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Abstract: The dissociative hydrolysis reaction of the methyl phosphate monoanion has been studied for
the reactant species CHzOPOzH™ (1) and CH3;OPO3H-H,0 (1a) in the gas and aqueous phases by density
functional theory (B3LYP) calculations. Nonspecific solvation effects were taken into account with the
polarizable continuum model PCM either by solvating the gas-phase reaction paths or by performing
geometry searches directly in the presence of the solvation correction. In agreement with previous theoretical
studies, our gas-phase calculations indicate that proton transfer to the methoxy group of 1 is concerted
with P—0O bond cleavage. In contrast, optimizations performed with the PCM solvation model establish the
existence of the tautomeric form CH3;O%(H)PO32~ (2) as an intermediate, indicating that proton transfer
and P—O bond cleavage become uncoupled in aqueous solution. The dissociative pathway of 1a is
energetically favored over the dissociative pathway of 1 only when the added water molecule plays an
active catalytic role in the prototropic rearrangement 1 < 2. In that case, it is found that the collapse (via
P—O bond cleavage) of the hydrated zwitterionic form CHzO"(H)PO3?>~-H,0 (2a) is rate-determining. This
collapse may occur by a stepwise mechanism through a very short-lived metaphosphate intermediate (PO3™),
or by a concerted Sy2-like displacement through a loose metaphosphate-like transition state. The present
calculations do not allow a distinction to be made between these two alternatives, which are both in excellent
agreement with experiment. The present study also reveals that PO;~ reacts selectively with CH;OH and
H,O nucleophiles in agueous solution. However, the observed selectivity of metaphosphate is governed
by solvation effects, not nucleophilicity (water being much more effective than methanol in capturing PO3™).
This arises from a better solvation of the addition product H,OTPO3?~ as compared to CH3;O*(H)PO3?".

Introduction associatie, which require the formation of an intermediate or

transition state with pentacovalent phosphorus (eq 2).
The enzyme-catalyzed cleavage of phosphate ester bonds is

an essential and ubiquitous reaction in biological systems. ) O . )
Crucial to an understanding of the mode of action of enzymes ROPOsHI ————= RO + PO, ROM) + HaPOs

that catalyze phosphoryHPO;2~—) transfer, including kinases,

phosphatases, and Ras and other G proteins, is knowledge of OR

the mechanisms of the simple nonenzymatic hydrolysis reac- ROPOL(H) h0 HO—F!’ 8 ROH) + H,PO, )
tions. Reactions of unprotonated and singly protonated phos- S

phate monoesters resulting in hydrolysis or transfer of the

phosphoryl group can, in principle, occur by two limiting Although the enzyme-catalyzed reactions of phosphate mo-
mechanisms: those callefissociatie, which proceed via the  noesters are often interpreted in terms of whether the reaction
hydrated metaphosphate ion £O(eq 1), and those called pathway is associative or dissociativ,is generally believed
that the corresponding reactions in solution are dissociative.

* To whom correspondence should be addressed. E-mail: vigroux@ However, this “dogma” has been challenged by recent theoreti-
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cal studie$,® in which it has been demonstrated that the
arguments brought traditionally to support the dissociative
mechanism could be interpreted equally well as evidence for
the associative mechanism.

The monoester monoanion reaction is usually considered
much less relevant to the understanding of enzyme catalysis
than the monoester dianion reaction. However, recent modeling
studieg® on protein kinase and protein phosphatase enzymes
support that, for these systems in which there is a conserved
aspartate residue (Asp) in close proximity to a phosphate group
in the active site, protonation of the phosphate (to a monoanion)

Scheme 1. Pathway for Dissociative Hydrolysis (by P—O Bond

Cleavage) of Phosphate Monoester Monoanions?

stepwise

H,0
ROH + POy — ROH + H,PO,

concerted

a Proton transfer to the leaving group may occur in a pre-equilibrium
step (top), or simultaneously with leaving group departure (bottom),
depending upon the basicity of the leaving group; see footnote 10.

rather than Asp is favored. Thus, possible enzyme mechanisms

involving the (singly protonated) monoanion should also be
considered in a careful analysis.

For monoesters of alcohols and phenols Kf p 5.5, it is
well known that the monoanions, whose concentration peaks
at pH~ 4, hydrolyze by P-O bond cleavage much faster than
the corresponding dianionic specfeBhis observation has been
attributed to intramolecular protonation of the leaving group
oxygen. This provides both an internal nucleophile in the form
of two oxyanions and an activated alcohol leaving group. Proton
transfer may occur either in a rapid pre-equilibrium step, or
simultaneously with leaving group departure, depending upon
the basicity of the leaving group, as shown in Scheri&Nor
can one exclude the possibility of the involvement of a solvent
water molecule in the proton transfer. The six-membered ring
formed in the reaction with participation of water may be less
strained than the four-membered ring without water.

However, as mentioned above, the groupsOmfviAt and
Warshel have recently shown that most of the experimental data
about phosphate monoester hydrolysis does not provide the
required information for deciding whether the mechanism is
dissociative or associativeOn the basis of earlier theoretical
studies313 it was argued that the often cited evidence for the

(4) For reviews, see: (a) Cox, J. R., Jr.; Ramsay, CCBem. Re. 1964 64,
317. (b) Benkovic, S. J.; Schray, K. J. Tmansition States of Biochemical
ProcessesGandour, R. D.; Schowen, R. L., Eds.; Plenum Press: New
York, 1978; pp 493-528. (c) Thatcher, G. R. J.; Kluger, Rdv. Phys.
Qrg. Chem 1989 25, 99—265.

(5) Aqvist, J.; Kolmodin, K.; Floria, J.; Warshel, AChem. Biol 1999 6,
R71.

(6) Florian, J.; Aqvist, J.; Warshel, AJ. Am. Chem. Sod 998 120, 11524.

(7) Hart, J. C.; Hillier, 1. H.; Burton, N. A.; Sheppard, D. W. Am. Chem.
Soc 1998 120, 13535.

(8) Hart, J. C.; Sheppard, D. W.; Hillier, I. H.; Burton, N. 8hem. Commun
1999 79.

(9) Kirby, A. J.; Varvoglis, A. G.J. Am. Chem. Sod.967, 89, 415.

(10) This special mechanism was proposed by Kirby and Vanfiglithe late
1960s to account for the reaction rate difference observed between
monoanions and dianions (e.g., at X@the dianion of methyl phosphate
is cleaved by P-O bond-breaking 800-fold less rapidly than the monoan-
jon')) and the fact that the hydrolysis rate of phosphate monoester
monoanions is much greater than that of the corresponding diesters at the
same pH. It is supported by a very small entropy of activation and the
value offiy = —0.27, reflecting the proton transfer to the leaving group in
the rate-determining transition state. The latter value led the authors to
consider that complete or partial proton transfer must have occurred in the
rate-limiting transition state. Kirby and Varvoglis then concluded that the
hydrolyses of the monoanions of esters with leaving groups more basic
than phenol (i.e., all alkyl esters) occur with rapid pre-equilibrium formation
of the zwitterion RO(H)PO;?, followed by P-O bond fission in the rate-
limiting stepk, (Scheme 1, top). In contrast, when leaving group basicity
drops below that of phenol, the authors came to the conclusion that proton
transfer becomes patrtially rate-determining and occurs simultaneously with
leaving group departure (Scheme 1, bottom). This picture is supported by
the observation of a negative deviation of the sted linear plot, 0dgnyq
vs Krow, for leaving groups less basic than phenol (for wiigh= —0.16),

dissociative mechanism is, in fact, equally consistent with an
alternative associative mechanism, substrate-assisted general
base catalysis, in which a pre-equilibrium proton transfer takes
place from water to either the monoanion (eq 3) or the dianion
(eq 4), followed by hydroxide ion attack on the resulting neutral
(eq 3) or monoanionic (eq 4) phosphate monoester.

Ke —
H,O + ROPOH™ =2 OH™ + ROPOH,
ROH+ H,PO,” (3)

Ke — —
H,0 + ROPOZ =2 OH + ROPQH™ %
ROH+ HPO,™ (4)

Thus, despite considerable kinetic data accumulated over the
past 45 years, the mechanism for the hydrolysis of methyl
phosphate, the simplest phosphate ester, still has to be cleared
up. In the absence of unequivocal experimental facts, electronic
structure calculations become a valuable alternative. In a
theoretical study? Florian and Warshel have investigated the
energetics of the associative and dissociative mechanisms for
the methyl phosphate ester by combining ab initio calculations
with Langevin dipoles (LE) and polarized continuum (PCRA)
solvent models. It was found that for the hydrolysis of the
monoanion (and dianion), the associative and dissociative
reaction pathways have similar activation barriers. Recently, Hu
and Brinck, by using ab initio and density functional theory
methods coupled to nonspecific solvation effects, have rein-
vestigated the energetics of the associative and dissociative
pathways for the methyl phosphate monoanion by considering
the active participation of a bridging water molecule in the
proton-transfer processtsThese authors found that dissociation
of methyl phosphate monoanion into methanol and metaphos-
phate (eq 1) proceeds via a six-membered water-assisted
transition stateTS(6c¢), which is considerably lower in energy

/%
0-0
TS(6¢)

and by the fact that the solvent isotope effect valkgs/kp,o, reverse on
going from esters with poor leaving grougsfo/kp,0 = 0.87 for methyl
phosphat®) to esters with very good leaving grougs.o/kp,o = 1.45 for
2,4-dinitrophenyl phosphéie

(11) Wolfenden, R.; Ridgway, C.; Young, G. Am. Chem. Sod 99§ 120,
833.
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(12) Bunton, C. A,; Llewellyn, D. R.; Oldham, K. G.; Vernon, C. A.Chem.
Soc.1958 3574.

(13) Florian, J.; Warshel, AJ. Am. Chem. So0d 997, 119, 5473.

(14) Florian, J.; Warshel, AJ. Phys. Chem. B998 102 719.

(15) Florian, J.; Warshel, AJ. Phys. Chem. B997 101, 5583.
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than the four-centered transition state that is required in the Scheme 2. Schematic View of Possible Mechanistic Pathways for

the Hydrolysis Reaction of Phosphate Monoester Monoanions
absence of a water molecule (Scheme 1, bottom). Theymvoh}i’ng N itorion Inta o ateas

concluded that the dissociative pathwaya the rate-limiting concerted
. o : H H
Water-.as.3|sted transition stafeS(6c)—is favored over the  ro-pog e N mo  Row oo e o mour
associative one by more than 10 kcal/mol of free energy in AxDy
solution® The computed activation energy reported for the BQ«‘ Ay
dissociative mechanism (29.0 kcal/mol) is in excellent agreement ROH POy "N,
with the experimental estimate based on the measured rate stepwise
constant at 373 K (30.7 kcal/mig). a Anionic zwitterions may react along a stepwise dissociative pathway

More recently, Admiraal and Herschlag, by using reactivit !nvolving unimolecular e]imination of free, uncoordinated metaphosphate
y 9. by Y Y ion (Dy + An mechanism), or along a concerted phosphoryl-transfer

comparisons fr_om available e'xper.imental data, also concludedpahyay in which the water nucleophile enters and the alcohol leaving group
that the associative mechanism, in the form of the substrate-departs in a single step, with no intermediatey¥y mechanism). Note

assisted general base catalysis (eqs 3 and 4), is an unlikelythat the first step of the stepwise process corresponds tégthtep of
alternative to the classical dissociative mecharitiowever, ~ Screme 1.

he argumen forward in thi wer verely criticiz . . e
the arguments put forward in this study were severely criticized or does it proceed directly to the zwitterionic form of ortho-

by Glennon et al’! who retorted that there is no point in ref 20 hosphate ion by an indine nucleophilic displacement at
that can be used as a valid argument to exclude the substrateP05P y P P

assisted general base mechanism of egs 3 and 4 phosphorus (ADy mechanism) with no discrete ROnterme-
i ' diate (Scheme 2, concerted)?
The free energy profile calculated by the groups of Wardhel In this and our related paptan attemot is made to provide
and BrincKe8for the dissociative hydrolysis of methyl phosphate papea np . P .
. . o .~ some answers to these questions. This paper is concerned with
monoanion (eq 1) involves two transition states (surrounding : . o : :

. . . - . the mechanism of the dissociative hydrolysis reaction of methyl
metaphosphate intermediate) in which proton transfer contributes hosphate monoanion- the other pamemovides a theoretical
significantly to the reaction coordinate. Thus, according to these gescﬁ tion of anionic zywitterions FFQ)Q|—||:IE)lP:032‘ and exolores
theoretical studies, a substantinhrmal (> 1) kinetic isotope P P ’

effect is expected whether the proton transfer occurs directly alti:oerglgg l_;% m|§cuuﬁ§g2?1|fﬁgIeroigfrgoaifTé;?rznsiecmc role
or through intervening water molecules (for example, the blay y P P germieat

calculated value ofky,o'kp,o = 2.3 was reported for the (thfhme 2). . h . tigated the f -
concerted proton transfer via the four-centered transition state n this report, we have reinvestigated the free energy profiles

shown in Scheme 1; see ref 14). However, the small, slightly for the_d|ssomat|ve pathway_of GIPQH™ (1) and Ch- .
inverse(<1) kinetic isotope effect value of 0.87 measured for OPQH™-Hz0 (13) by.performlng _geometry searches both in
methyl phosphate monoaniBnrather suggests that in alkyl the gas phase a}nd with thg polarlged continuum solyent quel
esters the proton transfer occurs in a fast pre-equilibrium step PCM. We provide theoretical evidence that the d'SSO.C'atlve
and not in the rate-limiting step. Thus, perhaps one of the mostphosphoryl transfer occurs from the hydrated tautomeric form

+ 2— i . .
important features of the dissociative alternative is the assump-CHSO (H)PG™" in the rate-determining step.
tion that alkyl monoanions undergo hydrolysis by a special Methods

stepwisemechanism involving anionic zwitterions REH)POy2~ i ) )
All calculations were performed with the Gaussian 98 set of

asokmetlﬁalcljy rel_evagt mterme_dlat_é%]:' . . i program$* using hybrid density functional methods (B3LYP) which
verall, despite the extensive information, some points o have been shown to perform well in earlier studies involving charged

discussion concernjng thg dissociative p:?\t.hway of phosphgtephosphategg,zsA double£ plus polarization valence basis ¥etas
mo'noe'ster monoanions still neeq to be le’irlfledi (1) Are anionic employed for each atom including hydrogen. For oxygen atoms, s and
zwitterions RO (H)POs?~ stable intermediates (minima) along  p diffuse functions were added(= 0.108151 and;, = 0.070214).
the reaction coordinate in aqueous solution (Scheme 1)? If Standard pseudopotentials developed in ToulSuseere used to
anionic zwitterions were to intervene as local minima in the describe the atomic cores of all non-hydrogen atoms. Molecular
reaction, then other important questions spring to mind: (2) _geometri_es of stationa}ry points (i.e., minima and_ transition :_sta_ltes)
Are these species kinetically relevant intermediates? (3) How involved in the hydrolysis of the methyl phosphate anion were optimized
are they specifically solvated by water molecules, and (4) what in the gas phase and/or with the standard dielectric version of the
is the exact number of #0 molecules playing a key role in polarizable continuum model D-PCM implemented in the Gaussian 98
their stability/reactivity? (5) Does phosphoryl transfer from program (vide infra). Harmonic frequencies of the B3LYP optimized
3_/ Y P phory . structures were calculated in order to verify that the stationary points
RO™(H)PO:2~ to H,O proceed through a metaphosphate inter-
mediate by an eliminationaddition mechanism, referred to as (23) Guthrie, R. D.; Jencks, W. Rcc. Chem. Re4989 22, 343.
Dy + Ay in the IUPAC nomenclatufé (Scheme 2, stepwise),  (24) Frisch, M. J; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E., Jr.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

(16) Tomasi, J.; Persico, Chem. Re. 1994 94, 2027. K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
(17) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys198], 55, 117. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
(18) Hu, C. H.; Brinck, T.J. Phys. Chem. A999 103 5379. Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
(19) In contrast to thelissociatbe mechanism, Hu and Brinékfound that there Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

is no special energetic advantage for #ssociatie mechanism (eq 2) to J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;

proceed through six-membered water-assisted transition states. Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
(20) Admiraal, S. J.; Herschlag, 0. Am. Chem. So200Q 122 2145. M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
(21) Glennon, T. M.; Villa J.; Warshel, ABiochemistry200Q 39, 9641. Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,;
(22) For highly activated phosphates, however, the situation may change in favor Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian

of the concerted proton transfer (Scheme 1, bottom). In particular, this is 98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

indicated by the much greater isotope effect in the hydrolysis of the (25) Lopez, X.; Dejaegere, A.; Karplus, M. Am. Chem. S0d999 121, 5548.
monoanion of 2,4-dinitrophenyl phosphakg,&/kp,0 = 1.45). See footnote (26) Bouteiller, Y.; Mijoule, C.; Nizam, M.; Barthelat, J.-C.; Daudey, J.-P.;
10. Pdissier, M.; Silvi, B. Mol. Phys.1988 65, 295.
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Figure 1. B3LYP optimized structures of the stationary points involved in the dissociative reactions@R®H~ in the gas phase (plain characters, top)
and in aqueous solution (italic characters, bottom). All distances are in angstroms.

found were minima or transition states, and to obtain zero-point energiesobtained by calculating the vibrational modesgith the PCM®&17
(ZPE) and thermal corrections to enthalpies and free energies at 298.15solvation correctiorr-of the corresponding optimized PCM geometries.

K in the usual rigid-rotor harmonic oscillator approximatfn.

In this method, the quantum mechanical calculations are done in the

For evaluating the effect of aqueous solvation, two approaches werepresence of the solvation correction so that changes in geometries,

used. In the first, which is of the same type as that applied by Hu and
Brinck,® the solvation free energyAGson) Of a given optimized gas-

phase structure and charge distribution was obtained from a single-

point energy calculation at the PCM level of theory (the bulk solvent
is represented by an infinite dielectric and polarizable continuum
characterized by the dielectric constant of water; 78.39). In this
model, the solvation free energy is composed of the work required to
build a cavity in the solventG.,,) together with the electrostaticg)

and nonelectrostatidGgisp + Grep) Work.28 The sum of these terms is
referred to ashVp, so thatAGsoy = Wo. The relative free energies in
aqueous solution, referred to A&, were then calculated as the sum
of the gas-phase free energies and the solvation free eneAfies—=
AGgas + AAGson, Where AAGsqy is the difference in solvation free
energies between the stationary points considered and readt&@s.f,

= AW = AGson> — AGsoiR = WosF — WeR). In the second approach,
the relative aqueous free energies, referred tA@scw, Were directly

(27) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, Alnitio Molecular
Orbital Theory Wiley-Interscience: New York, 1986.

(28) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Ghem. Phys. Lett1996
255 327.

7576 J. AM. CHEM. SOC. = VOL. 124, NO. 25, 2002

charge distributions, and relative energies due to solvation can be
determined. So, besides the above-mentiogdterm, the second
approach takes into account the contributions to free energies issuing
(i) from the structural differences between molecules in the gas phase
and in solution Yyeon) and (i) from the corresponding modifications

of harmonic frequenciedN.i»). Modifications issuing from translation
and rotation contributiond/ansandWior) were neglected by assuming
that the solute has a very large volume available in solvent. The free
energies of solvation\p obtained in the first approach were then
augmented in the second approach byWye,mandW,, terms so that
AGsoy = Wp + Wgeom + Wyip.

It is important to note that the treatment corresponding to the first
approach implies that all the relevant stationary points of a given
aqueous reaction profile must also be stationary points in the gas phase.
As a result, this approach precludes the possibility that anionic
zwitterions intervene as intermediates in the dissociative pathway of
phosphate monoester monoanions since these species cannot be located
as minima in the gas phase (see Results). Therefore, starting with the
gas-phase structures of the stationary points involved in the dissociative
reaction of CHOPQH~ and CHOPQH -H,O (Figures 1 and 2,



Dissociative Hydrolysis of the Methyl Phosphate Anion ARTICLES

1.063 1,003
1.715 Yy
e}
/1,240
H
e}
/F’ 2008 H
0" / oge Ou” %
2006 7O, 0.981 H
e N
i H 1872 A\
20 H H
V
oot
2394 Oé
e Ny
C
N
H H
TS2a'-3a TS2a’'-5b'

H 2179 P
(e} \H"o

Hu

0,-P-0, = 115°

177.4°
0,-P-0, = .
4a b {178.3 TS4a-5a'

Sa
1,058
1476 "4
O el
1551/ HT
O“}P H’ 1.238
1 o 1624 5N
H/ i \H 1.198
6a’ TSS5a-6a’

Figure 2. B3LYP optimized structures of the stationary points involved in the dissociative reactionsIRBHH"-H,0 in the gas phase (plain characters,
top) and in aqueous solution (italic characters, bottom). The competing stepwise and concerted pathways in solution are indicateti\ogrid AyDy,
respectively. All distances are in angstroms.

respectively) is not necessarily a good strategy to approach the actualable whether the gas-phase reaction coordinate is always appropriate
reaction coordinate in aqueous solution. In other words, it is question- for exploring the free energy profile in solution, especially for those

J. AM. CHEM. SOC. = VOL. 124, NO. 25, 2002 7577
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aqueous reactions in which high-energy dipolar species are postulatedtively, according to an eliminationaddition mechanism (p

as key intermediates. For this reason, we addressed the question of the}- Ay, Scheme 2) failed to converge with PCM. The shape of

possible intervention of anionic zwitterions by performing geometry the reaction profiles corresponding to these “collapse” paths was

searches directly with the PCM solvation model (second approach). hen determined from a series of successful PCM optimizations
Calculations performed with polarizable continuum models depend performed along the presumed reaction coordinate (see Figure

on the procedure used for generating solute cavities. In continuum : . . .
P . g 9 . . -4 and Figures S1S3 in the Supporting Information). The
models, the solvent is represented by a macroscopic continuum medium

(characterized by its dielectric permittivity, and the solute molecule tranS|_t|or1 structure [S2& —5b') fc_)r the in-line nucleophl_llc
is embedded in a cavity in this dielectric medium. To probe the Substitution process Dy mechanism, Scheme 2) was similarly
molecular shape of the solute, the PCM model makes a superpositiondétermined from a series of constrained optimized structures
of spheres centered on atoms or atomic groups. Our calculations were(Figure 7). In each case, the variations of the PCM energies
done using both the conventional set of Pauling's atomic radii (the along the selected reaction coordinate gave a curve with one
cavity is defined by interlocking atomic spheres with radii that are 1.2 maximum. The latter was used to locate the relevant transition-
times the van der Waals values; note that additional spheres may bestate structure.
added 'Fo make the (?avity surfa(_:e smooth_er and that thesg spheres may For the purpose of comparing free energies of activation at
have different locations and sizes for different geometries) and the ;qq K, a normal-mode analysis was performed at these maxima
United Atom Topological Model, UATNP (the cavity is built automati- L . . .
(which is possible because the gradient of the PCM potential

cally according to the molecular topology, hybridization, formal charge, . . ) .
etc.). Both procedures provide very cloGpey values according to energy surface is essentially zero at these points). However, it

the second approach (Table S3, Supporting Information) but yi€ig, is important to note that the continuum method used in the
values somewhat less similar according to the first approach (Table present study is clearly inadequate to identify these maxima as
S2, Supporting Information). Since we were unable to locate the most conventional transition states. Indeed, reactions involving large
dissociated transition-state structures using the UATM procedure changes in charge distribution, such as the collapse of highly
(UATM radii led to a sudden change of the total energy at critical dipolar species, are naturally expected to exhibit profound
P—O(Me) and P-O(H,) distances), we have resorted to using the solvent effects. In this kind of reaction, the charge distribution
Pauling set of radii, which is completely adequate in the evaluation of changes so suddenly that one can reasonably assume that the
relative AGecu values according fo the second approach (Table S3). v ations that lead to reactive events are essentially due to
To obtain values that are directly comparable with the experimental . .
solvent fluctuations, not solute fluctuations (the collapse of

free energy of activation (30.7 kcal/mol at 373 K and pH 4.2) and . e ; . .
isotope effect Kuo/ko,o = 0.87 at 373 K), frequency calculations of ~ &nionic zwitterions into molecular complexes is a barrierless
2 2! . )

the kinetically relevant stationary points involved in the energetically Process in the gas phase, vide infra). As a result, the solvent
most favorable mechanisms were also performed at 373 K for both coordinate is expected to play the major role in controlling the
the standard and the O-deuterated molecular specig®@PBD-D,0. activation barrier for the solute coordinate. For this reason, it
is very unlikely that the aqueous-phase reaction coordinate
would correspond to one, and only one, imaginary-frequency
The gas-phase and solution structures of the reactants,normal mode of the solute alone. Hence, to fully characterize
transition states, reaction intermediates, and products considerednd understand the nature of these barriers, a proper solvation
in this study are depicted in Figures 1 and 2. The gas-phasemodel should include nonequilibrium solvation effects by
thermodynamic parameters and solvation free energies of theconsidering both dynamical effects and the key role of selute
various species relative to the reactants are given in Table 1solvent coupling at the molecular le\A8I3!
and in Tables S1 and S2 in the Supporting Information. The  The possible mechanisms involved in the dissociative pathway
calculated thermodynamic values (relative to the reactants) of for the molecular species GBPQH™ (1) and CHOPQH+H,0O
the various solution structures located with the PCM solvation (1a) are investigated below in sections 1 and 2, respectively.
model are summarized in Tables 2. The free energy profiles  For each species, there is a step that involves exchanging the
obtained in solution for the different reaction paths investigated methanol formed in the reaction for an additional water molecule
are illustrated in Figures 3, 5, 6, and 8. (corresponding to transitior — 4 for CH;OPQsH~ (Figure
General Considerations.Full geometry optimizations with 1) and3a — 4a or 5b' — 5a for CH;OPQH~-H,O (Figure
the D-PCM level of theory were successful for all the minima  2)).
involved in the present study (Figures 1 and 2). This includes 1. pissociative Reaction of CHOPOsH~. The simplest
anionic zwitterions RO(H)POs*~ and the corresponding mo-  possible reaction that can be used to model the dissociation of
lecular complexes RQH)PO;*+(H20) (R = H, Me). The  methyl phosphate monoanion into POand methanol is an
transition-state structures for the proton transfer between thejntramolecular proton-transfer process proceeding via a four-
phosphate oxygen and the leaving or attacking group were alsomembered transition state. The structures of the stationary points
fully optimized with PCM. These are referred to @§1-2, involved in this mechanism are presented in Figure 1 with
TS5-6, TSla—2a andTS5a-6d. The nature of these transi-  selected geometrical parameters. In the gas phase, the proton
tion states was verified by a single imaginary frequency (Tables transfer between the phosphate oxygen and the methoxy oxygen
2 and 3) and an intrinsic reaction coordinate (IRC) calculation, of 1 occurs via a four-membered transition stat&{—3) which

Results

leading to the expected anionic zwitterion intermediaf$( was shown, by frequency and IRC calculations, to connect
2a, 58) and reactants or products, @, 1a, 6d). directly 1 to the molecular complex PO-CHsOH (3). The
Full geometry optimizations of the transition structures for
the collapse of anionic zwitterion®, 5, 2a, and5a into the (30) For a fairly complete review on advantages and limitations of implicit
Corresponding molecular complex@s4, 3a, and4a, respec- ;(ilgiltlon models, see: Cramer, C. J.; Truhlar, DOBem. Re. 1999 99,
(31) Hwang, J.-K.; King, G.; Creighton, S.; Warshel, A. Am. Chem. Soc.
(29) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997, 107, 3210. 1988 110, 5297.
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Table 1. Relative B3LYP Gas-Phase Energy (AE), Zero-Point Vibrational Energy (AZPE), Enthalpy (AH), Entropy Contribution (TAS),
Gas-Phase Free Energy (AGgas), Solvent Contribution to Free Energy (AWb), Free Energy in Aqueous Solution (AGag), and Transition
Frequencies of TSs (vgas/cm™) for the Stationary Points Involved in the Elimination—Addition Reaction of CHsOPO3zH™ in the Gas Phase at
298 Ka

Gas
structure® AE AZPE AH TAS AGgss AW AGy*¢ Vgss  AWgeon!  AWyp?  AGpey®

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H20 + TS1-3 31.3(33.1) —2.9(-2.8) 28.3(30.2) 0.1(0.0) 28.2(30.2) 5.1(4.2) 33.3(34.4) 1214i1.7 1.9 333

3 11.2(10.4) —0.8(-0.7) 10.7(10.6) 2.5(4.7) 8.2(5.9) 12.7(10.2) 20.9 (16.1) 0.0 14 22.3

4 9.8 (8.7) 0.4 (0.3) 10.3(9.2) 3.2(3.7) 7.1(5.5) 18.2 (12.7) 22.9(15.8) —3.9 0.0 19.0
MeOH + TS4-6 31.9(33.5) —-1.7(-15) 29.4(31.1) 0.4(0.6) 29.0(30.5) 8.2(5.0) 34.8(33.1) 1249i4.8 1.0 310

6 —0.4(-0.1) 1.1(1.0) 0.1(0.3) 0.7(0.7)-0.6(-0.4) 27(1.2) —-03(-1.6) —3.6 -03 —42

a Also reported are the relative contributio?®WgeomandAW) to the relative aqueous free energyGpcwm) directly obtained from geometry optimizations
and frequency calculations performed with the PCM solvation model using Pauling radii (see text for details). Values are calculated using plumuble-
polarization valence basis set including diffuse functions for oxygen atoms (see Methods). All values except those for imaginary frequenaakrod in
Values in parentheses are from ref 18 (calculated at the B3LYP¥&3/AB3LYP/6-31+G* level of theory).? The numbering system for structure identification
is given in Figures 1 and 2. The exchange of methanol for water (going 3rtm) requires that a water molecule be infinitely separated fter during
the first stage of the reaction and, reciprocally, that methanol be infinitely separatedifrérduring the second stagéRelative solvation free energy
computed with the polarizable continuum model PCM by using the conventional set of Pauling radii and a dielectric constant of 78.39. Values from ref 18
(in parentheses) were obtained by using a slightly larger radius for phosphorus than that recommended by R&@alirg AGgas+ AWo. € For the points
4—6, —2.4 kcal/mol [RTIn(55)] has been added to tG,q and AGpcy values due to the standard state difference between solutes (1 M aqueous solution)
and liquid water (55 M HO). f Relative contribution to free energy issuing from the structural differences between optimized structures in the gas phase and
in aqueous solutiorf. Relative contribution to free energy issuing from the variation of harmonic frequencies of optimized structures in the gas phase and
in aqueous solution (the corresponding translational and rotational variations are neglected by assuming that the solute has a very largéalm&ime ava
solvent)." AGpem = AGgas+ AWp + AWgeom+ AWiip. | Value obtained from the corresponding transition sTe&&&—2 optimized in aqueous solution, see
Table 2. Value obtained from the corresponding transition s&$&—6 optimized in aqueous solution, see Table 2.

methanol is then exchanged for a water molecule, leadingto | ----- aqueous solution
the molecular complex P9O-H,0 (4). The conversion o# into ) H,

orthophosphate anio) proceeds via a similar pathway with on 0,'“\0 'T:: ,f/tl'S4—6“| ~P4
a single transition statéf64—6) that closely resembleES1— *r e '

' s amm o. o0
P -y i ! -
N i " |

3. Thus, under these conditions, a solvated metaphosphate 3 > o-e % . BV
intermediate is generated in a two-steg Ay mechanism,
as shown in eq 1.

The gas-phase energies and corresponding thermochemical 3
data of the various species relative to the reactant(s) are listed [
in Table 1. For the sake of comparison, the calculated values
obtained by Hu and Brincdk at the B3LYP/6-3%+G*//B3LYP/ ol __,/' o
6-31+G* level of theory are also indicated in parentheses. As CHO—POH- e
can be- seen, both sFUdieS lead to a similar gas-phase reaCtiml]:' 3. Free ener rofile for the gas-phase dissociative reaction of
path Wlth two transition St?tes and a S.OI\/ated metaphOSphate IﬂggPQH‘ (dotted I%é,pbottom) and thge chpange in profile upon solvation
intermediate. Table 1 also lists the relative PCM solvation free (gashed line, top).
energies AWp) and free energies in solutiodGag = AGgas+

AWp) for the various gas-phase stationary points involved in  Starting with the gas-phase structures, the reactant(s), transi-
the Dy + An mechanism. The overall shape of the reaction tion states, solvated metaphosphate intermediates, and products
profile obtained in the gas phase is unchanged upon solvation,were reoptimized with the PCM solvation model to determine
but there is a significant change in the energetics associatedthe changes in structure that result from solvation (Figure 1)
with it, as shown in Figure 3. Table 1 shows that solvation and to calculate the associated relative free energy contributions
effects destabiliz§ S1—-3 andTS4—6 relative to the reactant-  AWgyeom (Table 1). The relative contributions issuing from the
(s) by 5.1 and 8.2 kcal/mol, respectively. The major effect is variation of harmonic frequencies between optimized structures
on the molecular complexesand4, which are both strongly  in the gas phase and in solutioA\\;, in Table 1) were also
destabilized in solution by 12.7 and 18.2 kcal/mol, respectively. determined by calculating vibrational modes with the PCM
As a result, the relative free energies in solutidvGg,) of 3 correction. Inspection of Table 1 shows that, for the first stage
and4 greatly depend on the calculatdd\p values (theAW, of the reaction T — 3), the (relative) solvation free energy
term contributes to ca. 60% and 80% of the total free energy in values obtained using the gas-phase structux¥g) represent
solution of 3 and 4, respectively). After consideration of a very good approximation of the overall (relative) solvation
solvation effects, the free energy barri&iGaq, TS1—3) of the free energyAAGsoy = AW + AWgeom + AWip. The reason
elimination step () is 1.5 kcal/mol lower than the free energy  for this is that the free energy contributioA$Vyeomand AW,ip
barrier AGaq TS4—6) of the addition step (4). Hu and are both negligible with respect thW,. However, this is no
Brinck!® found a similar difference in free energy between the longer true for the stationary poinds-6, for which a hydrogen
two transition states (1.3 kcal/mol) but in the opposite direction. atom has replaced the methyl grouplef3. For these structures,
Finally, the overall free energy change of the reactibr{(6) PCM reoptimizations lead to significantly more pronounced
is almost zero (slightly negative), both in the gas phase and in solvent-stabilizing effects, as indicated by the more negative

solution. values of AWyeom (Table 1). Since theAW,, contribution

AG (kcal/m
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Table 2. Relative BSLYP—PCM Energy (AE), Zero-Point
Vibrational Energy (AZPE), Enthalpy (AH), Entropy Contribution
(TAS), Aqueous Free Energy (AGpcwm), and Transition Frequencies
of TSs (vag) for the Stationary Points Involved in the
Elimination—Addition Reaction of CH3OPO3H™ in Aqueous
Solution at 298 K2

PCM
structure® AE  AZPE AH TAS  AGpey® Vag
[ 1 00 00 00 00 00
TS1-2 346 -23 315 -20 335 1428i
H,0 + 2 20.8 0.2 211 -01 212
TS2-3 293 —-0.2 29.0 0.1 289 183i
\ 3 238 —-12 219 —-04 223
[ 4 241 -0.1 238 24 19.0
g TS4-5 268 -04 259 17 218 d
= MeOH + 5 20.0 1.1 203 01 178
) TS5-6 353 —-1.2 33.1 —-03 31.0 1457i
iy \ 6 -1.3 1.2 -0.7 1.1 —4.2
<
aValues are obtained from calculations (i.e., geometry optimizations and
frequency calculations) performed with the PCM solvation model using
Pauling radii. Units are kcal/mol for energies and<énfor imaginary
frequencies? Refer to footnoteb of Table 1.6 For 4—6, —2.4 kcal/mol
\ ) ) . ) ) ) . ) has been added tAGpcy due to the standard state difference between

solutes and liquid water; see footna@tef Table 1.9 Note that the implicit
80 %0 100110 120 130 140 150 160 solvation model used in the present study is inappropriate to characterize
O/degrees this solvent-dependent activation barrier as a conventional transition state,

Figure 4. Relative PCM energies\E), with respect to anionic zwitterion ~ -€-» With only one imaginary frequency corresponding to the reaction
2, as a function of the reaction coordinatdor the collapse of into the coordinate (see text for details). Typically, vibrational analysis led to one

. L TS2-3) or two low (i.e., <~200 cntl, TS4-5) imaginary frequency
molecular complexX. Solid symbols refer to optimizations performed at ( h ; > -
the fixed specified value while the remaining degrees of freedom were modes corresponding to rotations of £kT'S2-3) and HO (TS4-5)

fully optimized. Positions of the fully optimized structur@sand 3 are fragments. o
indicated by open symbols. angle formed between the bridging oxygen atom,)(Q@he

oxygen of the leaving or attacking group) and one nonbridging
remains negligible for every stationary points of the reaction phosphoryl oxygen () as the reaction coordinate for the
path, the overall effect of the PCM reoptimizations is to decrease collapse of anionic zwitterio into the molecular compleg
the free energy barrier of the second step by 3.8 kcal/mol (see Figures 1 and 4 for definitions). Thus, several partial PCM
(compareAGyq and AGpem for TS4—6 in Table 1) and to optimizations were made with the constraingg-8—0;, angles
slightly increase (by 0.2 kcal/mol) the free energy barrier of ranging from 80 to 160 in steps of 0.5-5° (the reaction
the first step AGaf AGpcw, TS1—3). Overall, the kinetic barrier  coordinate was constrained at a specified value while the
for this reaction corresponds to the dissociation of methyl remaining degrees of freedom were fully optimized). The path
phosphate monoaniotAGpcy, TS1-3), not to water attack on  between hydrated metaphosphdtend anionic zwitteriorb
the metaphosphate iolAGpcy, TS4—6). Also, the reaction is  leading to the activation barri@iS4—5 was obtained in a similar
found to be thermodynamically more favorable since the total way (see Figure S1 in the Supporting Information). Table 2

change in free energy (going frointo 6) is —4.2 kcal/mol in lists the PCM energies and corresponding thermochemical data

terms ofAGpcm as compared te-0.3 kcal/mol in terms oAGaq of the various solution structures relative to the reactant(s). As
While the PCM reoptimizations have a relatively small effect can be seen in Figure 5, the overall shape of the reaction profile

on the transition-state geometries (compesd—3 andTS1-2 obtained from PCM geometry optimizations is dramatically

in Figure 1), IRC calculations performed with the PCM solvation different from that obtained from solvation of the gas-phase
correction clearly indicate the existence of two further inter- profile (Figure 3,AG,). The calculated free energy barriers in
mediates along the reaction path in solution. Starting from the solution AGpcwy, Table 2) indicate that there are two significant
PCM structure of each saddle point, an IRC calculation was local minima on the free energy profile that correspond to
made along the normal mode corresponding to the negativeanionic zwitterion® and5. However, as can be seen from Table
eigenvalue of the Hessian matrix. In this way, the IRC 2,the four-membered transition structures for the proton-transfer
calculations enabled us to unambiguously determine what pointssteps,TS1—-2 and TS5—6, are 4.6 and 9.2 kcal/mol higher in
on the potential energy surface are connected by these twoenergy than the transition structures for the@Pbond-cleavage/
maxima in solution. Thus, instead of connectingnd3 (TS1— formation stepsTS2—3 andTS4-5, respectively. Thus, despite
3), and4 and 6 (TS4—6), we found that the four-membered the fundamental difference between the overall shape of the free
transition structures located in aqueous solution actually connectenergy profiles shown in Figures 3 and 5, the predicted rate-
1 and2, and5 and6, and were then denoted ByS1-2 and limiting transition states for the reactioRS4—6 (AGxq Figure
TS5-6, respectively (Figure 1). 3) and TS1-2 (AGpcwm, Figure 5), are quite similar both in
Since the reaction is expected to proceed via the zwitterionic structure and in energy (the difference in free energy is 1.3 kcal/
intermediate® and5, the free energy barriers relative to them mol).
are important. Figure 4 shows how solvation leads to an 2. Dissociative Reaction of CHOPO3sH-H0. It is well
activation barrier 1S2—3) for the collapse of anionic zwitterion ~ documented that current continuum models are adequate to
2 into the molecular comple®. We used the ©&-P—0O, bond describe reactions in solution unless some solvent molecules
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Figure 5. Free energy profile obtained from PCM geometry optimizations
for the dissociative hydrolysis reaction of @BPQH™ in aqueous solution.

are directly involved in the reaction mechanighe,.g., through
a water-assisted proton-transfer process in which op® H

radii are used. Note that a “normal” free energy profile in
solution was also obtained by Hu and Brifgkoy using
Pauling’s atomic radii for all atoms except phosphorus, for
which a slightly larger radius was used (1.9 A instead of 1.8
A).

Our calculations indicate that geometry reoptimization in the
presence of the solvent does not modify significantly A&
values obtained with geometries optimized in the gas phase.
As observed with the relative free energy valugS,q each
transition state remains, in terms AGpcy values, 2-3 kcal/
mol lower than its “corresponding” intermedié@aor 4a (Table
S1). The simplest explanation for this persistent aberration is
that the six-membered transition structures are no longer
connectingla and 3a, and4a and 6a, in solution. As in the
case of the CEPO;H ™ reaction, IRC calculations clearly indicate
the intervention of (hydrated) zwitterionic intermedia®esand
5a (Figure 2). The latter species can then evolve according to
two different pathways, as illustrated in Scheme 2.

2.1. Elimination—Addition Mechanism (Dy + Ay). The
reaction path that corresponds to th@ B- Ay mechanism

molecule acts both as a proton acceptor and donor to facilitatedepicted in Scheme 2 involves the dissociation of the cyclic

the reaction. The recent theoretical study of Hu and Brit§ck,
showing that the transition structuréS1—3 andTS4—6 with

complex2ainto the corresponding metaphosphate comkex
We have followed this process by first examining the effect of

an additional HO molecule are characterized by less strained he gisplacement of the bridging water molecule in the zwitter-
six-membered rings, prompted us to locate all the stationary jonic complex2a. When the water molecule &a is shifted

points involved in the reactioh— 6 (Figure 1) in the presence

of one explicit water molecule. The optimized structures of the o4

corresponding hydrated stationary poiritg, (TS1a—3a, 33, etc.)
are illustrated in Figure 2.

toward the phosphate moiety, a less stable structure, denoted
is obtained (Figure 2). The main structural difference
between2a and 24 relies on the fact that, ia, the water
molecule is bonded to the metaphosphate moiety (by two

The gas-phase energies and corresponding thermochemicahydrogen bonds) without interacting with the methanol part of
data of the stationary points involved in the lowest gas-phasethe structure, whereas ida, the water molecule bridges the

activation free energy pathway for the reactiorlefare listed
in Table S1 (Supporting Information). The key difference
compared with the stationary points involved in the£B;H~

methanol and metaphosphate fragments by acting as both a
hydrogen bond acceptor and donor. Although this relocation of
water is likely to proceed via a barrier, the latter is expected to

reaction is that the proton transfer between the phosphate oxygerhe smaller than the barrier for the collapse Zat into the
and the leaving or attacking group proceeds via (six-membered)molecular complexda The transition structure corresponding

water-mediated transition state§§la—3a and TS4a—6a,
Figure 2) which are 3.8 and 4.6 kcal/mol lower in free energy
than the corresponding four-membered transition stB8ds-3
and TS4—6, respectively??

In contrast to the four-membered structuf&sl—3 andTS4—
6, the gas-phase structuréS1la—3aandTS4a—6aare mark-
edly stabilized in solution (by 4.3 and 3.3 kcal/mol, respectively,
as indicated by the negative values &f\p in Table S1).
However, the molecular complex8a and4aremain strongly

to the latter barrierTS2d —3a, was determined from a series
of constrained optimizations similar to that shown in Figure 4
(Figure S2, Supporting Information).

The path between dihydrated metaphosph&ieand the
zwitterionic complex5a was obtained in a similar way, i.e.,
from constrained optimizations connectidgand the hydrated
zwitterionic form5d (Figure 2), the orthophosphate analogue
of 2a. This path is characterized by one maximum that
corresponds to the transition structur84a—54a (Figure S3,

destabilized (by 10.3 and 13.6 kcal/mol, respectively) so that Supporting Information). The displacement of the water mol-

the net result of solvation, as measuredAig,q values, leads

ecule from its (nonbridging) position iBa toward the proto-

to an aberrant free energy profile in solution with transition states nateq hydroxy! ligand leads to the conformational isofSar

lower in energy than intermediates. Given the significant
contribution of theAW, term to the free energy valukG,q it
is possible toapparentlyresolve this aberration by using the

in which water occupies a new (bridging) position that is much
more effective at stabilizing the zwitterionic form of ortho-
phosphate ion. Proton transfer then occurs through the water-

more sophisticated UATM procedure to generate the solute gggisted transition staféS5a—6a which, according to IRC
cavity (see Methods). This is illustrated in Table S2 (Supporting calculations, does not connect direcBigand6a, but ratheisa

Information), which shows how the free energy profile in
solution becomes “normal” (i.e., with TSs of higher energy than
intermediates) when UATM radii instead of Pauling’s atomic

(32) Note that the relative energies of the four-membered transition states in

the reactions ofl and la are virtually the same, suggesting that the
additional water molecule must play an active role in the transition state to
lower the reaction barrier effectively and thus make the reaction more
feasible; see ref 18.

and6d, a local minimum of hydrated orthophosphate ion.
Table 3 lists the PCM energies and corresponding thermo-

chemical data of the solution structures involved in the-B

An mechanism. The corresponding free energy profile in

solution is shown in Figure 6. Table 3 and Figure 6 show that,

in contrast to the CHPOsH™ reaction, the barriers for the proton-

transfer stepsTSla—2a and TS5a—6d) are well below the
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Table 3. Relative B3LYP—PCM Energy (AE), Zero-Point
Vibrational Energy (AZPE), Enthalpy (AH), Entropy Contribution
(TAS), Aqueous Free Energy (AGpcwm), and Transition Frequencies
of TSs (vaq) for the Stationary Points Involved in the
Elimination—Addition Mechanism (Dy + Ay) of CHzOPO3H-H,0
in Aqueous Solution at 298 K&

PCM
structure® AE  AZPE  AH  TAS AGpaf vy
la 0.0 0.0 0.0 0.0 0.0
TSla—2a 203 -03 19.1 —-25 216 795i
H.0 + 2a 18.3 0.6 18.0 —2.8 20.8
2 2d 22.6 1.8 237 —20 257
TS2d—3a 335 —-05 337 27 310 126 g
3a 269 —-09 270 34 236
7+ a
4a 27.5 0.0 280 34 222 anti
TS4a—5d 30.0 —0.6 29.2 1.7 251 d 6 .
5d 22.4 1.3 234 1.2 1938
MeOH + Sa 17.6 22 187 —-14 177 ~ ST
TS5a—6d 19.6 15 193 —-2.6 195 799i g 4l
6a 1.4 1.4 2.8 19 -15 E
6a —-1.6 1.7 —-04 04 -32 SN
e
aRefer to footnotea of Table 2.° Refer to footnoteb of Table 1 by 2F
replacing the identification numberirig-6 by 1a—6a. ¢ For4a—6a, —2.4
kcal/mol has been added ®Gpcym due to the standard state difference 1r ,
between solutes and liquid water; see footretd Table 1.9 See footnote | 2
d of Table 2. 0
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Figure 6. Free energy profile obtained from PCM geometry optimizations
for the stepwise (R + An) hydrolysis reaction of CEDPGH+H0 in
aqueous solution.

barriers for the PO bond-cleavage/formation stepbS2d —
3a and TS4a—54d). The rate-limiting step of the P+ Ay
mechanism corresponds to the breakdown (viaOPbond 2 22 24 26 28 3 32 34 36
cleavage) of the zwitterionic compl@e into the metaphosphate P=Omerhanol /4

complex3a Table 3 shows that the transition structure for this  figure 7. (a) Relative PCM energiesAE), with respect to the fully
process 1S2d—3a) is 5.9 kcal/mol higher in free energy than  optimized structure2a (open symbol), as a function of the reaction

the corresponding transition structure issuing from water attack coordinated for orienting the water molecule in a position suitable for an

in-line attack. One of the thregO—P—0, bond angles formed between
on hydrated metaphosphaféS(4a.—53~')- the leaving oxygen () and one nonbridging phosphoryl oxygen, @
2.2. Concerted §2(P) Mechanism (ADn). The concerted  fixed at its optimal value calculated 2& (99.5). (b) Relative PCM energies

AnDn mechanism illustrated in Scheme 2 does not involve the (PAE%, with rS_SPect tOfthehst_rlJIC_turfzedenC{?gt)i in (éll), ai_? fudr)ctilon of the
H H H —Onmethanoldistance for then-line = nucleophilic displacement

formatlor_l of free, lfmcoord.mated mgtaphosphate |on_ as an (AnDn reaction). The first point of (b), obtained with the constraints
intermediate. Accorgllng to this mechanism, the nucleophile (NUC, p—Q o ans= 2.1 A andd = 18C, is also indicated in (a) (denoteuhti)
H,0) and the leaving group (Ilg, G&H) should be weakly  for the purpose of continuity between the two figures.
coordinated to phosphorus in the same rate-determining transi-
tion state. we used theO—P—0Oy,cbond anglé as the reaction coordinate

The reaction profile for thén-line substitution mechanism  (see Figure 7a for definitions) to first place the water molecule
was determined by geometry optimizations with constraints on in position for an in-line § = 18C°) displacement reaction. This

the reaction coordinate (Figure 7). Starting from strucRee was done by maintaining ong0O—P—0, bond angle, formed
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between the leaving oxygen pand one nonbridging phos- \C«_aévle 4. IRglative I?zli\FKJPE)—PECl\ﬂ Elner(gg I_S)AE), ZerO—goint_b _

; ; ' ibrational Energy , Enthalpy , Entropy Contribution
phoryl oxygen (@), at |tS_ Optlma.ll value CalCl_'llated Ra_ (e, (TAS), Aqueous Free Energy (AGpcwm), and Transition Frequencies
99.5’), and by gradually increasing the reaction coordinate from of TSs (v,g) for the Stationary Points Involved in the Concerted
0 = 102.£ (the optimal value calculated in the fully optimized =~ Sn2(P) Mechanism (AnDw) of CH3OPO3H™+H20 in Aqueous

structure2a) to 6 = 175, while the remaining degrees of ~ S°Mution at 298 K

freedom were fully relaxed. The variation of the PCM energy PCM
along the reaction coordinat is depicted in Figure 7a. As structure® AE  AZPE AH  TAS AGpaf vy
can be seen, the effect of increasifigeads to a constrained la 00 00 00 00 00
optimized structure a® = 175 which is ca. 5 kcal/mol less TSla-2a 203 —-03 19.1 —-25 216 795i
; e ali 2a 183 0.6 18.0 —2.8 208
stable thargd. In thlzstructgre, thta_POmethan9|bo'r1d is sllgf;;ly H20 + o 226 18 237 —20 257
elongated _{r0.062 ) relative to its value ir2a (2.008 A), _ TS24—-50 294 —02 284 -21 305 190Gt
and the distance between the phosphorus and the attacking 50’ 224 —-05 218 02 216

oxygen, P-Oyater is slightly larger (3.4 A) than the sum of the

van der Waals radii of P and O atoms (3.3 A). Also, hydrogen od 224 13 234 12 198

o 5a 176 22 187 —1.4 177
bonds between the water molecule and the nonbridging phos-pmeod+ { TS5a—6a 19.6 1.5 19.3 —2.6 19.5 799
phoryl oxygens should be weak, with the shortest O---H 6a 14 14 28 19 -15
distances in the range 2:8.9 A. 6a -16 17 -04 04 -32

The reaction coordinate for the in-line attack was then  aRefer to footnotea of Table 2. Values forla—24 and 58 —6a are
obtained as a sequence of partial PCM geometry optimizationsreported from Table 3 The numbering system for structure identification

in which the @ bond angle was constrained at 18@nd the 'S in Figure 2. The exchange of methanol for water (going fiisto 5a)
requires that a water molecule be infinitely separated fi@m5b’ during

P—0Oy distance (i.e., P Omethang) Was gradually increased from  the first stage of the reaction and, reciprocally, that methanol be infinitely
2.1 A (a value close to the optimal value of 2.07 A calculated separated fronsa—6a during the second stageFor 52 —6a, —2.4 kcal/

_ ; ; i mol has been added t©Gpcy due to the standard state difference between
for =175, Figure 7a) o 3.5 A’ while the remaining degrees solutes and liquid water; see footn@ef Table 1.9 This frequency, which

of freedom were fully optimized (Figure 7b). It should be noted corresponds to the selected reaction coordinate, was obtained along with
that the water molecule of the first structure of Figure 7b (i.e., two additional lower imaginary frequencies corresponding to rotational

the point for which P-Onethanol = 2.1 A and6 = 180) is modes of CH and HO fragments.
oriented in such a way that it can hardly hydrogen bond to the
nonbridging phosphoryl oxygens (O- - -H distances.3 A). H ;
In contrast to the last structure of Figure #a=t 175°), the w o Hoob 0.,
first structure of Figure 7b is characterized by a calculated o 46 TS20-5b'
P—Ouwater distance that is slightly smaller (3.1 A) than the sum o o’l:‘o T s
of the van der Waals radii of P and O atoms.

As expected, the distance to the nucleophile;Raten
decreases as the bond length to the leaving groti®Rhanos
increases. The reaction profile displayed in Figure 7b shows
that the transition structure (referred tole&2d —5b') is reached
at the critical P-Omemanoidistance of ca. 2.8 A (the correspond-
ing P—Oyater distance is 2.3 A). In the region between the 0 T‘ : —
transition state and the first point of Figure 7b, the bond lengths ) o
(P—Ouwatey and (P-Ometnano) Correlate with a slope of-1.05, Ho o
reflecting the fact that, when the reaction coordinatéR\ethanol :
increases, the distance to the incoming nucleophile decreaseggure 8. Free energy profile obtained from PCM geometry optimizations
by approximately the same magnitude. In the region where the for the concerted (ADy) hydrolysis reaction of CHOPQH™+HzO in

. - . aqueous solution.
P—Onethanoidistance is greater than 2.8 A, the correlation holds
with the same trend but with a much smaller slop®2), in solution is shown in Figure 8. Thia-line AyDy substitution
indicating that the bond to the nucleophile is well advanced pathway is characterized by the rate-determining transition
(P—Ouater < 2.3 A). structure TS2d—5b', in which P-O bond cleavage to the
Starting from the last structure of Figure 7b (i.e., the point departing group and PO bond formation to the incoming
for which P-Opethanoi = 3.5 A and P-Oypater = 2.12 A), a nucleophile are both involved. As observed for thg B Ay
geometry optimization with no constraints was performed. The mechanism, Table 4 shows that the barriers for the proton-
result led to the zwitterionic complesd’ (Figure 2), in which  transfer stepsTSla—2a and TS5a—64) remain significantly
methanol is hydrogen bonded to one phosphoryl oxygen of the lower in free energy than the barrier for the ® bond cleavage/
zwitterionic form of orthophosphate ion. The methanobof formation process TS2d—50") by 8.9 and 11 kcal/mol,
was then exchanged for a water molecule, which gave the respectively.
molecular compleXa described in the preceding section. The
reaction then proceeded to hydrated orthophospbateas
described in the R + Ay mechanism (vide supra). Nonspecific Solvation Effects: Dissociative Reaction of
The relative PCM energies and thermochemical data of the CH3;OPO3sH ™. The key result of our PCM geometry optimiza-
stationary points involved in the by mechanism are sum-  tions is that the phosphoryl proton of methyl phosphate can
marized in Table 4, and the corresponding free energy profile transfer to the methoxy group without involving-® bond

AG,,, (kcal/mol)

Discussion
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cleavage between the esterified oxygen and phosphorus. ThusP—Omemanoibond distance of 2.092 A, is more dissociated than
the bulk solvent effect, represented by a polarizable continuum its solution counterpafiS1—2, for which P-Onethano= 1.865
model, confirms the long-standing proposal that the zwitterionic A. Similarly, P-O distances indicate that the solution structure
species2 intervenes as an intermediate in the dissociative TS5—6 represents an earlier transition structure along the
hydrolysis of1 (Figure 1)? This result contrasts sharply with  reaction patt6 — 4 than the corresponding gas-phase structure
our gas-phase results which, as previously reported by the groupst S4—6.

of Brinck!® and WarShéF, Clearly indicate that the reaction Moreover, examination of the imaginary frequencies given
proceeds from the four-centered transition sted—3 directly in Tables 1 and 2 suggests that, despite obvious structural
to the metaphosphate intermediate and methanol (the ion  similarities, TS1-3 and TS1-2 are intrinsically different
molecule complexd in Figure 1). It is clear that solvating the  transition states. Indeed, granted that molecular complexes and
gas-phase reaction path (by calculating hydration free energiesgransition states are generally much more floppy in solution than
of the gas-phase stationary points) will not change the qualitative in the gas phas¥, one would expect the greatest imaginary
nature of the reaction coordinate in solution. There iS, hOWEVGr, frequencies for the gas_phase structures, thus Confirming that
an important change because of the change in the energeticsyansition states become significantly looser in aqueous solution.
as shown in Figure 3. Otherwise, the reaction coordinate in |nstead, the imaginary frequencies of the solution structures
solution will remain dominated by simultaneous proton transfer TS1—2 and TS5-6 are 214 and 208 cm greater than those
coupled with P-O bond cleavage, and no change in mechanism of the corresponding gas-phase structr8d—3 and TS4—6,

will be detected between the two phases. In contrast, the Eﬁectrespective|y (Tab|es 1 and 2) This result is quite unusual as it
of agueous solvation via the Complete Optimization of all reﬂectsl in a sense, the “ﬂoppier" nature of the gas_phase
geometrical variables at the PCM level allows the prediction structures relative to the solution structures. The simplest way

of a mechanistic change involving anionic zwitterighandS to rationalize this observation is to consider that the gas-phase

as reaction intermediates. and solution transition states are intrinsically different, in other
The concerted character of reactidns> 3 and4 — 6 in the words, that they do not connect the same reaction intermediates

gas phase (Figure 1) appears to be enforced by the nonexistenc their respective phase.

of the dipolar specie2 and 5 in the absence of additional As shown in Figure 4, solvation leads to an activation barrier

stabilization effects provided by the bulk solvent. The zwitte- for the collapse of anionic zwitteriof into the molecular
rionic specie< (respectivelys), which would be the expected  complex3. The appearance of this barrier in solution originates
intermediate in a stepwise mechanism for nucleophilic addition from the less favorableK 7.6 kcal/mol) free energy of solvation

of a methanol (respectively water) molecule to metaphosphateof 3 relative toTS1-3 (—60.8 vs—68.4 kcal/mol), and from
ion, is predicted by quantum mechanical calculations to be the fact that there is an intermediate structure along the reaction
unbound in the gas phad&Our DFT calculations indicate that  ¢ordinate betweeiS1—3 and 3, structurally close tarS1—

as methanol and metaphosphate ion approach along the minimums o which solvation stabilization is maximum. This particular
energy path of the gas-phase potential energy surface, theirsirycture corresponds to the anionic zwitteriyrior which W

interaction is wholly repulsive for allsseparations, .8, = —79.9 kcal/mol. Consequently, the fact that solvent stabiliza-
P- - -Onethanor distances, less than ca. 2.7°AConsequently,  {jon sharplyincreasesn going fromTS1—3 to the zwitterionic
uncatalyzed formation of methyl phosphate anibr(from structure2 (gain of 11.5 kcal/mol in stabilization), and then

MeOH + PQy7) is forced to proceed by a concerted proton-  strongly decreasesn going from2 to the molecular complex
transfer mechanism involving a four-centered transition state, 3 (joss of 19.1 kcal/mol in stabilization), makes struct@ra

as shown in Scheme 1. According to the principle of microscopic sjgnjficant local minimum on the potential energy surface in
reversibility, dissociation of (the reverse reaction) will proceed  5queous solution. Indeed, the calculated free energy barriers
via the same transition structur@%1-3 in Figure 1) directly  toward its two surrounding transition staf81—2 andTS2—3

into the molecular comple&. Inclusion of dielectric effects in 516 12.3 and 7.7 kcal/mol, respectively (Table 2). Similarly,
the calculations { = 78.39) is sufficient to stabilize the  gifferential solvation introduces a barrieF$4—5) between

zwitterionic spgciesz and5 so that the reaction pattis— 3_ hydrated metaphospha# and the zwitterionic form5 of
and4 — 6 of Figure 1 are no longer forced to proceed via & grthophosphate anion (Figure S1 in the Supporting Information).
concerted mechanism in solution. The free energy values reported in Table 2 indicate Bhiat

The selected geometrical parameters for the four-memberediike anionic zwitterion2, a local minimum bordered by two
transition structures involved in Figure 1 indicate that the bulk significant barriers.

solvent effect alters the gas-phase positions of these TSs along e free energy diagram for the overall reaction in solution
the reaction coordinate. Comparison of the gas-phase andig shown in Figure 5. Although this free energy diagram is
solution structuresTS1-3 and TS1-2, clearly indicates that ey different from that depicted in Figure 3 for aqueous
the proton transfer to the leaving group is more advanced in solution, it does not represent a so meaningful change as
solution than it is in the gas phase, while the opposite is observed jiscussed below. Indeed. both mechanisms lead to similar

for the associated PO bond-breaking process. Insofar as the  ,aictions with regard to observable dynamical and structural
dissociative character of these species is usually judged from a,

s i " “properties such as hydrolysis rates, isotope effects, reaction
d.ecrease in PO bqndmg (between phosphorus and 'the esteri- intermediates, and stereochemical outcome.
fied oxygen) on going from the reactant to the transition state,

. The calculated activation barriers at 298 K for the rate-
one may conclude that the gas-phase structigg—-3, with a determining steps of Figures 5 andB1—2 and TS4—6) are

(33) This work and refs 14 and 18 both in reasonable agreement with the barrier derived from the
(34) Bianciotto, M. Ph.D. Thesis, Universiiaul Sabatier, Toulouse, 2001. measured rate of hydrolysis at 373 K (30.7 kcal/mol). However,
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as indicated in the introduction section, the experimentally molecule is clearly insufficient to stabilize the RO(HPO2~
determined solvent isotope effedt{o/kp,0 = 0.87) does not species in the gas pha¥eConsequently, as observed forthe
support a rate-limiting transition state involving a proton in flight dissociative reaction ofa in the gas phase proceeds directly
as inTS1-2 or TS4—6, for which substantial positive effects to the solvated metaphosphate intermed&geSimilarly, the
are expected (i.ekpy,0/kp,0 > 2). Instead, this value suggests hydrated orthophosphate proda is directly obtained from
that the proton transfers are fast and uncoupled with the rate-4a via the transition structuréS4a—6a as depicted in Figure
limiting P—O bond-breaking or -forming process. In other 2.

words, since proton transfer does contribute significantly tothe  PCM geometry optimizations show that there is not a
reaction coordinate in the potentially rate-limiting transition significant structural change in the RO(HPO:2~ unit due to

structures of Figures 3r61-3/TS4—6) and 5 TS1-2/TS5— the presence of one surrounding@molecule, as indicated
6), one can reasonably conclude that the corresponding mechby the geometrical parameters provided in Figures 1 and 2
anisms are probably not valid in solution. (compare the naked speci@and 5 of Figure 1 with the

Furthermore, both mechanisms lead to the formation of the corresponding hydrated spec&2a and5a/5d of Figure 2).
solvated metaphosphate ion as an intermediate (struGuanes Also, in a bridging position such as that adopted in structures
4 in Figure 1). The question of whether this anion is actually 2aand5a, the additional water molecule has only a very small
formed as a discrete intermediate during phosphoryl transfer in effect on the free energy values @fand 5 relative to the
aqueous solution remains uncertain. There appears to be naeactants. However, as observed in the gas phase, PCM
evidence that requires its formation for solvolysis reactions in optimizations lead to important differences between the energy
aqueous solutiof Any reaction of a chiral phosphate ester that barriers for the nonassisted and the water-assisted proton-transfer
would proceed along a reaction pathway involving sym- steps, the latter barriers being ca. 12 kcal/mol lower in free
metrically solvated metaphosphate ion,mplicitly suggested energy according to the values reported in Tables 2 and 3.
in the reaction paths of Figures 3 and 5, must produce a racemic  Sych a reduction in the proton-transfer barriers alters sig-
product. However, this stereochemical prediction contrasts nificantly the free energy diagram of Figure 5. In sharp contrast
strongly with experimental observation. Knowles et al. found with 2 and5, hydrated zwitterion®a and5a are, with regard
that the stereochemical outcome for aqueous alcoholosis oftg the prototropic rearrangemelis, (Scheme 2), only margin-
phenyl phosphate monoanion and 2,4-dinitrophenyl phosphatea|ly stable intermediates along the reaction coordinate. This is
dianion (made chiral by the use of oxygen isotopes) is a particularly true for2a, which is only 0.8 kcal/mol lower in
complete inversion of configuration at phosphottisthese  free energy thafS1la—2a4! By contrast, the barriers for the
stereochemical results were interpreted as evidence against thee—0O bond cleavage and formation processes are slightly
intermediacy of a diffusible, symmetrically solvated, metaphos- increased upon the introduction of a complexing water molecule.
phate ion in protic media having nucleophilic and solvating Thus, the overall effect of specific solvation on thg B Ay
properties close to the water phdse. mechanism of Figure 5 is a dramatic change in the nature of

In conclusion, it is confirmed that anionic zwitterioAsand the rate-limiting transition state of the reaction pathway. As can
5 intervene as reaction intermediates in the hydrolysis of the pe seen in Figure 6, the kinetic barrier for thg Ay reaction
methyl phosphate anion. However, nonspecific solvation effects of 1a corresponds to the-FO bond cleavage of the (hydrated)
indicate that these species, although located on the potentiakautomeric form CHO*(H)PO2 . Thus, because the full proton-
energy surface with significant potential well depths, are not transfer stepla — 2a precedes the rate-limitingFO bond
kinetically relevant intermediates. By and large, confrontation cleavage step, one can expect a low (i.e., close to unity) kinetic
with accumulated experimental aspects of this reaction indicatesjsotope effect for this mechanism.
that the use of an implicit solvation model alone leads 10 The calculated activation barrier for the rate-determining step
unsatisfactory results. This suggests the need for a discrete/of the O, + Ay mechanism of Figure 6 is 30.3 kcal/mol at 100
continuum model including both specific and bulk contributions. oc iy very good agreement with the experimental value of 30.7

Specific and Bulk Solvent Effects: Dissociative Reaction  cal/mol. The corresponding barrier calculated at the same
of CH3OPO3H™-H20. In accord with the recent theoretical  temperature for the O-deuterated molecular species- CH
study of Hu and Brinck? we found that bifunctional participa-  opg,D—-D,0 is 30.2 kcal/mol. This leads to the calculated
tion of one water molecule is of crucial importance in assisting golvent isotope effect value of 0.87that is, exactly the same
proton transfer to the leaving (or attacked) group. Our gas-phasegg the experimentally determined value at 200
calculations indicate that the energy barriers associated withthe 16 free energy diagrams obtained for the-B Ay reaction
concerted transformatiors— 3 and4 — 6 of Figure 1 are paihyway (Figures 5 and 6) have important implications with
dramatically reduced when the latter reactions occur via the six-reqard to conclusions that can be reached about the aqueous
centered transition structuréS1a-3aandTS4a-6aof Figure  go)tion chemistry of metaphosphate ion. Our calculations
2. However, inclusion of just one specifically solvating water suggest that phosphoryl-transfer reactions cannot proceed in
(35) Herschlag, D.; Jencks, W. B. Am. Chem. Socl989 111, 7579 and aqueous solution through a diffusionally equilibrated metaphos-

references therein. phate intermediate. The calculated free energy barrier €25
(36) Buchwald, S. L.; Friedman, J. M.; Knowles, J.JRAm. Chem. S0d.984
106, 4911.
(37) Note, however, that in similar stereochemical experiments performed in (40) Despite an intensive search on the potential energy surface, the mono-
nonhydroxylic solven€s§ or in the sterically hindered protic solvetert- hydrated zwitterionic intermediat&s, 24, 5a, and5a of Figure 2 could
butyl alcohol® varying amounts of racemic products were observed, not be located without including dielectric effects in the calculations.
consistent with the involvement of metaphosphate as a diffusionally (41) This result reveals the elusiveness of anionic zwitterions in solution. Indeed,
equilibrated intermediate. even the simple observation of these species appears to be unlikely due to
(38) Friedman, J. M.; Knowles, J. R. Am. Chem. S0d.985 107, 6126. the presence of just one specifically solvating water molecule.
(39) Freeman, S.; Friedman, J. M.; Knowles, J.JJRAmM. Chem. Sod987, (42) Based on the conventional transition state thedpya/kp,o = exp[(AGp*
109 3166. — AGHH)/RT].
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for the uncatalyzed addition of one,® molecule to P©" well,*8 differs from the hydrolysis of many other phosphate
(4— TS4-5), or to its hydrated form P9-H,O (4a— TS4a- monoesters most fundamentally in that the kinetics for their
5d), is 2.8-2.9 kcal/mol. This barrier is lower than the free cleavage reveals the absence of nucleophilic participation in the
energy barrier for diffusion apart of an encounter pair in water transition state. This is consistent with the view that these
solution (estimated to be ca. 3.2 kcal/mol on the basis of the compounds undergo hydrolysis through a true dissociative
rate constant valuky = 10 s71 for diffusional separation of ~ mechanism and a discrete metaphosphate intermediate. It should
two species in an encounter complex). Consequently, our be noted also that the\D+ Ay mechanism of Figure 6 is not
calculations predict that if a metaphosphate intermediate isin conflict with the stereochemical results observed with
formed during phosphoryl transfer, it should not have a lifetime phosphate monoesters (vide sugfandeed, our calculations
sufficient to allow diffusion; it should be captured by water suggest that metaphosphate should be trapped by ambient water
before it can escape the solvation sphere. It is important to notemoleculesbefore the leaving methanol has diffused away.
that a similar conclusion was reached by Lightcap and Frey Therefore, collapse to an acceptaiGHmolecule is not expected
from accumulated experimental evidence concerning the hy-to be equally probable from each face of the planar species.
drolysis of monothiopyrophosphate (MTP) in aqueous soldfion.  This should lead to an inversion of configuration at phosphorus,

The corresponding free energy barriers for capturing meta- as observed with aryl phosphates.
phosphate3 — TS2—3) and hydrated metaphosphaga(— The dissociative R + Ay reaction pathway of Figure 6 is
TS2d—3a) with a methanol molecule are 6.6 and 7.4 kcal/mol, consistent withall the experimental data so far reported on the
respectively. The fact that water is much more efficient than hydrolysis reaction of the methyl phosphate anion. However,
methanol in capturing metaphosphate reveals that metaphosphatthis mechanism could well be associated with or bypassed by
reacts as a selective electrophilic speéfeslowever, since an alternative & mechanism involving a transition state with
methanol is so much more powerful a nucleophile than water, both nucleophile and leaving group loosely coordinated to a
one must conclude that the discrimination between these twometaphosphate-like species. Because most of the recent literature
nucleophiles is entirely controlled by solvation effects, not by on phosphomonoester hydrolysis has given more support to this
nucleophilicity. Consequently, the absence of selective phos- alternative, we have explored this possibility by calculating the
phorylation observed in mixed alcohelvater solvents, such  barrier height associated with an in-line nucleophilic displace-
as in various methanelwater mixtures;*>cannot be explained  ment at phosphorus.
in terms of an unselective reaction of metaphosphate with In the concerted ADy reaction pathway of Figure 2, the
hydroxylic solvents, as has been widely speculéfdthe slight transfer of the phosphoryl group from anionic zwitteridno
selectivity observed in some cases has been interpreted in termshe HO molecule occurs only when the latter is properly
of selective solvatiof},the product distribution reflecting the  positioned to receive the metaphosphate fragment, as illustrated
solvent distribution in the first solvation shell of metaphos- in Figure 7. The transition state for phosphoryl transte&8Za —
phate?” Again, this analysis is based on the view that meta- 5b’, Figure 2) is characterized (i) by a high degree of bond
phosphate is a highly reactive and unselective electrophilic cleavage between the leaving methanol and the phosphoryl
species. In contrast, our calculations show (i) that there is a group in flight, (ii) by the presence of the acceptor nucleophile
clear discrimination between methanol and water and (ii) that H,O, and (iii) by the existence of weak bonding between the
this discrimination originates from a significant differential phosphoryl group and #D. Thus, the dissociative ¥y
solvation effect between anionic zwitterioi®s and 5. The reaction of 1la does not involve metaphosphate ion as an
important point here is that theolvent-induced seleatity of intermediate, although the central part ©52d—5b' has
metaphosphate manifests in the opposite direction of what is metaphosphate character. The stereochemical consequence of
expected from nucleophilicity. Therefore, product distributions such a mechanism on chiral methyfQ,170,'®0]phosphate
explained by recourse to the partitioning of discrete metaphos- monoanion would be a complete inversion of configuration at
phate between hydroxylic solvents should be interpreted with phosphorus and, therefore, would agree with the stereochemical
great caution. findings discussed above for aryl phosphafes.

Finally, it is important to note that the hydrolysis of MTP, The free energy diagram for theyBy reaction pathway
and probably that of alkyl phosphomonoester monoanions as(Figure 8) shows that the phosphoryl-transfer step is rate-

(43) Lightcap, E. S.; Frey, P. Al. Am. Chem. So0d.992 114, 9750. To our
knowledge, this study constitutes the only positive evidence that supports
the occurrence of a discrete POintermediate in aqueous solution.
However, it was concluded that ROs not diffusionally equilibrated with

(48) Although the hydrolysis of the monoanion of 2,4-dinitrophenyl phosphate
is strongly catalyzed by substituted pyridines, no reaction is detectable with
2-nitrophenyl, 4-nitrophenyl, and phenyl phosphate monoanions, indicating
that the nucleophilic catalysis becomes rapidly less significant askhe p

solvent. Metaphosphate is so reactive with nucleophiles that it cannot escape
from its solvation sphere; it is captured by water or another nucleophile
that competes with water in solvating MTP.

of the leaving group increases. On the basis of this trend, it is expected
that the monoanions of alkyl esters are insensitive to nucleophilic catalysis
(the kinetic data for alkyl monoanions are lacking because of the

(44) The differences in the barrier heights observed between methanol and water incompatibility of reactive phosphate monoanions, at Ht, with the
for capturing P@ (AAG = 6.6 — 2.8 = 3.8 kcal/mol) and P©-H,O free base forms of the more reactive, and therefore more basic, amine
(AAG = 7.4 — 2.9 = 4.5 kcal/mol) correspond to selectivity values (as nucleophiles). See: Kirby, A. J.; Varvoglis, A. G. Chem. Soc. B968
measured by the rate constant rakigo/kmeor) Of ca. 600 and 2000, 135.
respectively. (49) Preliminary calculations indicate that a non-in-line concerta@d®
(45) Chanley, J. D.; Feageson, E.Am. Chem. S0d.963 85, 1181. mechanism involves a high-energy path and thus does not provide a
(46) Metaphosphate is expected to react with the two solvent species in a purely reasonable reaction pathway for phosphoryl transfer.
statistical manner such that the product distribution reflects the bulk solvent (50) The question as to whether the stereochemical results obtained for aryl
distribution. phosphaté® can apply to alkyl phosphates remains problematic. However,
(47) It is possible that the solvation shell of metaphosphate is different in the monoanion of phenyl phosphate involved in these stereochemical studies

composition from the bulk solvent due to specific attractive or repulsive
forces between the reactant and a specific solvent component. Even though
metaphosphate is an unselective species, this preferential solvation should
lead to a discrepancy between the product distribution and the bulk solvent
distribution.
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behaves as a typical phosphate monoester in that its rate of hydrolysis is
maximal at pH 4 and greater than that for its dianionic form. In addition,
as discussed in footnote 10, the possibility that this compound hydrolyzes
as the methyl phosphate ester through the stepwise pathway shown in
Scheme 1 cannot be excluded.
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determining 7S2d—5b'). Calculations performed at 100 (4) For the reactant speciésit is found that the barrier for
indicate that this mechanism has an activation barrier that is the prototropic rearrangement @ePQH~ — CHzO(H)"POs2~
only 0.7 kcal/mol higher than that calculated for thg B Ay is rate-determining, while fata, the kinetic barrier corresponds
reaction of Figure 6. Since the calculated valuekge/kp,o at to the collapse of the hydrated zwitterion into solvated meta-

100°C is 1.07, one must conclude that the@y mechanism phosphate: CpO*(H)POs?~+H,O — CH30H-PG;~+H0.

is also in very good agreement with the kinetic data reported (5) The Dy + Ay reaction oflais energetically favored over
for the hydrolysis ofl. However, the fact that the \D+ Ay the Dy + Ay reaction ofL and, more importantly, is in excellent
and Ay\Dn mechanistic alternatives have very similar activation agreement with experimental data: the calculated activation
barriers is indicative that the putative kinetic advantage of barrier at 100C is very close to the experimentally determined
nucleophilic participation of one # molecule in the transition  value (30.3 vs 30.7 kcal/mol), and the calculated solvent isotope
state is insignificant. This result appears to contradict the widely effect (ku,0/kn,0) of 0.87 matches exactly the measured value
accepted assumption, often made without discrimination betweenfor methyl phosphate monoanion.

mono- and dianions, that they®y mechanism should provide (6) Metaphosphate monoanion produced in the B Ay
the lowest energy pathway for the hydrolysis reaction of typical reaction oflais captured by ainglewater molecule before it
phosphate monoesters in agqueous solution. can escape its solvation sphere. This result suggests that

metaphosphate is probably not a liberated intermediate in
agueous solution. Also, in contrast to the view held for 40 years,
Gas-phase and aqueous solution DFT calculations have beefyyr calculations reveal that RO may react as a selective
performed on the molecular species LHPQH™ (1) and electrophilic species with ROH nucleophiles. However, the
CHsOPQH™-H,0 (1a) to complement earlier theoretical work  opserved selectivity of metaphosphate manifests in the opposite
on the dissociative hydrolysis reaction of methyl phosphate gjrection of what is expected from nucleophilicity, water being
polarizable continuum model PCM either by solvating the gas- solent-induced selectity arises from a better solvation of the
phase reaction paths or by performing geometry searches directlyqdition product HOtPO:2~ as compared to C4D*(H)POs>.
in the presence of the solvation correction. Our results can be (7) The present results do not allow a distinction to be made

Conclusions

summarized as follows: o _ _ between the stepwiseND+ Ay path discussed above and a
(1) In the gas phase, the dissociative reactiofi ehdlais  ¢oncerted ADy path proceeding via a dissociative (metaphos-
a stepwise eliminationaddition process (R+ Ax) involving phate-like) transition state (both mechanisms were found to have

metaphosphate ion as an intermediate. The elimination (respecyery similar activation barriers and solvent isotope effects). Note
tively, addition) step proceeds through a cyclic transition state {5t although a concerteaissociatie mechanism can be in

in which proton transfer to the_leaving (respectively attacked) principle considered a limiting case of theyBy mechanism,
group occurs synchronously with- bond cleavage (respec-  the energetics of such a mechanism was not elucidated in this
tively formation). By acting as a proton-transfer relay in six- study. Work is in progress in our laboratory to address this

centered transition structures, the water moleculgadbwers important issue. Concerning the dissociative mechanism, in the
the free energy barriers of both steps. , absence of any direct experimental evidence of nucleophilic
(2) Solvation of the gas-phase reaction profilesl@ind 1a catalysis, it seems reasonable to conclude that metaphosphate

gives rise to important changes in the energetics which may o can occur as a discrete species in this reaction. There is
lead toabnormalfree energy profiles in solution, depending 5o the possibility that a water molecule quenches the forming

on the procedure used for generating solute cavities. OtherWisevmetaphosphate by acting as a nucleophile in the transition-state
no change in mechanism is observed between the two phasesy ¢ certainly there is no evidence thaguiresit.

The substantial X2) solvent isotope effect predicted by the
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