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Reaction pathways, solvent effects, and energy barriers have been determined for the base-catalyzed hydrolysis
of the benzoyl-ester and methyl-ester groups of neutral cocaine and three smaller alkyl esters in aqueous
solution by performing a series of ab initio molecular orbital and density functional theory calculations. The
reaction coordinate calculations indicate that both the benzoyl-ester hydrolysis and the methyl-ester hydrolysis
occur through a two-step process known for the majority of alkyl esters, i.e., the formation of a tetrahedral
intermediate by the attack of hydroxide oxygen at the carbonyl carbon (first step) followed by the decomposition
of the tetrahedral intermediate to products (second step). This is the first first-principles study of the whole
reaction pathway for cocaine benzoyl- and methyl-ester hydrolyses. The decomposition of the tetrahedral
intermediate requires a proton transfer from the hydroxide/hydroxyl oxygen to the ester oxygen, as the C-O
bond between carbonyl carbon and ester oxygen gradually breaks. We have examined two competing pathways
for the second step of cocaine hydrolysis: one associated with the direct proton transfer from the hydroxide/
hydroxyl oxygen to the ester oxygen, and the other associated with a water-assisted proton transfer. The
energy barriers calculated for the second step of the benzoyl- and methyl-ester hydrolyses with water-assisted
proton transfer are lower than the first step, whereas with direct proton transfer the barrier for the second step
is higher. The first step should be rate-determining for the hydrolysis of both esters in aqueous solution, thus
providing theoretical support to the design of the analogues of the first transition state that elicited anti-
cocaine catalytic antibodies. The energy barrier, 7.6 kcal/mol, calculated for the first step of benzoyl-ester
hydrolysis through the hydroxide attack from the Re face of the carbonyl is∼1 kcal/mol lower than that
through the hydroxide attack from the Si face. The energy barrier, 7.0 kcal/mol, calculated for the first step
of cocaine methyl-ester hydrolysis is slightly lower than that of the benzoyl-ester. The effect of substituents
on this energy barrier suggests that the transition state is significantly stabilized by hydrogen bonding between
the hydroxide oxygen and theâ hydrogen for the carboxylic acid or alcohol moiety.

Introduction

Cocaine has been used by over 40 million Americans since
1980 and addiction afflicts about 2 million, with disastrous
medical and social consequences.1,2 This widely abused drug,
which reinforces self-administration in relation to the peak serum
concentration of the drug, the rate of rise to the peak, and the
degree of change of the serum level, produces potent central
nervous system and cardiovascular stimulation followed by
depression.3 With overdose of the drug, respiratory depression,
cardiac arrhythmia, and acute hypertension are common effects.4

Despite extensive efforts utilizing a classical approach that seeks
small molecules to interfere with the cocaine-receptor interaction-
(s),3a no antagonist to the reinforcing or toxic effects of cocaine
has been identified. An alternative to receptor-based approaches
is to interfere with the delivery of cocaine to the central nervous
system and speed up its clearance from the body.3f For this
purpose, we developed anti-cocaine catalytic antibodies with
the capacity to bind and degrade cocaine.5 This novel class of
artificial enzymes was elicited by immunization with transition-
state analogues of cocaine benzoyl-ester hydrolysis.

Generally speaking, design of a transition-state analogue em-
ployed to elicit a catalytic antibody6 is based on the mechanism

of the corresponding nonenzymatic reaction, especially the
transition state structure for the rate-determining step. Hence, a
more complete understanding of the mechanisms of cocaine
hydrolysis could provide additional insights into the rational
design of the transition-state analogues to elicit more active
monoclonal antibodies capable of catalyzing cocaine hydrolysis.

Alkaline hydrolysis of the majority of common alkyl esters,
RCOOR′, occurs by the attack of hydroxide ion at the carbonyl
carbon.7 This mode of hydrolysis has been designated as BAC2
(base-catalyzed, acyl-oxygen cleavage, bimolecular),7c and is
believed to occur by a two-step mechanism, although a con-
certed pathway can arise in the case of esters containing very
good leaving groups (corresponding to a low pKa value for
R′OH).8 The generally accepted two-step mechanism consists
of the formation of a tetrahedral intermediate (first step), fol-
lowed by decomposition of the tetrahedral intermediate to yield
products RCOO- + R′OH (second step).7c Degradation of co-
caine may take place through the BAC2 route of hydrolysis of
either the benzoyl-ester group or the methyl-ester group.

Previous theoretical calculations of cocaine hydrolysis focused
on the first step of the hydrolysis of the benzoyl-ester.9 MNDO,
AM1, PM3, and SM3 semiempirical molecular orbital methods,
as well as an ab initio procedure at the HF/3-21G level of theory,
were employed to optimize geometries of the transition states
for the first step of the hydrolysis of cocaine and model esters,
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including methyl acetate,10 for which experimental activation
energy in aqueous solution is available. The geometry optimiza-
tion of the first transition state for the cocaine benzoyl-ester
hydrolysis was successful with only the MNDO, PM3, and SM3
methods. No first-order saddle point corresponding to the
expected transition state structure was found on the AM1 and
HF/3-21G potential energy surfaces. Thus, it is necessary to
further examine this putative transition state with higher levels
of theory. Further, the energy barrier, 24.6 kcal/mol,9a predicted
by the semiempirical molecular orbital calculations for the first
step of the hydrolysis of neutral cocaine in aqueous solution is
likely overestimated, because the energy barrier, 23.4 kcal/mol,10

determined by the same kind of calculations for the first step
of the methyl acetate hydrolysis was significantly larger than
the reported experimental activation energy, 10.45 kcal/mol11

or 12.2 kcal/mol,12 in aqueous solution.
No theoretical calculation has been reported on the second

step of the cocaine benzoyl-ester hydrolysis, and therefore the
relative energy barriers for the two steps have not previously
been compared to determine the rate-determining step of the
cocaine benzoyl-ester hydrolysis. Furthermore, the reaction
pathway for the hydrolysis of the cocaine methyl-ester has not
previously been subjected to calculation. In the absence of this
result, the pathways and the corresponding energy barriers for
the two competing reactions of cocaine remain to be compared.

We attempt herein to examine the entire reaction pathways
for the hydrolysis of both the benzoyl-ester and methyl-ester
groups of neutral cocaine and to predict the corresponding
energy barriers with first-principles calculations. A series of ab
initio and density functional theory (DFT) calculations were
carried out on the hydrolysis of cocaine and three model esters.
The energy barriers determined for the cocaine hydrolysis are
compared with those calculated for the hydrolysis of the other
esters to evaluate substituent effects on hydrolysis.

Calculation Methods

Geometries of all transition states, reactants, and intermediates
considered in this study were first optimized at the HF/3-21G
and HF/6-31G levels of theory, and then refined by using
Becke’s three parameter hybrid exchange functional13 and the
Lee-Yang-Parr correlation functional (B3LYP)14 with the
6-31+G(d) basis set. Vibrational frequencies were evaluated
at the optimized geometries to confirm all of the first-order
saddle points and local minima found on the potential energy
surfaces, and to evaluate zero-point vibration energies (ZPVE).
Intrinsic reaction coordinate (IRC) calculations15 were also
performed to verify the expected connections of the first-order
saddle points with local minima found on the potential energy
surfaces. The geometries optimized at the B3LYP/6-31+G(d)
level were employed to carry out the single-point energy
calculations at the MP2/6-31+G(d) level. Numerical results
obtained for the base-catalyzed hydrolysis of methyl acetate in
gas phase indicate that the B3LYP/6-31+G(d) geometry opti-
mization followed by the MP2/6-31+G(d) single-point energy
calculation is adequate for studying the energy profile of the
ester hydrolysis.16 Further tests indicate that the energy change
from the individual reactants, methyl acetate and hydroxide, to
the first transition state calculated at the MP2/6-31+G(d)//
B3LYP/6-31+G(d) level is ∼0.3 kcal/mol larger than that
calculated at the MP2/6-31++G(d,p)//B3LYP/6-31++G(d,p)
level.

Solvent shifts of the energies were accounted for by perform-
ing self-consistent reaction field (SCRF) energy calculations
using the geometries optimized at the B3LYP/6-31+G(d) level

in gas phase. The energy barrier for reaction in aqueous solution
was taken as a sum of the energy change calculated at the MP2/
6-31+G(d)//B3LYP/6-31+G(d) level in gas phase and the
corresponding solvent shift determined by the SCRF calculations
at the HF/6-31+G(d) level.

The solute-solvent interaction can be divided into a long-
range electrostatic interaction and short-range nonelectrostatic
interactions (such as cavitation, dispersion, and Pauli repul-
sion).17 The dominant long-range electrostatic interaction was
evaluated by using the recently developed GAMESS18 imple-
mentation of the surface and volume polarization for electrostatic
interactions (SVPE).19 The SVPE model was sometimes also
called the fully polarizable continuum model (FPCM)20,21

because it fully accounts for both surface and volume polariza-
tion effects in the SCRF calculation. Because the solute cavity
surface is defined as a solute electron charge isodensity contour
determined self-consistently during the SVPE iteration process,
the SVPE results, converged to the exact solution of Poisson’s
equation with a given numerical tolerance, depend only on the
contour value at a given dielectric constant and a certain
quantum chemical calculation level.19 By seeking the best
overall agreement with experimental conformational free energy
differences (62 experimental observations) in various polar
solutes existing in various solvents, this single parameter value
has been calibrated as∼0.001 au.19b By seeking the best overall
agreement with experimental15N NMR chemical shifts (48
experimental observations) in various polar solutes existing in
various solvents, this single parameter value has been calibrated
as ∼0.002 au.19c Nevertheless, for both the experimental
conformational free energy differences and the NMR chemical
shifts, the SVPE results with the 0.002 au contour are very close
to the corresponding SVPE results with the 0.001 au contour.
Based on the fitting process employed in the calibration,19b the
root-mean-squares (rms) deviations of the 62 experimental
values for the conformational free energy differences from the
results calculated by SVPE method using the 0.001 and 0.002
au contours are 0.096 and 0.104 kcal/mol, respectively. The
rms deviations of the 48 experimental values for the NMR
chemical shifts from the results calculated by the SVPE method
using the 0.001 and 0.002 au contours are 2.6 and 2.3 ppm,
respectively.19c Obviously, the 0.001 and 0.002 au contours are
all acceptable for the SVPE calculations on the both kinds of
properties. Recent SVPE calculations22 on the base-catalyzed
hydrolysis of a series of carboxylic acid esters indicated that
the energy barriers determined by the SVPE calculations using
both the 0.001 and 0.002 au contours are all qualitatively
consistent with the corresponding experimental activation ener-
gies. The SVPE calculations using the 0.001 au contour slightly
and systematically underestimate the energy barriers, whereas
the differences between values from the SVPE calculations using
the 0.002 au contour and the corresponding average experi-
mental values for the examined esters are smaller than the range
of experimental values reported by different laboratories.
Besides, Bentley recently employed the minimum in the electron
density function between pairs of interacting molecules to
estimate molecular sizes and found that the molecular surfaces
identified by such a procedure are in excellent agreement with
the 0.002 au isodensity contour.23 So, the 0.002 au contour was
used in this study.

Finally, the contributions of short-range nonelectrostatic
interactions to the energy barriers were estimated by using the
polarizable continuum model (PCM)24 implemented in the
Gaussian 98 program25 with the default choices of the program
for the recommended standard parameters. The total solvent shift

Alkaline Ester Hydrolysis of Cocaine J. Phys. Chem. A, Vol. 105, No. 8, 20011297



was a sum of the long-range electrostatic interaction contribution
determined by the SVPE calculations and the total contribution
of the short-range nonelectrostatic interactions determined by
the PCM calculations.

Unless otherwise indicated, the Gaussian 9426 and Gaussian
9825 programs were used to obtain the present results. All of
the calculations in this work were performed on Silicon
Graphics, Inc. Origin 200 multiprocessor computers.

Results and Discussion

Geometries of Transition States and Intermediates.The
important geometries optimized at the B3LYP/6-31+G(d) level
for the base-catalyzed hydrolysis of neutral cocaine and three
model esters are depicted in Figures 1 and 2. Note that
throughout this paper the suffix “a” refers to CH3COOCH3, “b”
refers to (CH3)2CHCOOCH3, “c” refers to C6H5COOCH(CH3)2,
and “d” refers to cocaine. The reaction coordinate calculations
indicate that the mechanisms of the base-catalyzed hydrolysis
of the cocaine benzoyl-ester and methyl-ester groups are similar
to the usual two-step BAC2 route of hydrolysis of alkyl esters.7c,16

The first step is the formation of a tetrahedral intermediate by
the attack of hydroxide oxygen at the carbonyl carbon of cocaine
methyl-ester or benzoyl-ester group. The second step is the
decomposition of the tetrahedral intermediate to products
through breaking of the C-O bond between the carbonyl carbon
and ester oxygen.

For the cocaine benzoyl-ester hydrolysis, the nucleophilic
hydroxide ion can approach from the two faces, denoted by Re
and Si, of the carbonyl to form two stereoisomer tetrahedral
intermediates (S and R). The two transition state structures,
denoted by TS1d-Re and TS1d-Si, optimized at the B3LYP/
6-31+G(d) level for the two competing pathways of the first
step of the cocaine benzoyl-ester hydrolysis are depicted in
Figure 1, together with those optimized for the first step of the
hydrolysis of CH3COOCH3 (TS1a), (CH3)2CHCOOCH3 (TS1b),
C6H5COOCH(CH3)2 (TS1c), and the cocaine methyl-ester

(TS1d-Me). As one can see from Figure 1, all of the six
transition state structures for the first step are very similar to
each other as far as the position of the nucleophilic hydroxide
relative to the carbonyl. The distances between the hydroxide
oxygen and carbonyl carbon are 2.49-2.75 Å.

As the second step of the ester hydrolysis, the decomposition
of the tetrahedral intermediate requires a proton transfer from
the hydroxide/hydroxyl oxygen to the ester oxygen, while the
C-O bond between the carbonyl carbon and ester oxygen
gradually breaks. We examined two competing pathways for
the second step: one associated with the direct proton transfer
from the hydroxide/hydroxyl oxygen to the ester oxygen, and
the other associated with a water-assisted proton transfer.
Depicted in Figure 2 are the optimized geometries of the
transition state for the water-assisted proton transfer (TS2dW-
Me) during the cocaine methyl-ester hydrolysis, and the
transition states for the direct proton transfer (TS2d-Re) and
water-assisted proton transfer (TS2dW-Re) during the cocaine
benzoyl-ester hydrolysis initialized by the hydroxide attack from
the Re face. Also depicted in Figure 2 are the optimized
geometries of the tetrahedral intermediates INTdW-Me, INTd-
Re and INTdW-Re corresponding to transition states TS2dW-
Me, TS2d-Re, and TS2dW-Re, respectively. For the water-
assisted proton-transfer pathway involving transition state
TS2dW-Re (or TS2dW-Me), the water molecule hydrogen-
bonding with the ester oxygen in the tetrahedral intermediate
INTdW-Re (or INTdW-Me) gradually transfers a proton to the
ester oxygen through the hydrogen bond, while the hydroxide/
hydroxyl proton gradually transfers to the water oxygen.

Energy Barriers for the Formation of the Tetrahedral
Intermediates. The energy barriers determined for the ester
hydrolyses in aqueous solution are summarized in Table 1. The
total energy of the individual reactants, RCOOR′ + HO-, in
gas phase is about 14-26 kcal/mol higher than the first transition
state (TS1). Previously reported theoretical studies of the alkaline
hydrolysis of alkyl esters revealed that for the ester hydrolysis

Figure 1. Geometries of the transition states optimized at the B3LYP/
6-31+G(d) level for the first step of the hydrolysis of CH3COOCH3,
(CH3)2CHCOOCH3, C6H5COOCH(CH3)2, the cocaine methyl-ester, and
the cocaine benzoyl-ester. The internuclear distances are given in
angstrom.

Figure 2. Geometries of the second transition states and the cor-
responding tetrahedral intermediates optimized at the B3LYP/
6-31+G(d) level for the hydrolysis of the cocaine methyl-ester and
benzoyl-ester groups. The internuclear distances are given in angstrom.
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in gas phase, between the individual reactants and TS1, there
is a hydrogen-bonded reactant complex (denoted by HBR)16

whose energy is lower than TS1. Thus, the energy barrier for
the first step of the hydrolysis, i.e., the formation of the
tetrahedral intermediate, in gas phase is the energy change from
HBR to TS1. However, in aqueous solution various SCRF
calculations gave the same qualitative result that the individual
reactants are more stable than both TS1 and HBR, while HBR
is still more stable than TS1.21 It follows that in aqueous solution
the HBR structure is not stable, and the reaction goes directly
from the individual reactants to TS1. This is because the
interaction between solvent water and the individual reactants
is stronger than that between methyl acetate and hydroxide
anion. Hence, the energy barrier for the first step of the
hydrolysis in aqueous solution is the energy change from the
individual solvated reactants to the solvated first transition state
TS1. As shown in Table 1, the extremely large solvent shifts
of the energy barriers for the first step of the ester hydrolysis
are attributed mainly to the contributions of the long-range
electrostatic interactions between the solutes and solvent.

As one can see from Table 1, the solvent shift determined
for the first step of the hydrolysis of methyl acetate (the rate-
determining step) by the SVPE calculations at the MP2/6-31+G-
(d) level19d differs from the shift determined at the HF/
6-31+G(d) level by less than 0.2 kcal/mol. The calculated
energy barrier, 11.4 kcal/mol, is in good agreement with the
experimental determinations of activation energy, 10.45 or 12.2
kcal/mol, reported for the hydrolysis of methyl acetate in
aqueous solution.11,12

As seen in Table 1, the energy barrier, 7.6 kcal/mol, calcu-
lated for the first step of the cocaine benzoyl-ester hydroly-
sis through the hydroxide attack from the Re face of the car-
bonyl is∼1 kcal/mol lower than that through hydroxide attack
from the Si face. The energy barrier, 7.0 kcal/mol, calculated
for the first step of the cocaine methyl-ester hydrolysis, is
slightly lower than the lowest barrier, 7.6 kcal/mol, for the first
step of the cocaine benzoyl-ester hydrolysis. The energy barriers
calculated for the first step of the cocaine hydrolysis are all
significantly lower than the barrier for the first step of the
hydrolysis of methyl acetate. To understand the changes of the

calculated energy barriers from methyl acetate hydrolysis to
cocaine hydrolysis, below we compared the cocaine hydrolysis
with the hydrolysis of two other simplified cocaine models,
(CH3)2CHCOOCH3 and C6H5COOCH(CH3)2, representing the
cocaine methyl-ester and benzoyl-ester, respectively.

Methyl acetate, CH3COOCH3, is a minimal model of the
cocaine methyl-ester in which the twoâ carbon atoms for the
carboxylic acid moiety of the methyl-ester are all simplified as
hydrogen atoms. (CH3)2CHCOOCH3 is a slightly larger model
of the cocaine methyl-ester in which the twoâ carbon atoms
for the carboxylic acid moiety of the cocaine methyl-ester are
represented as methyl groups. Correspondingly, transition state
structures TS1a and TS1b may be regarded as two simplified
models of transition state structure TS1d-Me, as seen in Figure
1. The energy barrier, 8.0 kcal/mol, calculated for the (CH3)2-
CHCOOCH3 hydrolysis is 3.4 kcal/mol lower than that for the
CH3COOCH3 hydrolysis but matches cocaine methyl-ester
hydrolysis very well at only 1.0 kcal/mol higher. It follows that
substitution of the twoR hydrogen atoms in R with two methyl
groups significantly decreases the energy barrier for the first
step of the ester hydrolysis, and that further substitution of the
â hydrogen for the carboxylic acid moiety slightly decreases
the energy barrier. The significant decrease of the energy barrier
upon the substitution of the twoR hydrogen atoms in R with
two methyl groups may be attributed mainly to the stronger
C-H‚‚‚O hydrogen bond27 between the hydroxide oxygen and
one of theâ hydrogen atoms in the first transition state (TS1b
or TS1d-Me). The fact that the hydrogen bond with theâ
hydrogen is stronger than the hydrogen bond with theR
hydrogen is caused by the steric effect. In the transition state,
the â hydrogen is sterically more favorable than theR hy-
drogen to form a hydrogen bond with the hydroxide oxygen.
Thus, (CH3)2CHCOOCH3 is a reasonable model for the co-
caine methyl-ester. Similarly, C6H5COOCH(CH3)2 modeled the
cocaine benzoyl-ester in which the twoâ carbon atoms for the
alcohol moiety of the cocaine benzoyl-ester are represented
as methyl groups. Correspondingly, transition state structure
TS1c may be regarded as a model of transition state structure
TS1d-Re. The energy barrier, 8.8 kcal/mol, calculated for the
C6H5COOCH(CH3)2 hydrolysis is very close to that of the

TABLE 1: Energy Barriers (in kcal/mol) Calculated for the Base-Catalyzed Hydrolysis of Neutral Cocaine and Model Esters in
Aqueous Solutiona

solvent shiftc

reaction ∆E (gas)b electrostatic (SVPE) nonelectrostatic (PCM)e total energy barrier

CH3COOCH3

reactantsf TS1a -14.31 25.15 0.52 25.67 11.4f

[24.98]d

(CH3)2CHCOOCH3

reactantsf TS1b -14.05 20.97 1.05 22.02 8.0

C6H5COOCH(CH3)2

reactantsf TS1c -19.16 26.69 1.32 28.00 8.8

cocaine (methyl-ester)
reactantsf TS1d-Me -18.68 24.81 0.84 25.65 7.0
INTdW-Me f TS2dW-Me 2.51 2.51 -0.23 2.28 4.8

cocaine (benzoyl-ester)
reactantsf TS1d-Re -26.33 32.40 1.55 33.95 7.6
reactantsf TS1d-Si -22.99 30.26 1.25 31.51 8.5
INTd-Ref TS2d-Re 3.52 7.49 1.37 8.86 12.4
INTdW-Ref TS2dW-Re 2.16 1.32 -0.33 0.99 3.2

a All calculations used geometries optimized at the B3LYP/6-31+G(d) level in gas phase.b Energy change determined at the MP2/6-31+G(d)//
B3LYP/6-31+G(d) level in gas phase. The ZPVE corrections were made for all of the values.c Unless otherwise indicated, the solvent shifts were
determined by performing the SVPE and PCM calculations at the HF/6-31+G(d) level.d Values in brackets were determined by carrying out the
SVPE calculations at the MP2/6-31+G(d) level.e Total contribution of nonelectrostatic interactions between solute and solvent.f The corresponding
experimental activation energies reported for hydrolysis of CH3COOCH3 in aqueous solution: 10.45 kcal/mol (ref 11); and 12.2 kcal/mol (ref 12).
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cocaine benzoyl-ester (TS1d-Re) at only 1.2 kcal/mol higher.
Thus, C6H5COOCH(CH3)2 is a reasonable model for the cocaine
benzoyl-ester.

Energy Barriers for the Decomposition of the Tetrahedral
Intermediates. The energy barrier for the second step of the
cocaine hydrolysis, i.e., the decomposition of the tetrahedral
intermediate, is the energy change from the intermediate (INT)
to the second transition state (TS2), no matter whether the
hydrolysis occurs in gas phase or in aqueous solution. Since
the calculated energy barrier for the first step of the hydrolysis
associated with transition state TS1d-Re is lower than that
associated with transition state TS1d-Si, we considered the
whole reaction pathway, individual reactantsf TS1d-Ref
INTd-Re f TS2d-Re f individual products, only for the
cocaine benzoyl-ester hydrolysis involving the direct proton
transfer. The energy barrier, 12.4 kcal/mol, calculated for the
second step of the hydrolysis associated with transition state
TS2d-Re is 4.8 kcal/mol higher than the corresponding first step.
For the cocaine benzoyl-ester hydrolysis involving the water-
assisted proton transfer, the calculated energy barrier, 3.2 kcal/
mol, associated with transition state TS2dW-Re is 4.4 kcal/mol
lower than the first step. It follows that the direct participation
of the solvent water molecule in the proton-transfer process
decreases the energy barrier by 9.2 kcal/mol. This is why the
energy barrier for the second step of the hydrolysis involving
the water-assisted proton transfer is significantly lower, while
the energy barrier for the second step involving the direct proton
transfer is significantly higher, than the first step. Thus, the
reaction pathway involving the water-assisted proton transfer
should dominate the hydrolysis in aqueous solution. Similar
results were also obtained for the second step of the methyl
acetate hydrolysis.21

For the second step of the cocaine methyl-ester hydrolysis
involving the water-assisted proton transfer, the calculated ener-
gy barrier, 4.8 kcal/mol, associated with transition state TS2dW-
Me is also lower than the corresponding first step. So, with the
direct participation of the solvent water molecule in the proton-
transfer process, the first step of the hydrolysis in aqueous
solution should be rate-determining whether for the cocaine
benzoyl-ester hydrolysis or the cocaine methyl-ester hydrolysis.
This conclusion provides theoretical support to the design of
the analogues of the first transition state for the cocaine benzoyl-
ester hydrolysis to elicit anti-cocaine catalytic antibodies.5

Conclusion

A series of ab initio molecular orbital and density functional
theory calculations have been performed to examine the reaction
pathways and the corresponding energy barriers for the alkaline
hydrolysis of the cocaine benzoyl-ester and methyl-ester groups
and three model esters in aqueous solution. The reaction
coordinate calculations indicate that the mechanisms of the base-
catalyzed hydrolysis of both the benzoyl-ester and methyl-ester
groups of neutral cocaine are similar to the usual two-step BAC2
route of hydrolysis of alkyl esters. The first step is the formation
of a tetrahedral intermediate by the attack of hydroxide oxygen
at the carbonyl carbon of the cocaine methyl-ester or benzoyl-
ester. The second step is the decomposition of the tetrahedral
intermediate to products. The solvation calculations reveal the
importance of the solvent effects on the energy barriers and
indicate that the extremely large solvent shifts of the energy
barriers for the first step of the ester hydrolysis are attributed
mainly to the contributions of the long-range solute-solvent
electrostatic interactions.

The decomposition of the tetrahedral intermediate requires a
proton transfer from the hydroxide/hydroxyl oxygen to the ester

oxygen, as the C-O bond between the carbonyl carbon and
ester oxygen gradually breaks. We examined two competing
pathways for the second step of the cocaine hydrolysis: one
associated with the direct proton transfer from the hydroxide/
hydroxyl oxygen to the ester oxygen, and the other associated
with a water-assisted proton transfer. For the water-assisted
proton transfer pathway, the water molecule hydrogen-bonding
with the ester oxygen in the tetrahedral intermediate gradually
transfers a proton to the ester oxygen through the hydrogen
bond, while the hydroxide/hydroxyl proton gradually transfers
to the water oxygen. The energy barriers calculated for the
second step of the hydrolyses of the benzoyl- and methyl-ester
groups with water-assisted proton transfer are all lower than
the first step, whereas with direct proton transfer, the energy
barrier for the second step is higher. Thus, with the direct
participation of the solvent water molecule in the proton transfer
process, the first step of the hydrolysis in aqueous solution
should be rate-determining for both the cocaine benzoyl-ester
and methyl-ester groups. This conclusion strongly supports the
design of analogues of the first transition state for benzoyl-
ester hydrolysis that elicited anti-cocaine catalytic antibodies.

The energy barrier, 7.6 kcal/mol, calculated for the first step
of the cocaine benzoyl-ester hydrolysis through the hydroxide
attack from the Re face of the carbonyl is∼1 kcal/mol lower
than that through the hydroxide attack from the Si face. The
energy barrier, 7.0 kcal/mol, calculated for the first step of the
methyl-ester hydrolysis is slightly lower than that of the benzoyl-
ester.

Substituent effects on the energy barriers for the first step of
the ester hydrolysis have also been discussed. The energy barrier,
11.4 kcal/mol, determined by the same level of calculations for
methyl acetate, is in good agreement with the experimental
activation energy, 10.45 or 12.2 kcal/mol, reported for the base-
catalyzed hydrolysis of methyl acetate in aqueous solution.
Substitution of the twoR hydrogen atoms for the carboxylic
acid moiety with two methyl groups significantly decreases the
energy barrier for the first step of the ester hydrolysis, and that
further substitution of theâ hydrogen slightly decreases the
energy barrier. The significant decrease of the energy barrier
upon the substitution of the twoR hydrogen atoms with two
methyl groups may be attributed mainly to the stronger hydrogen
bond between the hydroxide oxygen and one of theâ hydrogen
atoms in the first transition state. Theâ hydrogen is sterically
more favorable than theR hydrogen for hydrogen bonding with
the hydroxide oxygen in the first transition state. Therefore, the
energy barrier, 8.0 kcal/mol, calculated for the first step of the
(CH3)2CHCOOCH3 hydrolysis is 3.4 kcal/mol lower than the
CH3COOCH3 hydrolysis, and is only 1.0 kcal/mol higher than
the cocaine methyl-ester hydrolysis. The transition state struc-
tures TS1b and TS1d-Me are significantly stablized by hydrogen
bonding between the hydroxide oxygen and theâ hydrogen.
Similarly, theâ hydrogen for the alcohol moiety is also sterically
more favorable than the correspondingR hydrogen for forming
a hydrogen bond with the hydroxide oxygen in the first transition
state. The energy barrier, 8.8 kcal/mol, calculated for the first
step of the C6H5COOCH(CH3)2 hydrolysis, is only 1.2 kcal/
mol higher than the corresponding cocaine benzoyl-ester hy-
drolysis.
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