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Ab initio molecular orbital calculations were carried out to study reaction pathways and evaluate energy barriers
for alkaline hydrolysis of O,O-diethyl p-nitrophenyl phosphate (paraoxon), diisopropyl phosphorofluoridate
(DFP), O-isopropyl methylphosphonofluoridate (sarin), O-pinacolyl methylphosphonofluoridate (soman) and
0,0-dimethyl phosphorofluoridate. This is the first computational study on the reaction pathways for hydrolysis

of phosphotriesters and their structural variants that have small pK, values for the leaving groups. The reaction
coordinate calculations reveal that the hydrolysis of DFP, sarin, soman and O,O-dimethyl phosphorofluoridate
proceeds through the attack of hydroxide ion at the phosphorus center to form a pentacoordinate intermediate

and the decomposition of the intermediate through F leaving. The hydrolysis of paraoxon was found to occur by a
one-step process, which strongly supports the conclusion, based on the previously observed primary and secondary
130 isotope effects, of an Sy2-like transition state with the absence of a stable pentacoordinate intermediate during
the paraoxon hydrolysis. The energy barriers calculated in the gas phase for the pentacoordinate intermediate
decomposition step are slightly lower than for the formation step for DFP and sarin, and are higher for soman and
0,0-dimethyl phosphorofluoridate. Solvent effects significantly increase the energy barriers for the pentacoordinate
intermediate formation step and significantly decrease the energy barriers for the decomposition step. Thus, the
pentacoordinate intermediate formation step of hydrolysis in aqueous solution is always rate-determining. For

the hydrolysis of all the compounds examined in this study, the energy barrier, 0.8 kcal mol ™', calculated for the
paraoxon hydrolysis is the lowest in the gas phase, whereas the corresponding barrier, 10.1 kcal mol ™', is the highest
in aqueous solution. For the hydrolysis of sarin in aqueous solution, for which the experimental activation energy is
available, the calculated energy barrier of 8.6 kcal mol™! for the pentacoordinate intermediate formation (i.e. the
rate-determining step) is in good agreement with the experimental activation energy of 9.1 kcal mol™'. Finally,

the relative magnitudes of the energy barriers calculated for the alkaline hydrolysis were qualitatively compared
with the relative magnitudes of the available experimental rate constants reported for the corresponding
phosphotriesterase-catalyzed hydrolysis, and were employed to discuss substituent effects.

Introduction

The hydrolysis of phosphate esters is one of the most fund-
amental chemical and biochemical reactions.! Phosphotriesters
such as O,O-diethyl p-nitrophenyl phosphate (paraoxon) have
been widely used as agricultural insecticides. In addition to
insect control, phosphotriesters can also poison mammalian
systems. As a result, structural variants of phosphotriesters,
such as O-isopropyl methylphosphonofluoridate (sarin) and
O-pinacolyl methylphosphonofluoridate (soman), which are
generally referred to as G-series nerve agents, or their surro-
gates such as diisopropyl fluorophosphate (DFP) have been
developed as potent biological warfare nerve agents.?

These compounds are extremely potent inhibitors of acetyl-
cholinesterase (AChE), the enzyme responsible for regulat-
ing the concentration of the neurotransmitter acetylcholine.
If AChE activity is blocked, acetylcholine accumulates at
cholinergic receptor sites, thereby excessively stimulating the
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cholinergic receptors. This can lead to various clinical com-
plications including fibrillation, leading ultimately to death.
Exposure to excess levels of organophosphorus compounds not
only has immediate consequences but also has been shown to
exert delayed cholinergic toxicity and delayed neurotoxicity.®
Long term exposure to low levels of organophosphates can prod-
uce persistent and additive inhibition of acetylcholinesterase
resulting in a delayed neuropathy.*

Phosphotriesters and their derivatives are toxic to both target
and non-target organisms. One example is that paraoxon is also
the compound most often responsible for the poisoning of agri-
cultural workers. Interest in the efficient chemical destruction
of these toxic organophosphate esters remains an active research
scientific area, with attention recently focused on peroxides,’
iodosocarboxylates, metallomicelles,” enzymes,® and anti-
bodies® as hydrolytic catalysts. However, the extreme toxicity of
the compounds such as the phosphorus nerve agents sarin and
soman efc. often mandates that most laboratory research
employs models or simulants instead of the actual compounds.
p-Nitrophenyl diphenylphosphate is a well-known unofficial
standard simulant for hydrolytic reactions of phosphotriester.
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As to the hydrolysis of organophosphate esters in aqueous
solution, the currently dominant view is that hydrolysis of
monoesters proceeds by a dissociative, unimolecular elimin-
ation pathway, whereas diesters and triesters follow a bimolec-
ular base-catalyzed hydrolysis mechanism. The bimolecular
base-catalyzed hydrolysis is initialized by attack of a nucleo-
phile, hydroxide ion being concerned in this study, at the
phosphorus atom of the ester. Analysis of experimental results
suggested that reactions of nucleophiles with neutral phos-
phoryl species could proceed either through a two-step pathway
involving a pentacoordinate intermediate or through a con-
certed one-step pathway when the pK, value of the leaving
group is very small.!**?

Based on theoretical studies of the detailed reaction path-
ways and the corresponding energy barriers, Florian and
Warshel et al. recently questioned a long-standing mechanistic
postulate for the phosphate monoester hydrolysis mechanism.™
With their calculated results in mind, they reexamined the
available experimental data and found that although experi-
mental results for solution reactions had usually been con-
sidered as evidence for the dissociative pathway, a closer
thermodynamic analysis of observed linear free energy relation-
ships showed that the experimental information is consistent
with the associative, concerted and dissociative alternatives.'®
Their work indicates that reliable computational studies of
fundamental reaction pathways and the corresponding ener-
getics are necessary even for chemical reactions that have been
thoroughly investigated by experiments.

Although there have been some publications related to the
quantum mechanical calculation of phosphate ester hydro-
lysis,"*'*'7 no one has addressed the hydrolysis of the toxic
phosphotriesters and their structural variants. Previous com-
putational studies of phosphotriester hydrolysis focused on
trimethyl phosphate etc.,"” for which the leaving group is associ-
ated with a large pK, value. The calculations indicated that the
dominant pathway for hydrolysis of those phosphate triesters
involved an intramolecular proton transfer to the leaving group
and that the leaving group left the phosphorus as a protonated
form in the product. However, this is not the case for hydrolysis
of phosphate triesters and their structural variants that have
small pK, values for the leaving groups. It is known from
previous experimental studies that the hydrolysis of these
phosphotriesters and their structural variants proceeds with a
net inversion of stereochemistry at the phosphorus centre,'® i.e.
via an Sy\2 type mechanism for which the attacking nucleo-
phile (OH in this case) and the leaving group are positioned
on opposite sides of the plane formed by the three remain-
ing atoms attached to the phosphorus. According to this mech-
anism, the leaving group should leave the phosphorus as a
deprotonated form in the product.

In the present work, we focus on the dominant reaction
pathway for hydrolysis of phosphate triesters and their struc-
tural variants that have small pK, values for the leaving groups.
The base-catalyzed hydrolyses of paraoxon, sarin, soman, DFP
and O,0O-dimethyl phosphorofluoridate were studied in both
the gas phase and aqueous solution. For each of these com-
pounds, reaction coordinate calculations were carried out and
were followed by self-consistent reaction field (SCRF) calcula-
tions. The substituent and solvent effects were revealed by the
relative magnitudes of the energy barriers calculated at the same
level of theory for all the reactions. The calculated energy bar-
riers for the base-catalyzed hydrolysis were compared with avail-
able experimental kinetic data for the hydrolysis catalyzed by
phosphotriesterase (PTE), which provides further insight into the
mechanism of the PTE-catalyzed hydrolysis. Theoretical studies
of the toxic phosphotriesters and structural variants would be
of great value since with the clarified reaction mechanism of
the hydrolysis more achievable and successful experiments can
be inspired, which in turn reduces the need for experimental
scientists to have contact with these toxic compounds.
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Calculation methods

For the reaction of hydroxide ion with each considered mole-
cule in the gas phase, we first employed the Hartree-Fock (HF)
method with the 6-31G* basis set to search for and to fully
optimize geometries of all possible transition states and inter-
mediates as well as the reactants and products. For all systems
studied, vibrational frequency calculations were carried out to
confirm all the first-order saddle points and local minima on
the potential energy surfaces and to evaluate the zero-point
vibration energies (ZPVE). Intrinsic reaction coordinate (IRC)*
calculations were performed to verify the expected connections
of the first-order saddle points with local minima on the poten-
tial energy surface. The geometries optimized at the HF/6-31G*
level of theory were further refined at the HF/6-31+G* level.
The geometries optimized at the HF/6-31+G* level were
employed to perform the second-order Mgller—Plesset (MP2)
energy calculations with the 6-31+G* basis set.

Previous theoretical studies®™® of fundamental reaction
pathways for base-catalyzed hydrolysis of carboxylic acid esters
indicated that electron correlation effects are not important in
geometry optimizations, but are important in final energy cal-
culations, for studying energy profiles of those organic reac-
tions. With a given basis set, the energy barriers evaluated by
performing MP2 energy calculations using MP2 geometries are
all very close to those evaluated by the MP2 calculations using
geometries optimized with HF and density functional theory
(DFT) methods. The energy barriers calculated with the MP2
method are all very close to those calculated with MP4SDQ,
QCISD and QCISD(T) methods, indicating that the MP2
method is sufficiently accurate for recovery of the electron cor-
relation. Regarding the basis set dependence, the energy bar-
riers determined with the 6-31+G™* and 6-31+ +G** basis sets
are very close to those determined with the 6-311++G(3d,3p)
basis set.?™ To further examine the accuracy of the energy
barriers calculated at the MP2/6-31+G*//HF/6-31+G* level,
in the present study, the optimization of geometries and evalu-
ation of the energy barrier for the first step of hydrolysis of
0,0-dimethyl phosphorofluoridate in the gas phase were also
performed at other levels of theory, including a variety of HF,
DFT (using B3LYP functional), and MP2 calculations with the
6-31+G* and 6-31++G** basis sets.

Solvent shifts of the energies were accounted for by perform-
ing self-consistent reaction field (SCRF) energy calculations
using the geometries optimized at the HF/6-31+G* level in the
gas phase. The energy barrier in aqueous solution was taken as
a sum of the energy change calculated at the MP2/6-31+G*//
HF/6-31+G* level in the gas phase and the corresponding
solvent shift determined by the SCRF calculations at the HF/6-
31+G* level. To estimate the solvent effects on the optimized
geometries for O,0-dimethyl phosphorofluoridate, we also per-
formed geometry optimizations by using the quantum Onsager
model implemented in the Gaussian98 program.*' The cavity
radii used were determined by following the standard procedure
of volume calculation recommended for use in the Gaussian98
program.

The solute-solvent interaction can be divided into a long-
range electrostatic interaction and short-range non-electrostatic
interactions (such as cavitation, dispersion and Pauli repul-
sion).”? The dominant long-range electrostatic interaction was
evaluated by using the recently developed GAMESS? imple-
mentation of the surface and volume polarizations for electro-
statics (SVPE).** The SVPE procedure is also known as the fully
polarizable continuum model (FPCM)**¢ because it fully
accounts for both surface and volume polarization effects in the
SCREF calculation. Since 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 relative permittivity and a certain quantum
chemical calculation level.**¢ By seeking the best overall
agreement with experimental conformational free energy differ-
ences (62 experimental observations) in various polar solutes
existing in various solvents, this single parameter value has been
calibrated as ~ 0.001 au?* By seeking the best overall agree-
ment with experimental N NMR chemical shifts (48 experi-
mental observations) in various polar solutes existing in various
solvents, this single parameter value has been calibrated as
~0.002 au?* Nevertheless, for both the experimental conform-
ational 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,?* the root-
mean-squares (rms) deviations of the 62 experimental values
for the conformational free energy differences from the results
calculated by the SVPE method using the 0.001 and 0.002 au
contours are 0.096 and 0.104 kcal mol ™!, respectively. The root-
mean-squares (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.* Obviously, the 0.001 and 0.002 au
contours are all acceptable for the SVPE calculations on both
kinds of properties. Recent SVPE calculations® on base-
catalyzed hydrolysis of a series of carboxylic acid esters
indicated that the energy barriers determined by the SVPE cal-
culations using both the 0.001 and 0.002 au contours are all
qualitatively consistent with the corresponding experimental
activation energies. 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 experimental values for the examined esters are smaller
than the range of experimental values reported by different
laboratories. In addition, Bentley recently employed the mini-
mum in the electron density function between pairs of interact-
ing molecules to estimate molecular sizes, and found that the
molecular surfaces identified by such a procedure are in excel-
lent agreement with the 0.002 au isodensity contour,® so, the
0.002 au contour was used in this study.

Finally, the contributions of short-range non-electrostatic
interactions to the energy barriers were estimated by using the
polarizable continuum model (PCM)* implemented in the
Gaussian98 program?' with the default choices in the program
for the recommended standard parameters. The total solvent
shift was a sum of the long-range electrostatic interaction con-
tribution determined by the SVPE calculations and the total
contribution of the short-range non-electrostatic interactions
determined by the PCM calculations.

Unless otherwise indicated, the Gaussian94 2 and Gaussian98 !
programs were used to obtain the present results. All the
calculations in this work were performed on Silicon Graphics,
Inc. Origin 200 multiprocessor computers.

Results and discussion
Hydrolysis of O,0-dimethyl phosphorofluoridate in the gas phase

The main geometries optimized at the HF/6-31+G* level for
stationary points involved in this reaction are depicted in Figs. 1
to 7 where key geometric parameters are indicated. HBRa
depicted in Fig. 2(a) is the geometry of a hydrogen-bonded
complex of reactants. HBRa involves an O - - - H-C type hydro-
gen bond discussed recently in the literature.”® Note that
throughout this paper the suffix “a” refers to O,0-dimethyl
phosphorofluoridate, and letters “b” to “e” refer to the other
systems discussed later. All calculated results indicate that
during the hydrolysis of O,0-dimethyl phosphorofluoridate,
0,0-dimethyl phosphorofluoridate and OH™ first form the
stable hydrogen-bonded complex HBRa before progressing to
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Fig. 1 Geometries of phosphofluoridates and paraoxon optimized at
the HF/6-31+G* level in the gas phase. The values given in brackets are
the geometric parameters optimized using the quantum Onsager model
at the HF/6-31+G* level in aqueous solution.

the first transition state TS1a depicted in Fig. 3(a) and then to a
pentacoordinate intermediate. Through the fluorine leaving, the
pentacoordinate intermediate progresses to another transition
state, TS2a, depicted in Fig. 5(a), and then to a stable hydrogen-
bonded complex HBPa (not shown) between the products
dimethyl phosphodiester and fluorine anion. The hydrogen
bonding between the dimethyl phosphodiester and fluorine
anion in HBPa is similar to that between O,O-dimethyl phos-
phorofluoridate and hydroxide oxygen in HBRa.

Intrinsic reaction coordinate (IRC) calculations indicate that
transition states TS1a and TS2a are associated with two differ-
ent conformations of the pentacoordinate intermediate. TS2a is
associated with INTa depicted in Fig. 4(a), whereas TSla is
associated with INT1a depicted in Fig. 6(a). The primary dif-
ference between INT1a and TS1a lies in the orientation of two
methyl groups. The methyl groups are closer to the hydroxide
oxygen in INT1a and closer to fluorine in INTa. INT1a changes
into INTa via a two-step process of conformational change cor-
responding to rotation about the two single P-O bonds between
P and two methyloxy groups. For each step of the conforma-
tional change, rotation about one P-O bond occurs. Thus,
INTl1a first goes to transition state TSrotla depicted in Fig.
6(b) and then to pentacoordinate intermediate INT2a depicted
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Table 1
phosphorofluoridate in the gas phase

Energy barrier{ (in kcal mol™") calculated for the pentacoordinate intermediate formation step of hydrolysis of O,0-dimethyl

Geometry optimization

B3LYP
HF MP2

Energy calculation 6-31+G* 6-31+G* 6-31++G** 6-31+G*
HF 6-31+G* 7.7 7.6 7.4

6-31++G** 8.1 8.2 8.0
B3LYP 6-31+G* 5.4 5.3

6-31++G** 5.8 5.8
MP2 6-31+G* 4.8 4.6 4.7

6-31++G** 4.7 4.7 4.7

“i.e. The energy barrier for this reaction step is the energy change from the hydrogen-bonded complex HBRa to the first transition state TS1a.

{d} HBRd

953 ./0

. 964

Cig
0‘ 0

(e} HBRe
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Fig. 2 Geometries of hydrogen-bonded reactant complexes optimized
at the HF/6-31+G* level in the gas phase.

in Fig. 6(c). INT2a further goes to transition state TSrot2a
depicted in Fig. 6(d) and then to INTa. The two-step conforma-
tional change process is INTla — TSrotla — INT2a —
TSrot2a — INTa. Thus, the whole hydrolysis process consists
of four individual steps associated with four transition states,
i.e. TS1a, TSrotla, TSrot2a, and TS2a, although only the first
and last steps involve chemical bond formation/breaking. The
detailed energy profiles are depicted in Fig. 8.

The values of the energy barrier calculated for the first step,
i.e. the formation of pentacoordinate intermediate INT1a, at
various levels in the gas phase are summarized in Table 1 for
comparison. The results calculated using geometries optimized
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Fig. 3 Geometries of first transition states optimized at the HF/6-
31+G* level in the gas phase. The values given in brackets are the
geometric parameters optimized using the quantum Onsager model at
the HF/6-31+G* level in aqueous solution.

with the HF method are all close to the corresponding results
calculated using geometries optimized with the DFT and MP2
methods, indicating that electron correlation effects are indeed
not important in these geometry optimizations. However, elec-
tron correlation effects on energy evaluations are significant.
The energy barrier values determined by the HF method
are systematically larger than the corresponding MP2 results
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Fig.4 Geometries of pentacoordinate intermediates corresponding to
the transition states for the decomposition through P-F bond breaking
optimized at the HF/6-31+G* level in the gas phase. The values given
in brackets are the geometric parameters optimized using the quantum
Onsager model at the HF/6-31+G* level in aqueous solution.

by ~ 3 kcal mol™!. The values determined by the DFT cal-
culations are between the HF and MP2 results, and are closer to
the MP2 results. Besides, the results determined by the MP2/6-
31++G** calculations are very close to the corresponding
results determined by the MP2/6-31+G* calculations. The
energy barrier, 4.8 kcal mol ™, calculated at the MP2/6-31+G*//
HF/6-31+G* level is only ~ 0.1 kcal mol™' larger than that
calculatedth®P2/6-31+G*//MP2/6-31 + G*MP2/6-31++G**//
MP2/6-31+G* and MP2/6-31++G**//B3LYP/6-31++G**
levels. These results reveal that the calculations at the MP2/6-
31+G*//[HF/6-31+G* level are sufficient to give convincing
results. Therefore, energies of all the species involved in this
study were evaluated at the MP2/6-31+G*//HF/6-31+G* level
of theory. The energy barriers calculated at this level for the
formation and decomposition of the pentacoordinate inter-
mediate are listed in Table 2. As seen in Table 2, the energy
barrier calculated for the decomposition of pentacoordinate
intermediate INTa through F leaving, is 6.2 kcal mol ™!, about
1.4 kcal mol™" higher than that for the first step. The energy
barriers calculated for the first and second steps of the con-
formational change are 0.1 kcal mol™' (INT1a — TSrotla) and
3.2 kcal mol™' (INT2a — TSrot2a), respectively. The energy
barriers for the conformational change being lower than the
corresponding energy barriers for the pentacoordinate inter-
mediate formation and decomposition is due to the fact that the
conformational change does not involve any hydrogen bonding
change. There is no intramolecular hydrogen bond in any of the
pentacoordinate intermediates concerned in this study. Further,
solvent effects significantly decrease the energy barrier for
the conformational change associated with TSrot2a and sig-
nificantly increase the energy barrier for the chemical bond
formation step associated with TSla (see below); the rate-
determining step is always a chemical bond formation/breaking
step. We therefore focus on the chemical bond formation/

2.326!
{2.331¢

1.456 (P-0)
(1.460]

(b} TS2h [d) TS24

Fig. 5 Geometries of transition states for the decomposition through
P-F bond breaking optimized at the HF/6-31+G* level in the gas
phase. The values given in brackets are the geometric parameters
optimized using the quantum Onsager model at the HF/6-31+G* level
in aqueous solution.

breaking steps in studying the hydrolysis of other compounds
and in the discussion below.

In addition to the hydrolysis of O,0-dimethyl phospho-
rofluoridate at the P-F bond, we also examined another reac-
tion pathway for hydrolysis at a P-O bond. The two reaction
pathways share the same first reaction step, i.e. the formation of
a pentacoordinate intermediate. The transition state geometry
optimized for pentacoordinate intermediate decomposition
through P-O bond breaking is TS3a, depicted in Fig. 7(b).
The IRC calculation indicates that the stable conformation of
pentacoordinate intermediate corresponding to TS3a is INT3a,
depicted in Fig. 7(a). The energy barrier, 7.7 kcal mol ™!, cal-
culated as the energy change from INT3a to TS3a, is higher
than the corresponding energy barrier for pentacoordinate
intermediate decomposition through P-F bond breaking. Fur-
ther, solvent effects significantly increase the energy barrier for
the P-O bond breaking and significantly decrease the energy
barrier for the P-F bond breaking (see below); the energy bar-
rier for the P-O bond breaking is always higher than that for
the P-F bond breaking, and, therefore, the decomposition of
the pentacoordinate intermediate is always dominated by the
P-F bond breaking. This is consistent with the experimental
observation that these kinds of compounds hydrolyze at the
P-F bond and that the hydrolysis of these phosphotriesters
and their structural variants proceeds with a net inversion of
stereochemistry at the phosphorus centre.'® Therefore, we focus
on the P-F bond breaking pathway for hydrolysis of other
phosphofluoridate compounds.

Hydrolysis of DFP, sarin and soman in the gas phase

The pentacoordinate intermediate formation and decom-
position pathway found for the hydrolysis of O,0-dimethyl
phosphorofluoridate at the P-F bond also exists in the
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Fig. 6 Geometries of two stable conformations (INT1la and INT2a)
of the pentacoordinate intermediate and the corresponding transition
states (TSrotla and TSrot2a) for the conformational change during the
hydrolysis of O,0-dimethyl phosphorofluoridate optimized at the HF/
6-31+G* level in the gas phase.
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Fig. 7 Geometries of the transition state (TS3a) and the
corresponding  stable conformation of the pentacoordinate
intermediate (INT3a) for the intermediate decomposition step of O,O-
dimethyl phosphorofluoridate hydrolysis through P-O bond breaking
optimized at the HF/6-31+G* level in the gas phase. The values given
in brackets are the geometric parameters optimized using the quantum
Onsager model at the HF/6-31+G™* level in aqueous solution.

hydrolysis of DFP, sarin and soman. As shown in Table 2, the
energy barriers calculated for the pentacoordinate intermediate
formation step of the hydrolysis of DFP, sarin and soman are
4.5, 6.1 and 3.0 kcal mol™!, respectively. The energy barriers
calculated for the pentacoordinate intermediate decomposition
step of the hydrolysis of DFP, sarin and soman are 3.8, 5.0 and
6.3 kcal mol™', respectively. The substituent effects on the
energy barriers can be seen from comparisons between the
barriers calculated for O,0-dimethyl phosphorofluoridate and
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Fig. 8 Energy profiles (in kcal mol™") for the hydrolysis of O,O-
dimethyl phosphorofluoridate calculated at the MP2/6-31+G*//HF/6-
31+G* level in the gas phase (A) and in solution (B). Zero-point
vibration energy corrections are included.

DFP and between the barriers calculated for sarin and soman.
From O,O-dimethyl phosphorofluoridate to DFP, the size of
the two alkyl groups becomes larger, and the energy barriers
calculated for both formation and decomposition of the penta-
coordinate intermediate become lower. From sarin to soman
the size of one alkyl group becomes larger, and the energy bar-
rier calculated for the pentacoordinate intermediate formation
step becomes lower while the barrier calculated for the corre-
sponding decomposition step becomes higher. Thus, the energy
barriers calculated for the pentacoordinate intermediate decom-
position of O,0-dimethyl phosphorofluoridate and soman are
all higher than those for the corresponding formation step,
whereas the energy barriers calculated for the decomposition step
of DFP and sarin are all lower than those for the corresponding
formation step.

Hydrolysis of paraoxon in the gas phase

The reaction pathway found for the base-catalyzed hydrolysis
of paraoxon is somewhat different from the pathway found for
the hydrolysis of the phosphorofluoridates and phosphono-
fluoridates discussed above. The route to form the transition
state TS1e depicted in Fig. 3(e) is the same as that to form the
first transition state TS1 for the hydrolysis of the phosphoro-
fluoridates and phosphonofluoridates, i.e. during the hydrolysis
paraoxon and OH™ first form a stable hydrogen-bonded com-
plex HBRe, depicted in Fig. 2(e), before progressing to the tran-
sition state TSle. However, the IRC calculations (using the
default step size of 0.1 A) in the forward direction indicate that
the transition state TSle directly goes to the stable hydrogen-
bonded product complex HBPe, without forming a pentaco-
ordinate intermediate and the corresponding second transition
state. We also tested a geometry optimization starting from a
hypothetical pentacoordinate intermediate corresponding to
TSle, and found that during the optimization process the inter-
nuclear distance between the P atom and the O atom in the
leaving group became longer and longer and eventually went to
HBPe. In other words, the hydrolysis of paraoxon proceeds
through a one-step process in which the hydroxide attacking
and leaving group leaving are concerted. Previously observed
primary and secondary 'O isotope effects for the base-
catalyzed hydrolysis of paraoxon also provided evidence for an
Sy2-like transition state with the absence of a stable penta-
coordinate intermediate.”® The calculated results strongly sup-
port the conclusion based on the experimental data. The energy



Table 2 Energy barriers (in kcal mol™") calculated at the MP2/6-31+G*//HF/6-314+G* level for the pentacoordinate intermediate formation and
decomposition steps of base-catalyzed hydrolysis of phosphofluoridates and paraoxon

a b c d e
Gas phase’ Formation step* 4.8 4.5 6.1 3.0 0.8
Decomposition step? 6.2 3.8 5.0 6.3
Rate-determining step 6.2 4.5 6.1 6.3 0.8
Aqueous solution Formation step” 9.0 8.0 8.6 8.6 10.1
Decomposition step? 3.6 1.8 0.3 0.7
Rate-determining step® 9.0 8.0 8.6 8.6 10.1
Expt.¢ 9.1

“a 0,0-Dimethyl phosphorofluoridate; b diisopropyl phosphorofluoridate (DFP); ¢ O-isopropyl methylphosphonofluoridate (sarin); d O-pinacolyl
methylphosphonofluoridate (soman); e O,O-diethyl p-nitrophenyl phosphate (paraoxon).  The energies of complex-formation (i.e. the energy
change from R to HBR) determined at the MP2/6-31+G*//HF/6-31+G* level are —28.7, —30.3, —29.2, —30.4 and —31.7 for a, b, ¢, d and e,
respectively. The total energies calculated at the MP2/6-31+G*//HF/6-31+G* level are —745.17440995, —901.87150901, —748.47564840,
—865.98436477, and —1233.84242493 au for a, b, ¢, d and e, respectively. The total energy calculated for HO™ at the MP2/6-31+G*//HF/6-31+G*
level is —75.58778585 au. ¢ The energy barrier for the pentacoordinate intermediate formation step of the hydrolysis in the gas phase is the energy
change from HBR to TS1. ¢ The energy barrier for the pentacoordinate intermediate decomposition step of the hydrolysis is always the energy
change from INT to TS2. ¢ The energy barrier for the rate-determining step is the highest one of the calculated energy barriers for hydrolysis of each
compound. / The energy barrier for the pentacoordinate intermediate formation step of the hydrolysis in aqueous solution is the energy change from
the separated reactants to TS1. ¢ The experimental activation energy from ref. 31.

barrier, 0.8 kcal mol™!, calculated for the hydrolysis of
paraoxon in the gas phase is significantly lower than those
calculated for the hydrolysis of the phosphorofluoridates and
phosphonofluoridates.

Solvent effects

The geometries of Ra, HO™, TSla, INTa, TS2a, INT3a, and
TS3a for O,0-dimethyl phosphorofluoridate hydrolyses were
further optimized using the quantum Onsager model at the
HF/6-31+G* level in aqueous solution. The cavity radii deter-
mined by the volume calculations are 3.98, 2.76, 4.20, 4.25,
4.16,4.10, and 4.14 A for Ra, HO™, TSla, INTa, TS2a, INT3a,
and TS3a, respectively. The key geometric parameters optim-
ized are depicted in Figs. 1, 2 to 5, and 7 for comparison with
the corresponding gas phase results. As seen in the figures, the
geometric parameters optimized in solution do not consider-
ably differ from those optimized in the gas phase. The largest
difference exists in transition state TS1a, depicted in Fig. 3(a),
in which the internuclear distance between P and the hydroxide
oxygen is about 0.067 A. All the calculated results reveal that
including the solvent effects, the total energies of the separated
reactants become lower than those of the hydrogen-bonded
complex HBR for each of the five compounds. Thus, in
aqueous solution the separated reactants are more stable than
both TS1 and HBR, while HBR is still more stable than TS1.
Therefore, in aqueous solution the HBR structure is no longer
associated with a local minimum on the potential energy sur-
face, and the reaction goes directly from the separated reactants
to TS1, as depicted in Fig. 8§ for the hydrolysis of O,0-dimethyl
phosphorofluoridate. This is because the interactions between
solvent water and the separated reactants are stronger than
those between the organophosphorus compound and hydroxide
anion. Hence, the energy barrier for the formation of penta-
coordinate intermediate in aqueous solution is the energy
change from the separated reactants to the first transition state
TS1. Similar results were also found for the base-catalyzed
hydrolysis of carboxylic acid esters.?***?

The energy barriers calculated using the geometries optim-
ized in the gas phase are summarized in Table 2. The energy
barrier calculated for the pentacoordinate intermediate form-
ation step of O,0-dimethyl phosphorofluoridate hydrolysis
using the geometries optimized in solution is only ~ 0.1 kcal
mol ! lower than the corresponding barrier of 9.0 kcal mol ™!
calculated using the gas phase geometries, although the largest
difference between gas phase and solution geometries exists in
transition state TSla associated with this reaction step. This
indicates that the solvation calculations using the gas phase

geometries are adequate for the reactions concerned in this
study.

Including the solvent effects, the calculated energy barriers
for the conformational change of the pentacoordinate inter-
mediate associated with transition states TSrotla and TSrot2a
are 0.5 and 1.9 kcal mol ™', respectively, compared to the corre-
sponding barriers of 0.1 and 3.2 kcal mol ™' calculated in the gas
phase. The energy barriers calculated for the conformational
change are significantly lower than the barrier of 9.0 kcal mol™'
calculated for the formation of the pentacoordinate inter-
mediate. The energy barrier of 10.5 kcal mol™' calculated
for the pentacoordinate intermediate decomposition step
of 0,0-dimethyl phosphorofluoridate hydrolysis at the P-O
bond associated with transition state TS3a is ~ 7 kcal mol™'
higher than the barrier of 3.6 kcal mol™' for the correspond-
ing decomposition step of the hydrolysis at the P-F bond
associated with transition state TS2a.

The results listed in Table 2 indicate that for the hydrolysis of
all the compounds examined in this study the solvent effects
significantly increase the energy barriers for the pentacoordin-
ate intermediate formation step and significantly decrease the
energy barriers for the decomposition step (if there is a penta-
coordinate intermediate). This is because the distance between
the P atom and hydroxide/fluorine anion in transition state
TS1/TS2 is significantly longer than that in the corresponding
pentacoordinate intermediate. Hence, the solvent accessible
area of hydroxide/fluorine anion in transition state TS1/TS2
should be significantly larger than that in the intermediate while
the interactions between hydroxide/fluorine anion and water are
particularly strong. Therefore, the energy barriers calculated
for the pentacoordinate intermediate decomposition step of
hydrolysis in aqueous solution are all negligible compared to
the barriers for the formation step. Thus, the pentacoordinate
intermediate formation step of hydrolysis in aqueous solution
is always rate-determining. The experimental primary and
secondary 30 isotope effects for the base-catalyzed hydrolysis
of paraoxon are also consistent with the rate-limiting addition
of hydroxide.* In addition, experimental activation energy is
available for the hydrolysis of sarin in aqueous solution. Our
calculated energy barrier of 8.6 kcal mol ! for the pentacoordin-
ate intermediate formation (i.e. the rate-determining step) of the
sarin hydrolysis is in good agreement with the experimental
activation energy of 9.1 kcal mol™'.%!

Furthermore, concerning the relative magnitudes of the
energy barriers determined for the pentacoordinate inter-
mediate formation step of hydrolysis of different compounds,
the energy barrier, 10.1 kcal mol ™', associated with paraoxon is
the highest in aqueous solution although the corresponding
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barrier, 0.8 kcal mol™', is the lowest in the gas phase. From
0,0-dimethyl phosphorofluoridate to DFP, while the methyl
groups are all replaced by the isopropyl, the calculated energy
barrier for the pentacoordinate intermediate formation step of
hydrolysis in aqueous solution becomes 1.0 kcal mol™' lower.
However, the energy barrier calculated for the pentacoordinate
intermediate formation step of hydrolysis in aqueous solution
does not change from sarin to soman while the isopropyl is
replaced by a larger alkyl group.

Comparison with experimental results for PTE-catalyzed
hydrolysis

Recently reported experimental studies, quantum chemical cal-
culations and molecular dynamics simulations indicate that
PTE-catalyzed hydrolysis of phosphotriester proceeds through
the bridging hydroxide attacking the phosphorus center of the
substrate.’ So, the reaction pathway for the first step of PTE-
catalyzed hydrolysis should be similar to the fundamental
pathway reported in this paper for the first step of the corre-
sponding base-catalyzed hydrolysis. The difference exists only
in the chemical environment of the reaction. For the PTE-
catalyzed hydrolysis the hydroxide and substrate are bound,
through non-covalent bonds, to PTE in water, whereas for the
base-catalyzed hydrolysis in aqueous solution the hydroxide
and substrate are all surrounded by solvent water molecules.
Comparison between reliable calculations on the base-catalyzed
hydrolysis and the experimental data for the PTE-catalyzed
hydrolysis should give some insights into the role of the enzyme.

The experimental rate constants (the turnover numbers), k_,,,
are available for PTE-catalyzed hydrolysis of paraoxon, DFP,
sarin and soman. The k_,, values for paraoxon, DFP, sarin and
soman were reported as 3170, 465, 56 and 3 s~', respectively.*®
So, in the presence of PTE the paraoxon hydrolysis is faster
than that of the other nerve agents, whereas in aqueous sol-
ution the energy barrier calculated for the paraoxon hydrolysis
is higher than the others. The presence of PTE dramatically
changes the relative hydrolysis rates of two different kinds of
substrates. Since the insecticide paraoxon is hydrolyzed at
nearly the diffusion-limited rate (k. /K, = 6.2 X 107 M~' s7!,
K, is the Michaelis constant),> the energy barrier for PTE-
catalyzed hydrolysis of paraoxon is expected to be very low.
Hence, it is reasonable to assume that the presence of PTE
lowers the energy barrier for paraoxon hydrolysis much more
than those for the others. The relative rate constants for PTE-
catalyzed hydrolysis of DFP and sarin are qualitatively in
agreement with the relative energy barriers calculated for the
corresponding base-catalyzed hydrolysis in aqueous solution.
Interestingly, the relative magnitudes of the energy barriers cal-
culated for the hydrolysis of paraoxon, DFP and sarin in the
gas phase are qualitatively in agreement with the relative mag-
nitudes of the rate constants observed for the corresponding
PTE-catalyzed hydrolysis. This is because in PTE-catalyzed
hydrolysis the substrate first forms a stable pre-reactive PTE—
substrate complex, as indicated in the X-ray crystal structure **
with an inhibitor bound in the active site. The inhibitor bound
is a structural analog of the substrate paraoxon. In the X-ray
crystal structure, the internuclear distance between the bridging
hydroxide oxygen and the inhibitor phosphorus is 3.6 A, which
is close to the corresponding P-O distance in HBR depicted in
Fig. 2. Thus, the energy barrier for the first hydrolysis step is the
energy change from the pre-reactive complex to the first tran-
sition state, which is similar to the case of the reaction with
hydroxide ion in the gas phase. It is likely that the energy bar-
riers for the PTE-catalyzed hydrolysis are closer to those for the
gas phase hydrolysis or to the average values of the barriers for
the hydrolysis in the gas phase and in aqueous solution. The
average values of the total energy barriers for the base-
catalyzed hydrolysis of paraoxon, DFP and sarin are ~ 5.5,
~ 6.3 and ~ 7.4 kcal mol ™', respectively. Keep in mind that the
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10-fold rate acceleration usually corresponds to an energy bar-
rier decrease of ~ 1.4 kcal mol ™' at room temperature, assuming
the pre-exponential factor remains a constant. The relative
magnitudes of these average values are in excellent agreement
with the rate constant decreasing from paraoxon to DFP and to
sarin. However, the rate constant change from sarin to soman
cannot fully be understood in this way. The total energy
barriers calculated for base-catalyzed hydrolysis of soman
in both the gas phase and aqueous solution are almost the
same as those for the corresponding hydrolysis of sarin, but
PTE-catalyzed hydrolysis of sarin is about 19 times faster than
PTE-catalyzed hydrolysis of soman. This might be attributed to
the possibility that the cavity of the PTE active site does not
accommodate the larger alkyl group in soman very well.**/

Conclusion

We have performed a series of ab initio molecular orbital cal-
culations to investigate reaction pathways and energy barriers
for base-catalyzed hydrolysis of O,O-diethyl p-nitrophenyl
phosphate (paraoxon), diisopropyl phosphorofluoridate (DFP),
O-isopropyl methylphosphonofluoridate (sarin), O-pinacolyl
methylphosphonofluoridate (soman) and O,0-dimethyl phos-
phorofluoridate. The reaction coordinate calculations reveal
that the hydrolysis of DFP, sarin, soman and O,O-dimethyl
phosphorofluoridate occurs by the attack of hydroxide ion at
the phosphorus center to form a pentacoordinate intermediate
and the decomposition of the pentacoordinate intermediate
occurs through loss of F~. For comparison, the pathways for
the conformational change of the pentacoordinate intermediate
and its decomposition through P-O bond breaking were also
examined for O,0-dimethyl phosphorofluoridate hydrolysis.
The hydrolysis of paraoxon proceeds through a one-step pro-
cess, although the transition state structure is similar to those
for the pentacoordinate intermediate formation step of the
hydrolysis of DFP, sarin, soman and O,O-dimethyl phos-
phorofluoridate. The one-step pathway found in this study
strongly supports the conclusion, based on the previously
observed primary and secondary '#0 isotope effects, of an Sy2-
like transition state with the absence of a stable pentacoordi-
nate intermediate during the paraoxon hydrolysis.

The energy barriers calculated in the gas phase for the
decomposition of the pentacoordinate intermediate are slightly
lower than the formation step for DFP and sarin, and are
higher for soman and O,0-dimethyl phosphorofluoridate. It
has been shown that solvent effects have a significant impact on
the reaction mechanism. Solvent effects significantly increase
the energy barriers for the pentacoordinate intermediate forma-
tion step and significantly decrease the energy barriers for the
decomposition step. Therefore, the energy barriers calculated
for the decomposition step of hydrolysis in aqueous solution
are all negligible compared to the barriers for the formation
step. Thus, the pentacoordinate intermediate formation step of
hydrolysis in aqueous solution is always rate-determining. For
the hydrolysis of all the compounds examined in this study, the
energy barrier, 0.8 kcal mol™!, calculated for the paraoxon
hydrolysis is the lowest in the gas phase, whereas the corre-
sponding barrier, 10.1 kcal mol™!, is the highest in aqueous
solution. For the hydrolysis of sarin in aqueous solution for
which experimental activation energy is available, the calculated
energy barrier of 8.6 kcal mol™' for the pentacoordinate inter-
mediate formation (i.e. the rate-determining step) is in good
agreement with the experimental activation energy of 9.1 kcal
mol ™.

The energy barriers calculated for the base-catalyzed
hydrolysis were compared with the experimental results
reported for the corresponding phosphotriesterase-catalyzed
hydrolysis. The relative magnitudes of the energy barriers cal-
culated for base-catalyzed hydrolysis of paraoxon, DFP and
sarin in the gas phase are qualitatively in agreement with the



relative magnitudes of the rate constants observed for the
corresponding PTE-catalyzed hydrolysis. Further numerical
analysis suggests that the energy barriers for the PTE-catalyzed
hydrolysis might be closer to those for base-catalyzed hydrolysis
in the gas phase or to the average values of the barriers for base-
catalyzed hydrolysis in the gas phase and in aqueous solution.
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