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Phosphate ester hydrolysis is ubiquitous in biology, playing a central role in energy production, signaling,
biosynthesis, and the regulation of protein function among other things. Although the mechanism of
action of the enzymes regulating this reaction has been the focus of intensive research in the past few
decades, the correct description of this apparently simple reaction remains controversial. A clear
understanding of the mechanism that takes place in solution is crucial to be able to evaluate whether
proposals for the enzyme-catalyzed mechanisms are reasonable. For the pH-independent hydrolysis of
phosphate diesters, several kinetically equivalent mechanisms are plausible, including hydroxide attack
on the neutral phosphate. However, it is very difficult to measure the rate of this reaction directly by
experimental methods, so it has been evaluated by examining the rate of hydrolysis of neutral phosphate
triesters, where a methyl group has replaced a proton. This may not be an accurate model of the neutral
phosphate diester and does not provide information about a reaction pathway that is concerted with
nucleophilic attack to generate a similar phosphorane. We have carefully mapped out free energy surfaces
for both hydroxide and water attack on the dineopentyl phosphate anion and for water attack on the
neutral diester. In doing so, we have accurately reproduced existing experimental data and demonstrate
that water attack proceeds through an associative mechanism with proton transfer to the phosphate to
generate a phosphorane intermediate. Our data show that the substrate-as-base mechanism is viable for
phosphate ester hydrolysis, which may have important implications for the studies of phosphate ester
hydrolysis by enzymes.

Introduction

Phosphoryl transfer reactions are ubiquitous in biology, being
involved in processes ranging from energy and signal trans-
duction to the replication of genetic material.'~” In particular,
phosphate diesters are used to hold together the genetic code
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in DNA and form the functional group that is manipulated by
enzymes such as DNA polymerases, a family of enzymes that
are responsible for regulating a wide range of activities including
DNA recombination, repair, and damage bypassing, all of which
are central to maintaining the integrity of the genome.®
Thoroughly understanding the mechanism of phosphate diester
hydrolysis in solution is central to further understanding the
mechanism of diesterases such as DNA polymerases, the precise
catalytic mechanism of which remains uncertain.”” '
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In contrast to phosphate monoesters, the uncatalyzed hy-
drolysis of phosphate diester monanions in solution is extremely
slow.'® '8 For instance, the rate for the uncatalyzed hydrolysis
of dimethyl phosphate at 25 °C is estimated to have a rate
constant of approximately 2 x 10713 s71.'° Additionally, the
reaction has been found to proceed at least 99% by C—O
cleavage, which is not the site of cleavage catalyzed by enzymes
and which suggests an upper limit of approximately 1 x 10713
s~! (again at 25 °C) for the rate constant for spontaneous P—O
cleavage.?® This means that phosphodiesterases have to provide
tremendous rate enhancements. For instance, staphylococcal
nuclease accelerates the rate of P—O cleavage by at least 10'6-
fold,>' or more specifically, computational studies obtain a
difference of more than 35 kcal/mol if one compares the same
reaction in solution and in the protein.?>** Computational studies
have demonstrated that preorganized active sites with metal ions
in the proper positions and with proper dielectric screening can
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account for the overall catalytic effect.”>* However, the detailed
mechanism of the solution reaction remains controversial, and
it is clearly vital to reach a consensus about this mechanism to
be able to make progress in the elucidation of the precise
mechanism in the active site of different phosphoryl transfer
enzymes, particularly as different mechanisms have different
requirements for catalysis.

The mechanism of phosphate monoester hydrolysis is a
related problem of major biological interest.>?**~?® In par-
ticular, it was considered that Ras catalyzed hydrolysis of GTP
by using GIn®' as a general base.?® >° This is now generally
disregarded, and it is accepted that the proton of the attacking
water molecule ends up on the GTP being hy-
drolyzed®”?%3'*! in a “substrate as base” mechanism,® though
it is uncertain whether this proton is transferred in a stepwise
or a concerted fashion.>* Such a mechanism has been proposed
for the hydrolysis of phosphate monoesters in solution,*” though
it has met with controversy.’” This is based on comparing the
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FIGURE 1. Dineopentyl phosphate (NpO,PO,").

rates for the hydrolysis of methyl phosphate®® and trimethyl
phosphate**** and for the reactions of the monoanions of 2,4-
dinitronitrophenyl phosphate and its diester analogue, methyl
2,4-dinitrophenyl phosphate, which suggest that the rate of
reaction of the neutral species with hydroxide is too slow to
compensate for the unfavorable equilibrium involved in trans-
ferring a proton from water to the phosphate. However, a
computational study has suggested that the rate of hydroxide
attack on neutral phosphate monoesters is much faster than for
the corresponding triester,*> suggesting that this mechanism
should not be ruled out a priori. This paper considers whether
these principles apply to phosphate diester hydrolysis.

Generally, phosphate ester hydrolysis can proceed via two
limiting extremes: an associative pathway in which nucleophilic
attack precedes phosphorus oxygen bond cleavage, and a
dissociative pathway in which the leaving group departs prior
to nucleophilic attack.*>*° These limiting cases (AN + Dy or
Dy + Ay) are in turn linked by a continuous spectrum of
concerted (AnDy) pathways, where bond formation and cleavage
occur simultaneously and there is a single transition state for
the reaction. These are also associative reactions, but where the
character of the transition state varies according to the degree
of bonding to the nucleophile and leaving group. If there is a
net increase in bonding, then it can be described as more
associative in character; if there is a net decrease in bonding, it
is more dissociative in character. While the interpretation of
previous experimental studies with good leaving groups has
suggested that phosphate diester hydrolysis proceeds through a
single transition state,*”*® the issue of whether the transition
state is associative or dissociative in character is more difficult
to address. Recent computational studies show that even for
the homologous monoesters studied in ref.,?” the transition state
structure is sensitive to the nature of the leaving group. That is,
while the mechanism is associative with higher pK, leaving
groups, the transition states become progressively more dis-
sociative in character as the pK, of the leaving group is
decreased. Earlier studies have also demonstrated that the precise
reaction path for phosphate ester hydrolysis is dependent on
the pK, of the leaving group.?”*®

Dineopentyl phosphate (NpO,PO,~, Figure 1) is a useful
model system for kinetic studies of the hydrolysis of phosphate
diester with poor leaving groups through P—O cleavage, as C—O
cleavage is selectively prevented by steric effects. At 250 °C,
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FIGURE 2. Alternative kinetically equivalent mechanisms for the pH-
independent hydrolysis of the NpO,PO,™ anion* and the ionization
equilibria relating the pH-independent and hydroxide-promoted pathways.

the variation in the rate of hydrolysis with pH shows a wide
pH-independent region, with base catalysis only becoming
significant above pH 13. Most simply, this behavior can be
accounted for by mechanisms where either water or hydroxide
are the nucleophiles that attack the phosphate anion. However,
it is possible that the diester is not hydrolyzed through water
attack on the NpO,PO,~ monoanion, but through the kinetically
equivalent mechanism of hydroxide attack on neutral
NpOzPOzH49 (Figure 2). If this is the case, then both the high
pH reaction and the pH-independent reaction could involve
hydroxide attack at the phosphorus atom to form closely related
phosphorane intermediates (or transition states; Figure 2).
Interestingly, both regions have virtually identical activation
parameters, which effectively means that this pH dependence
will be similar under ambient conditions.** This observation
might arise because a monoanionic phosphorane is believed™
to have a pK, similar to that of water, so the loss of a proton
from either will have a similar energy penalty and the equilibria
in Figure 2 will be similar in magnitude, resulting in no net
changes to the activation energies of the two reactions.
Experimentally, it is very difficult to make a clear distinction
between these two mechanistic alternatives. Here, we address
this issue by carefully mapping the free energy surface for HO™
attack on neutral and anionic dineopentyl phosphate and H,O
attack on the anion. The protocol used in this work is similar
to that used in ref 27, where it was successfully applied to the
study of phosphate monoesters.?’ It should be noted that the
issue of water attack on dimethyl phosphate has already been
examined in a recent computational study.’’ However, this work
has not explicitly taken into account the possibility of water
attack with proton migration by means of mapping the free
energy surface using a More O’Ferrall—Jencks (MFJ) plot, thus
making the conclusions problematic. More importantly, in
contrast to this previous study, we have considered the reaction
at all pHs and established a role for the proton migration. Here,
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4055.

(50) Davies, J. E.; Doltsinis, N. L.; Kirby, A. J.; Roussev, C. D.; Sprik, M.
Estimating pK, Values for Pentaoxyphosphoranes. J. Am. Chem. Soc. 2002, 124,
6594-6599.



Dineopentyl Phosphate Hydrolysis

o

JOCFeatured Article

HO——P—ONp
_0/ ™~ ONp

Associative

Pathway

P-Opy
Distance
/Bond
Order

-0O——P——ONp

ONp

P-O,; Distance / Bond Order

“ONp
HO—P—ONp
o
Dissociative
Pathway o
HO l "“ONp
o \ONp

FIGURE 3. Defining potential reaction pathways on the free energy surface for hydroxide attack on the NpO,PO,~ anion. The paths shown represent

concerted (AxDy) mechanisms with different characters.

we demonstrate that while the base-catalyzed reaction (hydrox-
ide attack on NpO,PO,™) proceeds through a single-step
mechanism (AxDy) with a compact (associative) transition state,
the pH-independent reaction (H,O attack on NpO,PO,7)
proceeds through an associative (Ax + Dy) mechanism in which
P—O bond formation is coupled with proton transfer from the
attacking water molecule to a phosphate oxygen, yielding a
pentavalent Ay + Dy intermediate. If the reaction proceeds
through a pre-equilibrium transfer of a proton from water to
the phosphate, followed by an associative (Ax + Dy) mecha-
nism, a similar overall activation energy results. Finally, both
ANDy and Ax + Dy pathways are equally
viable for the acid-catalyzed reaction (H,O attack on neutral
NpOzPOQH)

Theoretical Basis. The most thorough computational ap-
proach toward studying the mechanism of phosphate ester
hydrolysis in solution is by mapping out the full free energy
surface for the system, a schematic example of which is shown
in Figure 3. This is in effect a More O’Ferrall—Jencks
diagram®*%* in which the reaction surface is depicted in terms
of bond lengths (rather than using bond orders or Leffler indices
such as used, e.g., by Williams et al.;** overall, the two surfaces
are similar in that they combine a two-dimensional measure of
reaction progress with the energy of the system). Separate free
energy surfaces were generated for hydroxide and water attack
on dineopentyl phosphate. In each case, the reaction surface
was defined in terms of two reaction coordinates: the phosphorus
oxygen distances to the leaving group (R1, x-axis) and to the
nucleophile (R2, y-axis), respectively. Each individual coordinate
corresponds to multiple points in the full free energy description
of the system as the other degrees of freedom in the system

(51) Iché-Tarrat, N.; Barthelat, J.-C.; Rinaldi, D.; Vigroux, A. Theoretical
Studies of the Hydroxide-Catalyzed P—O Cleavage Reactions of Neutral
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(52) Jencks, W. P. A Primer for the bema Hapothle. An Empirical Approach
to the Characterization of Changing Transition-State Structures. Chem. Rev. 1985,
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can vary. However, at each point, only the two degrees of
freedom defining the reaction coordinate are constrained and
all other degrees of freedom are allowed to freely optimize to
define the surfaces shown. As any variation in an unconstrained
degree of freedom not directly related to the reaction can cause
unwanted noise on the free energy surface, obscuring the
location of key stationary points, it is extremely important to
generate the free energy surfaces using careful reaction coor-
dinate pushing. Thus, the geometry and energy at each point
was examined to ensure that the 2D plot obtained is the true
lowest energy free energy surface.”’*

All ab initio calculations were performed using the Gaussi-
an03 software package® and Becke’s three-level hybrid func-
tionals which combine Hartree—Fock exchange and density
functional theory (DFT) exchange correlations.”® At each point
on the free energy surface, P—O distances to the leaving group
and nucleophile oxygens were constrained, and all other degrees
of freedom were allowed to optimize freely. These distances
were mapped out in the range from 1.6 up to 3.4 A, in 0.2 A
increments, except in the immediate vicinity of transition states
where 0.1 A increments were used for extra clarity. The
6-31+G* basis set was used to obtain initial gas-phase
geometries, and solvation effects on the resulting structures were
simulated by applying a solvation correction to the gas-phase
geometries using the 6-3114+G** basis set and the COSMO
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M.; Ehara, K.; Toyota, R.; Fukuda, J.; Hasegawa, M.; Ishida, T.; Nakajima, Y.;
Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian,
H. P.; Cross, J. B.; Adacmo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.;
Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck,
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C.02); Gaussian: Pittsburgh, PA, 2004.
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FIGURE 4. Potential reaction coordinates for a multidimensional free
energy surface for water attack on dineopentyl phosphate with
concomitant proton transfer to a phosphate oxygen.

continuum model.””*® The COSMO calculations were per-
formed using the UFF model rather than the default UAO model,
to be able to account for any potential proton transfer between
the attacking nucleophile and the phosphate. The free energy
surfaces obtained were then used to identify the approximate
location and energies of key stationary points relative to the
sum of the energies of the diester and nucleophile at infinite
separation.

An important issue when dealing with water attack on
dineopentyl phosphate is the potential for proton transfer from
the attacking water molecule onto a phosphate oxygen atom,
as illustrated in Figure 2. This proton transfer would in effect
introduce a third degree of freedom into the reaction, giving
rise to a multidimensional reaction coordinate (Figure 4 shows
the potential x, y, and z coordinates for such a system).

It could be argued that such a system should be dealt with
using a reaction cube® as proposed in ref 59, where the proton
position would be included in the definition of the reaction
coordinate. However, this is problematic on two accounts. First,
even if the intramolecular general base mechanism is defined
as a distinguishable path, this is not an independent pathway as
the substrate is still the ultimate proton acceptor, and this
property will change with the reaction progress. Furthermore,
setting up the system as a three-dimensional cube is in effect
forcing this proton transfer and so can obscure whether this
is actually a desirable process. Therefore, we prefer to retain
a two-dimensional free energy surface, where the proton of
the attacking water is always allowed to find the lowest
energy path at any point on the map. Thus, when proton
transfer does occur, it has not been explicitly included in
the definition of the associative versus dissociative pathway,
similar to refs 27 and 54.

Finally, when studying phosphate ester hydrolysis, the overall
activation entropy of the reaction needs to be taken into account.
The activation entropy is composed of two terms: the solvent
contribution (—TASv) and the solute contribution (—7TASconf).
The former term (i.e., the solvation entropy) is implicitly
evaluated by the solvation model (in this case COSMO), and
while it is not possible to quantify the exact magnitude of the
entropic contribution of this solvation model to the total free
energy, it is considered that this contribution is not negligible.*
However, the latter term (i.e., the configurational entropy) needs
to be calculated explicitly. Traditionally, the correct calculation

(57) Barone, V.; Cossi, M. Quantum Calculation of Molecular Energies and
Energy Gradients in Solution by a Conductor Solvent Model. J. Phys. Chem. A
1998, 702, 1995-2001.

(58) Klamt, A.; Schiiiirmann, G. J. COSMO: a New Approach to Dielectric
Screening in Solvents with Explicit Expressions for the Screening Energy and
Its Gradient. J. Chem. Soc., Perkin Trans. 2 1993, 5, 799-805.

(59) Guthrie, J. P. Multidimensional Marcus Theory: An Analysis of
Concerted Reactions. J. Am. Chem. Soc. 1996, 118, 12878-12885.

(60) Borden, J.; Crans, D. C.; Floridn, J. Transition State Analogues for
Nucleotidyl Transfer Reactions: Structure and Stability of Pentavalent Vanadate
and Phosphate Ester Dianions. J. Phys. Chem. B. 2006, 110, 14988-14999.

(61) Sharma, P. K.; Xiang, Y.; Kato, M.; Warshel, A. What Are the Roles
of Substrate Assisted Catalysis and Proximity Effects in Peptide Bond Formation
by the Ribosome. Biochemistry 2005, 44, 11307-11314.
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of configurational entropies has presented a significant compu-
tational challenge. We approach this problem by means of the
restraint release approach,®*? which has been described in great
detail in refs 61 and 62. The principle behind this approach is
fairly straightforward and involves first imposing strong Car-
tesian constraints on the position of the solute atoms in both
the reactant and transition states, and subsequently evaluating
the free energy difference associated with the release of these
restraints by use of a free energy perturbation approach
(described in detail in ref 62), as shown in eq 1:

—T(AS )cont = min(AGy) — min(AGhs) + TASS,, (1)

cage

An issue that cannot be neglected when utilizing the restraint
release approach is the fact that all restraint release free energies
include an enthalpic contribution.®? Therefore, the entire
procedure is repeated with different constraints in order to
identify the restraint coordinates that minimize Grr in both
transition and reactant states (denoted by min(AGgg)) in eq 1),
which in turn minimizes the enthalpic contribution to —TASconf.
AScqgc is merely the entropy associated with applying a special
(Kcage = 0.3 kcal/mol/A2) restraint to a pair of reacting atoms
in order to keep them at a specified contact distance, thus
bringing the reactant fragment from a molar volume to the same
solvent cage. This entropy term was rigorously and analytically
evaluated as a function of a special restraint that was used to
keep the fragment at a predefined contact distance as outlined
in ref 62.

In order to save computational resources, it is expedient to
replace eq 1 by

—TS, 0y = —TS(K = K)oy + Min(AGpp(K = K, — K=0))

(@)

Here, (K = Kj)ou designates entropy computed by the
quasiharmonic approximation,®® where AGgg once again denotes
the restraint release free energy. Combining these two ap-
proaches takes advantage of the fact that the quasiharmonic
approximation tends to be valid at significant restraints, and only
becomes problematic upon the release of these restraints (as a
range of very shallow anharmonic potential energy surfaces are
reached). This combined approach has been successful in studies
of the ribosome®" as well as phosphate ester hydrolysis.?’ Since
the FEP calculations cannot currently be performed with an ab
initio surface, we have instead represented the reaction system
by an EVB potential that approximates the ab initio surface.
Our restraint release calculations were performed in both the
reactant and transition states, where both molecules were placed
ina 16 A simulation sphere of explicit water molecules subjected
to the SCAAS boundary conditions.®* The RR-FEP calculations
were done while changing K; from 10 kcal mol! A2 to 0.0
kcal mol™! A2 in 41 mapping steps of 3 ps in length each
using a 1 fs time step, at 300 K. The minimum value (i.e.,
min(AGgrr)) was then taken from 10 series of runs. All

conf

(62) Strajbl, M.; Sham, Y. Y.; Villa, J.; Chu, Z. T.; Warshel, A. Calculation
of Activation Entropies of Chemical Reactions in Solution. J. Phys. Chem. B.
2000, 104, 4578-4584.

(63) Levy, R.; Karplus, M.; Kuschisk, J.; Perahia, D. Evaluation of the
Configurational Entropy for Proteins - Application to Molecular Dynamics
Simulations of an Alpha-Helix. Macromolecules 1984, 17, 1370-1374.

(64) Lee, F. S.; Chu, Z. T.; Warshel, A. Microscopic and Semimicroscopic
Calculations of Electrostatic Energies in Proteins by the POLARIS and
ENZYMIX Programs. J. Comput. Chem. 1993, 14, 161-185.
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FIGURE 5. Free energy surface for hydroxide attack on dineopentyl
phosphate. The concerted (AxDx) transition state is denoted by #.

'

FIGURE 6. Transition state for hydroxide attack on dineopentyl
phosphate.

TABLE 1. Energy Decomposition of AG,. for Hydroxide Attack
on Monoanionic Dineopentyl Phosphate (Base-Catalyzed Reaction)”
AEgas AA(;sc»lv AEpol - TASconf AGcalc AGexp

TS 69.4 —37.1 5.5 5.4 432 429

“TS denotes the concerted ANDy transition state. AG cxp is derived
from the rate constant measured at 250 °C.*

configurational entropies were calculated using the Molaris
Software Package and the Enzymix forcefield.®*

Results and Discussion

HO™ + NpO;PO;". The free energy surface for hydroxide
attack on dineopentyl phosphate is shown in Figure 5. For this
system, the reaction is seen to proceed through a single concerted
ANDN pathway, via a transition state with P—O distances of
1.8 and 2.2 A to the nucleophile and leaving group, respectively.
This free energy surface is in good agreement with previous
computational studies of hydroxide attack on phosphate di-
esters.”’ The structure for this transition state is shown in Figure
6, and the energy decomposition for AG, is shown in Table
1. The position of the transition state shown in Figure 5 suggests
that there is more significant bond formation to the nucleophile
in comparison to the amount of bond cleavage to the leaving
group. In determining the character of the reaction pathway, it
is helpful to not only take into account the isolated transition
state geometry and bonding but also the overall reaction path,
which is revealed by mapping the full free energy surface. In
this case, close approach of the nucleophile to the phosphorus
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FIGURE 7. Free energy surface for water attack on dineopentyl
phosphate depicted in terms of bond order. The concerted (AnxDy)
transition state is denoted by .

center preceeds bond cleavage to the leaving group and the
reaction trajectory passes close to the Ay + Dy corner of the
surface.

Figure 7 depicts the same free energy surface using bond
order, n (using the relationship » = r. — 0.6In(n)), rather than
bond distance as the coordinate system. Although this simplistic
transformation should not be overinterpreted (for example, re
is different for the phosphate and phosphorane species; here,
we have used r, for the phosphate starting and product states to
normalize the bond order coordinates in the two dimensions),
it does serve to highlight how the same data can lead to
apparently different transition-state descriptions. From this plot,
the transition state would appear to be nearly synchronous, with
a slightly associative character (net increase in bond order from
1 to ~1.2). This is because the different parameters emphasize
different changes—distance clearly provides geometrical data,
but bond order is less readily interpreted, although traditionally
this has been related to charge development by physical organic
chemists. Experimentally, Brgnsted parameters and Leffler
indices** have been used to characterize reaction progress as if
they report on bond order. More strictly, this analysis is linked
to the fractional effective charge change that is reached in the
transition state, relative to complete reaction. Again, in the
trajectory pictured here, most of the bond order to the nucleo-
phile is established early on the reaction pathway, followed by
almost solely bond cleavage to the leaving group to reach the
transition state.

The experimentally determined rate constant for this reaction
at 250 °C is (1.6 & 0.4) x 1075 M~! s71,%%%® which from
transition-state theory gives a value of 43 kcal/mol for AGeyp.
Our value of AGgy (Table 1) is virtually identical to the
experimental value, though it is likely that this exact agreement
is coincidental.

H,O0 + NpO,PO;". The free energy surface for water attack
on dineopentyl phosphate is shown in Figure 8. Once again,
the reaction proceeds through a single reaction pathway.
However, in contrast to the previous system (Figure 5), the
reaction now proceeds through a stepwise Ax + Dy pathway.
The geometries for the key stationary points of this pathway
are shown in Figure 9, and the energy decomposition for AG e
is shown in Table 2. In the first step of the reaction pathway,
the reaction proceeds through a compact transition state (Fig-

(65) Chu, Z. T.; Villa, J.; Strajbl, M.; Schatz, C. N.; Shurki, A.; Warshel,
A., MOLARIS version beta9.05; University of Southern California, 2004.

(66) Williams, N. H.; Wyman, P. Base Catalysed Phosphate Diester
Hydrolysis. Chem. Commun. 2001, 1268-1269.
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FIGURE 8. Free energy surface for water attack on dineopentyl
phosphate. IS denotes an intermediate state, and ¥1 and ¥2 denote
transition states for P—Oy,. formation and P—Oj, cleavage, respectively.

FIGURE 9. Key stationary points for water attack on the dineopentyl
phosphate monoanion: (a) transition state for P—O formation to the
nucleophile, (b) Ay + Dy intermediate, and (c) transition state for P—O
cleavage to the leaving group.

TABLE 2. Energy Decomposition of AG,. for Water Attack on
Monoanionic Dineopentyl Phosphate (pH-Independent Reaction)”
AEgas AAGsolv AEpol _TASconf AGcalc AGexp
TS1 34.0 8.3 -0.9 8.4 49.8 ~46.0
Int. 20.5 15.8 2.7 33.6
TS2 32.5 6.2 —-04 38.3

“This reaction proceeds through a stepwise (An + Dn) pathway. TSI
denotes the transition state for P—O,,. formation, IS the Ay + Dn
intermediate, and TS2 is the transition state for P—Oy, formation. AGey,
is derived from the rate constant measured at 250 °C.*%:¢

ure 9a) with P—O distances of 2.2 and 1.8 A to the nucleophile
and leaving group, respectively. The barrier to this step is 50
kcal/mol which is within 4 kcal/mol of the experimental value
of 46 kcal/mol (based on a rate constant of (I £ 0.2) x 107°
s~! at 250 °C*’). P—O bond formation occurs concomitantly
with proton transfer from the attacking water molecule to a
phosphate oxygen, resulting in the formation of a symmetrical
An + Dy intermediate with P—O distances of 1.8 A to both
the nucleophile and leaving group (Figure 9b). In the second
step, the reaction proceeds through a transition state with P—O
distances of 1.8 and 2.2 A to the leaving group and nucleophile
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respectively (Figure 9c). In this step, the proton that was
transferred to the phosphate oxygen in the first step is now
transferred onto the departing leaving group, resulting in an
alcohol and a monoanionic diester as products.

From Table 2 it can be seen that the first step (P—O formation
to the nucleophile) is the rate-determining step. However, from
Table 2 it can also be seen that TS1 (bond formation to the
nucleophile) and TS2 (bond cleavage to the leaving group) are
very similar in energy and, thus, that the barrier to the forward
and reverse reactions from the intermediate (IS) are virtually
identical. It should also be noted that even though we have not
mapped out the energy surfaces to P—O distances that are long
enough to reproduce a possible dissociative pathway, it can
already be seen from Figure 8 that such a pathway, if it were to
exist, would have a barrier that is at least 30 kcal/mol higher
than the experimental pathway. Therefore, the dissociative
pathway has been ruled out as a viable mechanism for the diester
anion.

Stepwise vs Concerted Proton Transfer. There are two
mechanistic possibilities for the case of water attack on the
diester: hydrolysis can either proceed via water attack on a
monoanion (eq 3) with concerted proton transfer or via a
stepwise process involving hydroxide attack on a neutral diester
by hydroxide ions that were formed in a pre-equilibrium step

(eq 4).

k
H,0 -+ NpO,PO,” == NpOH +NpOPO,H™  (3)

K k
H,O + NpO,PO,” ==OH + NpO,PO,H ==

NpOH + NpOPOH™ (4)

Unfortunately, it is experimentally impossible to distinguish
between eqs 3 and 4, as the overall rate constants have the same
kinetic form. However, this issue can be investigated compu-
tationally, by carefully mapping the free energy surface for this
system. The two possibilities (i.e., concerted proton transfer and
stepwise proton transfer) are shown schematically in Figure 10.

In Figure 10, the concerted pathway is shown in purple and
the stepwise pathway in green. AGpr denotes the free energy
for proton transfer from hydroxide to the substrate through a
pre-equilibrium step, and Ag*sw and Ag¥con represent Ag* for
the stepwise and concerted possibilities respectively. When
setting up our system, we allowed the proton from the attacking
nucleophile to freely follow the lowest energy path, and this
resulted in the proton invariably starting on the nucleophilic
oxygen then being transferred to a phosphate oxygen atom,
resulting in the stepwise Ay + Dy mechanisms shown in Figures
8 and 10. Mathematically, the activation barrier of the concerted
pathway can represented as in eq 5:

Ageon' =Ag((H,0 + NpO,PO, ) — (NpO,POH, ) (5)

The barrier of the stepwise pathway can be represented as
shown in eq 6:**

Ag,," = 2.3RT(pK,(H,0) — pK,(NpO,PO, ")) +
Ag((HO™ + NpO,PO,H)—
(NpO,POH, ) = AGpr + Agoy” (6)

The first term in eq 6 represents the energetics of the proton
transfer step to the phosphate and the second term rep-
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FIGURE 10. Schematic three-dimensional representation for stepwise
vs concerted proton transfer. AG pr denotes the free energy for proton
transfer through a pre-equilibrium step, and Ag*sw and Ag*con represent
Ag* for the stepwise and concerted addition reactions, respectively.
The concerted pathway is shown in purple and the stepwise pathway
in green. ¥ denotes a transition state. The positions of the transition
states on this figure are merely illustrative, and the actual transition
states can occur at any point along the reaction path.

resents the barrier for hydroxide attack on the neutral phosphate.
Thus, the energetics of the reactants for the second step of the
stepwise process is determined by the pK, difference between
the attacking water molecule and the phosphate (eq 7)

AGypy = 2.3RT(pK,(H,0) — pK,(NpO,PO, ) (7)

which for this system would lead to a value of 17.8 kcal/mol
for AGpr at 250 °C (obtained from a pK, of 3.6 + 0.3 for
dineopentyl phosphate and a pK, of 11). Based on this,
hydroxide attack on the neutral phosphate diester would have
to have a significantly lower free energy than water attack on
the phosphate monoanion (with concerted proton transfer) in
order to be able to reproduce AGey,. We have examined the
free energy surface for hydroxide attack on neutral phosphate
and obtained a barrier of 12 kcal/mol for this reaction (see the
Supporting Information). Therefore, for this system, hydroxide
attack on the neutral phosphate appears to be sufficiently rapid,
and the stepwise pathway is also a viable mechanism for this
system.

H,0 + NpO,POH. The free energy surface for water attack
on neutral dineopentyl phosphate is shown in Figure 11. Unlike
the previous two systems, the reaction can now proceed through
either a stepwise Ax + Dy pathway or a concerted AxDy
pathway. The stationary points for the two pathways are shown
in Figures 12 and 13, and the energy breakdown for both
pathways can be seen in Tables 3 and 4. In the stepwise Ax +
Dn pathway, the reaction proceeds via a compact transition state
with P—O distances of 1.7 and 2.0 A to the leaving group and
nucleophile, respectively (corresponding to P—O,, formation,
Figure 12a), to form a phosphorane intermediate (Figure 12b)
in which a proton has been transferred from the attacking water
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FIGURE 11. Free energy surface for water attack on dineopentyl
phosphate. IS denotes an intermediate state, ¥1 and #2 denote Ax +
Dy transition states for P—Op, formation and P—Oy, cleavage,
respectively, and ¥3 denotes an AxDy transition state.
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FIGURE 12. Key stationary points for water attack on neutral
dineopentyl phosphate: (a) transition state for P—O formation to the
nucleophile, (b) Ay + Dy intermediate, and (c) transition state for P—O
cleavage to the leaving group.
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FIGURE 13. Concerted transition state for water attack on neutral
dineopentyl phosphate.

molecule onto the phosphate. This proton is then transferred
onto the leaving group and leaving group departure occurs via
a second transition state with P—O distances of 2.0 and 1.7 A
to the leaving group and nucleophile, respectively (Figure 11c).

Here, all three species are slightly more compact than the
corresponding species for water and hydroxide attack on the
monoanion. In contrast, the ANDy transition state is much more
expanded with P—O distances of 2.8 and 2.2 A to the leaving
group and nucleophile, respectively (Figure 12). This pathway
is rather dissociative in character, with bond cleavage advanced
over bond formation; it should be noted that this transition state
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TABLE 3. Energy Decomposition of AG,. for Water Attack on
Neutral Dineopentyl Phosphate (Stepwise)* TS denotes the concerted
ANDy transition state. AG.y, is derived from the rate constant
measured at 250 °C 49

AEgas AAGgoly AEp()l —TAScont AGeaec AC;exp
TS1 15.7 —2.1 15.1 72 359 37.5
int 9.8 —23 15.2 227
TS2 19.9 —1.5 10.1 28.5

“ This reaction proceeds through a stepwise (Ax + Dx) pathway. TS1
denotes the transition state for P—Oy,. formation, IS is the Ay + Dn
intermediate, and TS2 is the transition state for P—Oj, formation. AGeyp
is derived from the rate constant measured at 250 °C.*%:¢¢

TABLE 4. Energy Decomposition of AG,. for Water Attack on
Neutral Dineopentyl Phosphate (Concerted)”

AEgas AAGS()IV AEpo] _TASC()nf AGca]c AGexp
TS 22.8 6.2 —0.8 8.2 36.4 375

“TS denotes the concerted ANDn transition state. AGexp is derived
from the rate constant measured at 250 °C.*°

lies on a shallow plateau of the energy surface. From Tables 3
and 4 it can be seen that both the Ay + Dy and AnDn
pathways have almost identical values of AG* e (35.9 and
36.4 kcal/mol respectively) and are thus indistinguishable.
Also, these values lie within ~2 kcal/mol of AGep (37.5
kcal/mol based on an experimental rate constant of 0.003 £
0.001 s~! at 250 °C3").

pH—Rate Profile. We have examined three potential reaction
mechanisms for hydrolysis of dineopentyl phosphate in this
work: hydroxide attack on the dineopentyl monoanion and water
attack on both the dineopentyl phosphate monoanion and the
neutral species. In the first case, the reaction proceeds via a
concerted (ANDyn) mechanism, with a AGey of 43 kcal/mol.
Hydroxide ion catalysis is only experimentally observed in very
alkaline solution (pH > 13),*° and we have reproduced the
experimental barrier with high accuracy.

The full rate profile for the hydrolysis of dineopentyl
phosphate can be easily constructed using the following general
rate equation:

v=k,[NpO,PO,H]|+ k,[NpO,PO, |+ k;[HO [NpO,PO, |
®)

The experimental first-order rate constant is defined by
Vzkeff[Np02po2(H)]total (9)

Therefore

ke=k, ((H1/((HT+ &) + (k,+ k[ OH 1)K ([H] + K,))
(10)

where K, is the dissociation constant for the POH group in
dineopentyl phosphate. In eqs 8 and 10, k; represents the rate
constant for the reaction of the neutral diester (observed at low
pH), k» the rate constant for the anion reacting with water, and
ks the rate constant for the hydroxide-catalyzed reaction
(observed at high pH). k1, k2, and k3 were obtained from AG_qc
for the water- and hydroxide-catalyzed reactions by use of
transition-state theory and were found to be 0.016 s™1, 2.1 x
1078 s7! and 1.2 x 1075 M™! s7! at 250 °C for the
acid-catalyzed, pH-independent, and base-catalyzed reactions,
respectively. Substituting these values back into eq 8 and plotting
ketr vs pH yields the rate profile shown in Figure 14. Our
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theoretical rate profile shows a plateau up to pH 4 and a narrow
pH-independent region around pH 10, with the reaction becom-
ing hydroxide catalyzed after pH 12. As with the experimental
rate profile presented in ref 49, the acid-catalyzed reaction at
low pH dominates the reaction profile.

Conclusions

Experimental studies on dineopentyl phosphate*® have shown
that the reaction is pH independent between pH ~7 and ~12,
whereas at high pH, the reaction becomes hydroxide ion
catalyzed.*>® In this work, we have compared the free energy
surfaces for hydroxide and water attack on dineopentyl phos-
phate. We demonstrate that in the case of hydroxide attack, the
reaction proceeds through a concerted (AxDn) associative
pathway. However, in the case of water attack on the phosphate
monoanion, there is a mechanistic switch toward a stepwise
associative (Ay + Dy) pathway. Finally, in the case of water
attack on neutral phosphate, the reaction can proceed through
either a stepwise associative (Ax + D) or a concerted (AnxDy)
pathway. In all cases, we obtain values of AG,. that are in
good agreement with AGeyp.

Conceptually, we can suggest a simple rationale for this
change in mechanism. In the case of the base-catalyzed reaction,
both incoming nucleophile and departing leaving group are
anionic, with no proton transfer between nucleophile and
subtrate. In this case, the reaction follows a simple AxDy
mechanism that is in good agreement with previous computa-
tional studies of phosphate diester hydrolysis.®” However, in
the case of water attack on either the monoanionic or neutral
species, the situation becomes more complicated. Here, in all
cases, we observe proton transfer from the attacking water
molecule to the substrate. Furthermore, in the closely related
transition state for the breakdown of the intermediate, the
departing leaving group becomes protonated. Therefore, there
is also a proton transfer to the leaving group. Considering the
fact that in all our transition states the distance between Oy
and Oy, is greater than ~4 A, itis highly unlikely that this proton
transfer can occur directly from the nucleophile to the leaving
group, which in the case of water attack on the monoanionic
species is also the only proton source. For this system, this
problem is circumvented by proceeding through a stepwise
addition—elimination (Ay + Dy) mechanism in which the first
step (bond formation between the phosphate and the incoming
nucleophile) is accompanied by proton transfer to the phosphate
to form a neutral phosphane intermediate, from which the
leaving group can then extract a proton in the second step
(leaving group departure). The central phosphoryl moiety is
acting as a proton shuttle. This second step has similarities to
the proposed rationale behind the reactivity of phosphate
monoester monoanions, where protonation of the leaving group
is the key driving force used to ratonalize the relatively high
reactivity of these species. In that case, a high energy tautomer
decomposes to a stable alcohol and high energy m-phosphate;
here, a high energy phosphorane decomposes to a stable alcohol
and stable phosphate ester.

Experimentally, it is very difficult to distinguish between
concerted water attack on a monoanionic diester and hydroxide
attack on neutral phosphate (i.e., via an unfavorable pre-

(67) Rosta, E.; Kamerlin, S. C. L.; Warshel, A. On the Interpretation of the
Observed LFER in Phosphate Hydrolysis: A Thorough Computational Study of
Phosphate Diester Hydrolysis in Solution. Biochemistry 2008, 47, 3725-3735.
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FIGURE 14. Experimental® (a) and calculated (b) rate profiles for the hydrolysis of dineopentyl phosphate, experimental buffer pH measured at

25 °C and reaction rates at 250 °C.

equilibrium proton transfer, as shown in Figure 2; solvent
isotope effects might reveal whether a proton is in flight in the
rate limiting transition state) to make the same intermediate.
Our calculations suggest that the rate for hydroxide attack on
the neutral species is fast enough, to compensate for the cost of
AGpr. Thus, it is also plausible that this reaction can proceed
through simple decomposition of the monoanionic phosphorane
to form the alkoxide anion and neutral phosphate as the initial
products.

In the case of the neutral species, the reaction can also proceed
via a stepwise mechanism involving a fully protonated phos-
phorane intermediate that is reached through concomitant proton
transfer to the phosphate as the P—O bond forms. Presumably
owing to the greater electrophilicity of the neutral phosphate
diester, this reaction is substantially faster than the corresponding
reaction of the anion and dominates the pH rate profile up to
pH 7.

However, the availability of an extra proton on the reactant
phosphate now allows for a concerted ANDnx mechanism, in
which the leaving group extracts this proton upon departure to
yield inorganic phosphate and alcohol via a transition state that
is dissociative in character. The central phosphoryl moiety is
tending in structure toward a neutral phosphosphate ester, a
species that has been implicated in the fragmentation of
a-hydroiminophosphonates.®® This again mirrors the behavior
of phosphate monoester monoanions, and suggests a major role

(68) Katzhenlder, J.; Schneider, H.; Ta-Shma, R.; Breuer, E. Fragmentation
of Methyl Hydrogen Alpha-Hydroxyiminophosphonates - Kinetics, Mechanism
and the Question of Metaphosphate Formation. J. Chem. Soc., Perkin. Trans. 2
2000, 1961-1968.

for intramolecular general acid catalysis using the phosphoryl
OH. Both pathways have identical activation energies, suggest-
ing that when there is a proton available for facile extraction
by the departing leaving group, both stepwise and concerted
pathways are equally viable.

The novelty of the present work is that we have examined
the hydrolysis of dineopentyl phosphate over the entire pH range
by means of mapping full free energy surfaces for the relevant
reactions, and in doing so have demonstrated that at least in
the case of the hydrolysis of dineopentyl phosphate, a stepwise
pathway with the formation of a discrete phophorane intermedi-
ate is not only viable but, in the case of water attack on the
monoanion, is the only pathway observed on the free energy
surface. Furthermore, all these calculations suggest that in-
tramolecular general acid catalysis by POH has a major role in
the reactions of these diesters.
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