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Acid catalyzed hydrolysis of 1-phenoxyethyl propionate, I, has been studied using the PM3 method in the gas
phase. The first step of the reaction is the protonation of basic sites, three different oxygens in I, producing
three protonated species II, III and IV. All possible reaction pathways have been studied from each protonated
structure. Changes in the reaction mechanisms have also been discussed from the results obtained by varying a
nucleophile from a water monomer to a water dimer to a complex between one water molecule and an
intermediate product {propionic acid or phenol) produced in the preceding unimolecular dissociation processes.
Minimum energy reaction pathway is 2-W among the possible pathways, in which water dimer acts as an
active catalyst and therefore facilitates the formation of a six-membered cvclic transition state. Lower barrier of
2-W is ascribed to an efficient bifunctional catalytic effect of water molecules. PM3-SM3.1 single point
calculations have been done at the gas-phase optimized structure (SM3.1/PM3//PM3) to compare theoretical

results to those of experimental work.

Introduction

Alkanoates have two special functional groups, ester and
actetal, and the hydrolysis of the alkanoates has been
studied extensively due to the mechanistic importance of
this compound as an intermediate of the enzymic reactions.*
Mechanistic studies on the hydrolysis of alkanoates have
been done experimentally under the acidic, basic, and
neutral conditions.” Especially, hydrolysis reactions of ester
functional group in acidic or basic condition are known to
be fast and these are classified into 8 different reaction
mechanisms.® Under the acidic condition, the reaction is
classified into two different modes - acyl and alkyl bond
cleavages. The reactions are classified as A -1 or A2 in
the former case, and as A, 1 or A,2 in the latter case
depending on the number of molecule involved in the rate
determining steps.

R. A. McClelland reported that the unimolecular
mechanism is favorable in the case of acyclic system from
the studies on the hydrolysis of cyclic and acyclic systems.*
R. A. Cox and K. Yates proposed an A-1 mechanism from
the p values obtained by varying the concentration of acid
under the dilute acid.®

Recently C. D. Hall and C. W. Goulding carried out an

*Author to whom comespondence should be addressed.

experimental study on the acid-catalyzed hydrolysis of 1-
aryloxyethyl alkanoates (see eq. 1)." Products of the
reaction are a carboxylic acid, an aidehyde and an alcohol.
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In their study, reaction mechanism was interpreted from the
rate constants obtained under strong acidic {(low pH) and
strong basic (high pH) conditions and substituent effects of
aryl ring and O labelling experiments.” The reactions are
proposed to proceed through different mechanisms
depending on the pH of the reaction medium. In acidic
region, the reaction proceeds through an A-1 mechanism
(Aa-1) involving predissociation of a carbonium ion and
subsequent attack by water. In basic condition, the
mechanism is B,2 and in the neutral region, the reaction is
A,c2 mechanism which involves a nucleophilic attack of
water molecule to the carbonyl group.**

In this study, computational method was used to interpret
the complex mechanism of 1-phenoxyethyl alkanocate, I. In
basic media, a tetrahedral intermediate can be easily formed
by the addition of hydroxide ion to the carbonyl group
without reaction barrier, and this mechanism has been
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proved in many cases.' On the other hand, a zwitterion®
will result from the neutral hydrolysis of alkanoate, but the
intermediate is not stable in the gas phase due to the charge
separation. We, therefore, only considered an acid-catalyzed
hydrolysis mechanism of I in this study.

Calculations

Semi-empirical method has been used in this study due to
the size of the reaction system and the complexity of the
reaction mechanisms. PM3 method” was selected in order
to consider a hydrogen bond between reacting species
properly. Mopac package (version 6.0)" implemented on
the IBM RISC 6000 workstation has been used throughout
the calculations.

Reactants, intermediates and products were optimized
using the energy gradient method."™ In order to find a
transition state (TS), several structures have been calculated
by fixing an important geometrical parameter as a reaction
coordinate and a transition state was located using the TS
option starting from the highest energy structure.” All
stationary points were verified by the force calculations: all
positive frequencies and one imaginary frequency for the
ground state and TS, respectively.

Since I has three basic oxygen atoms, three protonated
structures were considered in the calculations: II
(protonated on carbonyl oxygen), III {protonated on ether
oxygen) and IV (protonated on phenolic oxygen). All
possible reaction pathways were calculated from each
protonated structure. The reactions could be classified into
three mechanisms depending on the species involved in a
nucleophilic step - a water monomer (mechanism 1) shown
in Scheme 1, a water dimer {mechanism 2), and a complex
between a water and an intermediate product formed from
the dissociation of protonated species (mechanism 3).
Additional molecule(one water, labelled W or intermediate
product, labelied P) was introduced in mechanisms 2 and 3
to find out all possible pathways as well as the minimum
energy reaction pathway. This cooperative mechanism is
known to have a lower activation energy compared to that
of an uncatalyzed mechanism.'
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In mechanism 1, four different pathways are possible and
in mechanisms 2 and 3, only three pathways are possible.
This is because a six-membered cyclic TS is possible from
V in mechanism i and a larger cyclic TS which invalves
additional molecule would not be feasibie in mechanisms 2
and 3. The other three pathways in all mechanisms could
be divided into three discrete steps. First step is an
unimolecular dissociation (UD)} of protonated species, II,
III or IV. Second step is a nucleophilic addition (NA) of
water (ar a water analogue) to a carbonium ion and the last
step is a proton transfer (PT) from the nucleophile to a
leaving group and concomitant cleavage of a leaving group.
In the case of PT in water catalytic pathways, twa TSs -
proton transfer from the attacking water to a solvating water,
W, and subsequent proton transfer to the leaving group -
were located due to the existence of H,0% as a stable
molecule in the reaction path. To simplify the reaction
profiles only the highest energy TS was used.

AMSOL program (version 5.0)"*' has been used to
include the solvent effects qualitatively because an
additional water molecule is not enough to interpret the
medium effect on the hydrolysis reactions. AMSOL
calculations could be done in two different ways - single
point and optimization calculations. In the former, solvation
energies were calculated using the gas-phase optimized
structures and in the latter, all structures were reoptimized
in water medium. However, structure reoptimization was
not possible due to the size and complexity of the reactions
and even with reoptimization, it still causes problems of
evaluating force constants.”™ We have shown that results
from the single point calculation did give negligible
deviation (< 3%) from those of the optimization calcuation.™
Therefore, single point calculations were performed at the
gas-phase optimized structures (SM3.1%/PM3//PM3) in this
study.

Since the error in the heat of formation of H* is very
large (-12.1 kcal/mol)'™ in the gas phase and is unknown in
solution phase, H;O" is used as a proton source {(error : 20,2
keal/mol (gas)'™, 1.2 kcal/mol (solution)”). Therefore, the
energy profiles for mechanisms 1 and 2 were drawn from
the heats of formation of the species shown in eq 2,
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Results and Discussion

Hydrolysis of the protonated species is divided into three
different mechanisms depending on the nucleophiles
involved in the second stage of the reaction.

Mechanism 1: reactions with one water molecule
in the gas phase. Reactant, I, and possible reaction
pathways from three protonated species, IL, III and IV
were depicted in scheme 1. Two pathways are possible
from IL In the first pathway, a water molecule attacked
positive carbon centrer and subsequent 1,5-(0,0)-H transfer
(T81) from water to phenolic oxygen atom formed the final
products - propionic acid, phenol, and acetaldehyde.
Pathway 2 consists of three steps: unimolecular O-aikyl
cleavage of II (TS2) forming a propionic acid and VI
followed by the nucleophilic addition (TS3) of H,O forming
VII and the final products were formed via an 1,3-(0,0)-H
shift(TS4). First step of the pathway 3 is a unimolecutar O-
alkyl cieavage (TS5) of III forming the same products
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Table 1. PM3 optimized heats of formation” of various species
in the gas phase and in solution.””

Mechanism 1 Mechanism 2°  Mechanism 3°

gas  solution gas solution gas  solution
1 -6.13  -114.72
il -47.45 -110.40
1| -28.16 -88.92
v -30.58 -91.00
A% -54.86 -110.79
VI -48.39 11236 -51.88 -113.23 -4839 -110.62
VII  -3649 -10560 -52.35 -117.93 -48.77 -112.80
VII 3580 -111.77 -4591 -107.60 -46.07 -106.44
1X -33.86 -109.48 -49.80 -115.73 -48.61 -110.98
TSI -3239  -84,01
TS2  -4402 -101.19
TS3  -3533 -109.29 -48.50 -111.63 -44.11 -108.06
TS4  -13.58 -89.31 -41.03 -10197 -3515 -87.55
TS5  -27.88 -87.62
TS6  -30.12 -90.74
T87 3221 -106.35 -43.86 -105.74 -44.00 -103.57
TS8 -9.48  .83.83 -3941 -9733 3323 -86.85

“in kcal/mol. Values not shawn in the table are the same as those
in Mechanism 1. "Sum of heat of formation (AH;) and solvation
free energy (AG,,). “W should be added to the label of each struc
ture. “P should be added to the iabel of each structure.

w —

TS8 OM—@ (vim

Figure 1. Geometries of stationary points involved in mechanism 1. Bond lengths are in A and angles in degree.
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produced in the first step of pathway 2 and thus the rest of
the steps should the same as those of pathway 2. In the
case of IV, VIII and phenol are formed by the
unimolecular dissociation (TS6) followed by addition of
H,0 (TS7) and 1,3-(0,0)-H shift (TS8). PM3 heats of
formation are summarized in Table 1 and optimized
structures for mechanism 1 are shown in Figure 1. Note
that VI and VIII refer to a complex between a carbonium
ion and water. Heats of formation shown in Table 1 require
special attention. If a stationary point consists of one
molecule, the value shown in Table 1 corresponds to the
heat of formation of that molecule. If several molecules are
involved, the value refers to the sum of all species. For
example, -48.39 kcal/mol (V) is actually sum of the heats
of formation of VI-H,O and ethanoic acid. This enables us
to compare the heats of formation directly from the values
shown in Table 1.

Since three pathways had similar steps in common, it
would be interesting to check the geometrical features all
together. In the UD steps, the cleaving C-O bond length
changes from 1.5 A~1.6 A to 1.7 A~1.9 A(TS2, TS5 and
TS6). In the NA step, bond length between an oxygen atom
of water and the carbonimum centre is 1.63 0;\ (TS7)~1.74 A
(TS3) at the TS and decreases to 1.5 A~1.6 A in the
products. Moving protons in the PT TSs are almost equally
located between both oxygen atoms (1.4 A at TS4 and 1.3
A at TS8). In the first pathway, however, V is a loose
comelex between II and H.O with C---O bond length of 2.
96 A and TSI is a chair-like 6-membered TS with the
moving H located in the middle of both oxygen atoms.
Notice that the O-H bond lengths (1.2 A) in TSI are
considerably shorter than those in TS4 or TSS8.

Using the computational results from Table 1, energy
profile for the formation of final products from four
different pathways is depicted in Figure 2. Protonation of 1
in the gas phase is exothermic irrespective of the product
cations and protonation to the carbonyl oxygen produces
the most stable cation, II. Activation energies of four
pathways were calculated starting from the stable structure
of each elementary step. In pathway 1, V was formed from
I without any barrier and the activation energy to the
products is ca. 22 kcal/mol from V. In pathway 2, three
TSs corresponding to the UD, the NA and 4-membered PT
were identified and each step requires 3.4, 13.1 and 22.9
kcal/mol, respectively. In pathway 3, UD of C-O bond
requires only 0.3 kcal/mol and the activation energies for

AH;
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Reaction Coordinate
Figure 2, Potential energy profile of mechanism 1.
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the remaining steps are the same as those in pathway 2. In
pathway 4, same numbers of TSs were located as pathway 2
and each step requires (.5, 3.6 and 24.4 Kkcal/mol,
respectively. We can easily find that the activation barriers
for the PT steps are higher than those for the UD or the
NA steps.

Mechanism 2: reactions with water dimer in the
gas phase. Several different species can exist in water™
and the simplest one - water dimer - is considered in the
calculation. PM3 method was selected because the
structural feature of a linear O-H----O bond is well
represented using this method.™ Water dimer is used in
mechanism 2 because the rate determining steps in
pathways 2~4 are the 4-membered PT steps and these
higher activation barriers could be lowered by forming a
larger cyclic TS with the aid of additional water motecule.
Catalytic effect by water dimer could be classified into ta 2
classes - active and passive catalyses. In the former case, an
additional water can help to form a strain-free cyclic TS
and in the latter case, it can lower the energy barrier by
dispersing positive charges developed at the TS. In
mechanism 2 we can easily observe both catalyses - active
in the PT steps and passive in the NA steps.

PM3 optimized structures and potentiat energy profile are
shown in Figures 3 and 4, respectively. In order to specify
the involvement of an additional water molecule, W is
added to the nomenclature, for example, pathway 1 is
labeiled pathway 1-W and TS2 is labeiled TS2-W. As
mentioned earlier, pathway 1-W is not considered in the

2,000 ¢
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1.761 ¢ » 7
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b — ¢ L s Products
@,g 1716 1239
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VI-W

VEL-W TS7-W

Products

Figure 3, Geometries of stationary points involved in
mechanism 2. Bond lengths are in A and angles in degree.
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Figure 4. Potential energy profile of mechanism 2.

catalytic pathway, In pathway 2-W, the UD step did not
change from pathway 2. The heat of formation of VI-W is
ca. 3.5 kcal/mol lower than that of VI+ H.O, which comes
from the dimerization energy of water dimer, suggesting
little change in the structural parameters. In fact, C---O
bond length was shortened by 0.2 A and the remaining
parameters did not change much. However, W played an
important role in the NA step. TS3-W is cu. 13 kcal/mol
lower than TS3 and the forming C--O bond becomes longer.
This effect comes from the charge dispersal by the W. For
example, group charge of the nucleophilic water decreases
from 0.27 (TS3) to 0.10 (TS3-W). This is an example of
passive catalysis by one water molecule. In the case of the
PT step, energy lowering from TS4 to TS4-W is much
greater, ca. 27 kcal/mol, which is strong evidence for active
catalysis by reducing the ring strain of TS4. Geometrical
changes for pathway 4-W were similar to those for pathway
2-W. Similarly, the barrier for the PT step decreases by ca.
30 kecal/mol while the barrier for the NA step decreases
only by 12 kcal/mel.

Mechanism 3: reactions involving intermediate
products in the gas phase. In pathways 2 (and 3) and
4, propionic acid and phenol are formed as an intermediate
products, respectively, and they can act as a bifunctional
catalyst due to the presence of an O-H group like H,O. In
order to include this possibility, propionic acid or phenol
(labelled P) was used instead of W in pathways 2-P (and 3-
P) and 4-P, respectively. Optimized structures and energy
profile are depicted in Figures 5 and 6, respectively. Since
the UD steps did not change and final two steps of pathway
3-P are the same as those of pathway 2-P, we only
considered two pathways - pathways 2-P and 4-P. P could
lower the activation energies in the NA steps by charge
dispersal and in the PT steps by reducing the ring strain
similar to the catalytic effects found in mechanism 1.
Comparison with mechanism 2 shows that the activation
energy did not change much in the NA steps, but it did
increase from 11.3 kcal/mo! (2-W) to 14.6 keal/mol (2-P)
and 10.4 kcal/mol {4-W} to 15.4 kcal/mol (4-P} in the PT
steps. This suggests that P can act as an electron acceptor
not as an efficient bifunctional catalyst.

Minimum energy reaction pathway in the gas
phase. Acid-catalyzed hydrolysis of I can proceed
through several different pathways. In mechanism 1,
pathway 1 is the most favourable because the other
pathways have higher energy intermediates and 4-

1e8.0(gf 1187

F1s02

"%M .

Products

Products

Figure 5. Geometries of stationary points involved in
mechanism 3. Bond lengths are in A and angles in degree.
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Figure 6, Potential energy profile of mechanism 3.

‘membered TSs. This is in quite contrast to the experimental

results by C. D. Hall® In order to improve computational
method, mechanisms involving an additional molecule (W
or P) as a catalyst were also investigated. W is much better
catalyst than P because of the amphateric nature of water
molecule. Comparison of activation energies shows that
pathway 2-W (or 3-W) is the lowest energy pathway.
Pathways 2 and 3 start from two different cations, IT and
IIT, respectively, and proceed through the same steps after
the UD step. Since the former is formed by the protonation
on carbonyl oxygen and the latter by the protonation on
ether oxygen, they will have different stability. In fact,
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Figure 7. Potential energy profile of mechanism 2 using the
SM3.1/PM3//PM3 method.

Table 1 shows that Il is more stable than IIl by 19 kcal/
mol. This means that the minimum energy reaction pathway
from 1 in the gas phase is pathway 2 which proceeds
through carbonium ion II. Rate determining step is the 6-
membered PT TS (TS4-W). However, this result is not
consistent with experimental one - the hydrolysis proceeds
through A, -1 mechanism with O-C cleavage step as a rate
determining step. This discrepancy could come from the
fact that the PT is fast in solution but slow in the gas phase.

Reactions in solution: SM3.1 study. Single point
calculations using PM3-SM3.1 have been performed at the
gas-phase optimized pgeometries. Sum of the heat of
formation and solvation free energy for each structure is
also summarized in Table 1 and potential energy profile for
pathway 2 is depicted in Figure 7. The largest difference
between two media is that the protonation step is
exothermic in solution phase. This comes from the fact that
solvation free energy of a proton (AG,,= — 258 kcal/mol at
PM3-SM3.1) is much greater than those of other species
involved in the reactions, and thus enables us to discuss the
hydrolysis in solution qualitatively. Stability of the initial
cations in solution decreases in the order of II>IV >IIl,
which is the same order what was found in the gas phase.
The PT steps in solution still have the highest activation
barrier, which is the same trends found in the gas-phase
results. In mechanism 1, pathway 2 is the lowest energy
pathway and this is in contrast to the gas-phase result.
Proton transfer step, TS4, is the rate determining step in
mechanism 1.

No changes were observed in the stability of cations
formed in the first steps and also in the rate limiting step in
mechanism 2. Most favorable pathway is pathway 2,
However, the energy difference between TS2 and TS4-W is
negligibly small (0.2 kcal/mol) which is a good indication
that two steps are competitive in solution. In mechanism 3,
similar trends were also found.

Conclusion

Following results have been observed from the
hydrolyses of 1-aryloxyethyl alkanoate in gas- and solution
phases. :

(1) In the gas-phase reaction, pathway 2-W is the
minimum energy reaction path and the step through TS4-W
is rate limiting, In solution phase reaction, pathway 2-W is
also MERP and the UD and the PT steps are competitive.

Chan Kyung Kim et al.

(2) Protonation step is endothermic in the gas phase, but
exothermic in water solution. Changes in reaction enthalpy
also affect the stabilities of the transition states as well as
intermediate products.

(3) Inclusion of an addition molecule (W or P) lowers the
activation energies by dispersing the positive charge
(passive catalysis) or reducing the ring strain (active
catalysis) of the TS. The catalytic effect is at maximum in
the case of mechanism 2.

(4) Stability of the cations generated from I decreases in
the order of IH>IV>III and this is in accord with the
experimental finding of easy protonation on carbonyl
oxygen.
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