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Abstract: The mechanism of the alkaline hydrolysis of phosphate and sulfate esters is of great interest. Ab
initio quantum mechanical calculations and dielectric continuum methods are used to investigate the effect of
the solvent on the associative/dissociative and the in-line/sideways character of the hydrolysis reaction of
ethylene sulfate (ES) and ethylene phosphate JE&d their acyclic counterparts, dimethyl sulfate (DMS)

and dimethyl phosphate (DM. The gas-phase reaction coordinates are determined by HaRoe& and

density functional theory. For ES, the reaction coordinate in solution is determined; for the other three reactions
only the transition state in solution is obtained. The alterations in the reaction induced by solvent are interpreted

by use of the Hammond and anti-Hammond postulates.

1. Introduction

The alkaline hydrolysis of phosphate and sulfate esters has
been the subject of numerous experimental and theoretical
studies over many yeats? One reason for their interest is that
these reactions are central to important biochemical processes.
To understand the underlying interactions involved, hydrolysis
of phosphate and sulfate esters have been treated by high lev
ab initio methodg;38-17 as well as semiempirical methotfs2°
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It has been established that the rate-limiting step corresponds
to the attack of the hydroxyl group on the phosphate/sulfate.
The gas-phase transition state is “early” in that the OH
distance is long, particularly relative to the-XO leaving group
distance (X= P, S). The essential role of solvent in these
reactions has been demonstraté#2%in that the barrier heights
re strongly influenced by the dielectric shielding. High
ielectric constant solvents, such as water, lower the activation
barrier with respect to the gas phase if two ionic species are
involved, as for OH and anionic phosphaté42 By contrast,
solvent increases the barriers relative to the gas phase for
reactions that involve the approach of one negative charge to a
neutral system; examples are the attack of Oth neutral
sulfate estefs*4 and phosphate esté?d1421and the attack of
water or methanol on anionic phosphat&@n the basis of such
analysis, the solvent effect has been shown to be the primary
factor in the rate acceleration of the alkaline hydrolysis of cyclic
phosphates/sulfates with respect to their acyclic counterfpaiis.
Solvation also influences the geometries of the transition
states formed during the reaction. Lim etatetermined the
solvent effect on the geometry of the transition states for the
hydrolysis of methyl ethylene phosphate (MEP) and its acyclic
analogue, trimethyl phosphate (TMP). However, the influence
of solvation on the transition-state structures differs in magnitude
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Sulfate

Figure 1. Gas-phase hydrolysis of ethylene sulfate (top) and ethylene phosphate (bottom). For ES;-thelemule complex, the transition state,

and the intermediate are shown (top). For Efhe reactant, the transition state, and the product are shown (bottom). The alkaline hydrolysis of ES
involves a pentacovalent intermediate, whereas no stable pentacovalent intermediate could be found forr¢laet&m. Important distances
corresponding to B3LYP/6-31G* and HF/3-21-G* (in brackets) levels of theory are indicated.

from one system to another. For example, solvation has a rathemrmodifies the surface and the geometries of the various minima
large effect on the sulfate hydrolysis reacfioand a less and transition states. This makes possible a detailed analysis of
important one on the phosphate reacti&hdhe effect of how these modifications relate to the Hammond and anti-
solvation was also found to be sensitive to the inclusion of Hammond effects325
electron correlation; that is, in the hydrolysis of ethylene sulfate, We analyze four different reactions: the alkaline hydrolysis
solvation favors a shorter-SOH distance in the TS at the of ethylene sulfate (ES) and ethylene phosphate JE#hd the
Hartree-Fock level and a longer-SOH distance when using  alkaline hydrolysis of dimethyl sulfate (DMS) and dimethyl
density functional theory at the B3LYP level. In some instances phosphate (DMP). We focus primarily on the cyclic systems
the effects of solvation were found to be in accord with the (ES and EP). The acyclic systems (DMS and DMJPare then
anti-Hammond postulate rather than the Hammond postulate;briefly described and compared with the cyclic systems. The
that is, in the hydrolysis of dimethyl and ethylene phosphate, cases considered include reactions in which the total charge of
solvation favors a more associative transition state with shorter the system corresponds tel (OH™ + sulfate) and—2 (OH~
P—Oapicar bonds, although the solvation free energy of the + phosphate). In the former, the solvent disfavors the reaction,
reaction complexes is larger (in absolute value) for more whereas in the latter the solvent favors the reaction, as described
associative structures. above. The differences between the cyclic/acyclic cases are of
In this contribution, we reexamine in more detail the potential interest, since the geometrical constraints of the former (main-
energy surfaces for the alkaline hydrolysis reaction of sulfates taining the ring) can have consequences for the geometrical
and phosphates, both in the gas phase and in solution. We showdistortion of the transition states.
that the geometrical distortions caused by the solvent can be
understood by application of the Hammond and anti-Hammond oM
. . Methods
postulates. The Hammond postulate states that raising the energy
of a structure causes the transition state to resemble that All the structures of Figures 1, 2, and 3 were optimized at HF/3-
structure, if the energy increases in a direction parallel to the 21+G*2?% and B3LYP/6-3%G(d) levels of theory’-3! For the estima-
reaction coordinate; the anti-Hammond postulate states thattion of the change of the geometry in solution the SCI-PCM polarizable
lowering the energy of a structure causes the transition state tocontinuum model was used. In the PCM metHéd$ the solute
resemble that structure, if the energy diminishes in a direction Molecule is embedded in a cavity in a dielectric medium which
perpendicuar (0 the reacion coordnite® o o o s e v o ok
The Hammond and antl'Hammor_]d postula_tes have beenThe polarization of the solvent is represented by a charge density
applied most frequently to the analysis of experimental data on
the effects of substituents on a reaction. We show that they are t()26)l Hﬁhre, W._;| Radom, L.; Schleyer, P.; Fk>op|eAB.|nitio Molecular
useful for interpreting theoretical results concerning solvation. Or ét% gegsgf X\_’l'jﬁgs'_”;fé_sie{‘ggé \L’\‘g‘?"éo\zg + 1986.
In particular, we identify the variables that dominate the reaction  (5g) | ee, C.; Yang, W.; Parr, Fehys. Re. B 1988 37, 785.
coordinate around the transition state and map the potential (29) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
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Figure 2. Hydrolysis of ethylene sulfate (ES, left side) and ethylene
phosphate (EPR right side). Transition states in the gas phase (top)
and in solution (bottom), calculated at B3LYP/6-3&* and B3LYP-
(SCI-PCM)/6-31-G* levels of theory, respectively.
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Figure 3. Hydrolysis of dimethyl sulfate (DMS, left side) and dimethyl
phosphate (DMP, right side). Transition states in the gas phase (top)
and in solution (bottom), calculated at B3LYP/6-3&* and B3LYP-
(SCI-PCM)/6-31-G* levels of theory, respectively.

introduced on the surface of the cavity surrounding the solute. The
reaction potentiafb(r) at a pointr takes the form

o(r')

Ir—r'|

o(r) = fs drt (1)

In the self-consistent isodensity PCM (SCI-PCM) approddhe
cavity is derived from an isosurface of the total electron density. All
of the optimizations were done using GAUSSIAN*®ithout charge
renormalization since it is not available in the program. The solvation
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free energies are sensitive to the renormalization of the charge,
particularly for small negative ions. In a previous paper on the sulfate
hydrolysis reactiort,we used SCI-PCM geometries in solution and
recomputed the energies at the SCI-PCM geometries with PCM (i.e.,
the cavity defined by overlapping van der Waals spheres centered on
each atom) and including renormalization; we used “method 4" as
described in GAUSSIAN 98 The results explained the experimental
measurements of the difference between cyclic and acyclic sulfate
hydrolysis? In the present paper, which is concerned with qualitative
trends in the change in geometry, we used the SCI-PCM method without
renormalization. To validate the SCI-PCM geometries, classical Poisson
calculations and contour plots of the potential energy surface are
presented for comparison (see below). The classical Poisson calculations
at different points of the gas-phase potential energy surface allow us
to predict the distortion expected upon solvation of the system. Since
the Poisson equations are solved for a set of partial point charges and
explicit electron distribution do not appear, no renormalization is
needed. As we demonstrate, there is an excellent agreement between
the potential energy surfaces resulting from adding the gas-phase
energies to the Poisson solvation free energies (Figure 4C) and the
SCI-PCM optimizations for transition-state geometries.

The two-dimensional contour plots obtained with the Poisson
equation were used also to obtain insight into the reaction. The two
most important internal variables for the description of the reaction
coordinate were selected in each case, and the other internal degrees
of freedom were fully optimized at HF/3-21G* level. In the case of
the [ES+ OH™] reaction potential energy surface (PES), the variable
used were the -SOH distance and the £-S—OH angle, and we used
a grid of 0.25 A and 19for the S-OH distance and the f-S—OH
angle, respectively. The solvation free energies for some of the gas-
phase structures were then evaluated by use of Poisson calcufafibns,
with the HF/3-24-G* Mulliken atomic charges. A modified version
of the UHBD prograr® was employed for these calculations. Poisson
calculations were done for a grid of 0.5 A for the-QH variable and
the following values for the @—S—OH angle: 70, 100, 130, 150,
170. For the [EP + OH] reaction PES, the reaction coordinate was
dominated by the POH and P-O,, distances, and contour plots for
the variation of the HF/3-2£G* electronic energy were calculated in
the range 1.83.0 A for the P-OH distance and 1:63.8 A for the
P—O,p, distance at intervals of 0.2 A. Poisson calculations were run
for all the HF/3-2H1-G* structures.

3. Results and Discussion

3.1. Hydrolysis of Cyclic Compounds.The alkaline hy-
drolysis of cyclic ethylene sulfate (ES) and ethylene phosphate
(EP") has been studied extensively by ab initio methods. We
have found that the difference in the total charges of the two
reactants leads to important differences in the gas-phase reaction
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Figure 4. Reaction surfaces (in kcal/mol) for ethylene sulfate as a function of th@Fsand Q,—S—OH internal coordinates. For a definition

of these variables see Figure 1. (A) HF/3423* gas-phase electronic energy, (B) Poisson solvation energy, (C) total energy in solution obtained
by summing gas phase and Poisson contributions. All values are relative to theJES reactants. Solid lines are the gas-phase reaction coordinate
in (A) and the solution reaction coordinate (C). The X in (B) and (C) indicates the transition states.

paths. For sulfate, a neutral dipolar reactant, and the negatively 3.1.1. Hydrolysis of Ethylene SulfateWhen the OH group
charged hydroxyl ion, a very stable iedipolar complex is approaches ES in the gas phase, a very stablenmiecule
formed prior to the attack of the hydroxyl on the sulfur atom. complex is formed (Figure 1a). The rate-limiting step of the
In the case of ethylene phosphate, by contrast, netoolecule reaction corresponds to the transition from this-omolecule
complex is formed because of the large repulsions between thecomplex to the pentacovalent sulforane intermediate (Figure 1c)
negative charges of the hydroxyl anion and the ethylene through the transition state TS-ES (Figure 1b).The second step
phosphate anion. This difference in the charge of the ES andof the reaction is the breaking of tl8-Oxia endocyclic bond

EP reactants is also the cause of a substantially different solventand formation of a sulfate product. The transition states and
effect on the reaction barriers. For the hydrolysis of ES, the barriers for this second step have been estimated by Cameron
solvent raises the activation barrier with respect to gas phase,et al.2 and they are lower than those of the first step of the
since the delocalization of the negative charge of the hydroxyl reaction. For more details on this reaction, we refer the reader
anion as it approaches the neutral ES reactant results in smalleto refs 2-4.

solvation free energies. By contrast, solvent reduces the gas- To pass from the iormolecule complex to the pentacovalent
phase barriers for the hydrolysis of EPsince the solvation intermediate, two major geometrical changes have to take
free energy depends quadratically on the total charge of theplace: There is a shortening of the-OH distance (from 4.85
system, so that the transition state (charge-&j has a larger to 1.70 A at HF/3-2%G*) and an increase of the @-S—OH
solvation energy than the sum of the solvation free energies of angle (from 48.3to 167.7 at HF/3-2H-G*) (see Table 1). The

the reactants (each with chargd). The resulting solution free  reaction coordinate is expected to have large contributions from
energy barrier for hydrolysis of cyclic ES and ERre quite both of these coordinates. To obtain a more quantitative
similar (29.6 kcal/mol for EP® and 17.2 kcal/mol for ES,in description of the reaction, we determined the gas-phase HF/
contrast to the gas-phase values of 85.0 kcal/mol for’E@Rd 3-21+G* potential energy surface as a function of the reaction
4.8 kcal/mol for E®). The distortion induced in the gas-phase coordinates: the-SOH distance and the £-S—OH angle (see
transition-state geometry by the solvent is very different in the Methods). These data are presented in Figure 4A. The reaction
two cases. Whereas solvent increases th®H distance atthe  coordinate (i.e., the minimum-energy path connecting the-ion
transition state for ethylene sulfate, in the case of E&hortens molecule complex and the pentacovalent intermediate) inferred
the P-OH distance significantly. To interpret the difference in from the surface is indicated in the figure. At long-GH

the solvent effect for the two systems, we use the Hammond distances¥4.0 A), the S-OH distance dominates the reaction
and anti-Hammond postulates. coordinate, but as the reaction proceeds toward the transition
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Table 1. Hydrolysis of ES and DMS Sulfates-$H (A) and We can thus use the Poisson potential surface (Figure 4B) to
Oqp—S—OH (deg) for the lor-Molecule Complexes, Transition interpret the geometrical effects of solvation by the Hammond
States, and Intermediates and anti-Hammond postulates, which are concerned with the

ion—molecule  transition state  intermediate transition-state behavior parallel and perpendicular to the

theory SOy 004504 S—On 00aSO4 S—On 00504 reaction coordinate, respectively; see arrows in Figure 4B. In
Cyclic Ethylene Sulfate accord with the Hammond postulate, an effect that raises the
HF/3-214-G* 485 483 291 1479 170 167.7 energy of a structure causes the transition state to have greater
HF(SCIPCM) 2.68 167.0 resemblance to that structure. This means that in the Hammond

EgLsYg./SE;?ﬁG* 493 455 g-?g igg-g i-;g igg-; direction the distortion of the transition state by solvent, relative
( ) | ) 'I ’ ) ’ : to the gas phase, will be dictated by the direction in which the
Acyclic Dimethyl Sulfate solvation free energy is more positive relative to the reactants
B3LYP/6-34-G* 435 594 298 1727 182 1708 . . - - ’
B3(SCIPCM) 564 1745 181 1708 since as dlscusse_d above, the soldsdtabilizeghe tran_smo_n
state. The result is shown by the Hammond arrow in Figure
4B. The S-OH distance becomes shorter, and thg«$—0OH
angle, larger, both of which decrease the magnitude of the total
state, the OH group rotates to a position closer to in-line attack, solvation free energy. By the anti-Hammond postulate the
and the reaction coordinate therefore has a large angujar O converse is expected for directions perpendicular to the reaction
S—OH component (in the region 3¢ A) for the S-OH coordinate; that is the transition state is distorted to achieve a
distance). At short SOH bond-distances, the reaction coordi- |arger solvation free energy, which leads to longetrC8d
nate corresponds again mainly te-SH elongation, with a  distances and larger 42-S—OH angles; this is indicated by
small, but nonnegligible, contribution from the,© S—OH the anti-Hammond arrow in Figure 4B.
angle. Thus, both the-SOH and Q;—S—OH coordinates are In summary, both the Hammond and anti-Hammond effects
involved in the reaction coordinate, but to a different degree as t4yor anin-line mechanism. However, the Hammond effect
the reaction procegds. The transition state in the gas phase iggads to a shortening of the-®H distance, whereas the anti-
located at a SOH distance of 2.91 A and an.®-S—OH angle Hammond effects favors a lengthening of the@H distance.
of 147.9. . . _ Which of the effects is dominant for the-®H distance depends
To determine the effect of.sqlva'.uon on the reaction, we did on its contribution to the Hammond and anti-Hammond vectors.
a HF(SCI-PCM)/3-2&G* optimization of the transition state  For the HF/3-24-G* level of theory at the gas-phase transition
(see Methods). The solvent is found to favor a more associativestate, the SOH distance is the major component of the reaction
andin-line mechanism. The SOH distance shortened 10 2.68  ¢qordinate, and therefore, the Hammond effect is dominant in
from 2.91 A, and the angle was increased to 16#@n 147.9. the distortion of S-OH. This corresponds to the calculated
To interpret the changes in the reaction coordinate with ghortening of the SOH distance when the transition state is
solvation, we calculate the solvation contribution to the potential optimized in solution with HF(SCI-PCM)/3-24G* method, in

energy surface using the same structures as for the gas-phasgorrespondence with the Poisson calculations and the two-
surface and Poisson calculations (see Methods). The results ar@jmensional contour plots.

22;’/\'6\{20'2 ]!? ;geu;igf'i;;hfeg,:ir\?:?éstr'g;zeo??#éer::ézgifson;rfge Effect of Correlation. To determine the effect of the electron
9 ) correlation on the reaction coordinate, we compare the results

solvation raises the actlvgnon barrier (i.e., the reactgnts are betterobtained with HF and B3LYP levels of theory (see Methods).
solvated than the reaction complexes), the relative solvation

values are all positive. Smaller numbers therefore indicate betterln the gas phase, the HF/3-2G* and B3LYP/6-31-G*
> P A ) transition states have similar structures. However, when the
solvation and lower activation barriers.

The best solvated structures are those with longOSi transition state is optimized in solution using the B3LYP(SCI-

. - . PCM)/6-3HG* method, the transition state is shifteddmger
d|stanc_es and 'afgeaﬁs OH angles, for Wh'Ch.the hydroxyl S—OH distances and larger angles; that isCH is equal to
group is less shielded by the sulfate group. Figure 4C shows

. : 3.12 A (2.96 A in the gas phase) and©S—OH is equal to
the solt:/ated potetntlal enerr]gy.sulrfalce rellatl\/g tlo thle rt?aCtant5162.8° (138.7 in the gas phase). To explain this difference
(gas-p ase guantum-mechanical plus classicaj solvation Conw,oyeen the HF and B3LYP calculations, it is useful to look
tribution) and the minimum energy path in solution, as well as

in the aas phase for comparison. It can be seen that in solutionagain at the reaction coordinate. Recently, we have determined
9as p X P i . the BALYP/6-31-G* gas-phase intrinsic reaction coordirfate
the reaction coordinate is modified in such a way that an “in-

line”attack (i.e., large @—S—OH angles) is maintained for a (IRC) for the hydrolysis of ES. In Figure 5A we show again

t ; ) the HF two-dimensional contour plot for the gas-phase energy,
greater range of SOH distances. On this potential surface, the - . ;
transition state is located at 2.59 A for-®H and 163.5 for along with the reaction path and the Hammond analysis vectors

U . from Figure 4B. Figure 5B depicts the values of GH and
Oa5—S—OH. This is in reasonable agreement with the geometry ~ o ° i
found by full optimization in solution using the HF(SCI-PCM) Og;—S—OH for each of the IRC-optimized structures calculated

method without renormalization (see Methods) (2.68 A for in ref 4. With B3LYP/6-31-G*, the reaction coordinate from
S-OH and 167.0 for Oa5-S—OH). The classical Poisson the reactant to the TS shows a larger contribution from the-O

ati tribution th dict tv the directi f S—OH angle, relative to the-SOH distance, than in the HF
tsr?eva lon ect()p ;'I du' I?ont'o U_S porle It(':oi (f:;)rgec y (?e gecolgn tp o Case. Correspondingly, the transition state has a smaljer O
X gi."m t”‘{‘ .'tsh rion.. S_lYa' r:/ 'S a more associa {V S—OH angle, 138.7, than at HF/3-22G* (O4—S—OH is
ransition state with a mongr—iine mechanism, in agreemen 147.9), whereas the SOH distance is essentially the same
with the HF(SCI-PCM) results. Moreover, since the largest error (2.96 A at B3LYP/6-33-G* and 2.91 A at HF/3-2£G*). The
in the SCI-PCM calculations without renormal!zat‘_?oarls_es larger coupling of SOH and Q,—S—OH has an important
from the too-small energy calculated for O}bptimization with influence on the change of-SOH distance upon solvation
a renormalized energy is expected to shift the geometry further '
in the direction found Wlt.h the unnormalized calculation, that ~(40) Gonzalez, C.; Schiegel, B. Chem. Phys1989 90, 2154
is, even closer to the Poisson results. (41) Gonzalez, C.; Schlegel, B. Phys. Chem199Q 94, 5523-5527.
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1.21 --—-——- Table 2. Hydrolysis of EP and DMP- Phosphates; POH and
i A7 R P—0O,, Distances (&), and @PO; Angle (deg) at the Cyclic and
-1 6 7 Acyclic Transition States
HF/3-21+G* -25:6 ———— transition state
=346 ----- theory P-Oy P—Ogp 00,0y
Cyclic Ethylene Phosphate
HF/3-21+G* 2.54 1.76 164.4
150 HF(SCIPCM) 2.43 1.72 167.4
B3LYP/6-31+G* 2.61 1.86 164.1
B3(SCIPCM) 2.52 1.77 165.5
Acyclic Dimethyl Phosphate
B3LYP/6-31+G* 2.23 1.85 171.0
B3(SCIPCM) 2.24 1.80 173.3
100 associative transition state than in the gas phase, whereas the
reverse is true for the latter. The degree of(@H, Oyy—S—
OH coupling in the reaction coordinate and the Hammond and
anti-Hammond effects determines the changes+®8 of the
transition state upon solvation. Both correlated and uncorrelated
levels favor a mordn-line mechanism with solvation. That

2 25 3 3.5 4 4.5 correlation effects can be important for determining the as-
sociative versus dissociative character for a reaction is an
_ * important result that could be of more general significance.
B3LYP/6-31+G However, as Lynch et &% have pointed out recently, B3LYP
180 : . 'ch . : appears to systematically underestimate barrier heights. This

— would be likely to lead to some errors in the transition state
geometries. Thus, the true situation is likely to be somewhere
10F Anti-Hammond between the HF and B3LYP results.

3.1.2. Hydrolysis of Ethylene Phosphate (EP. The alkaline
hydrolysis of ethylene phosphate (ERnvolves the approach
of two negative charges. In a vacuum, the two groups with a
negative charge strongly repel each other, and the activation
barrier is very large (on the order of 8895 kcal/mo?).
Moreover, the resulting phosphorane intermediates are unstable.
Attempts to optimize such a pentacovalent structure leads to
the breaking of the PO, axial bond and opening of the ring.
Thus, the hydrolysis of EPis a one-step process, with no stable
pentacovalent intermediates (see Figure 1b).

The transition-state structure (TS-EP) for hydroxyl attack on
ethylene phosphate is shown in Figure 2. The most important
geometrical parameters are given in Table 2. At the HF/3-

140

120 +

10

100

% . s . 1 , | Reactant 21+G* level of theory, the P-OH and P-Oy, distances are
15 2 25 3 35 4 45 2.54 and 1.76 A, respectively, and electron correlation lengthens
Figure 5. Hammond and anti-Hammond effects on the HF/3-&F these distances to 2.61 and 1.86 A, respectively. There is an
(top) and B3LYP/6-3%G* (bottom) reaction coordinates. To obtain ~ e€ssentiallyin-line attack, which is almost invariant to the
the B3LYP/6-31-G* reaction coordinate we have taken the GH theoretical level (1644at HF and 164.1at B3LYP).

distance and £—S—OH angle values from each of the IRC-optimized When the transition states are optimized in solution (see
geometries. The contour plot of the top figure corresponds to the gas- Methods and description of the ethylene sulfate results), there
phase potential energy surface at HF/3+23" level of theory. is a shortening of both the-FOH and P-Og, distances. At HF-

Although we did not determine a solvated free energy surface (SCI-PCM) we find values of 2.43 and 1.72 A for®H and
in this case, we determined the transition state in solution using P—Oap respectively. When the SCI-PCM optimizations are done
the B3LYP(SCI-PCM)/6-31G* level of theory. using the B3LYP/6-31+G* method, we also get a shortening
The arrows in Figure 5B correspond to the distortion one Of the P-OH and P-O,, distances to 2.52 and 1.77 A,
finds in the TS going from the gas phase (B3LYP calculations) respectively. Thus, there is no qualitative difference between
to the solvent (B3LYP(SCI-PCM)). With respect to the HF data, correlated and uncorrelated results. Thg,€P—OH angle
there is an increase of the—®H Component in the anti- Changes little upon SO_IVatlon; that is the values are 1%&3
Hammond vector and a concomitant decrease of th®©IS phase) and lGS‘fSSOlUtIOﬂ) at B3LYP/6-31+G* level of theory.
Component in the Hammond vector. The Components are SuchThUS, the solvent distorts the transition state to more associative
that the changes in-SOH distance is dominated by the anti- geometries, with a decrease of about 0.1 A for bottOfFf and
Hammond effect, so that a larger®H distance results. Thus, ~P~Oap distances, and little change in they©OP—OH angle,
at correlated levels of theory, both the©S—OH angle and ~ Which is already quite open in the gas phase. o
the S-OH distance are increased by solvation. This leads to a 70 understand why the solvent favors a more associative
more dissociative mechanism. mechanism for EP (i.e., shorter POH and P-Og), we
The compa}rison between uncorr.elated and correlated resultS™ 42) Lynch, B. J.; Fast, P. L.; Harris, M.; Truhlar, D. G.Phys. Chem.
shows that, in the former, solvation tends to favor a more A 200Q 104 4811-4815.
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Figure 6. Reaction surface of ethylene phosphate. (A) and (B) HFf8&@1 gas-phase electronic energy; (C) and (D) Poisson solvation free
energies; (E) and (F) total energies obtained from summation of the gas phase and solvation free energies. All values are relativet®tHe EP
reactants. Solid lines are the gas-phase reaction coordinate in (A), (B), and (D). Both the gas-phase and solution reaction coordinate are shown in
(F). The X in (A) and (F) indicates the transition states. The energies for the whole rang®éf Bnd P-O,, distances are shown on the left-hand

side (A, C, E) diagrams. The region around the transition state is shown in the right-hand side (B, D, F) diagrams.

calculated contour plots of the HF/3-2G* energy with respect  with respect to the reactants. A larger negative number implies
to the P-OH and P-O,, distances. These are the appropriate better solvation. In general, the solvation free energies are larger
variables for this case because there is only a small change in(more negative) for short POH and P-O,, distances (see
O.p—P—OH angle as a function of the level of theory and with  Figure 6C), because at long-®H and P-O4p distances there
solvation. The contour plots are shown in Figure 6; they cover is a greater separation of the negative charges. Since the
arange of 1.83.0 A for P-OH and 1.6-3.8 A for P-Ogp As solvation free energy varies with the square of the charge (Born
for ES, the gas-phase electronic energies, solvation free energiesnodel), one expects that separation of the charges leads to
from Poisson calculations, and the total energies, which give smaller solvation free energies. However, there are some local
an approximation to the reaction path in solution, are given. deviations from this general behavior. At short®,, distances,
Energies relative to the reactants are shown. The energies folin the region around the transition state (see Figure 6D), the
the whole range of POH and P-O,p distances are shown on  solvation free energy is only weakly dependent on theOP

the left-hand side (A, C, E) diagrams of Figure 6, and the region distance, that is, the contour lines are almost parallel to the
around the transition state is shown on the right-hand side (B, P—OH axis, and the changes in solvation free energy are related

D, F). primarily to the variations in PO,

The reaction coordinate in the gas phase (Figure 6, Aand B) The gas-phase and solvation reaction paths estimates are
corresponds almost exclusively to the variation of theCM shown in Figure 6, E and F, which give the total energy (HF/
distance for large values of-FOH (>2.3 A). Only for P-OH 3-21+G* plus classical Poisson) in solution.
below 2.2 A is there a significant contribution from the ©,, It can be seen from Figure 6F that the solvation reaction path

elongation. Contrary to the sulfate case, solvation free energiesand transition state have a more associative character than in
are always larger in absolute value for the-EPH structures the gas phase, in agreement with the geometry optimizations
than for the reactants. That is why in Figure 6, C and D we using the SCI-PCM method. To interpret the geometrical
obtain negative numbers for the relative solvation free energiesdistortion introduced by solvation, we use the Hammond and
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anti-Hammond postulates, as depicted in Figure 6D. The have a shorter SOH distance. This is in accord with the
Hammond vector is parallel to the reaction coordinate and points B3LYP(SCI-PCM)/6-3#G* optimized transition state, which

in the direction of increasing energy, which on Figure 6D has a S-OH distance of 2.64 A, around 0.3 A shorter than in
corresponds to shorterOH and longer POy The anti- the gas phase.

Hammond vector is perpendicular to the reaction coordinate and 3.2.2. Dimethyl Phosphate (DMP). The transition states
points in the direction of decreasing energy, which from Figure for hydroxyl attack on dimethyl phosphate in the gas phase and
D corresponds to shorterfOH and shorter POy, For the in solution are shown in Figure 3. The-®H distance equals
changes in the POH distance, both effects are in the same to 2.23 A at the B3LYP/6-31G* level of theory. This is much
direction, while the two effects are in opposite directions for shorter than that of the cyclic analogue (2.64 A) and also
the P-O,, distance. The geometrical changes in solvation are significantly shorter than the-8OH distance (2.98 A) found
toward shorter POH and shorter POgp (cf. Figure 6F), which for the attack of the hydroxyl on the acyclic DMS sulfate. The
indicates that the anti-Hammond effect dominates the distortion effect of the solvent on the transition-state geometries are shown
of P—Ogp in Figure 3 and Table 2. The-O,, distance is shortened to

Overall, the geometrical changes induced by the solvent in 1.80 A (from 1.85 A in the gas phase). However, theOH
EP- are significantly smaller than for the sulfate case, in accord distance is almost invariant; it is lengthened by only 0.01 A.
with the estimates of solvent distortions in MEP, TMP, and MPP This small change inPOH distance is consistent with the small
reported by Lim et at! The magnitude of the geometrical variation of the solvation free energies with-BH found for
distortion induced by solvation depends both on the shape of the cyclic ethylene phosphate.
the gag-phase potential energy surface and on the shgpe of thg conclusions
“solvation surface”. For example, the change in solvation free

energies in the Hammond directions (toward shortetOR We have studied the effect of solvent on the geometries for

the rate-limiting transition states of the hydrolysis reactions of

distances) are very small (cf. Figure 6D) so that change in . . o
geometries due to the Hammond effect would also be expectedcyC“C and acyclic phosphate and sulfate esters. Application of
the Hammond and anti-Hammond postulates provides an

to be small. However, in that direction the gas-phase potential interpretation of the trends observed for the geometrical distor-
energy surface is very flat (cf. Figure 6B), so that small . pf h i . uti lati 9 h h
geometrical distortions around the gas-phase TS are easy tci[I'_%n ct)r tnz tragsmrc\)/n gtatenslljn SO Lrjr:fqn’rirze 2t|ve :‘OI} \c/avg.as phase.
achieve and therefore a small distortion (0.1 A) is observed for (el) Feor fhg hsfdr;ys(i:sm ISPS;nd DallvlFf w%serg t%es;ystem

the P-OH distance. In the ant-Hammond direction, the can be described as the approach of two negative charges, the

variations of solvation free energies are more significant (cf. olvation energy is more negative for associative structures. In
Figure 6D). However the gas phase surface is also considerablyS gy 9 '

steeper (cf. Figure 6B), and thus geometrical distortion is more ';he rgziiin()f :Sneirt]ril ZMs?émWhtiree s(())rllveatir;)engzt:éer Chiirgn?oi
difficult to achieve. Hence, there is also only a small geometrical ngpative fo? more onen s){[ructu’res 9y
change in the anti-Hammond directior-B,, as well (0.1 A). 9 P '

) ) ) (2) The solvation free energies are larger (in absolute value)
3.2. Hydrolysis of Acyclic CompoundsSolvation also alters ¢4 in_jine structures. The reason is that the attacking hydroxyl

the geometries of the transition state for the hydr_olysis _of acyclic group is less shielded from solvent by the aliphatic hydrogens
sulfates (DMS) and phosphates (DMP Interestingly, in the as thedO,XO (X = P, S) approaches 180
case of dimethyl sulfate, the effect using the correlated B3LYP- (3 The distortion of the geometries of the transition states is
(SCI-PCM) meth_od is opposite to the one found for its cyclic interpreted by applying the Hammond and anti-Hammond
counterpart, that is, the transition state for the hydrolysis of DMS  ,q1jates parallel and perpendicular to the reaction coordinate,
becomes more associative in the presence of solvent. For therespectively.
hydrolysis of dimethyl phosphate the transition state is only (i) Regarding the distortion of the XOH distance in the
slightly distorted. These effects can be understood using theransition state, both Hammond and anti-Hammond postulates
information from the 2D-diagrams of the cyclic compounds, imply a shortening of the POH distance, and a more
ES and EP. associative transition state in solution than in the gas phase, for
3.2.1. Dimethyl Sulfate (DMS).The rate-limiting transition the hydrolysis of ethylene phosphate and dimethyl phosphate.
state TS-DMS for the hydrolysis of dimethyl sulfate is depicted The Hammond effect implies a lengthening of the-®p,
in Figure 3. The values for the-8OH and Q,—S—OH internal distance upon solvation while the solvation free energy increases
coordinates are listed in Table 1. The reaction is similar to the (in absolute value) for more compact structures. The behavior
cyclic case, in that the rate-limiting step in the gas phase is the can be understood by a more detailed examination of the
passage from the acyclic iemmolecule complex to the acyclic  solvated potential energy surface in the region of the transition
intermediate. The cyclic/acyclic iermolecule complexes and  state; the PO, bond obeys the anti-Hammond postulate. In
intermediates show certain similarities; in particular, the acyclic the case of sulfates, the Hammond and anti-Hammond vectors
transition state is also early with a long—9®H distance. point in different directions for the-SOH distortion. Whereas
However, there is an important difference between the acyclic the Hammond vector favors a shortening of the(84 distance,
and cyclic transition states. The©S—OH angle in the former  the anti-Hammond vector favors an elongation. Which has the
is 172.7, much larger than the £-S—OH angle in the cyclic dominant effect on the distortion of the-®H distance upon
case (138.%). This implies that the gas-phase transition state solvation depends on the degree of coupling between internal
in the acyclic reaction is located in a region where the reaction coordinates (primarily SOH and Qy—S—OH) in the reaction
coordinate is dominated by the elongation of theC81 bond. coordinate at the transition state.
Consequently, the Hammond postulate for motion along the (i) With respect to the in-line character of the transition state
reaction coordinate can be used to understand the change ofi.e., O;;—X—OH angle), both Hammond and anti-Hammond
the S-OH distance by the solvent. Since larger solvation free vectors point toward increasing ti,—X—OH angle, and the
energies (smaller positive values in the 4B diagram) are obtainedinclusion of solvent in the calculations enhances the in-line
for longer S-OH distances, the transition state is expected to character of the transition state.
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