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Reaction pathways and free energy barriers for alkaline hydrolysis of the highly neurotoxic
insecticide 2-trimethylammonioethyl methylphosphonofluoridate and related organophosphorus
compounds were studied by performing first-principles electronic structure calculations on
representative methylphosphonofluoridates, (RO)CH3P(O)F, in which R ) CH2CH2N+(CH3)3, CH3,
CH2CH2C(CH3)3, CH2CH2CH(CH3)2, CH(CH3)CH2N+(CH3)3, and CH(CH3)CH2N(CH3)2. The domi-
nant reaction pathway was found to be associated with a transition state in which the attacking
nucleophile OH- and the leaving group F- are positioned on opposite sides of the plane formed by
the three remaining atoms attached to the phosphorus in order to minimize the electrostatic
repulsion between these two groups. The free energy barriers calculated for the rate-determining
step of the dominant pathway are 12.5 kcal/mol when R ) CH2CH2N+(CH3)3, 15.5 kcal/mol when
R ) CH3, 17.9 kcal/mol when R ) CH2CH2C(CH3)3, 16.5 kcal/mol when R ) CH2CH2CH(CH3)2,
13.4 kcal/mol when R ) CH(CH3)CH2N+(CH3)3, and 18.7 kcal/mol when R ) CH(CH3)CH2N(CH3)2.
The calculated free energy barriers are in good agreement with available experimentally derived
activation free energies, i.e. 14.7 kcal/mol when R ) CH3, 13.4 kcal/mol when R ) CH2CH2N+-
(CH3)3, and 13.9 kcal/mol when R ) CH(CH3)CH2N+(CH3)3. A detailed analysis of the calculated
energetic results and available experimental data suggests that the net charge of the molecule (M)
being hydrolyzed is a prominent factor affecting the free energy barrier (∆G) for the alkaline
hydrolysis of phosphodiesters, phosphonofluoridates, and related organophosphorus compounds.
The electrostatic interactions between the attacking nucleophile OH- and the molecule M being
hydrolyzed favor such an order of the free energy barrier: ∆G(M++OH-) < ∆G(M0+OH-) <
∆G(M-+OH-), where M+, M0, and M- represent the cationic, neutral, and anionic molecules,
respectively. The change of the substituent R in (RO)CH3P(O)F from CH3 to CH2CH2N+(CH3)3 is
associated with both the electrostatic and steric effects on the free energy barrier, but the
electrostatic effect dominates the substituent shift of the free energy barrier. This helps to better
understand why the alkaline hydrolysis of (RO)CH3P(O)F with R ) CH2CH2N+(CH3)3 and CH-
(CH3)CH2N+(CH3)3 is significantly faster than that with R ) CH3. The effect of electrostatic
interaction also helps to understand why the rate constants for the alkaline hydrolysis of
phosphodiesters, such as intramolecular second messenger adenosine 3′,5′-phosphate (cAMP), are
generally smaller than those for the alkaline hydrolysis of the phosphonofluoridates and related
phosphotriesters.

Introduction

Phosphorus has a broad role in living systems, and
hydrolysis of phosphate esters and their structural vari-
ants in solution and in enzymes is one of the most
fundamental types of chemical and biochemical reac-
tions.1 A phosphonofluoridate, (RO)R′P(O)F, may be
considered to be a structural variant of a phosphotriester
in which two of the three OR groups are replaced by a F

atom and a R′ group. A variety of phosphonofluoridates
have been used either as agriculture insecticides,2 such
as 2-trimethylammonioethyl methylphosphonofluoridate
in which R′ ) CH3 and R ) CH2CH2N+(CH3)3, or as
chemical warfare nerve gases, such as O-isopropyl meth-
ylphosphonofluoridate (sarin) and O-pinacolyl meth-
ylphosphonofluoridate (soman).3 These organophosphorus
compounds are extremely potent, irreversible inhibitors
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of acetylcholinesterase (AChE), a critical enzyme respon-
sible for regulating the concentration of the neurotrans-
mitter acetylcholine (ACh) through AChE-catalyzed hy-
drolysis of ACh. Exposure to excess levels of these
organophosphorus compounds not only has immediate
consequences but also has been shown to exert delayed
cholinergic toxicity and delayed neurotoxicity.4 Long-term
exposure to low levels of these organophosphorus com-
pounds can produce persistent and additive inhibition of
AChE resulting in a delayed neuropathy.5 So, the phospho-
nofluoridates are highly neurotoxic to both target and
nontarget organisms.

It is interesting to develop an efficient approach to the
chemical destruction of these neurotoxic organophospho-
rus compounds for the purposes of chemical defense and
environmental protection.6-10 However, the extreme tox-
icity of the compounds makes the experimentations with
the actual compounds extremely difficult.11 We are
particularly interested in understanding the detailed
reaction mechanisms for hydrolytic degradation of these
neurotoxic organophosphorus compounds through com-
putational studies, because detailed state-of-the-art com-
putational studies could lead to some useful insights that
can help to minimize the number of risk experimental
tests required to achieve a goal of investigation.

This study is focused on the mechanisms for alkaline
hydrolysis of phosphonofluoridates. Experimental rate
constants have been known for the alkaline hydrolysis
of some phosphonofluoridates.2 The experimental data
collected by O’Brien2 indicate that methylphosphono-
fluoridates, (RO)CH3P(O)F, are usually associated with
larger rate constants compared to other phosphonofluo-
ridates, and that the insecticide 2-trimethylammonio-
ethyl methylphosphonofluoridate has the largest rate
constant (935 M-1 s-1). The substituent shifts of the rate
constant for the (RO)R′P(O)F hydrolysis are remarkable
and the substituent shifts of the rate constant may be

attributed, in most of the cases, to the effects of steric
hindering of substituents R and R′ to the attack of the
nucleophile (HO-).2 Consideration of the steric effect
suggests that the larger the bulk size of R or R′, the lower
the rate constant of the (RO)R′P(O)F hydrolysis, thus
explaining the fact that the rate constant of the (RO)-
R′P(O)F hydrolysis decreases by increasing the size of R
or R′ from CH3 to C2H5 to C3H7.2 However, the steric
effect alone cannot help to explain why the rate constant
(935 M-1 s-1) of the hydrolysis of 2-trimethylammonio-
ethyl methylphosphonofluoridate, in which R′ ) CH3 and
R ) CH2CH2N+(CH3)3, is even significantly larger than
that (106 M-1 s-1) of the hydrolysis of the smallest
phosphonofluoridate in which R′ ) CH3 and R ) CH3.2

The “abnormal” substituent shift of the rate constant
of the (RO)CH3P(O)F hydrolysis from R ) CH3 to CH2-
CH2N+(CH3)3 might be associated with the change of the
formal charge on R. (RO)CH3P(O)F is a neutral molecule
when R ) CH3, but it becomes a cation when R ) CH2-
CH2N+(CH3)3. A question is how the charged functional
group, CH2CH2N+(CH3)3, contributes to the significant
increase of the rate constant of the hydrolysis. Does this
charged functional group change the fundamental reac-
tion pathway, change the orientation of the HO- attack
at the P center, or simply stabilize the transition state
of the hydrolysis? A recently reported computational
study3 of reaction pathways for a neutral phosphotriester
(paraoxon) and its neutral variants indicates that the
alkaline hydrolysis of these compounds proceeds with a
net inversion of stereochemistry at the phosphorus
center, i.e. via a pathway that the attacking nucleophile
(OH-) and the leaving group (e.g. F- in a variant) are
positioned on opposite sides of the plane formed by the
three remaining atoms attached to the P atom,3 but no
charged molecule (phosphotriester or its variant) was
examined in the reaction coordinate calculations. Is the
pathway found for the hydrolysis of the neutral molecules
still correct for the positively charged molecule, i.e. (RO)-
CH3P(O)F when R ) CH2CH2N+(CH3)3?

To answer these questions, we have performed detailed
reaction coordinate calculations on the hydrolysis of the
charged phosphonofluoridate, i.e. 2-trimethylammonio-
ethyl methylphosphonofluoridate, in consideration of two
competing orientations of the HO- attack. The corre-
sponding free energy barriers have been evaluated to
determine the dominant pathway. In addition, the same
computational protocol has also been used to examine the
reaction pathways and free energy barriers for the
hydrolysis of two neutral methylphosphonofluoridates,
i.e. (RO)CH3P(O)F when R ) CH3 and CH2CH2C(CH3)3.
A detailed comparison and analysis of the calculated
results leads to a deeper understanding of the electro-
static and steric effects on the free energy barriers for
alkaline hydrolysis of phosphonofluoridates and related
phosphate esters.

Calculation Methods

Geometries of all reactants, transition states, intermediates,
and products involved in this study were optimized by using
the Hartree-Fock (HF) method with the 6-31+G(d) basis set.
Vibrational frequency calculations were carried out to ensure
that the optimized geometries are indeed local minima or
saddle points on the potential energy surfaces and to deter-
mine the zero-point vibrational energies (ZPVE’s) and thermal
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corrections to the Gibbs free energies. No empirical scaling
factor was used to scale the calculated vibrational frequencies
because, for the calculated free energy barriers, the ZPVE
corrections and the vibrational contributions to the thermal
corrections are all very small due to the cancellations. Intrinsic
reaction coordinate (IRC)12 calculations were performed at the
HF/6-31+G(d) level to confirm the optimized transition state
geometries. The geometries optimized at the HF/6-31+G(d)
level were employed to perform the second-order Møller-
Plesset (MP2) energy calculations with the 6-31+G(d),
6-31++G(d,p), and 6-311++G(d,p) basis sets.

Previous theoretical studies13-15 of reaction pathways for
alkaline ester hydrolyses indicate that electron correlation
effects are not important in the optimizations of molecular
geometries and calculations of solvent shifts, but are important
in final energy calculations, for studying energy profiles of
those organic reactions. With a given basis set, the energy
barriers evaluated by performing the MP2 energy calculations
with use of the MP2 geometries are all very close to those
evaluated by the MP2 calculations by using geometries
optimized with the 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,13 indicating that the MP2 method is
sufficiently accurate for recovery of the electron correlation.
It should be pointed out that the methodology discussion
here is limited to the hydroxide ion-catalyzed hydrolysis
reactions.13-15

Self-consistent reaction field (SCRF) energy calculations
were performed to calculate solvent shifts of the free energy
barriers by using the geometries optimized at the HF/6-31+G-
(d) level in the gas phase. Florian and Warshel performed a
manual geometry search in solution along the corresponding
gas-phase intrinsic reaction coordinate for the hydrolysis of
monomethyl phosphate and demonstrated that the contribu-
tions of the solvent-induced structural changes to the overall
energetics are small and can be safely neglected.16 The same
conclusion was also obtained from first-principles computa-
tional studies on hydroxide ion-catalyzed hydrolysis of a
phosphotriester and its structural variants.17 The free energy
barrier for reaction in aqueous solution was taken as a sum
of the free energy change calculated at the MP2/6-31+G(d)//
HF/6-31+G(d) level in the gas phase and the corresponding
solvent shift determined by the SCRF calculations at the HF/
6-31+G(d) level. The SCRF method used in the calculations
is a recently developed GAMESS implementation18 of the
surface and volume polarization for electrostatic interactions
(SVPE).19 The SVPE model is also known as the fully polariz-
able continuum model (FPCM)20 because it fully accounts for
both surface and volume polarization effects in the SCRF
calculation. In other SCRF implementations, volume polariza-
tion effects are ignored or approximately modeled by modifying
the surface polarization charge distribution through a simula-
tion and/or charge renormalization,21-29 or the solute charge

distribution is simply represented by a set of point charges at
the solute nuclei.30,31

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
dielectric constant and a certain quantum chemical calculation
level.19a Our previous computational studies involving SVPE
calculations have demonstrated that the SVPE calculations
with the 0.002 au contour led to the calculated energy barriers
in good agreement with the corresponding experimental data
for the hydroxide ion-catalyzed ester hydrolysis reactions.15,17,32,33

Besides, Bentley recently employed the minimum in the
electron density function between pairs of interacting mol-
ecules to estimate molecular sizes, and found that the molec-
ular surfaces identified by such a procedure are in excellent
agreement with the 0.002 au isodensity contour.34 So, the 0.002
au contour was used in this study.

The current version19a of the SVPE implementation has its
own limitations. In particular, the analytic energy derivatives
required for geometry optimization and the calculations of the
short-range nonelectrostatic interactions have not been imple-
mented yet and the short-range nonelectrostatic interactions
have significant contributions to the absolute hydration free
energy of a charged species.35 Nevertheless, for a given
chemical reaction step, the short-range nonelectrostatic con-
tributions to the energy change can nearly cancel out and the
overall effects of the short-range nonelectrostatic contributions
on the free energy barriers are negligible.17,32,33 Previous
computational studies14,15,17,32,33 demonstrate that, whether the
short-range nonelectrostatic interactions are included or not,
the first-principles electronic structure calculations with the
SVPE method can consistently predict energy barriers and free
energy barriers in excellent agreement with the corresponding
experimental data for the alkaline hydrolyses of carboxylic acid
esters, phosphate esters, and their structural variants.

The SVPE solvation calculations were performed with a
local version19a of the GAMESS program and all other results
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were obtained with the Gaussian03 program36 on an HP’s
Superdome supercomputer, two Linux clusters, and SGI
multiprocessors Origin computers.

Results and Discussion

Alkaline Hydrolysis of 2-Trimethylammonioethyl
Methylphosphonofluoridate. We first examined the
reaction pathway (pathway A) where the attacking
nucleophile OH- and the leaving group F- are positioned
on opposite sides of the plane formed by the three
remaining atoms attached to the phosphorus. Geometries
of the reactant (Reactant-1), hydrogen-bonded reactant
complex (HBR-1A), transition states (TS1-1A and TS2-
1A), intermediate (INT-1A), and product (Product-1A)
optimized for this pathway are depicted in Figure 1, along
with the geometry of the first transition state (TS1-1B)
optimized for another reaction pathway (pathway B).
Some key geometric parameters are indicated in the
figure. Concerning the structural notations used in
Figure 1, the number “1” after the dash refers to
2-trimethylammonioethyl methylphosphonofluoridate
(molecule #1 calculated in this study), i.e. (RO)CH3P(O)F
when R ) CH2CH2N+(CH3)3. Similarly, the numbers “2”
to “6” in Figures 2 and 3 refer to other methylphospho-
nofluoridates in which R ) CH3 (molecule #2), R ) CH2-
CH2C(CH3)3 (molecule #3), R ) CH2CH2CH(CH3)2 (mol-
ecule #4), R ) CH(CH3)CH2N+(CH3)3 (molecule #5), and
R ) CH(CH3)CH2N(CH3)2 (molecule #6), respectively.

Previous computational studies14,15,17 have already
demonstrated that hydroxide ion-catalyzed hydrolysis
reactions involve formation a stable hydrogen-bonded
reactant complex, i.e. a complex of the molecule to be
hydrolyzed with a hydroxide ion, in the gas phase before
going to the first transition state TS1 of the hydrolysis.
However, in aqueous solution the total energy of the
separated reactants becomes lower than that of the
hydrogen-bonded reactant complex (HBR) for all of the
compounds examined. Thus, in aqueous solution the HBR
structure is no longer associated with a local minimum
on the potential energy surface and the reaction goes
directly from the separated reactants to TS1.14,15,17 The
calculated results in the present study confirm this
conclusion. So, the energy barrier calculated for the first
step of such a reaction in the gas phase should be the
energy change from HBR to TS1, whereas the energy
barrier calculated for the first step of such a reaction in
aqueous solution should be the energy change from the
separated reactants to TS1.

As seen in Figure 1, pathway A involves two major
reaction steps starting from Reactant-1 + HO- (in

aqueous solution) or a hydrogen-bonded reactant complex
HBR-1A (in the gas phase). The first step is the formation
of a pentacoordinated phosphorus intermediate, INT-1A,
through transition state TS1-1A and the second step is
the decomposition of the intermediate to the product
(Product-1 + F-) through transition state TS2-1A. A
notable feature of the optimized TS1-1A geometry is
associated with four C-H‚‚‚O hydrogen bonds37 involving
the hydroxide oxygen: three strong C-H‚‚‚O hydrogen
bonds with CH2CH2N+(CH3)3 and a weak C-H‚‚‚O
hydrogen bond with the CH3 group on the P atom, as
suggested by the optimized H‚‚‚O internuclear distances
in Figure 1. These hydrogen bonds are expected to
stabilize the transition state and, thus, lower the free
energy barrier for this reaction step. The total nO f σ*C-H

delocalization energy associated with the three C-H‚‚‚
O hydrogen bonds with CH2CH2N+(CH3)3 was calculated
to be 30.6 kcal/mol, whereas the total nO f σ*C-H

delocalization energy associated with the C-H‚‚‚O hy-
drogen bond with the CH3 group on the P atom was
calculated to be 0.7 kcal/mol, by using the natural bond
orbital (NBO) population analysis implemented in the
Gaussian03 program. Table 1 summarizes the Gibbs free
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Gonzalez, C.; Pople, J. A. Gaussian 03, Revision A.1; Gaussian, Inc.:
Pittsburgh, PA, 2003. (37) Zhan, C.-G.; Landry, D. W. J. Phys. Chem. A 2001, 105, 1296.

FIGURE 1. Geometries of reactants, hydrogen-bonded reac-
tant complex, transition states, intermediate, and product
optimized at the HF/6-31+G(d) level for the hydrolysis of
2-trimethylammonioethyl methylphosphonofluoridate, i.e. (RO)-
CH3P(O)F when R ) CH2CH2N+(CH3)3.
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energy barriers and enthalpy barriers calculated in both
the gas phase and solution. The differences between the
Gibbs free energy barriers and enthalpy barriers reflect
the contributions from corresponding entropy changes.
The data summarized in Table 1 reveal that both the
entropy and solvation contributions to the free energy
barriers are critical. Unless stated otherwise, the free
energy barriers discussed below refer to those in aqueous
solution.

The energetic results listed in Table 1 show that the
highest free energy barrier is associated with the first
step. So the first step is rate determining. As seen in
Table 1, the free energy barriers calculated with three
different basis sets are very close, suggesting that even
the smallest basis set, 6-31+G(d), used in this study is
sufficient for studying these reactions. With the largest
basis set 6-311++G(d,p), the free energy barrier, 2.6 kcal/
mol, calculated for the second step is negligible compared
to the free energy barrier, 12.5 kcal/mol, calculated for
the first step. The free energy barrier for the return of
the intermediate INT-1A to TS1-1A was calculated to be
5.7 kcal/mol when the 6-311++G(d,p) basis set was used.
So, we only calculated the first step of the hydrolysis
associated with the reaction pathway B where the
nucleophile OH- attacks the P atom from a different
orientation. The transition state corresponding to this
reaction step is TS1-1B depicted in Figure 1. The
optimized geometry of TS1-1B reveals three C-H‚‚‚O
hydrogen bonds between the hydroxide oxygen and the
CH2CH2N+(CH3)3 group. Compared to TS1-1A, the hy-
droxide oxygen in TS1-1B does not have a hydrogen bond
with the CH3 group on the P atom, but it still has three

C-H‚‚‚O hydrogen bonds with the CH2CH2N+(CH3)3

group, as suggested by the optimized H‚‚‚O distances in
Figure 1. Based on the NBO analysis, the total nO f
σ*C-H delocalization energy associated with the three
C-H‚‚‚O hydrogen bonds with CH2CH2N+(CH3)3 was
calculated to be 34.1 kcal/mol, about 3.5 kcal/mol larger
than that in TS1-1A. However, the calculated free energy
barrier, 23.3 kcal/mol, associated with TS1-1B is 10.7
kcal/mol higher than that associated with TS1-1A. These
energetic results suggest that pathway A is dominant for
the alkaline hydrolysis of 2-trimethylammonioethyl meth-
ylphosphonofluoridate in aqueous solution.

We compared the calculated free energy barriers with
available experimental kinetic data. For alkaline hy-
drolysis of 2-trimethylammonioethyl methylphosphono-
fluoridate in aqueous solution, the rate constant was
measured to be 935 M-1 s-1 at T ) 298.15 K.2 This
experimental rate constant gives an activation free
energy of 13.4 kcal/mol according to the conventional
transition state theory (CTST),38 i.e.

where kB is the Boltzmann constant, T is the absolute
temperature, h is Planck’s constant, and ∆G is the
activation free energy. Our free energy barrier, 12.5 kcal/
mol, calculated for the dominant reaction pathway is
close to this experimentally derived activation free
energy, 13.4 kcal/mol.

Alkaline Hydrolysis of Other Methylphosphono-
fluoridates. To better understand the substituent shifts
of the free energy barrier for alkaline hydrolysis of
methylphosphonofluoridate, (RO)CH3P(O)F, we also ex-
amined the first step of the reaction pathway A for the
hydrolysis of other methylphosphonofluoridates with R
) CH3, CH2CH2C(CH3)3, CH2CH2CH(CH3)2, CH(CH3)-
CH2N+(CH3)3, and CH(CH3)CH2N(CH3)2. The geometries
optimized for the reactants and transition states are
depicted in Figures 2 and 3. The calculated free energy
barriers are given in Table 1. The optimized geometries
of TS1-2A to TS1-6A in Figures 2 and 3 are similar to
that of TS1-1A in Figure 1 in terms of the relative
positions of the P, F, and HO-. In particular, four C-H‚
‚‚O hydrogen bonds similar to those found in the TS1-
1A geometry can also be found in the TS1-3A geometry.
Three C-H‚‚‚O hydrogen bonds with the CH2CH2C(CH3)3

group in TS1-3A are weaker than those with the CH2-
CH2N+(CH3)3 group in TS1-1A, whereas the C-H‚‚‚O
hydrogen bond with the CH3 group on the P atom in TS1-
3A is stronger than that in TS1-1A. In TS1-2A, the
hydroxide oxygen only has two C-H‚‚‚O hydrogen bonds
with two CH3 groups, but the optimized H‚‚‚O distances
in TS1-2A are all shorter than those in TS1-3A. Based
on the NBO analysis, the total nO f σ*C-H delocalization
energy associated with the three C-H‚‚‚O hydrogen
bonds with CH2CH2C(CH3)3 was calculated to be 14.2
kcal/mol, whereas the nO f σ*C-H delocalization energy
associated with the C-H‚‚‚O hydrogen bond with the CH3

group on the P atom was calculated to be 6.2 kcal/mol.
The total nO f σ*C-H delocalization energy associated
with all of the C-H‚‚‚O hydrogen bonds in TS1-3A is 20.4

(38) Alvarez-Idaboy, J. R.; Galano, A.; Bravo-Pérez, G.; Ruı́z, M. E.
J. Am. Chem. Soc. 2001, 123, 8387.

FIGURE 2. Geometries of reactants, hydrogen-bonded reac-
tant complexes, and transition states optimized at the HF/6-
31+G(d) level for the hydrolysis of (RO)CH3P(O)F when R )
CH3 and CH2CH2C(CH3)3.

k ) (kBT/h) exp(-∆G/kBT) (1)
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kcal/mol, which is about 10.9 kcal/mol smaller than that
of 31.3 kcal/mol in TS1-1A. The calculated free energy
barriers associated with TS1-2A to TS1-3A are listed in
Table 1. The calculated free energy barrier, 15.5 kcal/
mol, associated with TS1-2A is close to the activation free
energy, 14.7 kcal/mol, derived from the experimental rate
constant, 106 M-1 s-1, reported for the alkaline hydrolysis
of (CH3O)CH3P(O)F at T ) 298.15 K.2 The calculated free
energy barrier, 13.4 kcal/mol, associated with TS1-5A is
also close to the activation free energy, 13.9 kcal/mol,
derived from the experimental rate constant, 381 M-1 s-1,
reported for the alkaline hydrolysis of (RO)CH3P(O)F
when R ) CH(CH3)CH2N+(CH3)3 at T ) 298.15 K.2

Electrostatic and Steric Effects. The aforemen-
tioned first-principles electronic structure calculations
predict the free energy barrier for the alkaline hydrolysis
of phosphonofluoridate (RO)CH3P(O)F to be 15.5 kcal/
mol when R ) CH3, 17.9 kcal/mol when R ) CH2CH2C-
(CH3)3, and 12.5 kcal/mol when R ) CH2CH2N+(CH3)3.
The good agreement of the calculated free energy barriers
with available experimentally derived activation free
energies, 14.7 kcal/mol when R ) CH3, 13.4 kcal/mol
when R ) CH2CH2N+(CH3)3, and 13.9 kcal/mol when R
) CH(CH3)CH2N+(CH3)3, suggest that the predicted free
energy barriers are reliable. Hence, it is meaningful to
discuss substituent shifts of the free energy barrier for
the (RO)CH3P(O)F hydrolysis based on the predicted free
energy barriers summarized in Table 1. Both CH3 and
CH2CH2C(CH3)3 are neutral functional groups. Compared
to CH3, CH2CH2C(CH3)3 has a larger bulk size and may
have a significant effect of steric hindering to the
hydroxide attacking at the P atom. As a result, the free
energy barrier calculated with R ) CH2CH2C(CH3)3 is
2.4 kcal/mol higher than that calculated with R ) CH3.

The bulk size of CH2CH2N+(CH3)3 is roughly the same
as that of CH2CH2C(CH3)3. So, the steric effects of these
two functional groups are roughly equivalent. The pri-
mary difference is that CH2CH2N+(CH3)3 is positively
charged, whereas CH2CH2C(CH3)3 is neutral. The posi-
tively charged functional group will have a strong
electrostatic attraction to the attacking hydroxide anion
and, therefore, the three C-H‚‚‚O hydrogen bonds of the
hydroxide oxygen with CH2CH2N+(CH3)3 in TS1-1A are
much stronger than the corresponding C-H‚‚‚O hydrogen
bonds with CH2CH2C(CH3)3 in TS1-3A. Because of the
additional electrostatic attraction with CH2CH2N+(CH3)3

in TS1-1A, the free energy barrier calculated with R )
CH2CH2N+(CH3)3 is 5.4 kcal/mol lower than that calcu-
lated with R ) CH2CH2C(CH3)3.

The change of the substituent R in (RO)CH3P(O)F from
CH3 to CH2CH2N+(CH3)3 is associated with both the
steric and electrostatic effects on the free energy barrier.
These two effects are expected to change the free energy
barrier in two opposite directions. The substituent shift
of the free energy barrier for the (RO)CH3P(O)F hydroly-
sis from R ) CH3 to CH2CH2N+(CH3)3 due to the steric
effect may be estimated to be the free energy barrier shift
(2.4 kcal/mol) from R ) CH3 to CH2CH2C(CH3)3, whereas
the free energy barrier shift due to the electrostatic effect
may be estimated to be the free energy barrier shift (-5.4
kcal/mol) from R ) CH2CH2C(CH3)3 to CH2CH2N+(CH3)3.
Therefore, the overall substituent shift of the calculated
free energy barrier for the (RO)CH3P(O)F hydrolysis from
R ) CH3 to CH2CH2N+(CH3)3 is 2.4 + (-5.4) ) -3.0 kcal/
mol. The electrostatic effect dominates the substituent
shift from R ) CH3 to CH2CH2N+(CH3)3. This explains

FIGURE 3. Geometries of reactants, hydrogen-bonded reactant complexes, and transition states optimized at the HF/6-31+G(d)
level for the hydrolysis of (RO)CH3P(O)F when R ) CH2CH2CH(CH3)2, CH(CH3)CH2N+(CH3)3, and CH(CH3)CH2N(CH3)2.
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why the alkaline hydrolysis of (RO)CH3P(O)F with R )
CH2CH2N+(CH3)3 is significantly faster than that with
R ) CH3.

The electrostatic and steric effects can also explain the
relative magnitudes of the free energy barriers calculated
for the (RO)CH3P(O)F hydrolysis when R ) CH2CH2CH-
(CH3)2, CH(CH3)CH2N+(CH3)3, and CH(CH3)CH2N(CH3)2.
When the size of R increases from CH2CH2N+(CH3)3 to
CH(CH3)CH2N+(CH3)3, the calculated free energy barrier
increases from 12.5 to 13.4 kcal/mol, whereas the experi-
mentally derived activation free energy increases from
13.4 to 13.9 kcal/mol. The calculated free energy barrier
for the (RO)CH3P(O)F hydrolysis with R ) CH2CH2CH-
(CH3)2 is between those with R ) CH3 and CH2CH2C-
(CH3)3, because the size of CH2CH2CH(CH3)2 is between
the sizes of CH3 and CH2CH2C(CH3)3. In addition, the
size of CH(CH3)CH2N(CH3)2 is close to that of CH2CH2C-
(CH3)3, but the position of a methyl group is different.
The free energy barrier, 18.7 kcal/mol, calculated with
R ) CH(CH3)CH2N(CH3)2 is close to the barrier, 17.9
kcal/mol, calculated with R ) CH2CH2N+(CH3)3, suggest-

ing that the steric effect of the neutral amine substituent
is not dramatically different from that of the neutral alkyl
R group.

In addition, the concept of the electrostatic effect in
the transition states can also help to better understand
why the reaction pathway A has a much lower free
energy barrier than pathway B. The primary difference
between TS1-1A and TS1-1B is associated with the
orientations of groups F- and CH3 relative to the attack-
ing nucleophile OH-, as seen in Figure 1. For a given
phosphonofluoridate, (RO)CH3P(O)F, both the attacking
nucleophile OH- and leaving F- in the transition state
have large amounts of negative atomic charge. For
example, based on the NBO population analysis, the net
atomic charge on group F- is -0.665, whereas the net
atomic charge on group CH3 is -0.278, in TS1-1A. There
is a strong electrostatic repulsion between the attacking
and leaving groups in a transition state structure. The
electrostatic repulsion destabilizes the transition state
and, therefore, increases the free energy barrier. The
electrostatic repulsion can be minimized when the OH-

and F- are positioned on opposite sides of the plane

TABLE 1. Calculated Gibbs Free Energy Barriers (∆G) and Enthalpy Barriers (∆H) in kcal/mol for the Alkaline
Hydrolysis of Phosphonofluoridate (RO)CH3P(O)F in Aqueous Solution When T ) 298.15 K and P ) 1 atm in Comparison
with Available Experimental Dataa

methodb MP2/BS1 MP2/BS2 MP2/BS3 expte

R ) CH2CH2N+(CH3)3 path Ac step 1 ∆G 12.5 12.5 12.5 13.4
(3.4) (3.7) (4.1)

∆H 2.9 2.9 2.9
(1.6) (1.8) (2.2)

step 2 ∆G 3.1 3.1 2.6
(3.4) (3.3) (2.8)

∆H 1.8 1.8 1.3
(2.1) (2.0) (1.5)

path Bd step 1 ∆G 23.4 23.3 23.3
(7.8) (8.2) (8.3)

∆H 13.3 13.2 13.2
(3.9) (4.3) (4.4)

R ) CH3 path Ac step 1 ∆G 15.4 15.2 15.5 14.7
(3.8) (3.9) (4.6)

∆H 7.0 6.7 7.1
(2.1) (2.2) (2.9)

R ) CH2CH2C(CH3)3 path Ac step 1 ∆G 17.9 17.7 17.9
(3.4) (3.7) (4.2)

∆H 7.8 7.6 7.8
(1.4) (1.6) (2.1)

R ) CH2CH2CH(CH3)2 path Ac step 1 ∆G 16.4 16.3 16.5
(3.6) (4.0) (4.5)

∆H 6.6 6.5 6.7
(1.8) (2.1) (2.6)

R ) CH(CH3)CH2N+(CH3)3 path Ac step 1 ∆G 13.2 13.4 13.4 13.9
(2.1) (2.4) (2.9)

∆H 3.6 3.7 3.7
(0.4) (0.8) (1.2)

R ) CH(CH3)CH2N(CH3)2 path Ac step 1 ∆G 18.7 18.6 18.7
(2.6) (3.0) (3.5)

∆H 8.8 8.7 8.9
(0.7) (1.1) (1.6)

a Numbers in parentheses refer to the corresponding ∆G or ∆H values calculated for the reactions in the gas phase. b Method used in
the gas-phase energy calculations. The basis sets BS1, BS2, and BS3 used in the MP2 energy calculations refer to 6-31+G(d), 6-31++G(d,p),
and 6-311++G(d,p), respectively. Zero-point vibration and thermal corrections were performed at the HF/6-31+G(d) level. Solvent shifts
were determined from the SVPE calculations at the HF/6-31+G(d) level. See text for the detailed methods. c Pathway A refers to the
reaction pathway where the attacking nucleophile OH- and the leaving group F- are positioned on opposite sides of the plane formed by
the three remaining atoms attached to the phosphorus. d Pathway B refers to the reaction pathway where the attacking nucleophile OH-

and the leaving group F- are not on opposite sides of the plane formed by the three remaining atoms attached to the phosphorus. e Gibbs
free energy barriers derived from the experimental rate constants (measured in water) at T ) 298.15 K, 935 M-1 s-1 when R )
CH2CH2N+(CH3)3, 381 M-1 s-1 when R ) CH(CH3)CH2N+(CH3)3, and 106 M-1 s-1 when R ) CH3 (ref 2), based on the conventional
transition state theory (ref 38).
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formed by the three remaining atoms attached to the P
atom in pathway A. This qualitatively explains why the
calculated free energy barrier associated with TS1-1A is
lower than that associated with TS1-1B by 10.7 kcal/mol.
Recent computational studies32,33 indicated that the
dominant reaction pathway for alkaline hydrolysis of
phosphodiesters is a one-step process where the attacking
and leaving groups are also positioned on opposite sides
of the plane formed by the three remaining atoms
attached to the P atom in the transition state. This can
also be attributed to the effect of the electrostatic
repulsion between the negative charges on attacking and
leaving groups in the transition state, in light of the
current analysis of the electrostatic effect.

Further, the concept of the electrostatic effect in the
transition states can also be extended to explain why the
rate constants for the alkaline hydrolysis of phosphodi-
esters, such as adenosine 3′,5′-phosphate (cAMP), di-
methyl phosphate (DMP), and trimethylene phosphate
(TMP),32,33 are generally smaller than those for the
alkaline hydrolysis of the aforementioned phosphono-
fluoridates and related phosphotriesters.17 In contrast to
the aforementioned neutral or cationic phosphonofluori-
dates and related phosphotriesters, the phosphodiesters
primarily exist in the dissociated structural forms as
anions in aqueous solution due to their small pKa values.
The strong electrostatic repulsion between the phosphate
anion and OH- destabilizes the transition state and,
therefore, increases the free energy barrier. The experi-
mentally estimated free energy barriers, ∼29, ∼32, and
∼32 kcal/mol, for the alkaline hydrolysis of cAMP, DMP,
and TMP, respectively,33 are all significantly higher than
those for the phosphonofluoridates and related phospho-
triesters mentioned above. All of these results suggest
that for the alkaline hydrolysis of phosphodiesters,
phosphotriesters, and their structural variants, their
electrostatic interactions with the attacking nucleophile
OH- favor the following order of free energy barriers:

in which M+, M0, and M- represent the cationic, neutral,
and anionic molecules, respectively.

Conclusion

First-principles electronic structure calculations were
performed to study reaction pathways and free energy
barriers for alkaline hydrolysis of the insecticide 2-tri-
methylammonioethyl methylphosphonofluoridate and re-
lated phosphonofluoridates, (RO)CH3P(O)F, in aqueous
solution. The calculated results indicate that the domi-
nant reaction pathway for the alkaline hydrolysis is
associated with a transition state in which the attacking
nucleophile OH- and the leaving group F- are positioned
on opposite sides of the plane formed by the three
remaining atoms attached to the P atom in order to
minimize the electrostatic repulsion between these two
groups. The free energy barriers calculated for the rate-
determining step of the dominant pathway are 12.5 kcal/
mol when R ) CH2CH2N+(CH3)3, 15.5 kcal/mol when R
) CH3, 17.9 kcal/mol when R ) CH2CH2C(CH3)3, 16.5

kcal/mol when R ) CH2CH2CH(CH3)2, 13.4 kcal/mol
when R ) CH(CH3)CH2N+(CH3)3, and 18.7 kcal/mol when
R ) CH(CH3)CH2N(CH3)2. The free energy barriers are
in good agreement with available experimentally derived
activation free energies, i.e., 14.7 kcal/mol when R ) CH3,
13.4 kcal/mol when R ) CH2CH2N+(CH3)3, and 13.9 when
R ) CH(CH3)CH2N+(CH3)3.

The calculated results indicate that both the steric and
electrostatic effects can significantly affect the free energy
barrier for the alkaline hydrolysis of (RO)CH3P(O)F. The
change of the substituent R in (RO)CH3P(O)F from CH3

to CH2CH2N+(CH3)3 is associated with both the steric and
electrostatic effects on the free energy barrier. These two
effects affect the free energy barrier in two opposite
directions. The substituent shift of the free energy barrier
for the (RO)CH3P(O)F hydrolysis from R ) CH3 to CH2-
CH2N+(CH3)3 due to the steric effect was estimated to
be the free energy barrier shift, 2.4 kcal/mol, from R )
CH3 to CH2CH2C(CH3)3, whereas the free energy barrier
shift due to the electrostatic effect was estimated to be
the free energy barrier shift, -5.4 kcal/mol, from R )
CH2CH2C(CH3)3 to CH2CH2N+(CH3)3. So, the electrostatic
effect dominates the substituent shift and the overall
substituent shift from R ) CH3 to CH2CH2N+(CH3)3

decreases the calculated free energy barrier for the (RO)-
CH3P(O)F hydrolysis, which is qualitatively consistent
with the reported experimental data. This helps to better
understand why the alkaline hydrolysis of (RO)CH3P(O)F
with R ) CH2CH2N+(CH3)3 and CH(CH3)CH2N+(CH3)3 is
significantly faster than that with R ) CH3.

It has been suggested that the net charge of the
molecule (M) being hydrolyzed is a prominent factor
affecting the free energy barrier (∆G) for the alkaline
hydrolysis of phosphodiesters, phosphonofluoridates, and
related organophosphorus compounds. The electrostatic
interactions between the attacking nucleophile OH- and
the molecule being hydrolyzed favor such an order:
∆G(M++OH-) < ∆G(M0+OH-) < ∆G(M-+OH-), where
M+, M0, and M- represent the cationic, neutral, and
anionic molecules, respectively. This helps to understand
why the rate constants for the alkaline hydrolysis of
phosphodiesters, such as intramolecular second mes-
senger adenosine 3′,5′-phosphate (cAMP), are generally
smaller than those for the alkaline hydrolysis of the
aforementioned phosphonofluoridates and related phos-
photriesters.
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