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Abstract: Reaction mechanisms of the amide hydrolysis from the protonated, neutral, and deprotonated
forms of N-(o-carboxybenzoyl)-L-amino acid have been investigated by use of the B3LYP density functional
method. Our calculations reveal that in the amide hydrolysis the reaction barrier is significantly lower in
solution than that in the gas phase, in contrast with the mechanism for imide formation in which the solvent
has little influence on the reaction barrier. In the model reactions, the water molecules function both as a
catalyst and as a reactant. The reaction mechanism starting from the neutral form of N-(o-carboxybenzoyl)-
L-amino acid, which corresponds to pH 0-3, is concluded to be the most favored, and a concerted
mechanism is more favorable than a stepwise mechanism. This conclusion is in agreement with experimental
observations that the optimal pH range for amide hydrolysis of N-(o-carboxybenzoyl)-L-leucine is pH 0-3
where N-(o-carboxybenzoyl)-L-leucine is predominantly in its neutral form. We suggest that besides the
acid-catalyzed mechanism the addition-elimination mechanism is likely to be an alternative choice for
cleaving an amide bond. For the reaction mechanism initiated by protonation at the amidic oxygen (hydrogen
ion concentration H0 < -1), the reaction of the model compound with two water molecules lowers the
transition barrier significantly compared with that involving a single water molecule.

1. Introduction

Intramolecular catalysis has received much attention as the
basic model for enzyme catalysis and remains an active field.1-5

A crucial element of intramolecular models for enzyme catalysis
is the way in which the reacting catalytic and substrate groups
are held close together on the same molecule. The important
advantage over intermolecular catalysis is that the structure of
a system performing intramolecular catalysis, and in particular
the geometry of the interaction between functional groups, can
be fully defined. Studies on enzyme reaction mechanisms,
including intramolecular catalysis, are ideal for interdisciplinary
collaborations among biochemists, organic chemists, and physi-
cal chemists. The purpose of studying intramolecular systems
is to mimic and understand the various reaction mechanisms
by use of simple models that can provide insight into more
complicated enzyme catalytic mechanisms.

As models for hydrolytic enzymes, there has been consider-
able interest in the chemistry of intramolecular catalysis of amide
hydrolysis by the neighboring carboxyl group both theoreti-
cally6-14 and experimentally.15-26 Among experimental studies,

the recently synthesized molecules containing two carboxyl
groups,24,25 N-(o-carboxybenzoyl)-L-phenylalanine,N-(o-car-
boxybenzoyl)-L-leucine, andN-(o-carboxybenzoyl)-L-valine, are
especially interesting because they provide potential models for
the study of the catalytic mechanisms of aspartic proteinases.27

As shown experimentally,15-26 cyclization to the imide and
amide hydrolysis are the two main types of reactions. Imide
formation predominates under highly acidic conditions
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(H0 < -1), while amide hydrolysis is observed in theH0 >
-1 to pH 5. Possible reaction mechanisms have been proposed
on the basis of experimental studies.25

In our previous paper,28 we reported the results of a
computational study of the imide formation of the model
compound N-(o-carboxybenzoyl)-L-amino acid. The results
indicated that the reaction initiated by protonation at the oxygen
of the carboxyl group of the amino acid is favored, while those
initiated by deprotonation at the oxygen of the carboxyl group
of phthalic acid and at the amidic nitrogen are minor pathways.
These conclusions are in good agreement with the experimental
observations.25 In this paper, we report the amide hydrolysis of
our model compoundN-(o-carboxybenzoyl)glycine (see Scheme
1) using the same method. Possible mechanisms of amide
hydrolysis proposed on the basis of experimental evidence25 are
summarized in Scheme 2. In the range of hydrogen ion
concentrationH0 < -1, the proposed mechanism is1 f 2 f
3 f 4 f 5, in which the intermediates are cationic. At pH 0-3,
the routes are either1 f 6 f 7 (concerted mechanism) or1 f
8 f 6 f 7 and1 f 8 f 9 f 6 f 7 (stepwise mechanisms).
The intermediates are neutral or zwitterionic except for the
cationic species9. At pH 3-5, the route is1 f 10 f 11 f 12
f 13, in which the intermediates are anionic. To obtain further
insight into the reaction mechanism and reduce the computa-
tional cost, a theoretical study on the model compoundN-(o-
carboxybenzoyl)glycine has been carried out using density
functional theory.

2. Computational Methods

All geometry optimizations were performed with the B3LYP hybrid
density functional in conjunction with the 6-31G(d,p) basis set using
the Gaussian 98 suite of programs.29 The B3LYP functional is a
combination of Becke’s three-parameter hybrid exchange functional,30,31

as implemented in Gaussian 98,32 and the Lee-Yang-Parr correlation
functional.33 Harmonic vibrational frequencies and zero-point vibrational
energies (ZPVEs) were obtained at the same level of theory. Relative
energies were obtained by performing single-point calculations at the
B3LYP level with the 6-311G(2df,p) basis set using the above optimized
geometries and by including the zero-point vibrational energy, i.e.,
B3LYP/6-311G(2df,p)//B3LYP/6-31G(d,p)+ ZPVE. The entropy

contributions to the free energies at 298.15 K were derived from
B3LYP/6-31G(d,p) frequency calculations.

The Onsager34 and the conductor-like polarized continuum (CPCM)35

solvent models of the self-consistent reaction field approach have been
employed to investigate the solvent effect by treating the solvent as a
polarizable continuum with a dielectric constant and embedding the
solute molecule in a cavity of the dielectric continuum. The cavity
defined by the Onsager model is a fixed spherical sphere in the simplest
approximation, while the CPCM method defines a more realistic cavity
enabling a more accurate description of the solvent effects. Relative to
the Onsager model, the CPCM model provides more reliable
energies35,37-41 in solution.

Ideally, the geometry optimizations and frequency calculations and
single-point energy calculations should have been done using the CPCM
model. However, we encountered convergence problems in optimizing
several structures of this study, as also noted in the work of Vallet et
al.40 To overcome this problem, we obtained all the structures in solution
by using the Onsager method, which has been shown to be very reliable
and effective for geometry optimizations and frequency calculations.36

Thus, the solvent effect on the potential energy surface was investigated
by a hybrid approach of single-point calculations at the B3LYP/6-311G-
(2df,p) level using the CPCM model (denoted CPCM-B3LYP/6-311G-
(2df,p)) on the geometries obtained by using the Onsager model with
a dielectric constant of 78.39 at the B3LYP/6-31G(d,p) level (denoted
Onsager-B3LYP/6-31G(d,p)). The zero-point energy corrections ob-
tained from the Onsager-B3LYP/6-31G(d,p) frequency calculations are
included in the calculations of the relative energies in the solvation of
water, i.e., CPCM-B3LYP/6-311G(2df,p)//Onsager-B3LYP/6-31G(d,p)
+ ZPVE. The entropy contributions to the free energies in solution at
298.15 K were derived from Onsager-B3LYP/6-31G(d,p) frequency
calculations. All energies are in kJ mol-1.

3. Results and Discussion

The computed energy profiles are shown in Figures 1-10.
Figures 1-5 include only the ZPVE correction, while the
entropy contribution at 298.15 K is also included in Figures
6-10.

3.1. Reaction Mechanism 1f 2 f 3 f 4 f 5 of
ProtonatedN-(o-Carboxybenzoyl)-L-amino Acid (Hydrogen
Ion Concentration H0 < -1). In this route, two mechanisms
are studied. One is the reaction of the model compound with a
single water molecule, and the other is with two water
molecules. Of course, a looser transition state with more than
two water molecules may also be possible, but such a transition
state is difficult to locate at the present level of theory. Therefore,
in this paper we focus on the cases with one and two water
molecules only. We will use “a” to represent the conformers in
the case of a single water molecule and “b” to represent those
in the presence of two water molecules. In both cases, the initial
reactant1 has the same geometry. The protonation of1 gives2
(Scheme 2). The proton affinity of1 at the amidic oxygen is
940.9 kJ mol-1, indicating that the initial reactant1 can be
protonated easily.
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Scheme 1. Hydrolysis Reaction of the Model System of
N-(o-Carboxybenzoyl)glycine
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3.1.i. Hydrolytic Reaction with a Single Water Molecule.
In the gas phase (Figure 1), complex2a lies lower than2 +
H2O by 58.3 kJ mol-1. TSa has an energy of 154.6 kJ mol-1

relative to2 + H2O. Product3 and the separated system4 have
an energy of 21.8 and 33.8 kJ mol-1, respectively, compared
with 2 + H2O. In solution, the solvent raises the energies of
2a, TSa, and3 by 49.8, 41.5, and 24.0 kJ mol-1, respectively,
but lowers4 by 5.3 kJ mol-1. Clearly, the water molecule
participates in the reaction as a reactant.

3.1.ii. Water-Catalyzed Reaction with Two Water Mol-
ecules.To release the geometric tension of the four-membered
ring transition stateTSa, a second water may participate in the

reaction as a catalyst. From Figure 2, one can see that in the
gas phase2b lies lower than the separated system2 + 2H2O
by 89.5 kJ mol-1. The energy ofTSb is 78.1 kJ mol-1 higher
than2 + 2H2O. Product3b has a relative energy of-19.5 kJ
mol-1. The separated systems3 + H2O and4 + H2O lie higher
than 2 + 2H2O by 43.0 and 54.9 kJ mol-1, respectively. On
the other hand, in solution, the solvent has a significant influence
on the reaction. It increases the energies of2b, TSb, 3b, and
complex 3 + H2O by 81.0, 48.2, 63.0, and 14.1 kJ mol-1,
respectively, but lowers complex4 + H2O by 15.1 kJ mol-1.

Figures 1 and 2 indicate that the energy barrierTSb of the
reaction involving two water molecules is much lower than that

Scheme 2. Summary of the Experimentally Proposed Schematic Routes for Amide Hydrolysis

Figure 1. Schematic energy profile at 0 K for the route2 + H2O f 2a f
3 f 4 with a single water molecule involved in the amide hydrolysis. The
solid line represents the gas phase, and the dashed line represents the
solution.

Figure 2. Schematic energy profile at 0 K for the route2 + 2H2O f 2b
f 3b f 3 + H2O f 4 + H2O with two water molecules involved in the
amide hydrolysis. The solid line represents the gas phase, and the dashed
line represents the solution.

A R T I C L E S Wu et al.
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involving a single water molecule (TSa) for both the gas phase
and solution. For the former, the barriers from2b are 167.6 kJ
mol-1 in the gas phase and 134.8 kJ mol-1 in solution, while
for the latter the barriers from2a are 212.9 kJ mol-1 in the gas
phase and 204.6 kJ mol-1 in solution. This means that the
reaction involving two water molecules lowers the barrier
significantly and makes the reaction proceed easily. Water
functions not only as a solvent but also as a reactant and as a
catalyst.

The entropy-corrected energy profiles at 298.15 K show
similar patterns for both a single water molecule (Figure 6) and
two water molecules (Figure 7). For the latter case, the energy
barrierTSb in the entropy-corrected case is 192.4 kJ mol-1 in
solution (from2 + 2H2O) and 188.0 kJ mol-1 (from 2b) in the
gas phase as shown in Figure 7. These barriers are higher than

those in the ZPVE-only corrected case (134.8 kJ mol-1 in
solution and 167.6 kJ mol-1 in the gas phase from2b as shown
in Figure 2). The increase in energy barriers in the entropy-
corrected case for both the gas phase and solution is also
observed forTSa in the single water molecule case (Figures 1
and 6).

3.2. Reaction Mechanisms from NeutralN-(o-Carboxy-
benzoyl)-L-amino Acid (pH 0-3). There are several reaction
mechanisms for the C-N bond cleavage at pH 0-3. The
reaction may proceed through either a concerted mechanism1
f 6 f 7 (by C-O bond formation and simultaneous proton
transfer from the carboxyl group of the phthalic acid to the
amidic nitrogen, leading to C-N bond cleavage; see Scheme
2) or stepwise mechanisms1 f 8 f 6 f 7 (for which the first

Figure 3. Schematic energy profile at 0 K for the concerted mechanism1
f 6 f 7. The solid line represents the gas phase, and the dashed line
represents the solution.

Figure 4. Schematic energy profile at 0 K for the stepwise direct proton-
transfer mechanism1 f 8 f 6 f 7. The solid line represents the gas
phase, and the dashed line represents the solution.

Figure 5. Schematic energy profile at 0 K for the stepwise water-catalyzed
proton-transfer mechanism1a f 8a f 6a f 7a. The solid line represents
the gas phase, and the dashed line represents the solution.

Figure 6. Schematic energy profile at 298.15 K for the route2 + H2O f
2a f 3 f 4 with a single water molecule involved in the amide hydrolysis.
The solid line represents the gas phase, and the dashed line represents the
solution.

Amide Hydrolysis A R T I C L E S
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step of the reaction is the C-O bond formation and simultaneous
proton transfer from the carboxyl group of the phthalic acid to
the amidic oxygen1 f 8 followed by proton transfer from the
amidic oxygen to the amidic nitrogen8 f 6) and1 f 8 f 9
f 6 f 7 (for which the protonation of8 on the amidic nitrogen
to form 9 and the deprotonation of9 at the amidic oxygen to
form 6 proceed separately; i.e., no proton transfer occurs). In
the stepwise mechanism1 f 8 f 6 f 7, the proton transfer
from 8 to form 6 can be either direct (this corresponds to1 f

8 f 6 f 7, Figures 4 and 9) or through a water molecule (this
corresponds to1a f 8a f 6a f 7a, Figures 5 and 10). In fact,
all the above-mentioned mechanisms are the addition-elimina-

tion mechanism that is equivalent to the overall outcome of the
corresponding amide hydrolysis reaction.

In this part,TS1 in Figure 3 denotes the transition state in
the concerted mechanism1 f 6 f 7. In the stepwise mechanism
1 f 8 f 6 f 7, TS2 in Figure 4 denotes the transition state of
C-O bond formation and simultaneous proton transfer from
the carboxyl group of the phthalic acid to the amidic oxygen
between1 and8, andTS3 in Figure 3 denotes the direct proton
transfer between8 and6. In the stepwise mechanism1a f 8a
f 6af 7a, TS4 in Figure 5 denotes the transition state between
1a and 8a that is formed by water hydrogen-bonded to the
amidic oxygen ofTS2, andTS5 in Figure 5 denotes the proton
transfer through a water molecule between8a and6a.

3.2.i. Concerted Mechanism 1f 6 f 7. From Figure 3,
one can see that the solvent significantly lowers the reaction

Figure 7. Schematic energy profile at 298.15 K for the route2 + 2H2O
f 2b f 3b f 3 + H2O f 4 + H2O with two water molecules involved
in the amide hydrolysis. The solid line represents the gas phase, and the
dashed line represents the solution.

Figure 8. Schematic energy profile at 298.15 K for the concerted
mechanism1 f 6 f 7. The solid line represents the gas phase, and the
dashed line represents the solution.

Figure 9. Schematic energy profile at 298.15 K for the stepwise direct
proton-transfer mechanism1 f 8 f 6 f 7. The solid line represents the
gas phase, and the dashed line represents the solution.

Figure 10. Schematic energy profile at 298.15 K for the stepwise water-
catalyzed proton-transfer mechanism1a f 8a f 6a f 7a. The solid line
represents the gas phase, and the dashed line represents the solution.

A R T I C L E S Wu et al.
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barrier. In the gas phase, it costs 116.0 kJ mol-1 to form6 from
1, while in solution, only 55.2 kJ mol-1 is required to make the
reaction occur. This means that in solution the energy barrier
TS1drops to one-half of that in the gas phase. For6, the energy
in solution is 9.1 kJ mol-1 higher than in the gas phase, while
for the separated system7, the solvent lowers the energy by
10.8 kJ mol-1. In this part, it is clear that the C-N bond is
cleaved by an elimination mechanism caused by the intra-
molecular C-O bond formation and a simultaneous proton
transfer from the carboxyl group of phthalic acid to the amidic
nitrogen.

The entropy-corrected energy profile at 298.15 K (Figure 8)
shows the same pattern. The energy barrierTS1 is about 6 kJ
mol-1 higher than that in the ZPVE-only corrected case for both
phases.

3.2.ii. Stepwise Mechanism 1f 8 f 6 f 7 of Direct
Proton Transfer. In the gas phase, the first barrier to overcome
TS2 is 95.1 kJ mol-1 (Figure 4). After the formation of the
C-O bond and the simultaneous proton transfer from the
carboxyl group of phthalic acid to the amidic oxygen, inter-
mediate8 is formed.8 lies higher than the initial reactant1 by
54.1 kJ mol-1. For the direct proton transfer, the energy ofTS3
is 176.1 kJ mol-1 higher than that of1, and the reaction proceeds
to give product6 with a relative energy of 13.6 kJ mol-1. The
separated system7 lies higher than1 by 26.6 kJ mol-1.

In solution, the first energy barrierTS2 drops significantly
(by 57.1 kJ mol-1) compared with that in the gas phase. It only
costs 38.0 kJ mol-1 to form intermediate8. For the subsequent
direct proton transfer, the relative energy ofTS3 in solution is
12.7 kJ mol-1 lower than in the gas phase compared with1.

The entropy-corrected profile at 298.15 K shows a similar
pattern (Figure 9). The energy barriersTS2 andTS3 are only
slightly increased compared with those in the ZPVE-only
corrected case (Figure 4). On the basis of our calculation, it is
clear that the stepwise mechanism1 f 8 f 6 f 7 is not
competitive with the concerted mechanism1 f 6 f 7 for both
the gas phase and solution.

3.2.iii. Stepwise Mechanism 1af 8af 6af 7a of Proton
Transfer through a Water Molecule. In this mechanism, the
proton transfer from8 to form 6 occurs via a water molecule
(Scheme 2); that is, the water molecule functions as a catalyst.

For the ZPVE-only corrected case (Figure 5), it can be seen
thatTS4 is 97.5 kJ mol-1 higher than1a in the gas phase, while
in solution it drops significantly, having a relative energy of
50.3 kJ mol-1 compared with1a. After the C-O bond formation
and simultaneous proton transfer from the carboxyl group of
the phthalic acid to the amidic oxygen, the intermediate8a is
formed, which lies higher than the initial reactant1a by 32.0
kJ mol-1 in the gas phase and 25.8 kJ mol-1 in solution. For
proton transfer through a water molecule,TS5 has a relative
energy of 97.0 kJ mol-1 in the gas phase, which is nearly the
same as that ofTS4, and 88.4 kJ mol-1 in solution, which is
38.1 kJ mol-1 higher than that ofTS4. This indicates that the
transition barrierTS4 drops significantly because of solvent
effects. The reaction proceeds to give product6a, which has an
energy of 5.0 kJ mol-1 in the gas phase and 24.6 kJ mol-1 in
solution compared with1a. The separated system7a lies higher
than1a by 55.3 kJ mol-1 in the gas phase and 19.0 kJ mol-1 in
solution.

For the entropy-corrected case at 298.15 K (Figure 10),TS4,
8a, andTS5 are raised a little compared with the ZPVE-only
corrected case (Figure 5), while6a and7a drop. In particular,
the separated system7a drops significantly, having an energy
of -31.6 kJ mol-1 in the gas phase and-75.8 kJ mol-1 in
solution compared with1a, while in the ZPVE-only corrected
case7a is higher than the initial reactant1a for both phases
(Figure 5).

From our previous results, it is known that to form6 from 8
in the stepwise mechanism1 f 8 f 6 f 7, 122.0 kJ mol-1

(TS3) is required in the gas phase and 128.1 kJ mol-1 in solution
(Figure 4), while it only costs 65.0 kJ mol-1 (TS5) in the gas
phase and 62.6 kJ mol-1 in solution if proton transfer occurs
through a water molecule (8a f 6a in Figure 5). On the other
hand, compared with the initial reactant,TS5 (97.0 kJ mol-1

in the gas phase and 88.4 kJ mol-1 in solution, Figure 5) is
also much lower thanTS3 (176.1 kJ mol-1 in the gas phase
and 163.4 kJ mol-1 in solution, Figure 4). This indicates that
the transition barrier is significantly lowered if a water molecule
participates in the proton-transfer reaction as a catalyst. Once
again, water acts as both a solvent and a catalyst.

It is also interesting that in the gas phase the transition barriers
of the concerted mechanism1 f 6 f 7 for both the ZPVE-
only corrected case (116.0 kJ mol-1 in Figure 3) and the entropy-
corrected case at 298.15 K (121.9 kJ mol-1 in Figure 8) are
competitive with the stepwise mechanism of proton transfer
through a water molecule1a f 8a f 6a f 7a becauseTS4
andTS5of the proton transfer through a water molecule is 97.5
and 97.0 kJ mol-1, respectively, for the ZPVE-only corrected
case (Figure 5) and 111.0 and 117.6 kJ mol-1, respectively, for
the entropy-corrected case at 298.15 K (Figure 10) compared
with the initial reactant1a. However, in solution the concerted
mechanism (with transition barrier 55.2 kJ mol-1 for the ZPVE-
only corrected case in Figure 3 and 61.1 kJ mol-1 for the
entropy-corrected case at 298.15 K in Figure 8) is preferred
becauseTS5 has an energy of 88.4 kJ mol-1 for the ZPVE-
only corrected case (Figure 5) and 100.6 kJ mol-1 for the
entropy-corrected case at 298.15 K (Figure 10) compared with
1a (althoughTS4 is competitive withTS1). This indicates that
solvent effects play an important role in biological systems, as
in the model systems of this study, and that conclusions based
on only gas-phase calculations may be misleading. Therefore,
our conclusion is that, compared with the concerted mechanism
1 f 6 f 7, the stepwise pathways including proton transfer
through a water molecule are still less favorable.

It is apparent that for the transition states of the proton
transfer, TS3 and TS5 (either directly or through a water
molecule), the solvent has little influence on the energy barriers.
The barrier in solution is only slightly lower than in the gas
phase.

3.2.iv. Stepwise Mechanism 1f 8 f 9 f 6 f 7. For this
route, the first step1 f 8 is identical to the results shown in
Figures 4 and 9. Then (see Scheme 2)8 can be protonated at
the amidic nitrogen to form9 with a proton affinity of 908.2 kJ
mol-1. It costs 851.0 kJ mol-1 to deprotonate at the amidic
oxygen of 9 to form 6. This mechanism is also possible in
biological processes.

In brief, the concerted mechanism is more favorable than the
stepwise mechanisms for pH 0-3. This conclusion is in
agreement with experimental observations25 that the optimal pH

Amide Hydrolysis A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 23, 2003 6999



for amide hydrolysis ofN-(o-carboxybenzoyl)-L-leucine lies
between 0 and 3 whereN-(o-carboxybenzoyl)-L-leucine is
predominantly in its neutral form. Compared with direct proton
transfer, the transition barrier will be significantly lowered if a
water molecule participates in the proton-transfer reaction as a
catalyst.

3.3. Reaction Mechanism 1f 10 f 11 f 12 f 13 of
DeprotonatedN-(o-Carboxybenzoyl)-L-amino Acid (pH 3-5).
For the first step of the reaction, structure11 (Scheme 2) was
not obtained in our calculations because no C-O bond was
formed. Therefore, further study at pH 3-5 is needed both
experimentally and theoretically.

4. Conclusions

Reaction mechanisms of the amide hydrolysis from the
protonated, neutral, and deprotonated forms of a model system
(N-(o-carboxybenzoyl)glycine) have been investigated by use
of the B3LYP density functional method.

Our calculations reveal that, in contrast with the mechanism
for imide formation in which the solvent has little influence on
the reaction barrier, in the amide hydrolysis the energy barrier
is significantly lower in solution than in the gas phase. In the
model reactions, water molecules function both as a catalyst
and as a reactant. The reaction mechanism starting from the
neutral form of N-(o-carboxybenzoyl)-L-amino acid, which
corresponds to pH 0-3, is concluded to be the most favored.
Also, the concerted mechanism1 f 6 f 7 is more favorable
than the direct proton-transfer stepwise mechanism (1 f 8 f
6 f 7) and the alternative mechanism of proton transfer through
a water molecule (1a f 8a f 6a f 7a). This conclusion is in

agreement with experimental observations that the optimal pH
for amide hydrolysis ofN-(o-carboxybenzoyl)-L-leucine is pH
0-3 whereN-(o-carboxybenzoyl)-L-leucine is predominantly
in its neutral form. We suggest that besides the acid-catalyzed
mechanism, the addition-elimination mechanism is likely to
be an alternative choice for cleaving an amide bond. For the
reaction mechanism initiated by protonation at the amidic
oxygen (corresponding to hydrogen ion concentrationH0 < -1,
1 f 2 f 3 f 4 f 5), two mechanisms were studied. One is
the reaction of the model compound with a single water
molecule, and the other is with two water molecules. The
calculations show that the reaction of the model compound with
two water molecules lowers the transition barrier significantly
relative to that with a single water molecule. Finally, the reaction
pathway starting from deprotonation at the carboxyl group of
the phthalic acid (pH 3-5, 1 f 10 f 11 f 12 f 13) has not
been located and needs to be studied further.

For the hydrogen ion concentrationH0 < -1, the solvent
raises the transition state, while at pH 0-3, the transition state
is lowered. For the transition statesTS3 andTS5 of the proton
transfer (either direct or through a water molecule) at pH 0-3,
the solvent does not have much influence on the reaction barrier.

The energy profiles at 0 K show a pattern similar to those at
298.15 K for both phases.
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