molecules were remaining water molecules in the intermediate.
explicitly included in their calculations on the second step, while
no water molecule was explicitly included in their calculations Conclusions
on the first step. All of the reaction steps were examined at a
consistent level of theory in the present study, because four We have carried out a series of first-principle calculations
solvent water molecules were explicitly included in our calcula- by using a hybrid supermolecule-polarizable continuum ap-
tions on the whole hydrolysis process. The consideration of the proach to study the reaction pathways and solvent effects on
explicit solvent in the first solvation shell was recently discussed the energy barriers for the base-catalyzed hydrolysis of two
by Cramer and Truhlai¢ They expressed some concerns about representative alkyl esters in agueous solution. In the hybrid
the determination of the number and orientation of the nonbulk supermolecule-polarizable continuum approach, four solvent

(34) Humphreys. H. M Hammett, L. B. Am. Chem. Sod956 78, water moleculgs were expllc_|tly included in the ;upermolecular
21 reaction coordinate calculations, and the remainder of solvent
(35) Florian, J.; Warshel, AJ. Phys. Chem. B998 102, 719. water was modeled as a polarizable dielectric continuum
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medium surrounding the supermolecular reaction system. Wethe hydrogen-bonding effects, the calculated energy barriers for
have found two competing reaction pathways sharing a commonthe first step of the hydrolysis (based on the pure SCRF
first step, i.e. the formation of the tetrahedral intermediate, for calculations) become~4—5 kcal/mol smaller. The results
the supermolecular reaction system. One pathway involves acalculated by using the hybrid supermolecule-polarizable con-
direct proton transfer in the second step, i.e. the decompositiontinuum approach including both the hydrogen-bonding effects
of the tetrahedral intermediate. According to this route of and the remaining bulk solvent effects are consistent with
hydrolysis, the energy barrier calculated for the decomposition available experimental results. The energy barriers calculated
of the tetrahedral intermediate is always higher than the for the first step of the hydrolysis in aqueous solution are in
formation of the tetrahedral intermediate. Another pathway excellent agreement with the experimental data reported for
involves a water-assisted proton transfer during the decomposi-methyl acetate and methyl formate.
tion of the tetrahedral intermediate. The direct participation of ]
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